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Ala   alanine 
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CPMAS   cross polarized magic angle spinning  

CsA   cyclosporin A 

CUR   curcumin (extracted from turmeric) 
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DDS   drug delivery system 
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DLS   dynamic light scattering 

DMF   dimethylformamide 

DMF-d7   deuterated DMF 

DOX   doxorubicin 

DSC   dynamic scanning calorimetry 

DTX   docetaxel 

etc   et cetera (and so on) 

e.g.   exempli gratia (for example) 

ELP   ellipticine 

EPR   enhanced permeability and retention effect 

et al.   et aliae (and others) 

FDA   U.S. Food and Drug Administration 

FT-IR   Fourier-transform infrared spectroscopy 
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GCM   group contribution method 

GF   griseofulvin 
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H2O2   hydrogen peroxide 
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HPMCAS  hydroxypropylmethyl cellulose 
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i.e.   id est (that is) 

IV   intravenous 

IMC   indomethacin 

KETO   ketoconazole 

LPC   β-lapachone 

LC   loading capacity; (mdrug/(mdrug + mexcipient)) 

LE   loading efficiency; (mdrug, solubilized/mdrug, added) 

log P partition coefficient (ratio of concentrations of a compound in a mixture 

of two immiscible phases, usually between octanol and water) 

m-THPC  meta-tetra(hydroxyphenyl)chlorin 

MD   molecular dynamics 

MPS   mononuclear phagocytic system 

nab   nanoparticle albumin-bound 

NCE   new chemical entity 

NIF   nifedipine 

NMR   nuclear magnetic resonance 

NP   nanoparticle 

IM   intramuscular 

IV   intravenous  

Ox 2-oxazoline; unspecified substituent at 2-position (according to the 

Hantzsch-Widmann-Patterson nomenclature for heterocyclic systems)  

systematic IUPAC name: 4,5-dihydrooxazole 

Ozi 2-oxazine; unspecified substituent at 2-position (according to the 

Hantzsch-Widmann-Patterson nomenclature for heterocyclic systems) 

systematic IUPAC name: 5,6-dihydro-4H-1,3-oxazine 

PAA   polyacrylic acid 

PAP   papaverine 

PBS   phosphate buffered saline 

PASA   poly(α,β-aspartic acid) 

PLA   polylactic acid 

Pba   pheophorbide 

PBA   phenylboronic acid 

PDI   polydispersity index  

PEG   polyethylene glycol 

PEG-hexPLA  polyethylene glycol-b-poly(hexyl-substituted lactic acid) 

PEG-PLA  polyethylene glycol-b-polylactic acid 

pH   -log10[H+] 

Phe   phenylalanine 

PHEA   poly[(N-2-hydroxyethyl)-aspartamide] 

Phen-Pt  1,10 phenanthroline Pt-complex 

PLA   polylactic acid 

PLGA   poly(D,L,-lactic-co-glycolic acid) 
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PMMA   poly(methacrylic acid) 

POx   poly(2-oxazoline) 

POzi   poly(2-oxazine) 

ppm   parts per million 

PRINT   particle replication in non-wetting template 

PS   polystyrene  

PTX   paclitaxel 

PVP   polyvinylpyrrolidine 

PVA   polyvinyl acetate 

QUER   quercetin 

QSPR   quantitative structure-property relationship 

RAP   rapamycin 

ref   reference 

ROS   reactive oxygen species 

Rh   hydrodynamic radius (investigated by DLS) 

RNA   ribonucleic acid 

SC   subcutaneous 

Ser   serine 

SiRMS   simplex representation of a molecular structure 

siRNA   small interfering RNA 

SQAd   squalene-adenosine 

T2A   tanshinone IIA 

TEM   transmission electron microscopy 
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List of symbols 

°C   degree Celsius 

δ   solubility parameter  

   δT total solubility parameter (Hildebrand solubility parameter) 

δD, δP, δH contributions from intermolecular van-der-Waals forces,  

dipole-dipole interactions and hydrogen bonding, respectively 

Etotal   total energy of a system derived by COMPASS force field 

ΔGmix   Gibbs’ free energy of mixing 

ΔHM   enthalpy of mixing 

h   hour 

m   milli, 10-3 

ms   milliseconds 

M   molar concentration, [mol/L] 

Mw   weight average molar mass 

ρ   mass concentration (w/v) 

φ   volume fraction 

wt.%   weight percent (wsubstance/wmixture ∙ 100%) 
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1 Introduction 

 

Parts of this chapter are based on the publication: M. M. Lübtow et al., Drug induced micellization 

into ultra-high capacity and stable curcumin nanoformulations: Physico-chemical characterization 

and evaluation in 2D and 3D in vitro models; J. Control. Release, 2019, 303, 162-180 

 

For many years, high-throughput screenings[1] have been seen as a game changer for the discovery 

of new lead molecules for active pharmaceutical ingredients (APIs) against various illnesses. 

However, when it comes to the development of a dosage form, one major challenge, the 

appropriate formulation of the API, remains. An estimated 40%[2] - 60%[3] of all NCEs (new chemical 

entities) developed in medicinal chemistry and pharmaceutical industry are practically insoluble 

in water. Naturally, the demand for excipients which increase the water solubility and thus, the 

bioavailability of such hydrophobic compounds is enormous.[4, 5]  

Polymer micelles are nanoscopic, typically core/shell structures formed by amphiphilic block 

copolymers. Both, the inherent and modifiable properties of polymer micelles make them 

particularly well suited for drug-formulation purposes.[6, 7] Conceptually, a hydrophobic API gets 

dissolved in the hydrophobic core, whereas the hydrophilic shell acts as a protective layer to 

prevent premature disintegration and to ensure a sufficient water solubility. Poly(2-oxazoline)s 

(POx) are currently intensively discussed as promising and highly versatile class of biomaterials[8-

10] due to their high cytocompatibility[11-14] as well as easy modulation of solubility, size[15] and 

architecture[16-18]. Although selected POx based formulations exhibit extraordinarily high drug 

loadings > 50 wt.% enabling high anti-tumor efficacies in vivo[19-21], the formulation of other 

hydrophobic compounds[22, 23] has failed. This casts doubt on the general understanding in which 

a hydrophobic API is dissolved rather unspecifically in the hydrophobic core following the 

fundamental concept of “like dissolves like”.[23, 24]  
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Although the challenge of finding a suitable, polymer-based vehicle for a specific API is well known 

in industry as well as academics, a comprehensive understanding of the solubilization behavior of 

polymer micelles is still lacking. As a result, the selection is typically based on intuition as well as 

trial and error, associated with a lot of effort as well as expense.[25-31]  

The scope of such becomes evident by the strongly different solubilization behaviors of POx and 

structurally related poly(2-oxazine)s (POzi) based vehicles.[31] Therefore, a closer look at the 

interactions between all components within a formulation becomes increasingly important, 

especially when considering the changing perception of excipients which simply act as an inert 

medium for the drug, towards complex systems which actively enhance the overall safety of the 

API.[32]  

Having this in mind, the purpose of this thesis was to shed new light on an established and at first 

sight straightforward system such as drug-loaded micelles. A large vehicle platform[23] was 

synthesized, loaded with various hydrophobic drugs of different structure, and subsequently 

characterized with conventional[24, 30, 31, 33, 34] and less conventional[35-37] techniques. The obtained 

in-depth insights helped to develop a more thorough understanding about the interaction of 

polymer and incorporated API finally revealing morphologies deviating from a classical core/shell 

structure. During these studies, the polymer class of POzi, which has never been used for 

formulation purposes before, was found as promising drug-delivery vehicle for hydrophobic drugs.  

Apart from this fundamental research, the anti-tumor efficacy of the two APIs curcumin (CUR) and 

atorvastatin (ATV) has been studied in more detail. In this regard, highly controversial CUR has 

been investigated critically to exclude misinterpretation due to e.g. false readouts.[33] On the other 

hand, ATV could be identified as promising drug-candidate against various glioblastoma.[34]  

To increase the scope of POx and POzi based formulations designed for intravenous (IV) 

administration, a CUR-loaded hydrogel was developed as injectable drug-depot.[38] Within this 

study, the interactions between a cytocompatible hydrogel and incorporated, CUR-loaded 

polymer micelles were investigated systematically.   
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2 State of Knowledge 

 

The following chapters should give (critical) insights into nanomedicine, i.e. the treatment or 

prevention of diseases with materials in the nanoscale. This includes a brief introduction into 

general concepts (chapters 2.1 – 2.3), followed by an in-depth discussion of state-of-the-art 

literature about the interaction of polymers and solubilized drug (chapters 2.4 & 2.5). Instead of 

explaining various measurement techniques from scratch, recent publications will be used to 

introduce current approaches for characterization from an application point of view. Although not 

all the discussed techniques were applied in this thesis, knowledge about the latter supports a 

thorough understanding about the complexity of polymer-drug interactions. The final chapter 2.6 

is designed as outlook, giving insights into current approaches to predict polymer-drug 

compatibilities ranging from (at first sight) straightforward group contribution methods to 

sophisticated and computationally expensive molecular dynamics simulations. Although the latter 

are not a topic of this work, the interconnection of chemistry and informatics will become 

increasingly important as e.g. elucidated in the strongly increased demand on artificial intelligence 

in the chemical industry. Although some of the discussed simulations are too sophisticated to be 

widely applied at the moment, ever increasing computational power and simplified interfaces will 

pave their way as standard tool for prediction and characterization.  
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2.1 Routes of Administration 

The majority of drugs are not administered in pure form in order to reduce side-effects[39], to 

prolong their mode of action or due to solubility issues[40]. Therefore, drug delivery is often 

approached via a drug’s formulation, in which different chemical substances including the API, are 

combined to produce a final medicinal product. Every system that delivers a drug to its site of 

action is a drug delivery system (DDS). After administration, the drug is typically released from the 

DDS via diffusion[41, 42], swelling[43], degradation[44, 45], and/or stimuli-controlled mechanisms[46]. 

The kind of administration of a medicine will determine to some extent whether the patient gains 

clinical benefit and/or suffers any adverse effect.[47] Common routes of drug administration are 

topical[48], oral[49], inhalation[50] or injection[51] (Figure 2.1). The latter includes intramuscular (IM), 

subcutaneous (SC) and intravenous (IV) administration.  

 
Figure 2.1: Advantages and disadvantages of different routes of administration. 

Bioavailability describes the proportion of a drug which enters systemic circulation after 

administration and is therefore crucial to unfold a drugs therapeutic potential. Although not being 

the most convenient for the patient, IV injections have by definition a 100% bioavailability.[52] This 

is especially important when administering drugs which are poorly absorbed or ineffective when 

given orally. Unfortunately, as mentioned earlier, an estimated 40% - 60% of all NCEs developed 

in pharmaceutical industry are poorly water-soluble.[2, 3] This pose a major challenge for the IV 

administration of such drugs.  
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A plethora of methods are used for solubility enhancement of poorly soluble drugs. Physical 

modifications with solubility-mediating excipients are the preferred way to avoid side-reactions 

and altered efficacies caused by chemical modification of the respective drug. Ideally, these 

excipients are non-toxic, non-immunogenic, cheap and widely applicable.[53] Physical methods 

include particle size reduction[54], crystal engineering[55, 56], salt formation[57], solid dispersions[58] 

or the use of surfactants[59]. For the latter, physical entrapment of non-water soluble drugs in 

nanosized drug delivery vehicles has been investigated intensively in the field of “nanomedicine” 

in the last decades.[60]  

 

2.2 Nanomedicine 

Except a common low aqueous solubility, hydrophobic drugs exhibit different functional groups, 

geometries and stabilities under ambient conditions. This versatility makes the discovery of 

suitable drug delivery vehicles as tedious as the search of new APIs and might explain the 

enormous versatility of carrier systems developed in the field of nanomedicine in recent years. 

Nano-sized carrier systems, i.e. DDS with sizes below 100 nm (systems < 500 nm also described as 

“nano” in selected literature), have emerged in various pharmaceutical areas including drug 

delivery, diagnosis and imaging, synthetic vaccine development and miniature medical devices.[60] 

This success can be partly explained by the fact that particles with sizes exceeding ≈ 100 nm tend 

to be cleared fast by the mononuclear phagocytic system (MPS).[61] Besides their longer circulation 

time, smaller particles also extravasate and penetrate the surrounding tissue more efficiently and 

are able to utilize size specific cellular uptake mechanisms.[61] Non-ionic drug delivery vehicles are 

generally less toxic, less hemolytic and less irritating to cellular surfaces compared to their anionic, 

amphoteric or cationic counterparts and tend to maintain near physiological pH in solution.[62] 

Examples of commercially available or clinically relatively well-established, non-ionic polymeric 

nanocarrier materials for IV injections are polymer-drug conjugates (e.g. SMANCS[63]), dendrimers 

(e.g. DEPTM [64]), polymersomes (e.g. Doxil®[65]), and polymeric micelles (e.g. Genexol®[66]) (Table 

2.1). For an extended list, the reader is referred to ref[60]. 
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Table 2.1: Polymer based, non-ionic nanotherapeutic technologies used for cancer therapy (NP = nanoparticle). Table 
modified with permission from ref[67]. 

 

 

 

non-ionic, 

nanoscopic 

drug delivery 

systems 

polymer-drug 

conjugates 

 

dendrimers 

 

 

polymersomes 

 

 

polymeric 

micelles / NP 

 

size < 10 nm 2 - 10 nm 100 - 200 nm 10 - 100 nm 

structural 

characteristics 

macromolecular 

structure 

macromolecular 

tree-like structure 

spherical, bilayer 

vesicle structure 

spherical, 

core/shell 

structure 

carrier 

composition 

water-soluble 

polymer 

hyperbranched 

polymer chain 

amphiphilic 

copolymers 

amphiphilic 

copolymers 

 

drug 

incorporation 

strategy 

covalent 

conjugation 

requiring 

functional 

groups on drug 

and polymer 

non-covalent 

encapsulation 

compatible with 

hydrophobic drugs 

non-covalent 

encapsulation 

compatible with 

hydrophilic and 

hydrophobic 

drugs 

non-covalent 

encapsulation 

compatible with 

hydrophobic 

drugs 

 

Although this intersystem versatility might sound promising at first, a closely related aspect is 

most often neglected. Reproducibility, i.e. intrasystem versatility, is hardly discussed in the field 

of nanomedicine. This seems somehow surprising, as the impact of small structural changes such 

as the different biochemical activities of enantiomers or the impact of trace impurities such as 

copper in enzyme inhibition is well known in biomedical research.[68, 69] Focusing on the polymer 

vehicle rather than the drug reveals another source of irreproducibility. Despite increased control 

over various polymerization techniques, polymers are intrinsically statistical in nature leading to 

a structural variability.[70] Such batch-to-batch reproducibility (variation between different 

syntheses) may strongly affect polymer aggregation[71-73], leading to significant differences in 

aggregation of nanoparticles, cellular uptake[74], toxicity[75], complement activation or platelet 

aggregation[76]. Nevertheless, in the vast majority of publications, only a single polymer batch is 

investigated for drug-formulation which is among others due to the complexity of (i) certain 

polymeric systems resulting in high synthetic effort and (ii) the polymer characterization itself 

requiring sophisticated analytical devices and trained staff.  
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Critical is also the challenge of scaling-up nanomaterial synthesis and formulation from laboratory 

(20 g) to larger (1 kg) scale while maintaining control over particle properties such as size, surface 

charge, or cytotoxicity as shown in the case of squalene-adenosine (SQAd) nanoparticles (Figure 

2.2).[77]  

 

Figure 2.2: Deviations in a) hydrodynamic diameters (investigated by dynamic light scattering (DLS)), b) zeta-potential 
or c) cytotoxicity (HepG2: human liver cancer cells) between SQAd NPs prepared in laboratory (blue) or industrial (green) 
scale. Figure modified with permission from ref[77].  

 

Although the challenge of reproducibility and proper characterization remains, numerous 

polymer-based DDS managed the transition from preclinics to clinical trials and into the clinics[60], 

resulting in the first FDA (U.S. Food and Drug Administration) approved liposomal formulation of 

doxorubicin in 1995, marketed under the trade name Doxil®[65] (Figure 2.3). 

 

 

Figure 2.3: Historical timeline of major developments in the field of cancer nanomedicine. EPR: enhanced permeability 

and retention effect; nab: nanoparticle albumin-bound; PLGA-PEG: poly(D,L-lactic-co-glycolic acid)-b-polyethylene 

glycol; PRINT: particle replication in non-wetting template; siRNA: small interfering RNA. Figure modified with 

permission from ref[60].  
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The varying chemical and physical properties of chemotherapeutics make it (most likely) 

impossible to build a universal carrier system for all kind of drugs especially when considering the 

different types of application. However, the easy preparation, size in the nanoscale and various 

possibilities of modification make polymeric micelles ideal candidates to overcome the restrictions 

of numerous water insoluble drugs.[7]  

 

2.3 Polymeric Micelles as DDS for Water Insoluble Drugs 

Polymeric micelles are nanoscopic core/shell structures formed by amphiphilic block copolymers 

(Figure 2.4). In aqueous solution, the hydrophobic part of an amphiphilic block copolymer self 

assembles into a semi-solid core, with the hydrophilic segments forming a coronal layer.[67] The 

self-assembly is mainly entropy-driven[78, 79], due to the reduced allowed orientations of water 

hydrogen-bonds close to the hydrophobic block of the polymer. Micelles are formed once this loss 

of entropy exceeds the loss of entropy caused by self-assembly. The narrow concentration range 

in which the process occurs is termed the critical micelle concentration (CMC). Below the CMC, 

the added amphiphiles enrich at the water-air interface, lowering the surface tension. 

 

Figure 2.4: Illustration of the core/shell architecture of drug-loaded polymer micelles comprising an amphiphilic ABA-
triblock copolymer. Hydrophobic drugs can be solubilized within the hydrophobic core of the micelle. 

Important to note, micelles are highly dynamic, i.e. always in equilibrium with non-assembled, 

single polymer chains (unimers). This distinguishes polymer micelles from e.g. solid silica[80] or 

solid lipid NPs[81], both having a defined composition and shape in various conditions. In contrast, 

micellization is affected by various factors including temperature[82], pressure[83], or the structure 

of the surfactant (e.g. hydrophobic volume, chain length, hydrophilic-lipophilic balance[84]). For 

nonionic surfactants, the CMC decreases with increasing temperature due to an increase in 

hydrophobicity caused by the destruction of hydrogen bonds between water molecules and the 

hydrophilic part of the polymer.[85] Furthermore, aggregation of polymer based amphiphiles is 

influenced by the presence of different types of additives such as (non)electrolytes, hydrotopes, 

as well as low molecular weight surfactants.[86, 87] 
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While the hydrophobicity of water insoluble drugs is favorable for drug permeation through cell 

membranes, IV administration of the latter would result in rapid drug aggregation and formation 

of capillary embolisms.[88] Polymer micelles can enable the in vivo use of drugs which would 

otherwise be deemed too hydrophobic or toxic, without the necessity to change the chemical 

structure of the agent. However, to obtain desired particle properties, a comprehensive 

understanding of the interactions between polymeric drug carrier and solubilized, hydrophobic 

drug is necessary.    

 

2.4 Impact of Polymer-Drug Interactions on Drug Loading 

Since the first thoughts of using micelles for medicinal applications in the early 1980s by Ringsdorf 

and coworkers[89], the properties of drug-loaded polymer micelles have been studied intensively. 

Intersystem interactions, i.e. interactions between drug-loaded micelles and e.g. biological 

systems, have gained major research attention due to their impact on treatment outcomes. These 

include among others the understanding and optimization of:   

• passive targeting, i.e. accumulation of drug at the site of action, mainly based on the so 

called “enhanced permeability and retention” (EPR) effect[90-92], 

• active targeting, based on specific interactions between selective ligands (e.g. 

antibodies[93], peptides, sugars, T-cells[94]) conjugated onto the polymer surface and e.g. 

membrane associated cellular uptake transporters[95], 

• stealth properties, i.e. the ability of micelles to escape the MPS and therefore increase 

blood retention times[96] due to the formation of a biocompatible protein corona[97, 98].  

Naturally, all these characteristics strongly depend on the colloidal properties (size, charge, 

stability) of the respective drug-loaded micelles. Unfortunately, colloidal properties cannot be 

simply derived from the initial properties of the neat polymer micelles, but are strongly affected 

by the kind and amount of incorporated drug. This becomes evident by the drug induced 

morphology switch of POx based micelles from worm-like, to spherical and raspberry-like 

structures with increasing loading (0 – 50 wt.%) of the chemotherapeutic agent paclitaxel (PTX) 

(Figure 2.5).[99, 100]  
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Figure 2.5: Drug-induced morphology switch of PTX-loaded POx micelles from initially worm-like (left) to spherical (right) 
structures with increasing PTX loading. Cryo-TEM images are shown on the bottom right corners, whereas cartoons are 
used for visualization. Figure reprinted with permission from ref[99]. 

Despite their impact, the interactions between polymer vehicle and incorporated drug are little 

understood. Obsolete perceptions such as “like dissolves like”, i.e. hydrophobic drugs are simply 

dissolved within the hydrophobic core, or the overemphasize of a distinct core/shell structure 

should be regarded with great care.[101, 102] In the context of colloidal stability, polymer-drug 

interactions also determine the drug loading capacity (LC), i.e. the amount (%) of drug solubilized 

within a formulation (equation 1): 

                      𝐿𝐶 =  𝑚𝑑𝑟𝑢𝑔𝑚𝑑𝑟𝑢𝑔+𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟 
mdrug     = mass of solubilized drug 

(1) 
mpolymer = mass of polymer added to formulation 

 

The LC can strongly effect treatment outcomes, as the higher the LC, the lower the risk of adverse 

side-effects caused by the excipient, as observed for the vehicle Cremophor EL used for PTX 

formulation (Taxol®).[103] Furthermore, increased anti-tumor efficacy of high-dose compared to 

low-dose PTX treatment has been observed in vivo.[19] Unfortunately, besides their discussed 

advantages (easy preparation, small sizes, etc.), drug-loaded micelles generally suffer rather low 

LC below 20 wt.%.[104] Therefore, various strategies have been employed in recent years to 

increase LC and stability of drug-loaded micelles.  

The scope of such effort is displayed by the work of Börner and coworkers, using a combinatorial 

approach to identify suitable peptide sequences out of 77 possible heptamers to efficiently 

formulate the non-water soluble, anti-Alzheimer compound B4A1.[105] Raman microscopy was 

used to select B4A1-binding peptides from large one-bead-one-compound peptide libraries 

(Figure 2.6a).  
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This selection approach increased the scope of suitable peptide-selection initially performed by 

fluorescence microscopy, being applicable only for fluorescent lead molecules.[106] The sequential 

space of 77 different heptamer peptides was synthesized on ChemMatrix resin by split-and-mix 

procedures. As the peptide sequences with high affinity were rich in phenylalanine (Phe) and basic 

residues (Figure 2.6b), it was concluded that π-π stacking and Coulomb interactions dominate 

B4A1-peptide binding. LC strongly depended on the peptide sequence, as Pep1-PEG, Pep2-PEG and 

Pep3-PEG exhibited payloads of 0.83 mol, 0.94 mol and 0.65 mol B4A1 per mol carrier, 

respectively. Important to note, such rather low drug loadings suggest the formation of colloidal 

aggregates, rather than drug-loaded micelles, which usually incorporate more than one drug 

molecule per polymer chain. The formation of aggregates was confirmed by dynamic light 

scattering (DLS) (hydrodynamic radii (Rh) = 105 – 175 nm). Nevertheless, the payloads were five 

to seven times higher than those achieved with the common solubilizer Chremophor EL. Idealized 

1:1 complexes of B4A1 and the peptide domains were simulated showing considerable binding of 

all three peptide sequences to B4A1 (Figure 2.6c,d). The proposed π-π interactions between the 

Phe residues and the central pyrimidine ring of B4A1 were clearly visible, despite the dynamic 

nature of the model complexes (interaction energies between -150 and -200 kJ/mol).  

 

Figure 2.6: a) Selection of suitable peptide sequences for the solubilization of B4A1: (i) incubation of a one-bead-one-
compound peptide library with B4A1 followed by (ii) Raman microscopy to identify (iii) compound-enriched beads; (iv) 
single-bead sequencing revealed b) peptides with high B4A1 binding capacities; c,d) representative snapshots from 
molecular dynamics (MD) simulations of B4A1 (shown as van-der-Waals surface) bound to tailored peptide sequences 
(sticks) shown in b). Figure reprinted with permission from ref[105]. 
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Peptide-drug specificities were also apparent when formulating the structurally similar 

photosensitizers Chlorin E6 (Ce6), meta-tetra(hydroxyphenyl)chlorin (m-THPC) and 

Pheophorbide A (Pba) (Figure 2.7a). The peptide sequence most suitable for Ce6 loaded 18 and 5 

times more Ce6 than m-THPC and Pba, respectively (Figure 2.7b).[107] On the other hand, the 

peptide sequence selected for m-THPC was more compatible with Ce6 and Pba than with m-THPC. 

Generally, the specificity of the polymers for Ce6 was not very pronounced (1/1.1/1.2). Important 

to note, the difference in LC nicely correlated to drug release kinetics, i.e. prolonged drug release 

kinetics of polymer-drug pairs with higher maximum LC.[26, 28] 

 

Figure 2.7: a) Chemical structure of photosensitizers Ce6, Pba, m-THPC as well as of peptide based drug carriers with 
the highest affinity for the latter (Q = glutamine; F = phenylalanine; S = serine; L = leucine); b) maximum LCs of the three 
different solubilizers. Figure modified with permission from ref[107]. 

To evaluate the contribution of amino acid residues at specific sequence positions to the overall 

LC, systematic residue point mutations (alanine (Ala) scan) were investigated.[107] Again, 

hydrophobic and π-π stacking interactions were revealed as the main driving forces for 

solubilization, as replacement of a Phe residue with Ala strongly reduced LC (almost 100% 

decrease) for m-THPC, bearing easily accessible phenyl-rings. Although this sounds 

straightforward at first, replacing glutamine (Gln) or serine (Ser) residues with Ala caused a similar 

dramatic reduction in LC. The authors argued, that this points out the importance of H-bonds for 

solubilization. However, taking into account the impact of the various point mutations gives a 

rather random picture and casts doubt on conclusive structure-property relationships.  

The combinatorial approach by Börner and coworkers gives first insights into the complexity and 

at first glance unpredictable nature of polymer-drug interactions. Nevertheless, also a targeted 

tuning of the polymer-drug compatibility by specific coordination interactions was realized in 

selected cases. 
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In 2018, Lv et al. prepared polymer micelles with ultrahigh drug loadings up to 50 wt.% of the 

chemotherapeutic agent doxorubicin (DOX).[108] This was realized by specific, coordinative 

interactions between DOX and the polymeric drug carrier PEG-b-poly[(N-2-hydroxyethyl)-

aspartamide] (PEG-PHEA), containing phenylboronic acid (PBA) moieties in the hydrophobic core 

(PBA was also used due to its sensitivity to reactive oxygen species (ROS) possibly selectively 

releasing DOX in cancer cells overproducing ROS) (Figure 2.8a,b). After interaction with DOX, a 

shift to high field (≈ 20 ppm) in the 11B NMR spectra of PBA appeared due to the coordination of 

the nitrogen atom of DOX to PBA in deuterated dimethylformamide (DMF-d7) (Figure 2.8c). After 

addition of deuterated water (D2O), the shift remained, indicating aqueous stability of the 

coordination reaction.  

 

Figure 2.8: a) Chemical structure of the amphiphilic drug carrier PEG-PHEA comprising PBA moieties within the 
hydrophobic core to enable b) coordination reactions to DOX; c) 11B-NMR spectra of PBA (black, DMF-d7), PBA + DOX 
(green, DMF-d7) and PBA + DOX (blue, DMF-d7 + D2O). Figure modified with permission from ref[108]. 

Whereas the PBA containing polymer enabled extremely high DOX loadings up to 49 wt.% 

(hydrodynamic diameters (Dh) < 50 nm; investigated by DLS), a polymer containing the same 

phenyl sidechains, however without boronic acid, achieved drug loadings of only 3.3 wt.% 

accompanied with the formation of micrometer-sized precipitates. It should be noted that the 

solubility of DOX is highly dependent on the pH, as a protonation of the primary amine at low pH 

strongly increases its solubility. However, the addition of hydrogen peroxide (H2O2) and the 

resulting decrease in pH accelerated DOX release from PBA containing micelles somehow 

suggesting the solubilization of non-protonated DOX.  
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Concerning the stoichiometry, a LC of 49 wt.% corresponds to a molar ratio of polymer/DOX ≈ 1.0 

mmol / 18.4 mmol (composition of final polymer was not given; molar mass (Mw) of polymer was 

therefore calculated using Mw of a precursor polymer (Mw = 8.4 kg/mol)). Considering a high 

degree of substitution of 80% of PBA within the hydrophobic core, this corresponds to approx. 

one DOX molecule per PBA moiety. Considering the steric demand of rigid DOX, it is hard to 

imagine specific and well-defined 1:1 complexes between DOX and every PBA moiety of the 

repeating units of the hydrophobic core. Nevertheless, such high DOX loadings are remarkable, 

making it a promising DDS for cancer therapy, especially when taking into account the sustained 

DOX release under various conditions and pronounced cytotoxicity against HeLa cells.  

π-π stacking has also been utilized to increase the LC of polymeric micelles for the non-water 

soluble, chemotherapeutic drugs PTX and docetaxel (DTX) (log P = 4.7 and 4.1, respectively).[109] 

Hennink and coworkers utilized polymeric drug carriers with a hydrophobic core of poly(N-(2-

hydroxypropyl) methacrylamide) (HPMAm) comprising either naphthoyl (Nt, =HPMAm-Nt) or 

benzoyl (Bz, =HPMAm-Bz) residues and a hydrophilic PEG shell (Figure 2.9a). Critical micelle 

temperature (CMT) and CMC of the respective block copolymers decreased with increasing 

HPMAm-Bz or HPMAm-Nt content due to increased hydrophobic interactions and π-π stacking 

(Figure 2.9b; content of respective aromatic repeating units should be < 30 mol% to retain water 

solubility). In accordance with the latter observation, Dh (investigated by DLS) of empty micelles 

containing aromatic moieties was smaller than those of corresponding, non-aromatic polymers. 

The LC for PTX or DTX, both containing a substantial amount of aromatic moieties, strongly 

increased by the introduction of aromatic groups within the polymer side chains (Figure 2.9c). 

However, at constant PTX or DTX feed concentrations of 4 g/L, the LC slightly decreased while 

increasing the HPMAm-Nt content from 18 – 28 mol%. This was assigned to enhanced interactions 

between the hydrophobic blocks of the polymers, which would reduce the space available for 

drug-encapsulation. A similar decrease in LC with increasing hydrophobicity was already reported 

for cholesterol-modified polymers.[110]  

Maximum LC for DTX at varying DTX-feed concentrations (4, 5, 7 or 10 g/L) of polymers (10 g/L) 

containing 0% aromatic moieties, 24% HPMAm-Bz, or 18% HPMAm-Nt were 29.5 ± 0.5 , 33.3 ± 0.9 

and 10.5 ± 0.2 wt.%, respectively.[109] Important to note, these high LCs correspond to up to 3 

molecules of DTX per aromatic moiety, again contradicting well defined, intermolecular π-π 

interactions between the naphthoyl or benzoyl moieties and DTX. Although the size of all drug-

loaded micelles increased compared to the empty micelles (Dh = 30-50 nm), this increase was 

strongly attenuated for the polymers containing aromatic moieties (Dh = 60-80 nm) compared to 

the polymers without such (Dh = 110 nm) (Figure 2.9d).  
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The smaller size of the micelles carrying aromatic comonomers indicated that their cores were 

more strongly condensed due to π-π stacking and hydrophobic effects of the aromatic groups. The 

more condensed core also increased particle stability, as PTX was fully released after 240 h from 

the non-aromatic containing micelles, whereas the corresponding aromatic ones still contained 

approx. 50% payload (release studies were carried out under non-sink conditions to avoid limit of 

detection as well as destabilization of the micelles by passing the CMC). The π-π interactions 

within empty PEG-HPMAm-Nt micelles were investigated in more detail by 1H solid-state NMR. 

The chemical shift of hydrogen atoms is strongly influenced by external electrons providing means 

to study packing of π-electron systems. Upon increasing temperature, the aromatic naphthoyl 

signals of the block copolymer broadened significantly together with an overall increase in 

effective molecular size. This is in accordance with an overall reduction in molecular mobility due 

to micelle formation which involves π-π stacking among aromatic moieties at higher 

temperatures. Unfortunately, the influence of incorporated PTX or DTX on the aromatic signals of 

the polymer was not further investigated.  

 

Figure 2.9: a) Chemical structure of the amphiphilic drug carrier PEG-HPMAm comprising either naphthoyl (Nt) or 
benzoyl (Bz) residues to b) enable π-π stacking with non-water soluble drugs PTX and DTX; c) encapsulation efficiency 
(striped bars) as well as LC (solid bars) in dependence of the Bz (top) or Nt (bottom) content at feed concentrations of 
ρ(polymer/drug) = 9/4 g/L as well as d) corresponding Dh, investigated by DLS. Figure modified with permission from 
ref[109].  

Although minor inconsistencies occurred (decreasing LC with increasing Nt content; Figure 2.9c, 

bottom), the drug loading for PTX or DTX could be enhanced by the introduction of aromatic 

moieties in all cases. Although this sounds straightforward at first, most polymer-drug 

compatibilities are much harder to predict and rarely follow such patterns.  
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Other examples of improving intermolecular polymer-drug interactions through π-π stacking 

include the well-known PEG-b-poly(α,β-aspartic acid) (PEG-PASA) drug carriers designed by 

Kataoka and co-workers (NK911; currently evaluated in phase II clinical trial against metastatic 

pancreatic cancer).[111] The hydrophobic PASA core was partially chemically modified with 

doxorubicin (DOX) and subsequently DOX was loaded physically. Apart from hydrophobic 

interactions, strong π-π stacking was most likely responsible for enhanced micellar stability 

resulting in a 29-fold increase in the area under the curve (AUC) in blood and a 3.4-fold increase 

in tumor disposition of PEG-PASA/DOX as compared to free DOX. Recently reported PTX-loaded 

micelles composed of PEG-b-poly(N-(2-benzoyloxypropyl) methacrylamide) showed a high 

stability and long circulation kinetics[112] comparable to those of chemically cross-linked polymer 

micelles[113], resulting in complete tumor regression in two different xenograft models (A431 and 

MDA-MB-231). Again, the long circulation in blood was attributed to π-π stacking between PTX 

and benzoyl-moieties in the polymer hydrophobic core.  

Besides π-π stacking, also hydrogen-bonding has been utilized to increase intermolecular polymer-

drug interactions. Although discussed in the context of solid dispersions[114], the compatibility 

between polyvinylpyrrolidone (PVP), hydroxypropylmethyl cellulose (HPMCAS) or poly(acrylic 

acid) (PAA) with the poorly water-soluble (5.8 mg/L[115]) drug nifedipine (NIF, Adalat®) investigated 

by Kothari et al. are highly relevant for drug-loaded micelles, as all three polymers are widely 

incorporated in amphiphilic, polymer-based drug carriers (Figure 2.10a).[25] The molecular mobility 

in neat NIF and polymer/NIF solid dispersions was investigated by dielectric spectroscopy. As 

expected, the α-relaxation peak (= glass-transition relaxation) shifted to higher frequencies with 

increasing temperature, indicating an increased global mobility (i.e. shorter relaxation time) of the 

various NIF formulations during isothermal frequency experiments (Figure 2.10b). However, only 

in the case of PAA, rapid drug crystallization interfered with the detection of the α-relaxations at 

T > 75 °C. In contrast, PVP and HPMCAS prevented NIF crystallization, attributed to stronger 

hydrogen bonding between the polymers and the drug. Furthermore, at any given temperature 

and polymer concentration, the differences in molecular mobility of the various formulations were 

evident from the peak frequency of dielectric loss. In accordance with the previous observation, 

the dielectric loss peak in the PVP/NIF dispersions appeared at much lower frequency compared 

to the PAA/NIF dispersion, indicating a more pronounced lowering in molecular mobility within 

the former (Figure 2.10c). In line with the temperature dependent dielectric spectroscopy 

measurements, the vibration of the N-H group of NIF shifted to higher wavenumbers (FT-IR 

spectroscopy) with increasing temperatures, indicating a decrease in intermolecular polymer-NIF 

hydrogen bond strength.  
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Subtracting the NIF spectrum from that of the dispersions revealed new populations in PVP/NIF 

and HPMCAS/NIF solid dispersions (Figure 2.10d). The peak at lower wavenumber compared to 

neat NIF indicated stronger intermolecular polymer-NIF than intramolecular NIF-NIF hydrogen-

bonding in the case of PVP. In contrast, the higher wavenumber in the HPMCAS/NIF dispersions 

indicated stronger intra- than intermolecular interactions. Similar effects were already observed 

in solid dispersions of felodipine, a structural analogue of NIF.[116] Most interestingly, the 

subtracted spectrum of PAA/NIF suggested no intermolecular PAA-NIF hydrogen-bonding.[25] In 

conclusion, the strength of hydrogen bonding was the same as derived from the relaxation times: 

PVP > HPMCAS > PAA. These observations were in accordance with the physical stability of the 

various NIF dispersions. PVP suppressed NIF recrystallization most effectively, whereas PAA was 

the least effective as observed by dynamic scanning calorimetry (DSC) measurements (Figure 

2.10e for further insights into the role of thermodynamics and kinetics for crystallization from the 

amorphous state the reader is referred to the review by Bhugra et al.[117]). A similar strong 

suppression of recrystallization was also observed for PVP/indomethacin[118] as well as 

PVP/felodipine[119] solid dispersions. Unfortunately, shelf-life at ambient conditions and maximum 

LC of the various NIF solid dispersions were not further investigated.  

 

Figure 2.10: a) Chemical structure of non-water soluble drug NIF and the polymers PVP, PAA and HPMCAS (R = H, CH3, 
CH2CH(OH)CH3, COCH3, COCH2CH2COOH, CH2CH(CH3)OCOCH3, CH2CH(CH3)OCOCH2CH2COOH) used to prepare solid 
dispersions; b) dielectric loss behavior of HPMCAS/NIF solid dispersion with increasing temperature (left to right); c) as 
well as of PVP/NIF (black), PAA/NIF (red), HPMCAS/NIF (green) or neat NIF (blue) at 60 °C. The loss curves were 
normalized to the maximum loss values; d) FT-IR spectra of polymer/NIF dispersions. The spectrum of neat NIF 
(maximum at 3342 cm-1; blue line) was subtracted to identify new populations caused by specific polymer-NIF 
interactions; e) DSC heating curve of NIF and polymer/NIF solid dispersions. Figure modified with permission from 
ref[25].  
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However, that polymer-drug hydrogen bonding has indeed a large impact on the LC was shown 

by Lee et. al.[120], using PEG-polylactic acid (PEG-PLA) based block copolymers for the solubilization 

of hydrophobic papaverine (PAP). To investigate the influence of intermolecular hydrogen 

bonding, the hydrophobic PLA block was partially substituted with carboxylic acid (Figure 2.11a). 

Interestingly, the LC strongly increased with increasing carboxylic acid content (0% - 20 %) from 

approx. 4 wt.% up to 14.9 wt.% (Figure 2.11b). Due to the rigid and glassy state of the hydrophobic 

core investigated by 1H-NMR spectroscopy (strongly reduced and broadened proton signals of PLA 

due to limited mobility caused by micellization; in contrast to unaffected signals corresponding to 

the hydrophilic PEG shell), the authors suggested that the carboxylic acid moieties are much likely 

non-ionized and the water content within the hydrophobic core is low. Having this in mind, 

hydrogen bonding between the acid moieties and PAP should occur. However, direct evidence on 

the existence of such intermolecular hydrogen-bonding was not found by spectroscopic means 

(not further discussed) which was attributed to the low amount of carboxylic acid moieties within 

the polymer. Furthermore, the non-ionization of the acid modified PEG-PLA is doubted, especially 

considering the pyridine base containing PAP. Nevertheless, strong intermolecular interactions 

were indirectly expressed by the prolonged drug release behavior of the acid modified polymers 

(Figure 2.11c). Whereas non-functionalized micelles released 90% PAP within 7 days, only 50% 

PAP were release at the same time from micelles functionalized with 19.5 mol.% acid moieties.  

 

Figure 2.11: a) Intermolecular hydrogen bonding between carboxylic acid modified PEG-PLA and solubilized, 
hydrophobic PAP; b) LC of PEG-PLA micelles for PAP as well as c) PAP release profiles in phosphate buffered saline (PBS) 
in dependence of the degree of substitution with carboxylic acid. Figure modified with permission from ref[120]. 

In contrast to the discussed PEG-PLGA/PAP formulations, Yuan et. al. could identify distinct 

hydrogen bonding interactions in solid amorphous dispersions of non-water soluble indomethacin 

(IMC; water solubility: 0.937mg/L[121]) and PVP or PVP-co-polyvinyl acetate (PVP-PVA) using 13C 

solid-state NMR spectroscopy (Figure 2.12a).[122].  
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Amorphous solid dispersions of IMC were prepared by cryo-milling followed by in situ melt 

quenching at 170°C for 10 min directly inside the spinning NMR rotor. As expected, 13C cross 

polarized magic angle spinning (CPMAS) spectra of crystalline IMC exhibited narrow peak shapes 

in contrast to the much broader peaks of amorphous IMC. Subsequently, amorphous IMC was 13C 

isotopically labeled (5%) selectively at the carboxyl carbon atom to study hydrogen bonding 

interactions of amorphous indomethacin. After subtracting the unlabeled from the labelled 

spectrum, (while maintaining same signal intensity for aromatic and aliphatic carbon regions of 

both spectra), the signals corresponding to carboxyl acid carbons could be isolated. The spectrum 

of the carboxyl carbon contained two clear peaks, with a potential third peak in the center (Figure 

2.12b). The downfield (high ppm) peak with the highest intensity was assigned to the cyclic dimer 

formed by hydrogen bonding between two carboxyl acid groups (due to the similarity to the same 

type of hydrogen bond found in crystalline IMC). The upfield (low ppm) peak was assigned to the 

carboxylic acid carbon hydrogen bonded to the amide carbonyl (same explanation). The middle, 

lowest intensity peak could be assigned to disordered chains, i.e. carboxylic acid chains of various 

length caused by the formation of rings larger than dimers. A fourth species, corresponding to free 

carboxylic acid (170.3 ppm) could be identified using solid amorphous dispersions of polystyrene 

(PS; forming no hydrogen bonds) and IMC at low IMC concentration. In contrast to neat IMC 

comprising four major carboxylic acid species, five or six carboxylic acid species were present in 

the PVP/IMC or PVP-PVA/IMC solid dispersions. The new species were assigned to IMC carboxylic 

acid hydrogen bonded to PVP or PVA carbonyl group. With increasing PVP content, the carboxylic 

acid dimers were gradually disrupted, whereas carboxylic acid-amide complexes gradually 

increased (Figure 2.12c). Important to note, due to their similar chemical shifts, IMC carboxylic 

acid species forming hydrogen bonds with either IMC amide, PVP, or PVP-PVA were treated as 

one peak in the deconvolution. Although the presence of both polymers strongly interfered with 

IMC intramolecular hydrogen bonding, the hydrogen bond accepting capability of PVP-PVA was 

lower than for PVP, as slightly less carboxylic acid – amide complexes were formed in the former 

(Figure 2.12d). This suggests that PVP-PVA is a weaker hydrogen bond acceptor than PVP. 
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Figure 2.12: a) Chemical structure of non-water soluble drug IMC as well as PVP and PVP-PVA used to prepare solid 
amorphous dispersions; b) CPMAS 13C NMR spectrum of the carboxylic acid carbon of amorphous IMC. The experimental 
spectrum is shown in black, the fitting of the individual species is highlighted in red (dimer), green (carboxylic acid chains 
of various lengths) and blue (carboxylic acid – amide dimer). Occurrence of peak corresponding to free acid is implied 
in purple. Sum of the species contributions (green spectrum) and residual difference between experimental and fitted 
peaks (blue spectrum) is given; c) CPMAS 13C spectrum of IMC carboxylic acid carbon in PVP/IMC amorphous solid 
dispersions with decreasing IMC content (90% - 50%; top to bottom). Color code is same as for b); d) fraction of IMC 
carboxylic acid participating in various hydrogen bonding interactions in the amorphous solid dispersions with PVP (top) 
or PVP-PVA (bottom) as a function of polymer concentration. Figure modified with permission from ref[122].  

For further discussion about the use of solid-state NMR to identify specific polymer-drug 

interactions in solid amorphous dispersions of acetaminophen[123], NIF[124], nicotinamide[125], 

lapatinib[126], or clofazimine[127], the reader is referred to given literature.  

Apart from specific polymer-drug interactions, solid state NMR can also be used to get insights 

into the morphology of drug-loaded micelles. Very recently, Callari et. al. investigated the effect 

of drug loading on aggregate morphology and internal structure formation of drug-loaded 

micelles.[128] The drug-carrier was a block copolymer comprised of a hydrophilic poly fructose shell 

and a poly(methacrylic acid) (PMAA) core incorporating various amounts of a 1,10 phenanthroline 

platinum complex (Phen-Pt). The PMAA block provided anchoring points for the complexation of 

Phen-Pt (Figure 2.13a). At high Phen-Pt loading (50 molecules Phen-Pt per polymer chain), Pt 

homogeneously distributed within the core, whereas at low loading (7 molecules Phen-Pt per 

polymer chain), an inner core with a high Pt-concentration surrounded by a region of lower Pt-

density occurred (Figure 2.13b). Interestingly, a two-fold higher cellular uptake in breast cancer 

cells MDA-MB-231 as well as lung cancer cells A594 was observed for low-loaded micelles by flow 

cytometry and laser scanning confocal microscopy (Figure 2.13c).  
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This was attributed to an increased interaction of the hydrophilic, fructose-based shell with the 

fructose receptor GLUT5 associated in the cell membrane. Solid-state NMR experiments were 

conducted to support this hypothesis. Line-broadening of 13C NMR signals of Phen-Pt after 

encapsulation showed that the drug was incorporated in amorphous state. Furthermore, 2D 

13C(1H) heteronuclear correlation (HETCOR) experiments revealed a through-space correlation 

peak from the methyl protons of the PMAA backbone with the aromatic carbons of Phen-Pt 

(Figure 2.13e). No such correlation peak was found for OCH/COH protons of the hydrophilic shell 

and Phen-Pt carbon, implying a nanometer scale separation between Phen-Pt and the fructose 

block in high-loaded micelles. For low-loaded micelles at short mixing time (3 ms for 1H 

magnetization exchange), a high signal intensity occurred for the cross-peak from Phen-Pt 

aromatic 1H to fructose, water and alkyl 1H species shown in the horizontal slice extracted from 

the 2D 1H-1H exchange spectrum (Figure 2.13d, left). Therefore, Phen-Pt seemed to be molecularly 

dispersed within the polymeric matrix, resulting in a close spatial proximity to the polymer. The 

cross peak between aromatic Phen-Pt and H2O was assigned to a zone of intermediate 

hydrophobicity in between the hydrophobic and hydrophilic regions in which water occurred in 

sub-nanometer proximity to Phen-Pt (Figure 2.13f, right). This correlated well to the low-density 

Pt regions observed by TEM (Figure 2.13b, right). Interestingly and in contrast to high-drug 

loading, the aromatic Phen-Pt 1H signal did not equilibrate with polymer 1H signal (even after 

extended mixing times), attributed to regions within the micellar assembly that are completely 

free of Phen-Pt at length scales > 30 nm. This was attributed to the outer, hydrophilic corona with 

high molecular mobility. Furthermore, a fraction of the fructose moieties was also trapped within 

the hydrophobic core of the high-loaded micelles, as shown by the appearance of cross peaks to 

both, the polymer backbone and the sugar sidechain at similar time scales.  

In contrast, in high-loaded micelles, virtually no cross-peaks to the polymer backbone were found 

(Figure 2.13d, right), which was assigned to the formation of conjugated Phen-Pt aggregates, 

reducing the spatial proximity to the polymer backbone (Figure 2.13f, left). Therefore, the higher 

cellular uptake of low-loaded micelles was assigned to a better interaction of highly mobile 

fructose moieties in the corona and the GLUT 5 transporters in the cell membrane. Additionally, 

the slower drug release of highly-loaded micelles was attributed to the formation of segregated 

Phen-Pt aggregates. However, it should be mentioned that the drug release experiments were 

only performed once. By including the standard deviation (SD), the rather small difference in 

release rate might have been negligible, wherefore the claimed higher stability of the high-loaded 

micelles should be regarded with care.  
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Figure 2.13: a) Formation of low-loaded (LL; Pt/COOH = 0.2/1; y = 7) and high-loaded (HL; Pt/COOH = 1/1; y = 50) 
polymer-drug conjugates by coordination of Pt-based drug Phen-Pt to polymeric drug carrier poly fructose-b-PMAA; b) 
TEM images of high-loaded (left) and low-loaded (right) micelles show areas where Pt is located (non-Pt containing 
corona is non-detectable); c) cellular uptake of Phen-Pt loaded micelles quantified by flow cytometry; d) ultrafast 1H 2D 
exchange NMR spectra (3 ms mixing time) of low-loaded (left) and high-loaded (right) micelles. The 1D spectra plotted 
on top are extracted at 8.5 ppm as indicated by the dashed lines; e) 2D 13C(1H) HETCOR of high-loaded micelles. Marked 
signal (dashed square) corresponds to correlation peak between aromatic drug and methyl protons of the polymer 
backbone confirming the conjugation of Phen-Pt to the polymer. The correlation signals in red, blue, and orange 
correspond to MAA, fructose, and Phen-Pt, respectively; f) structure of HL (left) and LL (right) micelles. Small orange 
circles represent individual Pt-Phen molecules, blue lines represent the hydrophilic and red lines the hydrophobic areas 
of the polymer, dark blue hexagons represent fructose moieties, and light blue circles represent water molecules. Figure 
modified with permission from ref[128].  
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Also, the discussed difference in cytotoxicity against MDA-MB-231 as well as A549 was not 

markedly pronounced. Again, no SD was included, although experiments were performed in 

triplicates (SD is not visible in the plotted data and it is expected that SD within such in vitro study 

should be larger than the given data points). Therefore, the claimed difference in cytotoxicity 

based on inhibitory concentrations (IC50) of 11.2 µM and 11.8 µM (MDA-MB-231) as well as 5.9 

µM and 2.8 µM (A549) should be regarded critically, as such minor differences might be due to 

different amounts of formulated-drug actually added as well as other experimental deviations. 

Nevertheless, the different morphologies of Phen-Pt loaded poly fructose-b-PMAA micelles 

demonstrate (i) the effect of drug loading on micellar morphology as well as (ii) the impact of such 

morphological changes on biological properties such as cellular uptake. Furthermore, the varying 

interaction of the hydrophilic poly fructose block and encapsulated Phen-Pt in dependence of the 

drug loading is in accordance with the impact of even the end group of the hydrophilic segment 

on solubilization properties as observed for poly(N-isopropylacrylamide) based micelles.[27]  

Further strategies to increase intermolecular interactions between polymeric drug carrier and 

(physically) incorporated, hydrophobic drugs are comprehensively reviewed by Hennink and 

coworkers.[129] However, not only polymer-drug interactions determine shape and properties of 

micelles, but also drug-drug interactions in co-formulations can strongly influence particle 

properties. 

 

2.5 Impact of Drug-Drug Interactions on Drug Loading 

Combination drug therapy, i.e. co-administration of two or more drugs, is standard clinical practice 

in the treatment of various disease.[130] These multidrug regimens are usually designed to achieve 

therapeutic synergy and therefore a greater medical effect than the sum of each drug alone, e.g. 

by suppressing drug-resistances.[131] However, the therapeutic efficacy of multiple drug 

administration is highly susceptible to the concentration and ratios of the respective drugs which 

can result in synergistic or antagonistic effects of the same drug combinations.[132] Unfortunately, 

the translation of synergistic combinations found in conventional in vitro cell studies to suitable in 

vivo concentrations is often strongly hampered. This is among others due to different 

pharmacokinetics and pharmacodynamics of the respective drugs in systemic circulation strongly 

affecting their concentration at the site of action. This can be particularly challenging for micellar 

based co-formulations of multiple drugs[133, 134] due to altered drug release profiles of co-

formulated drugs compared to single-formulations as demonstrated in POx based co-formulations 

of bortezomib and 17-allylamino-17-demethoxygeldanamycin (17-AAG).[135]  
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Nevertheless micellar nanoformulations of multiple drugs in a single vehicle can increase in vivo 

anti-tumor efficacy compared to the treatment with both single formulations at same drug 

concentrations as observed for POx based co-formulations of PTX[20] or etoposide[21] and an 

alkylated cisplatin prodrug.  

Although specific properties such as the drug release kinetics of drugs simultaneously solubilized 

within the hydrophobic core of polymeric micelles are commonly assessed, an understanding 

about the interactions between both drugs is most often neglected. However, this is of major 

interest, as the compatibility of both drugs dictates crucial properties such as the LC. Very recently, 

Zhang et al. investigated the interaction between poorly water soluble quinone oxidoreductase 1 

inhibitors β-lapachone (LPC; water solubility = 38 mg/L) and tanshinone IIA (T2A; water solubility 

= 0.018 mg/L) co-solubilized with PTX in PEG-PLA micelles (Figure 2.14a).[136] At ρ(PEG-PLA) = 30 

g/L, neither LPC nor T2A could be solubilized at 2 g/L (LCtheor = 6.25 wt.%). Interestingly, when 

combined with 6 g/L PTX (LCtheor(drug & PTX) = 5.3 & 15.8 wt.%), the LPC/PTX formulation 

appeared completely clear, exhibiting micelles with a monodisperse size distribution of Dh = 60-

70 nm. In contrast, major precipitation occurred in the T2A/PTX formulation, demonstrating that 

PTX had little effect on inhibiting the crystallization of T2A. Therefore, the authors concluded that 

the critical parameters causing these different stabilities are intermolecular drug-drug rather than 

PLA-drug interactions. However, this assumption should be regarded critically, as illustrated in the 

discussed interaction of incorporated Phen-Pt with both blocks of a glycopolymer consisting of a 

hydrophilic poly fructose shell and a PMMA block at low loading (Figure 2.13f).[128] 

Dissolving LPC/PTX or T2A/PTX at 50/50 w/w in methanol and subsequently dispersing the 

respective solutions in PBS caused different profiles of supersaturation. Whereas the presence of 

PTX significantly increased the supersaturation of LPC in PBS (supersaturation ratio S = [drugw/ 

PTX]/[drugw/o PTX]), no detectable supersaturation occurred in the case of T2A/PTX (Figure 2.14b). 

Stronger intermolecular interactions in LPC/PTX were further apparent by the absence of 

recrystallization in solid amorphous dispersions of LPC/PTX in contrast to T2A/PTX after 3 months 

storage (Figure 2.14c). For further physicochemical characterizations of the LPC/PTX formulations, 

the reader is referred to ref[137]. MD simulations were utilized to get insights into the distribution 

density of LPC or T2A molecules around a central PTX molecule.[136] LPC was more evenly 

distributed around PTX, whereas T2A self-aggregated into a lamellar structure (Figure 2.14d). This 

again supports the hypothesis of stronger hetero-intermolecular LPC/PTX than T2A/PTX 

interactions. Direct atomic contact simulations suggested that LPC favorably formed stacking 

interactions with the benzyl groups of PTX, whereas the hydrophilic part of PTX was still exposed 

to the solvent (polymer) facilitating aqueous solubility and therefore inhibiting precipitation 
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(Figure 2.14e). In contrast, no such specific hetero-intermolecular interactions were formed in the 

case of T2A/PTX, resulting in a more homogeneous distribution of T2A aggregates around PTX 

interfering with a sufficient solvation of PTX eventually causing precipitation.  

 

Figure 2.14: a) Chemical structure of hydrophobic drugs LPC, T2A and PTX either single- or co-formulated with polymer 
micelles of PEG-PLA; b) supersaturation kinetics of LPC and T2A in the presence of PTX; c) recrystallization of spin-coated 
films of LPC/PTX (top) or T2A/PTX (bottom) after three months storage observed by polarized optical microscopy; d) 
density distributions (MD simulations) of 10 molecules of LPC (left) or T2A (right) arranged around a central PTX 
molecule (density cutoff: 0.0004/ Å3); e) averaged atomic contact of each PTX atom with 10 molecules of LPC (left) or 
T2A (right) projected on the surface of a PTX molecule with high (red) or low (blue) degree of contact. Figure modified 
with permission from ref[136]. 

In contrast and somehow surprising, Kwon and coworkers observed simple additivity of the LC 

when solubilizing the hydrophobic drugs PTX, 17-AAG and rapamycin (RAP; water solubility = 2.6 

mg/L[138]) in polymeric micelles of PEG-PLA (Figure 2.15a).[139] However, only a single combination 

of drug-feed concentrations of PEG-PLA = 30, PTX = 4, 17-AAG = 4, and RAP = 3 g/L was 

investigated. Nevertheless, the aqueous solubility of PTX, 17-AAG, and RAP in the 3-in-1 PEG-PLA 

micelles was increased 104-, 700-, and 80-fold, respectively (similar increase in the case of double-

loaded micelles).  
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Interestingly, the size of the respective micelles was more or less unaffected by the kind of 

incorporated drug(s) with Dh = 38.8 – 43.8 nm and narrow polydispersity indices (PDI) < 0.2. Only 

in the PTX single formulation, major precipitation occurred after 24 h storage at 25 °C (LC0h = 11.8 

wt.%; LC24h = 1.9 wt.%). In contrast, the triple-loaded system retained 97.9, 96.7, and 97.8 % of 

initially solubilized PTX, 17-AAG, and RAP in the same time interval.  

Apart from that, the drug release kinetics of the single drugs in the 3-in-1 system (Figure 2.15c) 

were comparable to that of the respective single-formulations (except for PTX, exhibiting fast 

precipitation in the single formulation; Figure 2.15b). This is somehow surprising, considering 

pronounced hetero-intermolecular drug-drug interactions elucidated in the prevention of PTX 

precipitation. Similar drug releases of single-and triple-loaded PEG-PLA micelles have also been 

observed for PTX, 17-AAG, and etoposide.[140]  

 

Figure 2.15: a) Aqueous solubility of PTX, 17-AAG and RAP as single-, double-, or triple-loaded PEG-PLA micelles (n = 3, 
mean); in vitro drug release profiles of b) single-loaded or c) triple-loaded micelles (n = 4, mean). Figure reprinted with 
permission from ref[139]. 

The given examples demonstrate the influence of polymer-drug and drug-drug interactions on 

micellar properties such as size, morphology, LC, stability, cellular uptake and as a consequence 

thereof their clinical relevance. Although a plethora of drug delivery systems can be found in the 

literature, it is of great importance to thoroughly characterize the respective formulations to avoid 

e.g. unnecessary animal studies and to obtain reliable and reproducible structure-property 

relationships which can be applied for further optimization. Unfortunately, a proper 

characterization of polymer-based nanoformulations is generally associated with a lot of effort 

due to the necessity of various characterization techniques, already starting with the 

characterization of the polymeric drug carrier itself. Therefore, it would be highly beneficial if 

properties such as the LC could be predicted to a certain extent to exclude non-compatible 

polymer-drug combinations beforehand.  
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2.6 Prediction of Polymer-Drug Compatibility  

Allen and coworkers tried to predict physicochemical properties of polymer-based formulations 

of the water insoluble, anticancer agent ellipticine (ELP; water solubility = 0.153 mg/L) using total 

and partial solubility parameters.[101] The total solubility parameter δ developed by Hildebrand[141] 

provides a numerical estimate of the degree of interaction between materials. Materials with 

similar δ values are likely to be miscible. It is based on a molecule’s cohesive energy density, which 

needs to be exceeded while vaporizing. The determination of δ of a certain molecule is based on 

a group contribution method (GCM), i.e. each group/moiety within a molecule adds a certain 

contribution to the final parameter.  

However, the predictive power of the Hildebrand solubility parameters is limited to nonpolar and 

slightly polar systems such as hydrocarbons without hydrogen bonding. Based on this, Hansen 

developed the more sophisticated three-dimensional partial solubility parameters (Hansen 

solubility parameters, HSP[142]), which divide δ into three different kinds of interactions between 

solvent and solute:  

δ𝑇 =  √δ𝐷2 + δ𝑃2 + δ𝐻2    (2) 

where δD, δP and δH comprise contributions from intermolecular van-der-Waals forces, dipole-

dipole interactions and hydrogen bonding, respectively.  

Under consideration of the volume fractions of drug and polymer, the enthalpy of mixing ΔHM can 

be calculated.[101] A lower ΔHM and therefore higher compatibility of PCL/ELP than PLA/ELP was 

derived from HSPs (Figure 2.16a).[101] No obvious shifts in any peaks corresponding to functional 

groups capable of hydrogen bonding occurred in the FTIR spectra of the physical mixtures of the 

respective polymers and ELP. In contrast, in the spectra of formulated polymer-ELP films, slight 

shifts in characteristic peaks occurred, suggesting specific polymer-drug interactions (spectra 

were discussed, however not shown). Micellar ELP formulations with block copolymers comprising 

PCL (PEG113-b-PCL35) or PLA (PEG113-b-PLA60) as hydrophobic core were prepared by dry down and 

dialysis method. For both methods, the PCL based formulations exhibited much higher loading 

efficiencies LE (equation 3) at all investigated polymer/ELP feed concentrations (Figure 2.16b). 

                      𝐿𝐸 =  𝑚𝑑𝑟𝑢𝑔𝑚𝑑𝑟𝑢𝑔,𝑎𝑑𝑑𝑒𝑑 
mdrug     = mass of solubilized drug 

(3) 
mdrug,added = mass of drug initially added to formulation 

Therefore, the compatibility between polymer and drug predicted with ΔHM correlated well with 

the obtained LEs.  
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Furthermore, drug release kinetics of both formulations differed significantly from each other. 

Whereas 100% ELP was released from the PLA-based micelles after 36 h (drug/polymer = 1/10 

w/w; Rh = 76 nm) or 72 h (1/4 w/w), the PCL based micelles only released 30% EPL within 6 days 

(Rh = 20 nm for drug/polymer = 1/10 w/w), again suggesting stronger PCL/ELP than PLA/ELP 

intermolecular interactions (Figure 2.16c).  

 

Figure 2.16: a) Difference between total δT and partial solubility parameters δD, δP, δH and enthalpy of mixing ΔHM of 
ELP and PCL or PLA; b) LE of PEG-PCL and PEG-PLA based ELP formulations prepared by dialysis or dry-down-method at 
ρ(polymer) = 10 g/L; c) drug release profile of PEG-PLA/ELP (top two graphs) or PEG-PCL/ELP (bottom two graphs). 
Tables and figure modified with permission from ref[101].  

In a more recent study, the same research group predicted the solubility of DTX in five different, 

small molecule excipients using computational methods (Figure 2.17a).[143] The solubility 

parameters δ of DTX and excipients were derived semi-empirically by GCM and C2-Synthia model 

from Cerius2 software as well as by molecular dynamics (MD) simulations. MD takes in account 

the molecular motions (e.g. simple vibrations, bond stretching and angle bending) that occur 

within a system. Furthermore, the COMPASS (condensed-phase optimized molecular potentials 

for atomistic simulations studies) force-field was used to calculate Coulombic and attractive van-

der-Waals interactions. For the COMPASS force field, the total energy Etotal of a system is 

represented by the sum of the valence interactions, non-bonding interactions and the cross-

coupling term. The difference of Etotal of a molecule in the vacuum state and the amorphous state 

is directly correlated to a molecules heat of vaporizing. As discussed above, the Hildebrand 

solubility parameter δ can be directly derived from the latter. The square root of δ is defined as 

the cohesive energy density (CED) of a molecule which was employed to calculate the energy of 

mixing ΔEmix of pure DTX, pure excipient as well as DTX-excipient mixtures. Furthermore, ΔEmix is 

directly proportional to the Flory-Huggins interaction parameter χFH which in turn can be used to 

calculate the Gibbs’ free energy of mixing ΔGmix. For a solution to be miscible, ΔGmix needs to be 

negative. To give a perspective, the MD simulations performed on a supercomputer took an 

average processing time of approx. four months for simulation of drug, excipient or drug/excipient 

mixtures. The general methodology for MD simulations includes two stages: equilibration and 

production (Figure 2.17b,c).  
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The experimentally determined solubility of DTX in various excipients ranged from 0.4 to 108 g/L 

with the solubility being highest in tributyrin (Figure 2.17a). According to the authors, the high 

solubility of DTX in various triglycerides may be correlated to their potential to engage in hydrogen 

bonding, as the number of carbonyl groups available to form hydrogen bonds with DTX was 

highest for tributyrin. For each DTX-excipient pair, the difference between δDTX and δexc obtained 

from GCM (ΔδGCM), C2-Synthia module (ΔδSyn), and MD (ΔδMD) was calculated. As discussed 

previously, the lower Δδ, the higher the solubility of DTX in the respective excipient. Calculations 

using the GCM and C2-Synthia module accurately predicted the relative degree of solubility of DTX 

in the triglycerides. However, the predicted solubility of DTX in vitamin E and β-caryophyllene 

disagreed with experimental results. In contrast, MD simulations correctly predicted the order of 

solubility of DTX in all five excipients (tributyrin > tricaproin > vitamin E > tricaprylin > β-

caryophyllene). The MD method accounts for the interactions between atoms (i.e. hydrogen-

bonding) within a periodic boundary condition and the many conformations of the compounds. 

In contrast, GCM and C2-Synthia module only consider contributions from the functional groups 

of a single molecule. Nevertheless, GCM and C2-Synthia module enabled a fast and straightforward 

prediction of δ of excipients which were similar in structure (tributyrin, tricaproin, tricaprylin). MD 

simulations further demonstrated that the χFH values of excipient/DTX mixtures increased with 

increasing volume fraction of DTX (φDTX). This corresponds to decreasing interactions between DTX 

and excipient with increasing φDTX (Figure 2.17d). Interestingly, χFH of all DTX/β-caryophyllene 

mixtures were greater than 0.5, indicating complete insolubility of DTX in these mixtures 

coinciding with the experimentally determined low solubility of this binary mixture. Most 

interesting, the values of φDTX at χFH = 0.5 (highest reliable compatibility) could be utilized to 

calculate the actual solubility of DTX in each excipient. The solubilities obtained for DTX in 

tributyrin, tricaproin or vitamin E were within 2 – 6% deviation of the experimental solubilities. 

However, the predicted solubility in tricaprylin was approx. 15% too high (Figure 2.17a).  
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Figure 2.17: a) Difference between Hildebrand solubility parameter δ of DTX and various excipients (Δδ expressed in 
(J/cm3)0.5). The calculated values of δ were obtained by GCM (ΔδGMC), C2-Synthia module (ΔδSyn) or MD simulation 
(ΔδMD). Experimentally determined and MD simulated solubilities of DTX in the different excipients at 25 °C are given. 
The simulated solubility was derived from the volume fraction of DTX φDTX at a Flory-Huggins interaction parameter χFH 
of 0.5 (shown in (d)); b) flowchart of the approach used for MD simulations of the pure and binary mixed systems of 
DTX and excipients; c) amorphous cell containing 2 DTX (space-filling) and 86 tributyrin (stick) molecules; d) χFH for the 
binary mixtures of DTX and the different excipients in dependence of φDTX. Table and figures modified with permission 
from ref[143]. 

In a similar approach, Möller and coworkers predicted the solubility of the hydrophobic drugs 

cyclosporin A (CsA, water solubility = 12 mg/L), griseofulvin (GF, 21.2 mg/L), ketoconazole (KETO, 

17.0 mg/L) and quercetin dihydrate (QUER dihydrate, 59.9 mg/L) in an amphiphilic diblock 

copolymer comprising a hydrophilic PEG shell and a hexyl-substituted PLA core (PEG-hexPLA) 

(Figure 2.18a).[102] However, in contrast to the approach of Allen and coworkers[143], the whole 

diblock copolymer and not only the hydrophobic block was considered for MD simulation of the 

Flory-Huggins interaction parameter χFH. Micellization is commonly described as a very uniform 

process, in which all lipophilic parts of the polymer chains compose the interior of the micelle, 

while the hydrophilic portions form the micellar surface. However, in the process of micellization, 

multiple nucleation spots should be present in solution due to the rapid tendency of the flexible 

polymer to shield the lipophilic zones with PEG chains. These multiple aggregates would aggregate 

further, eventually forming the whole micelle. Interestingly, the applied simulation accounted for 

this situation, resulting in a far from uniform structure of the micellar core, exhibiting crowded 

and compacted ravel of polymer chains and drug molecules.  
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For further insights into the highly complex dynamics of micellization, the reader is referred to the 

work of Mohs and coworkers, investigating the time-dependent self-assembly of hydrophobically 

modified hyaluronic acids[144] incorporating different kinds of non-water soluble, fluorescent 

dyes.[145]  

Experimental solubility of the respective drugs in PEG-hexPLA was determined by cosolvent 

evaporation method (Figure 2.18b).[102] Whereas the solubility of CsA, GF and KETO increased 

significantly by formulation with PEG-hexPLA, the solubility of QUER dihydrate remained nearly 

the same. Subsequently, MD simulations were run using AMBER 10 software and the monomers 

comprising the linear block copolymer as well as the drugs were parametrized using the “general 

AMBER force field (GAFF)”. For MD simulations, 16 polymer chains were disposed randomly and 

uniformly in space. To reproduce the correct polymer/drug stoichiometry inside the micelles, the 

respective number of drug molecules was chosen in accordance with the experimentally 

determined drug content. Drug molecules were added randomly and uniformly in the empty 

cavities between the polymer chains to guarantee an almost equal spacing (Figure 2.18c). After 

equilibrating the PEG-hexPLA/drug micelles in vacuum to account for compaction that is present 

in the bulk of the micelles, water molecules were added (Figure 2.18d). After reaching equilibrium 

with good stability, χFH was obtained for every polymer/drug combination. The negative values of 

χFH in all systems suggested that PEG-hexPLA should be able to solubilize all four drugs which, 

according to the authors, nicely represents the experimentally determined solubilization 

behavior. However, as obvious from formulation experiments, the increase in solubility of QUER 

dihydrate was rather negligible. Nevertheless, the trend in χFH was in accordance with 

experimental solubilities with CsA having the highest and QUER dihydrate having the lowest molar 

solubility after formulation (Figure 2.18e). Unfortunately, the impact of different polymer/drug 

ratios deviating from the experimentally determined, “optimal” ratios has not been further 

investigated.  
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Figure 2.18: a) Chemical structure of polymeric drug carrier PEG-hexPLA as well as hydrophobic drugs; b) experimentally 
as well as MD determined solubilities of the different drugs in H2O as well as PEG-hexPLA/drug formulations; c) snapshot 
of the initial „open configuration“ of the CsA loaded PEG-hexPLA system (blue: PEG; red: hexPLA). The 21 drug molecules 
are presented as van-der-Waals surface; d) snapshot from the production-phase MD simulation of CsA loaded PEG-
hexPLA micelles (same color code than for (c); water molecules are represented in cyan); e) relationship between χFH 
(derived from MD simulations) and the experimentally determined maximum drug loading. Table and figures modified 
with permission from ref[102]. 

The work by Möller and coworkers gives impressive insights into the complexity of micellization 

as well as the structure of drug-loaded micelles. In contrast to e.g. well-defined pockets of 

enzymes being highly selective for specific low molecular weight compounds[146, 147], the micellar 

structure is highly flexible, strongly complicating the reliable prediction of polymer/drug 

compatibilities. This partly explains the widely applied trial-and-error approach in terms of finding 

a suitable polymeric drug carrier for non-soluble drugs.  

Despite their predictive power, the MD simulations are computationally expensive, strongly 

hampering their routine application in pharmaceutics. On the other hand, the fast screening of 

polymer-drug interactions based on GCMs such as Hildebrand or Hansen solubility parameters is 

many times unreliable. Very recently, Kabanov and coworkers presented a cheminformatics-

driven discovery of suitable drug-carriers which requires less computational power than MDs, 

however is more predictive than GCMs. Both, LE and LC of POx based formulations of poorly 

soluble drugs were predicted using novel descriptors of POx/drug complexes.[148] The workflow 

included (1) rational selection of 21 poorly soluble and chemically diverse drugs (based on 

previously collected data on 20 drugs); (2) compilation and integration of experimentally 

determined LE and LC of 41 drugs comprising 408 experimental data points including different 

drug-feed concentrations, structural diversity of POx polymers and experimental conditions;                 
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(3) development of novel chemical descriptors for polymers and polymer/drug complexes; (4) 

generation and interpretation of quantitative structure-property relationship (QSPR) models; (5) 

identification (virtual screening) of poorly soluble drugs with either high or low LE and LC; and (6) 

validation of model predictions with experimentally determined LE and LC values of virtual 

selected hits (Figure 2.19a). The two-dimensional SiRMS (simplex representation of molecular 

structure) descriptors of tetratomic fragments (consisting of four atoms) with fixed composition 

and topological structure were generated by HiT QSAR software. At the 2D level, the connectivity 

of atoms in a simplex includes atom type and bond nature (single, double, triple or aromatic). 

However, SiRMS descriptors account not only for the type of atom, but also for atomic 

characteristics such as partial charge, lipophilicity, or ability to form hydrogen-bonds. For the POx 

based drug-carriers, each block of the polymer was described by the number of its repeating units 

(Figure 2.19b). In addition, SiRMS descriptors were calculated for simplified polymer 

representations as pseudo small molecules. For drug/polymer complexes, each complex was 

represented as a binary mixture consisting of the drug molecule, and the simplified representation 

of the polymer. The mixed simplexes were able to differentiate if the unbound simplexes belonged 

to the same or different molecules, wherefore they were specific for each polymer/drug pair. The 

QSPR models (developed with random forest algorithm[149]) were used for virtual screening of 

DrugBank database to identify drugs predicted to have both, high and low LE and LC. Overall, a 

75% experimental hit rate between predicted and experimentally verified polymer/drug 

compatibility was reached. Thus, three out of four drugs predicted as positive hits (high LE and LC) 

displayed moderate to excellent solubilization in POx micelles (e.g. LC = 43.2 wt.% for 

podophyllotoxin, Figure 2.19c). In contrast, highly soluble predicted diosmin was a false positive, 

i.e. insoluble in POx micelles. Besides correctly predicted low LE and LC for olanzapine, the false 

negative simvastatin was in fact highly soluble in POx micelles with maximum LC = 41.1 wt.%. 

Although differently interpreted by the authors, the predicted LC < 10 wt.% of spironolactone and 

tamibarotene was also not in good agreement of experimentally determined LCs of 17.7 wt.% and 

25.9 wt.%, respectively. Therefore, the prediction of negative hits generally seemed to be less 

reliable than of positive hits.  
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Figure 2.19: a) Study design to identify suitable POx based drug-carriers for the solubilization of poorly-soluble drugs. 
The process (step 3) to obtain descriptors of polymer, drug, or polymer/drug complexes is shown in b). nA and nB are 
molar fractions of components A and B; c) LE and LC of POx based formulations of podophyllotoxin (positive hit) or 
olanzapine (negative hit) either predicted by QSPR or experimentally determined. Predicted values are based on a binary 
code (0 = false; 1 = true) and the respective units (brackets) correspond to a predicted LE > 80 % and a LC < 10, 10-20, 
20-30 or >30 wt.%. Figure modified with permission from ref[148]. 

Nevertheless, it is quite remarkable that the variation between experimental and predicted LE and 

LC of 6 out of 8 drugs was moderately small. Furthermore, to the best of my knowledge, this is the 

first study about the prediction of polymer/drug compatibility that considers the impact of 

experimental formulation conditions such as drug-feed concentration, solvent used for hydration, 

hydration temperature or total solvent volume before evaporation. Indeed, it was proven multiple 

times that these conditions have a large impact on formulation properties[150], wherefore a reliable 

prediction of polymer/drug compatibility is only possible under consideration of the latter.  
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The discussed polymer-based formulations of hydrophobic drugs give insights into the complexity 

of developing a medicine with desired pharmaceutical properties. Although “only” the first steps 

of the development, namely (i) solubilization of a hydrophobic drug, (ii) morphology of the drug-

loaded system, and (iii) drug release kinetics were discussed in more detail, it becomes evident 

how small changes in the chemical structure of the individual components or their concentrations 

can have a large impact on crucial formulation characteristics. Although associated with a lot of 

effort, only an in-depth characterization on a molecular level and preparation of materials in a 

reproducible manner enables to understand and optimize crucial biological properties such as (i) 

cellular uptake, (ii) interaction with proteins, (iv) blood circulation kinetics, or (iv) cytotoxicity in a 

targeted manner.
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4 Results 

 

The research findings of this thesis will be divided into five chapters. The first chapter contains 

selected extracts of a review to introduce the polymer classes of POx and POzi from a 

pharmaceutical point of view. Following this, the formulation of non-water soluble drugs with POx 

and POzi based amphiphiles will be discussed with emphasize on polymer-drug compatibility. 

Among others, the latter will be mainly expressed by the loading capacity, i.e. the amount of drug 

solubilized per polymer, as well as long-term stability of the respective formulations. To get 

further insights into unexpected findings such as extraordinary high drug loadings as well as 

pronounced polymer-drug specificities, selected formulations will be investigated thoroughly 

using less conventional techniques such as fluorescence upconversion, small angle neutron 

scattering as well as solid-state NMR. To investigate the first ever reported POzi based drug 

formulations from a pharmaceutical point of view, the activity of POzi based curcumin and 

atorvastatin formulations against various kinds of cancer cell lines will be tested in conventional 

2D cell culture as well as 3D tissue and spheroid models. Last, the desired application as 

intravenously administered drug-loaded micelles will be expanded to (sub)cutaneous drug depots 

by incorporating the micelles into cytocompatible hydrogels. This includes an introduction of the 

neat POx/POzi based hydrogels.  
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4.1 Poly(2-oxazoline) and Poly(2-oxazine) Based Biomaterials – an Overview 

In the following, recent developments regarding the toxicity, immunogenicity, biodistribution as 

well as degradability of POx and POzi based biomaterials will be discussed. For further insights 

into POx and POzi based (i) hydrogels, (ii) conjugates, (iii) formulations, (iv) targeted and 

theranostic drug delivery systems as well as (v) protein and gene complexes, the reader is referred 

to the other parts of the review.  
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a b s t r a c t

Poly(2-oxazoline)s have been investigated for decades as biomaterials. Pioneering early work suggested

that hydrophilic poly(2-oxazoline)s are comparable to poly(ethylene glycol) regarding their potential as

biomaterials, but the ready commercial availability of the latter has led to its meteoric rise to become the

gold standard of hydrophilic synthetic biomaterials. In contrast, poly(2-oxazoline)s almost fell into

oblivion. However, in the last decade, this family of polymers has gained much more interest in general

and as biomaterials in particular. The rich chemistry and comparably straightforward synthesis of poly(2-

oxazoline)s gives many opportunities for tailoring the properties of the resulting biomaterials, allowing

the chemist to explore new conjugation chemistry, and to fine-tune the molar mass, hydrophilic-

lipophilic balance as well as architecture. Thus, the wide range of demands for various applications of

biomaterials can be suitably addressed.

This review aims to give a comprehensive and critical update of the development of poly(2-oxazoline)

based biomaterials, focusing on the last 5 years, which have seen an explosive increase of interest. We

believe that the research regarding this diverse family of polymers will remain strong and will keep

growing, in particular after the promising first-in-human studies of a poly(2-oxazoline) drug conjugate.

This review aims at researchers and students new to this polymer family and seasoned poly(2-oxazoline)

experts alike and attempts to showcase how the chemical diversity of poly(2-oxazoline)s allows a

relatively facile and broad access to biomaterials of all kinds.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Poly(2-oxazoline)s (POx) have been known for a little over 50

years now [1] and this family of polymers has seen very variable

interest by researchers and industry. For decades, only a few

members of this diverse polymer family have been investigated in

detail, first and foremost poly(2-ethyl-2-oxazoline) (PEtOx) even

though the actual and potential chemical space is much larger (see

Scheme 1A for a selection of commonly used POx). PEtOx is an

amphiphilic polymer that exhibits excellent water- and organo-

solubility. The more hydrophilic poly(2-methyl-2-oxazoline)

(PMeOx) has also been studied intensively, albeit less than PEtOx.

Interestingly, PEtOx may also have interesting applications outside

the field of biomaterials, for example in organic electronics, as

demonstrated recently by Kim and co-workers [2]. POx with C3

side chains exhibit a lower critical solution temperature, an inter-

esting thermoresponsive behavior, i.e. they are water soluble at

cooler temperatures and become water insoluble at higher ones.

The exact temperature of this transition can be controlled by

composition [3,4], chain length and architecture [5,6], which has
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been employed by Jang and co-workers to realize a highly versatile

and tunable multicolor emission material [7]. Hoogenboom and

Schlaad recently excellently reviewed the state-of-the-art of ther-

moresponsive POx [8] which is why we will consider herein only

select cases with a direct impact in the context of biomaterials. In

addition, Dworak also reviewed thermoresponsive polymer-

protein conjugates, which included also several examples of POx-

protein conjugates [9]. POx with aliphatic side chains longer than

C3 are typically non-water soluble and can be employed in

amphiphilic systems, which will be reviewed in more detail herein.

In the last few years, several interesting reviews have been

published, which give a comprehensive overview on the chemistry

of POx and design strategies for functionalized POx [10e12] as well

as their physico-chemical properties [13]. Hence, this wide field,

which also has seen very interesting developments in recent years

will not be covered in detail here. However, as new POx chemistry

and novel functionalization strategies may also be directly con-

nected to developments of POx as biomaterials, select examples

will also be addressed here. Apart from POx, there are other, closely

related polymer families available for the design of biomaterials.

For example, the higher homologues of POx, the poly(2-oxazine)s

(POzi) have received very little attention so far [14]. Nevertheless,

very recent work shows that they can also be used in drug delivery

systems and to obtain stimulus-responsive hydrogels. Clearly, the

potential of POzi is widely untapped. Also other POx derivatives,

such as water-soluble 4-substituted POx [15] have not been

investigated in any detail for their potential as biomaterials.

It should be noted that a variety of abbreviations for POx can be

found in the literature (POZ, POXA, P(Ox) and others). For the sake

of homogeneity, we will only use POx for poly(2-oxazoline)s and

POzi for poly(2-oxazine)s even though the original literature might

employ another. Similarly, we not always use the abbreviations for

specific monomers from the primary literature as this would lead to

an insufferable mess within this review.

Also, a few reviews have covered the topic of POx based

hydrogels in recent years. Kelly and Wiesbrock reviewed the

Scheme 1. A) Structures and abbreviations of commonly used poly(2-oxazoline)s (POx) and some poly(2-oxazine)s relevant for this review. B) Development of annual publications

on poly(2-oxazoline)s (SciFinder® search term: poly AND oxazoline).
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various strategies to synthesize POx-based hydrogels and give

selected examples for potential application [16]. Dargaville et al.

reviewed briefly the up-and-coming field of 3D cell culture. The

authors concentrated on POx based hydrogels for cell support and

compared them to often used PEG based hydrogels [17]. Similarly,

Hartlieb et al. reviewed covalently cross-linked POx hydrogels [18].

Although these excellent reviews give an overview until 2012 and

2014, respectively, we will comprehensively address this topic in

the present contribution, especially covering work since 2015.

Other reviews have covered the issue of POx at interfaces and on

surfaces [19,20]. Nevertheless, we will also cover this topic in the

present review, as a review on POx as biomaterials would be

incomplete without this important aspect. In general, the research

in POx has seen a very significant increase in recent years (Scheme

1B). Even though the simple search performed will certainly not

portray the field accurately, the overall trend is likely to be reflec-

tive of the actual situation. While before 2010, the number of ar-

ticles published in this field increased continuously but slowly, the

number of articles are now increasing at a much higher rate.

A major breakthrough for the community was indubitably the

first-in-human study of a POx-rotigotine conjugate initiated in

2015 [21]. Even though this study is ongoing and final results have

not been published, it appears that preliminary results are prom-

ising [22].

This review will first look into recent development regarding

the toxicity, degradability, immunogenicity, and biodistribution

aspects of POx based biomaterials. Subsequently, the extensive

work on POx hydrogels are reviewed. In addition, chapters on

conjugates, formulations, and complexes are included. Finally,

several chapters will summarize the recent research on POx at in-

terfaces and surfaces as well as work on antimicrobial POx.

2. Toxicity, immunogenicity and biodistribution

It has been often written and considered established for some

time that POx, in particular hydrophilic POx, are biocompatible.

However, relatively little reliable data going beyond simple cyto-

toxicity has been available in the public domain and more caution

should be exerted regarding the term biocompatible. The stealth

effect of PEtOx and PMeOx has been probably one of the best

established features [23], however new research by Szoka and

Frechet questions important aspects of this issue (vide infra).

Generally, POx have also been established to exhibit excellent cyto-

and hemocompatibility and several reports have corroborated and

extended our knowledge about this in the past 5 years (vide infra).

However, it should never be assumed that this can be simply

extended to POx with different composition, architectures or end-

groups and must always be assessed on a case-by-case basis.

Moreover, new studies have investigated the stability of POx with

respect to hydrolysis, oxidative and environmental degradation, the

latter of which has not been investigated before. For the interaction

with biological systems, the solution properties of polymers in

general are important. Very recently, Schubert, Nischang and co-

workers [24] as well as Hoogenboom, Filippov and co-workers

[25] investigated in great detail POx solution properties in

aqueous solution (water and phosphate buffered saline (PBS),

respectively) in two very interesting, detailed and valuable studies.

In water, the hydrodynamic volumes of PMeOx and PEtOx are very

similar at the same molar mass and systematically smaller than

that of PEG [24]. Viscometric studies suggest that especially at

lower molar masses, water is a better solvent for PEG than for

PEtOx and, to a lesser extend, PMeOx. At higher molar masses

(20 kg/mol and above), this difference becomes smaller or non-

existent. Also, and very important to note, the authors caution

that molar mass analysis of POx with molar masses of �10 kg/mol

using light scattering based detection should be viewed with some

caution, as it may tend to overestimate the molar mass. This is not

entirely surprising, as it is clear that sensitivity of light scattering

becomes problematic with very small molar masses while the

refractive index detectors are sensitive irrespective of the molar

mass. While this study investigated PEtOx and PMeOx in water,

Hoogenboom and Filippov studied PEtOx in PBS. This study con-

cludes that the conformational rigidity of PEtOx is similar to that of

PEG [25].

2.1. Cytocompatibility

Often cyto- and hemocompatibility of a certain polymer class is

based on few experiments and generalized too readily, as both

strongly depend on the utilized cell type, incubation time, polymer

concentration, molar mass and of course, purity. PEG is currently

the gold standard for hydrophilic polymers and can be seen as a

benchmark for polymers that aim towards usage in medical

application, drug delivery or biomaterials in general. Nevertheless,

existing or perceived disadvantages or limitations of PEG such as

undesired impurities, limited stability, high viscosity and accu-

mulation in some organs have triggered search of new materials

[26e29]. In the recent years, POx have been discussed as potential

alternatives for PEG. Especially implications on the cell viability for

various POx moved into focus. Fischer and co-workers investigated

cyto- and hemocompatibility of PEtOx and PEG with different

molar masses (0.4e200 kg/mol) at different incubation times (3, 12

and 24 h) [30]. It is important to note that some of the investigated

PEtOx samples (5, 50 and 200 kg/mol) were ill-defined commercial

polymers (Ð¼ 2.4, 4.1 and 4.7, respectively). However, whether this

dispersity would have any considerable impact in this simple assay

is not clear. Even at very high polymer concentrations up to 80 g/L,

no cytotoxicity was observed for short incubation times (3 h) in

L929 mouse fibroblasts. After longer incubation (12 h), low molar

mass PEtOx (0.4 and 2 kg/mol) as well as 20 kg/mol PEtOx

decreased the cell viability below 70%. However, higher molar mass

PEtOx (50 and 200 kg/mol) remained non-cytotoxic also after 24 h

of incubation suggesting no influence of the broader molar mass

distribution. Although no clear correlation between molar mass

and cytotoxicity was found, medium molar masses appeared to

exhibit somewhat higher cytotoxicity for unknown reason. A

similar pattern was observed for PEG. Up to 40 g/L it was found to

be non-toxic after 24 h incubation, the highest cytotoxicity was

observed for 10 kg/mol PEG. None of the investigated polymers

showed a pronounced influence on the aggregation behavior of

erythrocytes or led to significant hemolysis. Specifically, PEtOx up

to 40 kg/mol and 80 g/L did not cause erythrocyte aggregation and

PEtOx with 200 kg/mol led to only minor erythrocyte aggregation

at 40 g/L. Follow-up studies by the same group published in 2013

focused on PMeOx [31]. Similar to the study on PEtOx, in vitro

cytotoxicity and hemocompatibility of PMeOx with a molecular

weight from 2 to 20 kg/mol were assessed. None of the studied

polymers caused release of hemoglobin, even at concentrations of

80 g/L. Cytotoxicity studies confirmed the generally high cyto-

compatibility of PMeOx. Only 2 kg/mol PMeOx (80 g/L) reduced the

cell viability of L929 mouse fibroblasts to 60% and 44% after 3 and

12 h incubation, respectively. In general, a similar pattern as for

PEtOx was observed [30].

Poly(2-iso-propenyl-2-oxazoline) is the product of the poly-

merization of 2-iso-propenyl-2-oxazoline (iPrEnOx), an interesting

monomer that can alternatively be polymerized via radical, anionic

polymerization or living cationic ring-opening polymerization

(LCROP). For the sake of differentiation, we will call/abbreviate the

product of the LCROP PiPrEnOx, while the product of radical or

anionic polymerization, which leaves the 2-oxazoline ring intact,

T. Lorson et al. / Biomaterials 178 (2018) 204e280208



PIPOx. Even though this review concentrates on POx obtained by

LCROP, we would like to briefly mention a study investigating the

cytocompatibility of PIPOx obtained via radical polymerization.

Apart from PIPOx, Kronekova et al. studied the cytotoxicity of

various 2-oxazoline monomers [32]. Specifically, MeOx, EtOx and

iPrEnOx were tested using NIH 3T3 mouse fibroblasts (24 h incu-

bation) and compared against acrylamide. Interestingly, iPrEnOx

showedmuchmore pronounced impact on the cell viability with an

IC50 value of only approx. 0.7mg/L (6 mM). In contrast, the IC50

values of MeOx, EtOx and acrylamide were about 3e4 orders of

magnitude higher. Therefore, iPrEnOx exhibits an extraordinarily

high cytotoxicity and should be handled with considerable care.

Moreover, it is advisable to make sure to remove even traces of this

monomer when incorporated into biomaterials. In stark contrast to

the monomer, PIPOx shows little if any effect on the cell viability

(5 g/L, 24 h) in NIH 3T3 and P388.D1. Surprisingly, PIPOx seems to

affect the cells even less than PEtOx tested in this study.

Very recently, Leiske et al. reported their approach to evaluate

PMeOx, PEtOx, poly(vinyl alcohol) (PVA) and Pluronic® F127 as

surfactants and cryoprotectant in the preparation of poly(lactic-co-

glycolic acid) (PLGA) nanoparticle via nanoemulsion [33]. Cyto- and

hemocompatibility is important in this context as it is almost

impossible to completely remove the surfactants after nano-

emulsion polymerization. For both POx investigated, no cytotoxic

effect or hemolytic activity was found at 5wt% concentration,

corroborating earlier reports (Fig. 1 A). According to the authors,

PVA and Pluronic® F127 could not be investigated at the highest

concentration due to solubility issues. Regarding hemocompati-

bility, PVA and Pluronic® F127 did reveal increased hemolytic ac-

tivity at 1wt% whereas PMeOx and PEtOx remained inconspicuous

(Fig.1 B). The erythrocyte aggregation tests did not show significant

differences between the tested polymers.

Also, the almost forgotten poly(2-oxazine)s (POzi) - the higher

homologue of POx - regained interest as potential biomaterials

[34e36]. An initial study conducted by Kronekov�a et al. regarding

the cytotoxicity of different 2-oxazine monomers (2-methyl-2-

oxazine (MeOzi), 2-ethyl-2-oxazine (EtOzi) and 2-n-propyl-2-

oxazine (nPrOzi)) and homopolymers (PMeOzi (DP¼ 50), PEtOzi

(DP¼ 50) and PEtOzi (DP¼ 150)) in 3T3 mouse fibroblasts was

reported and is to the best of our knowledge the first on this topic

[37]. Cell viability after 24 h incubation decreased to or below IC50

at concentration exceeding 20 g/L for MeOzi, 10 g/L for EtOzi and

5 g/L for nPrOzi, compared to untreated control. Therefore, the

cytotoxicity of 2-oxazines is about one order of magnitude lower

compared to MeOx and EtOx [32]. POzi homopolymers were

analyzed at concentrations ranging from 0.001 to 100 g/L. Those

with a similar DP but different side chain (PMeOzi50 vs. PEtOzi50)

showed similar cytotoxicity profiles (IC50 approx. 70 g/L). The

comparison of PEtOzi50 and PEtOzi150 revealed a somewhat higher

cytotoxicity (IC50 approx. 20 g/L) with increasing DP. PnPrOzi could

not be taken into account due to its lower critical solution tem-

perature at around 12 �C [38] and the associated insolubility at

physiological temperature. POx- or POzi-based biomaterials may

comprise solely these two polymer families with different side

chains, or be combined with other polymers like poly(ε-capro-

lactone) (PCL) [39,40] poly(sarcosine) (PSR) [41], poly(lactide)

[42e44] or poly(ethylene imine) (PEI) [45e47]. Most typically, POx

have been used as the hydrophilic constituent of amphiphilic block

copolymers. Those that contain hydrophobic POx have been also

investigated, but considerably less [48]. Recently, Lorson et al.

found no dose dependent cytotoxicity up to 10wt% in NIH 3T3

mouse fibroblast if incubated with PMeOx50-b-PnPrOzi50 for 24 h

[35]. Even at concentrations of 25wt%, cells exhibited more than

80%metabolic activity, which is considered non-cytotoxic (Fig. 2 A).

Please note that the aqueous solution of this polymer forms ther-

moresponsive hydrogels above a certain polymer concentration

(which will be discussed in detail in the according chapter).

Therefore, incubated cells do not sediment and remain 3-

dimensionally distributed after incubation for 24 h (Fig. 2 B).

Very recently, Lübtow et al. reported the outstanding drug

formulation capabilities of POx/POzi triblock copolymers (which

will be discussed in detail in the according chapter) [36]. These

polymers were also tested with respect to their cytotoxicity to

different cell types (human dermal fibroblasts, Caco-2 and MD-

MBA-231). Even at 100 g/L, no significant cytotoxicity was

observed in Caco-2 and human dermal fibroblasts, while the cancer

cell line MD-MBA-231 experienced a marked cytotoxicity with an

IC50 of 10 g/L. This unexpected observation will require a more

detailed investigation as it may have potential implications in

cancer therapy, although the required polymer concentration is

Fig. 1. Concentration dependent cytocompatibility of different non-ionic polymers suitable as surfactants in nanoemulsions. (A) Cell viability after incubation with poly(-

vinylalcohol) (PVA), Pluronic® F127 and two POx, PMeOx and PEtOx using AlamarBlue® assay, normalized to negative control. L929 cells were treated for 24 h with the indicated

concentrations of the polymers. Values represent means± S.D. (n¼ 3). (B) Hemoglobin release of erythrocytes after incubation for 60min at 37 �C with polymers at indicated

concentrations. A value of less than 2% hemoglobin release is classified as non-hemolytic and >5% as hemolytic. Values represent means± S.D. (n¼ 3). Reprinted with permission

from ref [33]. Copyright 2017 The Royal Society of Chemistry.
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rather high.

Similar to POx, polypeptoids (POI) also belong to the group of

pseudo-polypeptides and are being discussed as an promising

alternative to PEG [49]. Guo and co-workers published a first report

combining hydrophobic POx and a hydrophilic polypeptoid (POI)

very recently [50]. Specifically, the authors reported the synthesis

of amphiphilic POx-b-POI copolymers poly(2-but(3-enyl)-2-

oxazoline)-b-polysarcosine (PButEnOx-b-PSR) by ring-opening

polymerization via one-pot, three-step synthesis

(Mw¼ 4.7e10.8 kg/mol; Ð¼ 1.15e1.21) as potential biomaterials for

drug delivery and gene therapy. Up to 10 g/L, the block copolymer

PBuOx19-b-PSar92 did not show pronounced cytotoxicity in L929

mouse fibroblasts after incubation for 24 h. This low cytotoxicity

together with the small micellar size (Dh� 100 nm) of the spherical

polymer particles in aqueous solution (r(polymer)¼ 2 g/L) makes

this amphiphilic hybrid a potential candidate for further in-

vestigations in e.g. drug-delivery system.

Zwitterionic polymers are being discussed as promising non-

fouling materials, drug delivery systems, implants and coating

materials for medical devices. Tauhardt et al. investigated zwitter-

ionic POx based on 1,3-propansultone (SB-POx) and b-propio-

lactone (CB-POx) modified PButEnOx as candidates for

anticoagulants (Fig. 3) [51]. In vitro cytotoxicity tests of the homo-

polymer and copolymers show no cytotoxicity after incubation

(24 h) at various concentrations (0.1e10 g/L) (Fig. 3).

Blood compatibility tests also showed no hemolytic effect as the

hemoglobin releasewas below 2% (Fig. 4 A). Blood viscosity was not

strongly affected by any of the investigated polymers up to con-

centrations of 5 g/L. Only a very small increase was noticed at the

highest concentration of 10 g/L. (Fig. 4 B) There was no effect on the

P-selectin (CD62p) membrane glycoprotein expression in CD42

(surface antigen) positive cells according to platelet activation test.

Furthermore, no activation of the complement system was

observed (C3a levels were observed) following the incubation with

the zwitterionic polymers and the PEtOx control (r(polymer)¼ 1, 5,

and 10 g/L) after incubation for 10, 30 and 60min, most likely due

to the pronounced hydrophilic character of the polymers. Pro-

thrombin time was not affected in a clinically relevant manner

(coagulation time >7 and< 10 s). In contrast, the activated partial

thromboplastin time was significantly affected, for CB-POx even at

the lowest tested concentrations of 1 g/L, while PEtOx did not show

any influence on the coagulation characteristics.

Yildirim et al. also synthesized amphiphilic, heterografted comb

polymers based on oligomeric polylactide (PLA) and oligo-EtOx-

methacrylate (OEtOx-MA) (Mn¼ 21e41 kg/mol; Ð¼ 1.17e1.37) as

potential drug carriers (Fig. 5 A) [52]. In this contribution, different

hydrophilic (OEtOx)/hydrophobic (PLA) ratios were investigated,

ranging from 70/30 (P1), 65/35 (P2), 80/20 (P3), 85/15 (P4), to 90/10

(P5). Neither polymer did show any cytotoxicity after 24 h, albeit

only extremely low concentrations of up to 0.2 g/L were investi-

gated (Fig. 5 B). One should be careful to consider the polymer as

cytocompatible unless higher concentrations are tested.

Wang and co-workers synthesized PEtOx-b-poly(D,L-lactide)

(PEtOx-b-PDLLA) diblock copolymers that were also suggested for

use as drug carrier for intravenous (i.v.) administration [53]. The

hemolytic activity, platelet activation, blood coagulation and pro-

tein adsorption of PEtOx-b-PDLLA micelles was investigated and

did not reveal problematic results. At all tested polymer

Fig. 2. A) Cell viability of NIH 3T3 fibroblasts and B) z-stack image of FDA stained cells, 24 h at 37 �C after incorporation into the aqueous solutions of PMeOx50-b-PnPrOzi50 (25 wt

%), which forms a hydrogel at physiological temperature. The total volume in (B) comprises 559.54 mm (x) * 419.25 (y) mm * 355 mm (z) with 1 mm z-interval. Reprinted with

permission from ref. [35]. Copyright 2017 American Chemical Society. C)-E) Cell viability for indicated cell lines upon incubation with the amphiphilic triblock copolymer PMeOx-b-

PnPrOx-b-PMeOx as determined by CellTiter-Glo® assay. Cells were incubated for 24 h (Caco-2) and 72 h (human dermal fibroblasts and MD-MBA-231), respectively. Reprinted, with

modifications, from Ref. [36].
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concentration hemolysis percentage was below 0.3% and only

0.25± 0.18% hemolysis was detected at the highest (albeit still

rather low) tested concentration of 0.82 g/L. In vitro blood coagu-

lation study also did not reveal any significant effect of PEtOx-b-

PDLLA on the blood/erythrocytes aggregation. Moreover, protein

interaction, platelets activity and cytocompatibility did not show

any significant effects at block copolymer concentration up to 12 g/

L and 24 h incubation. Accordingly, this preliminary analysis sug-

gests that PEtOx-b-PDLLA are potential candidates for further

evaluation just as their well-established PEG analogs are.

The possibility to incorporate a positive charge into polymers

opens up manifold opportunities in various biomedical applica-

tions such as drug delivery, gene engineering, tissue engineering,

and cell encapsulations. PEI is one of the most intensively investi-

gated polycations for biomedical applications. Due to its high

condensation capability towards DNA, strong buffering capacity in

a pH range of 5.1e7.4, and relatively high transfection efficiency, PEI

is used for non-viral vectors design. However, the high charge

density also contributes to its pronounced cytotoxicity. This prob-

lem has been addressed by partial hydrolysis of the POx, yielding

P(Ox-co-EI). Early studies investigated P(Ox-co-EI) with at least

56mol% EI [45,54]. Hoogenboom and co-workers studied

biocompatibility of partially hydrolyzed POx with a EI content

ranging from 0.025wt% (5mol% EI) to 0.515wt% (75mol% EI) [55].

They used commercially available PEtOxwith amolecular weight of

200 kDa, performed acidic hydrolysis and utilized human dermal

fibroblast cells for toxicity test at concentrations up to 5 g/L.

Compared to untreated PEtOx, up to 43mol% EI, the cytotoxicity of

P(EtOx-co-EI) was similar to PEtOx which did show some reduced

cell viability compared to control, despite the relatively low con-

centrations. Increasing the degree of the hydrolysis up to 71% en-

tails high cytotoxicity comparable to linear PEI. Important to note,

the relatively high cytotoxicity of PEtOx reported in this study is in

some contradiction to other reports, where comparable levels of

cytotoxicity were typically found at higher concentrations of hy-

drophilic POx or PEtOx [30,48]. However, since the cell viability can

be quite cell type specific, this nicely demonstrates that one has to

be careful in generalizing “biocompatibility” of biomaterials from

simply cytotoxicity tests with a few selected cell lines/types.

Furthermore, the slug mucosal irritation test was applied to

perform a simple but informative in vivo experiment. PEtOx and the

P(EtOx-co-EI) with up to 25mol% PEI show minimal mucus pro-

duction that was on average lower compared with the negative

control (PBS) indicating that they are non-irritating. Additionally,

Fig. 3. Cell viability of L929 mouse fibroblasts and human hepatocytes HepG2 after incubation with zwitterionic polymers SB-POx and CB-POx (right side) up to 10 g/L after 24 h.

Cells incubated with polymer free culture medium served as control. The cell viability was determined by XTT assay according to ISO 10993-5. Data are expressed as means± SD

(n¼ 6). Reprinted with permission from ref. [51]. Copyright 2014 The Royal Society of Chemistry.

Fig. 4. (A) Photometric determination of hemolytic activity after incubation with different polymer concentrations for 1 h at 37 �C. Triton X-100 (1%) served as positive and PBS as

negative control. Experiments were run in triplicate and were repeated once; data are presented as means± SD compared to the positive control set as 100%. (B) Blood compatibility

of PEtOx and zwitterionic POx-based polymers concerning their influence on the whole blood viscosity: relative viscosity of the polymer solutions in PBS and in whole blood.

Experiments were run in quadruplicate at three inclination angles, data are presented as the means± SD. Reprinted with permission from ref. [51]. Copyright 2014 The Royal Society

of Chemistry.
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no lactate dehydrogenase (LDH) release was induced implying that

no tissue damage was caused. Polymers with a higher L-PEI content

resulted in a mucus production that was statistically comparable

with the negative controls and let to LDH release in one of five

tested slugs. It is important to note that the described hydrolysis of

POx only occurs at a reasonable rate under biologically irrelevant

conditions (5.8M HCl; > 80 �C). This is important to keep in mind

regarding their use as biomaterials.

In 2015, Kronek et al. revisited this issue and reported in vitro

studies of partially hydrolyzed PEtOx [56]. Cytotoxic studies were

performed using copolymers with different molar mass (8e36 kg/

mol), degree of hydrolysis (3e60mol% PEI) using fibroblasts as the

most common cells in connective tissue, bTC3 cells as secretory and

regulatory cells and macrophages P388.D1 as the cells of immune

system. Obtained results corroborated earlier work in that

increasing degree of hydrolysis decreased the cell viability in all

cases. The highest cytotoxic effect was seen for 19.6 kg/mol and a

PEI content of 50mol%. More detailed analysis of the dependence of

the cytotoxicity on PEI content was done with PEtOx - 9.6 kg/mol

(Fig. 6 A) and PEtOx - 19.6 kg/mol (Fig. 6 B) at concentrations of up

to 20 g/L. After 48 h of incubation (0mol% of EI), a partial decrease

of cell viability was observed in the bTC3 and macrophages, while

fibroblasts were unaffected. Not surprisingly, the cytotoxicity

increased with increasing degree of hydrolysis, concentration and

incubation time. Regarding partially hydrolyzed copolymers, it is

evident that cytocompatibility is cell-type dependent with fibro-

blasts having the highest viability in this study andmacrophages, as

representatives of the immune system, being the most sensitive

cells. PEtOx-19.6 kg/mol with a degree of hydrolysis of 59%

(P388.D1; 48 h) showed a cytotoxicity comparable to PEI. The

reason why the medium size copolymers exhibit the highest

cytotoxicity remains unclear but again, corroborates findings by

Bauer et al. [30,31].

Hsiue and co-workers also attempted to revisit block co-

polymers of PEtOx and a mixed P(EtOx-co-EI) block obtained by

partial hy drolysis. Unfortunately, the presented synthetic route

does not allow for any controlled synthesis and no adequate char-

acterization of the resulting polymers is provided. Insufficient

materials characterization notwithstanding, the commonly

observed trend that low hydrolysis degreed results in relatively

cytocompatible materials while high degree of hydrolysis leads to

pronounced cytotoxicity is also found in this contribution [57].

England et al. investigated the cytocompatibility of poly(L-

lysine) (PLL) dendrimers grafted with POx or PEG intended for use

as drug carriers [58]. The molar mass of the studied polymer grafts

was 2 kg/mol. Cytotoxicity studies confirmed that POx and PEG

modified dendrimers were leading to less apoptosis than the un-

modified dendrimer (2e3% compare to 36% for unmodified den-

drimer) at a concentration of 0.5 g/L. Blood compatibility studies

also showed that POx and PEG modified dendrimers did not result

in hemolysis or red blood cell aggregation at 2 g/L.

Wang et al. recently reported a comparative study on the stealth

properties of nano-graphene oxide grafted with PEG and PEtOx

[59]. The protein corona cytotoxicity and haemolysis of the mate-

rials was investigated. While similar levels of complement proteins

were found associatedwith the grafted nano-graphene oxide, some

distinct differences in the protein corona were found.

2.2. POx for immunomodulation and immunocamouflage

Kronek and co-workers investigated possible immunomodula-

tory effects of POx prior to the period in focus of the present review

[60,61]. These studies were later backed up by further work by the

same group. Specifically, the activation of mouse lymphoid mac-

rophages P388.D1 using PEtOx and a copolymer of EtOx and 2-(4-

aminophenyl)-2-oxazoline (P(EtOx-co-AmPheOx)) [62]. The

release of reactive oxygen species (ROS) and pro-inflammatory

cytokines was investigated. Interestingly, PEtOx at 5 g/L was

found to lead to a moderate increase in IL-1alpha, IL-6 and TNF-

alpha, as well as ROS levels compared to control. In contrast,

P(EtOx-co-AmPheOx) only lead to a minor increase in ROS. The

authors try to put the results in context with the polarity of the two

polymers. However, it should also be mentioned that the AmPheOx

monomer leads to side reactions during polymerization, which is

clearly apparent by the very large dispersity for this polymer. This

can be easily understood as a free amine will lead to termination

reactions and the resulting polymer will have invariably an un-

known but likely very complex structure. Therefore, structure-

Fig. 5. (A) Schematic representation of the heterografted comb polymers obtained via RAFT polymerization. The molar ratios m/n defining the hydrophilic/hydrophobic balance

were 70/30 (P1), 65/35 (P2), 80/20 (P3), 85/15 (P4), to 90/10 (P5). (B) Relative cell viability of L929 cells after 24 h of incubation with heterografted comb polymers (P1 to P5) at the

indicated concentrations. Values represent the means± S.D. (n¼ 3). At these low concentrations, no cytotoxicity was found. Reprinted with permission from ref. [52]. Copyright

2016 The Royal Society of Chemistry.
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property relationships should be viewed with great care. In our

opinion, a careful study using a larger library of well defined POx

with varying hydrophilic/lipophilic balance seems to be warranted

to address this interesting and important point. As part of their

research on PIPOx, Kronekova et al. observed a slight increase in

apparent cell viability in P388 cells, which, according to the authors

suggest the potential for immunomodulatory properties. This was

backed up by a stimulatory effect of PIPOx on spleen cells [32].

Kyluik-Price and co-workers compared the ability of PEtOx and

mPEG to protect blood cells from immune surveillance [63]. For

this, both polymers were covalently grafted onto human red blood

cells (RBC). The authors studied RBC morphology after grafting and

report a slightly better result in the case of 30 kg/mol PEtOx

compared to 30 kg/mol PEG. Apart from this, in the majority of

experiments in this study, PEtOx and PEG were quite comparable.

However, overall it was found that at similar surface grafting, mPEG

exhibited superior immunocamouflage properties. This was

demonstrated by antibody binding and phagocytosis of opsonized

RBC. Testing the opsonization of PEtOx and PEG conjugated RBC,

the PEG modified RBC outperformed the PEtOx modified RBC.

Regarding the comparison of PEG and POx of various molar masses,

we would like to note an important difference between PEG and

POx. Often the argument is made that POx have a lower viscosity

than PEG at the same molar mass. This is of course true, and

obviously attributable to the fact that the PEG chain length is much

greater than the POx chain length at the samemolar mass.Whereas

one repeat unit for both polymers has similar dimensions regarding

extended chain length, the molar mass of POx repeat unit is much

higher than that of PEG. For example, the molar mass of PEtOx

repeat unit is 99 g/mol, while in PEG, each repeat unit accounts only

for 44 g/mol. In other words, at the same molar mass, the extended

polymer chain of PEG is about 2.5 times longer than that of POx. Not

surprisingly, this should lead to a higher viscosity of PEG at the

same molar mass. Apart from this, it would be interesting to test

PMeOx in such assay, as PMeOx is more hydrophilic and slightly

more comparable to PEG with respect to the molar mass of the

repeat unit.

2.3. Systemic compatibility or stealth properties

In this chapter, we review the knowledge on systemic compat-

ibility and stealth properties of POx based polymers. The bio-

distribution of hydrophilic PMeOx and PEtOx has been investigated

before by Goddard et al. [64] as well as Jordan, Essler and co-

workers [65]. Also, Woodle et al. reported very early on excellent

biodistribution of POxylated liposomes [23]. More recently, Hoo-

genboom and co-workers revisited this issue. In one report, Wyffels

et al. investigated the pharmacokinetic behavior of medium and

high molar mass PEtOx and compared it to PEG [66]. The molar

masses ranged from 5 kg/mol to 111 kg/mol for PEtOx and 20 kg/

mol and 40 kg/mol for PEG. The polymers were labeled with 89Zr

and injected i.v. into mice. Not surprisingly and corroborating other

studies, up to 20 kg/mol, the polymers were rapidly excreted via the

kidneys. The overall biodistribution found was similar to previous

work by Goddard, including uptake in the skin, with the exception

that Wyffels found significant uptake in the spleen for 70 and

111 kg/mol PEtOx. In a follow-up study, Glasner and co-workers

investigated the effect of labels on the apparent biodistribution

[67]. Of course, the radiochemical purity and stability of the label is

of great importance when assessing the biodistribution of labeled

compounds. This was corroborated in this contribution, comparing
18F and 89Zr labeled 5 kg/mol PEtOx. The 89Zr was complexed using

desferioxamine, while 18F was covalently attached. It was shown,

that the apparent kidney uptake was much higher for the 89Zr

labeled polymers, compared to the 18F labeled polymer, with most

of the radioactivity being retained in the renal cortex, most likely

being attributable to retention in the proximal tubules. Also in this

respect, results from an earlier study using 111In labeled PEtOx

(5 kg/mol) [65] were corroborated.

Apart from the biodistribution of POx polymers themselves,

polymer modified liposomes can be seen as a litmus-test for the

respective polymer. As mentioned, Woodle reported long circu-

lating liposomes employing POx lipopolymers early on [23]. Szoka,

Frechet and co-workers revisited this issue and compared PEGy-

lated and POxylated liposomes with liposomes bearing poly(-

vinylpyrrolidone) (PVP), poly(hydroxypropylacrylate), poly(N,N-

dimethyl acrylamide) (PDMA) and poly(N-acryloyl morpholine)

(PAcM) [68]. Important to note, the size of the liposomes was very

similar, but the dispersity differed notably, from PDI¼ 0.03e0.14,

which is quite a significant difference. Most importantly, the bio-

distribution of liposomes was evaluated after single injection and

after two consecutive injections spaced 6e8 days apart. After single

injection, PMeOx (approx. 3 kg/mol as determined by mass spec-

trometry while the molar mass determined by GPC was much

Fig. 6. (A) The cell viability of partially hydrolyzed PEtOx (9.6 kg/mol) with 10, 33 and

60mol% degree of hydrolysis and (B) PEtOx (19.6 kg/mol) with 14, 30 and 59mol%

degree of hydrolysis after 24 and 48 h incubation in DMEM at 5, 10, and 20 g/L of

copolymer. The MTT assays were performed using macrophages P388.D1 (a), pancre-

atic bTC3 cells (b), and 3T3 fibroblasts (c). The dashed line indicates the IC50 value.

Mean viability and a standard deviation (SD) were computed for each group from

triplicates (n ¼ 3). Statistical significant difference in viability between the samples

treated cells and untreated control is shown as * for (P¼0.05), ** for (P¼0.01), and ***

for (P¼0.001), using Dwass-Steel-Critchlow-Fligner post hoc test. Reprinted with

permission from ref. [56]. Copyright 2015 Springer Science þ Business Media.
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higher) modified liposomes performed similar to PEGylated lipo-

somes. Both outperformed all other liposomes in terms of circula-

tion time (t1/2z 30 h) and liver uptake (Fig. 7 A). An entirely

different, essentially inverted picture presented when the labeled

and polymer modified liposomes were injected a week after the

first injection (Fig. 7 B). Here, both PEGylated and POxylated lipo-

somes exhibited very short blood pool residence (t1/2< 2 h), while

the blood circulation of all other liposomes was essentially unal-

tered. Importantly, POxylated liposomes were unaffected by pre-

vious administration of PEGylated liposomes. The authors could

connect the accelerated blood clearance with a pronounced in-

crease in immunoglobulin M (IgM). Notably, these findings are

somewhat contrasting data by Moreadith and co-workers, who

could not elicit any antibody response for a copolymer of EtOx and

2-(pent-4-ynyl)-2-oxazoline (PynOx) [22]. Obviously, both mate-

rials were significantly different being a polymer modified lipo-

some and a presumably unaggregated polymer chain, respectively.

Moreover, in one case, essentially PMeOx was employed while a

PEtOx copolymer was used in the other case. It should also be

mentioned that some aspects of the polymer characterization are

somewhat ambiguous. While the dispersities of the lipopolymers

are quite lowas determined byMaldi-ToFmass spectrometry, much

higher values (Ð¼ 1.2 and 1.5, as determined by GPC) are found in

the supporting information.

Apart from liposomes, nanoparticles have been coated with

hydrophilic polymers to provide stealth properties and to improve

their blood circulation. Bludau and co-workers investigated the

POxylation (i.e. the covalent modification of another entity such as

proteins, drugs or particles with POx) of tobacco mosaic virus

particles with PMeOx and its effect on the circulation of the par-

ticles in vivo [69]. It was reported that POxylation afforded a higher

degree of polymer coating of the virus particles, compared to

PEGylation. This was tentatively attributed to a different degree of

hydration of the two polymers. In accordance with the higher

coating density, the POxylated virus particles were better shielded

from antibody recognition, as assessed by ELISA assay. Similarly,

uptake by RAW 264.7 macrophages was reduced for the POxylated

virus particles compared to PEGylated ones. Subsequently, the

clearance of the polymer modified virus particles was investigated

in vivo. The data suggest a somewhat slower initial clearing for the

POxylated particles compared to the PEGylated ones. However, the

difference was not pronounced and the initial clearing half-lives

were very short in both cases. Moreover, considering a potential

reduction of the immunogenicity of the virus particles by the

polymer, a repeated injection experimental setup would have been

interesting.

Berke, Kampmann et al. reported on a novel strategy to radio-

label nanoparticles to investigate their biodistribution [70]. An

amphiphilic and telechelic block copolymer (P[MeOx31-b-(2-

heptyl-2-oxazoline4-co-PynOx5)]¼ P[MeOx31-b-(HeptOx4-co-

PynOx5) bearing a di-tert-butylfluorosilane moiety introduced via

the initiator route was used as a reactive emulsifier. The micelles

formed by the polymer were swollenwith different amounts of 1,6-

hexanediol dimethacrylate and subsequently crosslinked via free

radical polymerization. The resulting nanoparticles ranged in size

from 20 to 70 nm (hydrodynamic diameter) and were radiolabeled

with simple isotope exchange using 19F and investigated with

respect to their biodistribution in tumor bearing (EMT6 shoulder

grafts) mice using PET. Most of the injected nanoparticles ended up

in the liver. While tumor-to-muscle ratio was reasonably high, the

tumor-to-organ ratios in the organs of the mononuclear-phagocyte

systemwere not quite promising. Tumor uptake was highest for 33

and 42 nm nanoparticles.

The biodistribution of an amphiphilic POx ABA triblock copol-

ymer (10 kg/mol) with a modestly hydrophobic central B block

(PMeOx-b-PBuOx-b-PMeOx) used as a drug carrier (vide infra) was

investigated recently by He et al. [71]. The polymer was labeled

using 64Cu and biodistribution was evaluated by positron emission

tomography (PET) and post-mortem necropsy. Interestingly, the

biodistribution of the amphiphilic polymer mirrored that of a

purely hydrophilic POx of the same molar mass. First-pass renal

clearance with very little non-specific organ uptake was observed.

Kronek and co-workers also tested the toxicity of PEtOx and an

amphiphilic copolymer P(EtOx-co-ButEnOx) to terrestrial plants,

specifically seeds of sinapis alba [72]. No clear trends were found. In

particular, at higher concentrations, no toxicity was found. At lower

concentration, PEtOx with a DP of 100 exhibited some growth

stimulation while P(EtOx-co-ButEnOx) (DP 100) exhibited growth

inhibition, which were deemed significant. However, as PEtOx200
exhibited growth inhibition in the same assay and any differences

vanished at higher concentration, any deduction of actual

structure-property relationships should be considered with utmost

caution at this point.

2.4. Systemic toxicity

He et al. investigated the toxicity of PMeOx-b-PBuOx-b-PMeOx.

In mice, the maximum tolerated dose was determined to be

500mg/kg (i.v., q4dx4), corroborating the excellent biocompati-

bility profile of POx reported in other studies. For single

Fig. 7. Comparison of biodistribution (here: blood circulation) of polymer modified liposomes after a single injection (A) and a second injection one week after a first injection (B).

Polymers investigated were poly(ethylene glycol) (PEG), PMeOx (here PMOX), poly(vinylpyrrolidone) (PVP), poly(hydroxypropyl acrylamide) (HPMA), poly(N-acryloyl morpholine)

(PAcM) and poly(dimethyl acrylamide) (PDMA). As control, liposomes without lipopolymer modificationwere also studied. Reprinted with permission from ref. [68]. Copyright 2015

Elsevier.
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administration, even higher doses were tolerated. Clinical chem-

istry and histology of major organs showed no major effects of the

polymer after injection in Balb/c mice at MTD [71]. Also, neither

platelet aggregation, hemolysis nor complement activation was

observed at concentrations up to 1.52 g/L. On the one hand, this

concentration is not particularly high, but since the polymer en-

ables very high drug loading (vide infra) of approx. 50wt%, this

corresponds to a very high drug dose that can be safely adminis-

tered. The blood coagulation parameters prothrombin time and

thrombin time were not affected while the activated partial

thromboplastin time was significantly prolonged. We would like to

remind the reader, that Tauhardt et al. observed a similar effect for

zwitterionic POx [51] but not for PEtOx (vide supra).

Akbulut and co-workers investigated the effects of PEtOx

exposure on the development of ovarian follicle of zebrafish (Danio

rerio) [73]. Unfortunately, the authors did not give any information

regarding the used PEtOx, neither source, purity, molar mass nor

dispersity are provided. Nevertheless, these studies appear to be

the first studies of POx in zebrafish. Two concentrations of PEtOx in

the aquaria were tested (10mg/L and 50mg/L) with exposure of 5

days. Such concentrations are well below the concentrations, for

which any cytotoxicity would be expected in cell culture. The au-

thors report that PEtOx induces apoptosis and inhibits oogenesis in

female zebrafish. Even though the work by Akbulut lacks funda-

mental aspects of scientific work such as proper identification of

materials studied, it would be interesting if these results could be

reproduced using defined POx and different POx with variable

molar mass.

One obvious application for hydrophilic polymers in a biomed-

ical context are hydrogels. In turn, hydrogels are very interesting

materials for an intraocular usage. For this purpose, it is necessary

to investigate the respective long term in vivo biocompatibility. In

2013, Hwang et al. published a comparative study investigating the

intraocular biocompatibility of PEtOx-b-poly(ε-caprolactone)-b-

PEtOx (ECE), Matrigel® and Pluronic® F127 in albino rabbits [74].

After 2 weeks, Matrigel as well as Pluronic® F127 dispersed in the

vitreous (Fig. 8 left side, Row B). In contrast, ECE hydrogel was still

detectable. Furthermore, severe cataract with iris atrophic change

was found in eyes containing Matrigel® or F127 two month after

injection. (Fig. 8 Insert, Row C). The authors attribute the ocular

toxicity of Matrigel® to its biological origin (mouse-derived) while

the cause of toxicity of F127 is unknown. Optical coherence to-

mography (OCT) revealed that the retina of the F127 and Matrigel®

treated eyes were atrophic, whereas the retinal thickness of the ECE

containing eye was still comparable to the control. Furthermore,

electroretinography (ERG) was examined to evaluate the physio-

logical retinal functions. Again significant decrease of the photo-

receptor signals were observed for the Matrigel® and the Pluronic®

treated eyes, while ECE injection revealed no significant changes

compared to pre-injection. Furthermore, retinal histology demon-

strated neither necrosis nor morphological changes in the ECE eyes.

In contrast, the Matrigel® and the Pluronic® eyes showed signs of

neuroretinal toxicity. The drastic loss of photoreceptors after in-

jection of Matrigel® or Pluronic® was visualized via TEM micro-

graphs (Fig. 8 right side) supporting the ERG results. The ECE eyes

showed similar morphology as the control group. These results

highlight the potential of POx-based hydrogels for biomedical ap-

plications while at the same time illustrates major issues for Plur-

onic® based gels or even Matrigel® which are both used widely in

tissue engineering and biology in vitro.

2.5. Degradability

Every time exogenous materials are brought into the body, the

question of their removal and degradability needs to be asked. As

already mentioned above, POx are amendable to acidic and basic

hydrolysis. However, at physiological conditions no significant hy-

drolysis was observed in simulated stomach and intestine fluid

[55]. Of course, this is not the only possibility for the degradation of

polymers. Another mechanism, relevant in a biological context is

oxidative degradation by reactive oxygen species (ROS). Despite the

fact that ROS are of major importance in physiological and patho-

physiological processes, generally little information can be found in

the literature on the oxidative degradation of hydrophilic poly-

mers/biomaterials in water. Although PEG and POx are in most

cases regarded as non-biodegradable, PEG is long known to be

sensitive to oxidative degradation [27,75]. Without giving any

experimental data, Viegas et al. suggest that POx do not form

Fig. 8. Left Side: (Row A) External photos of control, 20 wt% PEtOx-b-poly(ε-caprolactone)-b-PEtOx (ECE) hydrogel, Matrigel®, and Pluronic F127® at two weeks after injection (from

L to R). (Row B): The fundus oculi of control, 20wt% ECE hydrogel, Matrigel, and Pluronic F127® at two weeks after injection (from L to R). (Row C) The external color photos of

control, 20 wt% ECE hydrogel, Matrigel, and Pluronic F127 for ocular media at one month after injection (from L to R). The red arrows indicate the cataract formation. The black

arrow indicates the ECE in situ hydrogel formation. The inset photo of Matrigel is at two months after injection, which had a denser cataract formation and perilimbal ciliary

injection. The inset photo of Pluronic F127® is the high magnification of the cataract.

Right Side: TEM micrographs of the outer retina, which demonstrates the morphology of outer nuclear layer (cell body of rod and cone cells). The control eyes (A), the 20wt% ECE

hydrogel (B), Matrigel® (C), Pluronic F127® (D) after two months of injection. (C) and (D) demonstrate more cell loss than ECE and control eyes. (scale bar is 6.1 mm). Reprinted with

permission from ref. [74]. Copyright 2013 Public Library of Science (PLOS).
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peroxides as PEG does [76]. In contrast, Luxenhofer and co-workers

reported that PEG, POx and POI are degradable by oxidative

degradation under conditions that have been claimed biologically

relevant by others [77]. For their study, PEG, PEtOx and the

watersoluble polypeptoid poly(N-ethylglycine)s with molar mass

ranging from 2 to 11 kg/mol were used. The development of the

apparent molar mass after incubation with different concentration

of reactive oxygen species (ROS), generated from H2O2 and Cu(II) as

catalyst, was determined as degradation. Surprisingly, the results

show that PEG is the most stable of the three at peroxide concen-

trations below 50mM,while therewas no difference in the absence

of catalyst. It was also found that the apparent degradation rate was

dependent on the DP and molar mass, respectively. More recently,

this studywas expanded to highermolarmasses and also to include

poly(N-vinylpyrrolidone) (PVP) [78]. The trend that higher molar

masses are degraded faster was corroborated, as was the result that

PEG is more stable in this assay than PEtOx. These observations

stand in contrast to the notion by Viegas and also to a report by

Pidhatika et al., that showed that POx-modified surfaces retained

their non-fouling character longer than PEG-modified ones when

challenged with oxidative stress [79]. Taken together, these studies

only begin to let us understand the stability of POx against oxida-

tive degradation, and it is important to note that the actual con-

centration of ROS in vivo is difficult to assess and may be highly

variable.

Recently, Luef et al. investigated the degradation of a poly(-

EtOx100-co-NonOx50-co-ButEnOx30) based hydrogel (UV-cross-

linked with glycol dimercaptoacetate) at various pH values in the

presence and in the absence of esterases [80]. Degradation was

quantified through the release of encapsulated Eosin B (8mg Eosin

B per 2 g copolymer) by UV/Vis absorption. At the lowest investi-

gated pH of 4, no degradation could be observed even after 2 weeks

in the absence of enzymes. At pH 6 slight degradation started

approx. after 8 days storage and after 14 days, 10% Eosin B were

released. In general, the rate of dye release increased with

increasing pH. However, still only modest release of 20% Eosin B

occurred after 14 days at pH 10. Interestingly, degradation in the

presence of rabbit liver esterase (RLE) at pH 8 was found to be very

close to enzyme-free degradation at pH 10. The by far highest

degradation was realized with porcine liver esterase (PLE) at pH 8

(Fig. 9). Unfortunately, the authors did not suggest any explanation,

as to why PLE is more effective than RLE.

Very recently, Kronek and co-workers also investigated the issue

of degradability of POx using activated sludge (OECD guideline 209)

[72]. Four different polymers were investigated, PEtOx and an

amphiphilic copolymer P(EtOx-co-ButEnOx) with targeted DPs of

100 and 200 each. It should be noted that the synthesis of the

higher degrees of polymerization apparently proved challenging, as

the determined molar masses were much lower than expected, in

case of PEtOx200, the Mn (determined by GPC) was actually lower

than that of PEtOx100. The authors tested to oxygen consumption of

activated sludge in the presence and absence of POx and found no

difference, suggesting that these POx and perhaps POx in general

cannot be degraded by activated sludge.

Summarizing the knowledge on safety of POx and interaction

with biological systems, one can state that in general the picture

has becomemuchmore detailed in the last few years. It has become

evident beyond reasonable doubt that POx can be designed such

that further development POx-based biomaterials into actual

products seems feasible. However, some studies are raising

important questions and indicate that, at least in certain circum-

stances, POx may not be able to overcome limitatios seen also in

other systems. Of course, any new material must always be thor-

oughly studied and scrupulously tested with respect to its safety.

This process often starts with simple cytocompatibility studies. In

this context, we'd like to posit a few comments and suggestions.

First, it is always advisable to test new materials up to maximal

concentrations possible in a given assay. In many reports, authors

test their polymers only to a few hundredmg/L and deduce general

biocompatibility from such miniscule concentrations. It is obvious

that different cell lines may give a very different read-out, some

may be robust, others may be more sensitive. Regarding endocy-

tosis studies, also too often one finds very basic experimental

protocols, where only one or a few concentrations and/or few time

points are studied. A full concentration range is a prerequisite to

properly assess concentration-dependent effects. The question of

medium and long-time fate of POx in a biological and environ-

mental context is insufficiently understood and should be studied

with carefully designed experimental protocols. No doubt, the

community will be following the further development of SER-214

very closely. To the best of our knowledge, at least four more

companies (apart from Serina Therapeutics Inc.) have recently

started evaluating commercial development of POx. In combination

with the recently boosted academic interest, one can expect much

more detailed information on the safety of POx in the near future.

3. POx-based hydrogels in biomaterials

In recent years, many excellent reviews have described the

importance of hydrogels as soft biomaterials in tissue engineering,

medicine as well as for the new and upcoming field of bio-

fabrication [17,81e83]. In general, any watersoluble polymer can

serve as a basis for hydrogels after cross-linking. Accordingly, POx-

based hydrogels have been established for decades. Chujo and co-

workers reported in a series of papers on POx based hydrogels

[84e91]. In this series, thermo- and redox-responsive POx-based

hydrogels were pioneered. Due to their good cytocompatibility,

combined with tunable physicochemical properties, hydrophilic

POx are ideally suitable as hydrogel based biomaterials. This was

already summarized in a comprehensive review by Hartlieb et al. in

2015 [18] in which the authors focused on chemically cross-linked

gels. These are polymeric networks based on covalently cross-

linked macromolecules. According to the authors, POx-based

hydrogels can be subdivided into three main classes: (1) poly-

meric networks that are formed in situ by the copolymerization of

mono- and bis-functional monomers, (2) hydrogels prepared via

Fig. 9. (Normalized) Absorbance at 515 nm for the quantification of the released dye

Eosin B during degradation studies of cross-linked poly(EtOx100-co-NonOx50-co-

ButEnOx30) at different conditions. Reprinted with permission from ref. [80]. Copyright

2017 Elsevier.
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4.2 Polymer-Drug Compatibility 

The impact of the smallest changes in the chemical structure of the polymeric drug carrier on the 

drug loading capacity became apparent when comparing POx and POzi based formulations of 

poorly water soluble PTX and CUR. By formally shifting a single methylene unit from the polymer 

sidechain (POx) to the polymer mainchain (POzi) of the core-forming monomer units caused 

distinct specificities for both hydrophobic compounds. Moreover, the co-formulation, i.e. 

simultaneous solubilization of both compounds with the same drug carrier, resulted in either 

synergistic or antagonistic solubilization patterns depending on the chemical structure of the 

polymer amphiphile. Solvatochromic Reichardt’s dye showed a remodeling of the micellar 

microenvironment in the presence of PTX. Unexpectedly, highly hydrophobic PTX seemed to 

establish a more polar microenvironment which was attributed to the large number of polar 

moieties present in PTX. This gave first hints that the common perception of hydrophobic drugs 

being more or less unspecifically incorporated into the hydrophobic core should be regarded with 

great care. Apart from that, the extraordinary high LCs and small micellar sizes even at high drug 

loading suitable for IV administration showed the therapeutic potential of the first ever reported 

POzi based drug formulations. A more profound evaluation of the respective CUR formulations 

from a pharmaceutical point of view will be presented in chapter 4.4. 
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ABSTRACT: Polymer micelles offer the possibility to
create a nanoscopic environment that is distinct from the
bulk phase. They find applications in catalysis, drug
delivery, cleaning, etc. Often, one simply distinguishes
between hydrophilic and hydrophobic, but fine-tuning of
the microenvironment is possible by adjusting the
structure of the polymer amphiphile. Here, we investigated
a small library of structurally similar amphiphiles based on
poly(2-oxazoline)s and poly(2-oxazine)s with respect to
their solubilization capacity for two extremely water
insoluble drugs, curcumin and paclitaxel. We found very
significant and orthogonal specificities even if only one
methylene group is exchanged between the polymer
backbone and side chain. More strikingly, we observed
profound synergistic and antagonistic solubilization
patterns for the coformulation of the two drugs. Our
findings shed new light on host−guest interaction in
polymer micelles and such pronounced host−guest
specificities in polymer micelles may not only be
interesting in drug delivery but also for applications such
as micellar catalysis.

P oor water solubility of the majority of drugs remains a
tremendous challenge in pharmaceutical technology,

despite decades of research and development. According to
Ali and Kolter of BASF: “The continued trend of increased
number of poorly soluble and permeable molecules is alarming and
has brought the industry nearly to a standstill. The work continues
to overcome these formulation challenges to f ind the appropriate
solutions for these poorly soluble and permeable molecules.”1

Polymer micelles have been discussed and evaluated as carriers
for hydrophobic molecules for many years2 but have limitations
in the context of drug delivery. Despite tremendous efforts, few
polymer micelles have been approved by regulatory agencies.
One major limitation is that drug loading is low and rarely
exceeds 20 wt %. A unusual exception are polymer micelles
comprising a poly(2-oxazoline) (POx) based triblock copoly-
mer, namely poly(2-methyl-2-oxazoline)-block-poly(2-butyl-2-
oxazoline)-block-poly(2-methyl-2-oxazoline) (PMeOx-b-
PBuOx-b-PMeOx ≡ A-pBuOx-A). Kabanov and co-workers
have reported loading with almost 50 wt % of paclitaxel
(PTX)3−5 into stable and injectable formulations, which
exhibited a significantly increased therapeutic efficacy in vivo6

compared to clinically approved formulations. Interestingly, this
combination of high loading and high stability was uniquely

found in block copolymers comprising poly(2-butyl-2-oxazo-
line) as hydrophobic core.7 PTX is one of the most commonly
applied chemotherapeutic agents8 but is a high affinity substrate
for P-glycoprotein (P-gp) leading to PTX resistance.9

Interestingly, similar high drug loading and stability of the
formulation was achieved for a variety of structurally different
taxanes,10 whereas etoposide and bortezomib, two important
topoisomerase and proteasome inhibitors, respectively, did not
give stable loading.3,4 Here, we also tested another extremely
insoluble compound, curcumin (CUR),11 which was solubilized
well, but not excellently (maximum loading capacity: 24 wt %).
Apparently, there is some sort of structural specificity for
ultrahigh drug loaded micelles. CUR exhibits excellent safety,12

but poor bioavailability and pharmacokinetic profile,13,14 is said
to revert overexpression of P-gp15 and shows pharmacological
synergy with PTX.16 However, because of its chemical
instability in aqueous media, CUR is also very critically
discussed as pan assay interference compound (PAIN) or
invalid metabolic panacea (IMP).17,18 Nevertheless, its
extremely low solubility, bioavailability and stability make it
an excellent candidate to study the limitations and potential of
polymer micelles for drug delivery.
To investigate the molecular basis of the drug specificity of

A-pBuOx-A between PTX and CUR, we synthesized three
other, structurally similar polymers, in which only the central
hydrophobic block was changed minutely. Specifically, the three
novel polymers were prepared (Figure 1). First, A-pPrOx-A,
bearing a poly(2-n-propyl-2-oxazoline) core, which is a
thermoresponsive polymer and lower homologue (polymer
side chain) of pBuOx with a lower critical solution temperature
(LCST) ≈ 20 °C), second, A-pPrOzi-A, bearing poly(2-n-
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Figure 1. Schematic representation of polymers used in this study.
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propyl-2-oxazine), a structural isomer of pBuOx with a LCST ≈

10 °C, and third, A-pBuOzi-A, bearing poly(2-n-butyl-2-
oxazine), a water-insoluble higher homologue (polymer
backbone) of pBuOx.
Despite their structural similarity, poly(2-oxazine)s (POzi)

have been much less investigated than POx.19−21 Both can be
obtained via living cationic ring-opening polymerization (Figure
S5) employing 2-substituted 2-oxazines (IUPAC: 2-R-5,6-
dihydro-4H-1,3-oxazine) and 2-substituted 2-oxazolines, re-
spectively (for monomer characterization, see Figures S1−
S4).21,22 The polymers were characterized by 1H NMR and
GPC (Figures S5−S13). Comparison of structural isomers of
POzi and POx revealed that POzi are more water-soluble,
indicating that the side chain has a stronger impact on the
polymer solubility than the polymer backbone.19 The four
polymers were tested to formulate PTX and CUR using the
thin film method (Figure S14), both drugs exhibiting a
solubility of only around 1 mg/L.
Here, we investigate POzi as the central hydrophobic block

in ABA triblock copolymers. Such polymers have not been
reported and POzi have not been discussed as biomaterials
before. As mentioned, A-pBuOx-A is an excellent solubilizer for
paclitaxel, with a drug loading of almost 50 wt % (mDrug/(mDrug

+ mPolymer). We found that A-pBuOzi-A also gave excellent, if
somewhat smaller loading of 40 wt % (Figure 2, Table S1,

Figures S15−S17). This may not be surprising, as a previous
study showed that poly(2-n-pentyl-2-oxazoline), a structural
isomer of A-pBuOzi-A was also an excellent taxane solubilizer.7

Interestingly, the structural isomer of A-pBuOx-A, A-pPrOzi-A
was much less effective, solubilizing only 3.27 g/L (25 wt %).
Using the smaller main chain homologue, A-pPrOx-A, only

14 wt % (1.59 g/L) could be realized. Therefore, A-pBuOx-A
solubilized 5.3 times more PTX than A-pPrOx-A. At first
glance, this finding may seem unremarkable, considering that
both PrOx and PrOzi bearing polymers are more hydrophilic
than their 2-n-butyl counterparts. However, when we tested the
formulation of CUR, a strikingly different pattern was observed.
A-pBuOx-A failed to form ultrahigh loaded micelles,
incorporating 25 wt % (3.2 g/L) CUR.
Even though this is exceeding any reported aqueous CUR

concentration, including one very recent report based on POx
diblock copolymers (12 wt %, 41 mg/L using 2-butenyl-2-
oxazoline as hydrophobic core),23 it is dwarfed by A-pPrOx-A,
enabling solubilization of 7.8 g/L (44 wt %). The two 2-oxazine
based block copolymers enabled even higher CUR concen-
trations. In particular, A-pPrOzi-A allowed stable nano-

formulations of CUR with a loading exceeding 50 wt % (≈
12 g/L CUR@10 g/L polymer) and hydrodynamic diameters
below 50 nm (Figure S18a). To put this into a stoichiometric
perspective, per polymer molecule, about 27 drug molecules
were incorporated, which is incidentally more than one CUR
molecule per repeating unit of the pPrOzi block and 3.7 times
more than A-pBuOx-A could solubilize. Comparing the
amount of PTX and CUR solubilized in A-pPrOzi-A, the
specificity for the latter was 8.4 (molCUR/molPTX). A-pBuOx-A
showed a specificity factor of 5.3 over A-pPrOx-A for PTX
solubilization, which in turn solubilized 11 times more CUR
than PTX (mol/mol). Interestingly, A-pBuOzi-A did not
exhibit any particular specificity and was an excellent solubilizer
for both drugs, albeit less efficient than either best-in-class
polymer. Apparently, the 2-oxazine backbone seems to be
favorable for CUR while the 2-butyl side chains seem to be
beneficial for PTX formulation.
Börner et al. have argued that the lack of specificity is a

serious limitation of polymer micelles and have applied a high-
throughput screening approach to identify drug specific drug
carriers.24−28 The screening process revealed the importance of
certain peptides within heptapeptide-PEG based drug carriers
for drug binding. For example, the peptide sequence selected
for Chlorin E6 (Ce6) formulation loaded 18 and 5 times more
Ce6 than meta-tetra(hydroxyphenyl)chlorin (m-THPC) and
Pheophorbide A (Pba), respectively. On the other hand, the
peptide sequence selected for m-THPC was more compatible
with Ce6 and Pba than with m-THPC. Moreover, the specificity
of the polymers selected for Ce6, Pba and m-THPC with regard
to Ce6 formulation was not pronounced (1/1.1/1.2). In
comparison, the extraordinary drug loading and specificities of
A-pPrOx-A, A-pPrOzi-A, A-pBuOzi-A, A-pBuOx-A for PTX
of 1/2.1/4.2/5.5 are caused by the shift or addition of a single
methylene group in the hydrophobic repeat units.
To explore the origin of this remarkable specificity, we

employed Reichardt’s dye, a hydrophobic and solvatochromic
molecule, to probe the micellar microenvironment.29 Though
in the polymer films, the color appears identical in all samples
(Figure 3a), the probe is clearly able to distinguish between the
polymer side chains and the polymer backbone in the micellar
form (Figure 3c).
Both polymers with propyl side chains result in a broad and

comparably featureless UV/vis spectra whereas those of

Figure 2. Maximum solubilized aqueous drug concentrations (PTX =
green bars; CUR = red bars; ρ(polymer) = 10 g/L). Data is given as
means ± SD (n = 3). Selected ratios are given as [mol/mol]. * Data
taken from ref 5.

Figure 3. Polymer/Reichardt’s dye films (10/0.5 w/w) in the absence
(a) and in the presence of PTX (b; 10/0.5/1 w/w). Polymer micelles
w/o (c; ρ(polymer/dye) = 10/0.5 [g/L]) and w/PTX (d; ρ(polymer/
dye/PTX) = 10/0.5/1 [g/L]) with absorption spectra.
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polymers bearing butyl side chains feature clearly distinguish-
able local maxima at around 580 nm (Figure 3c). Interestingly,
as PTX was added, the spectra aligned (Figure 3d), indicating
that the added drug remodels the micellar microenvironment.
With increasing drug loading toward maximum drug loading,
λmax gradually decreased to 550 nm, corresponding to an
ET(30) value of 52 (Figures S19 and S21, Table S5). Although
PTX is highly hydrophobic, its incorporation into polymer
micelles seems to establish a more polar microenvironment for
Reichardt’s dye, which can be attributed to the large number of
polar moieties present in PTX. Please note, the strong and
broad absorbance of CUR does not allow a similar assessment
of Reichardt’s dye solvatochromicity in the presence of CUR.
Loading A-pBuOx-A micelles with PTX enabled coincorpo-

ration of drugs that alone did not give stable formulations.4

Similarly, when we combined PTX and CUR (1/1, w/w) in A-
pPrOzi-A micelles, the polymer seemed to lose any specificity,
as both drugs were incorporated neatly. Most interestingly,
even higher overall drug loading was possible. In this 1/1
combination, 10 g/L polymer allowed solubilization of 7 g/L of
each drug, totaling at a staggering 59 wt % drug loading (Figure
4a, Table S2) while the hydrodynamic diameters remain below
100 nm (Figure S18b).

To explore this loss in specificity, we investigated the loading
of A-pBuOx-A with CUR and A-pPrOzi-A with PTX, i.e., the
drugs the polymers are not specific for, with increasing amounts
of the drugs the polymers are specific for. Please note, the
polymer concentration was held constant at 10 g/L, the
targeted concentration for the unfavorable drug at 8 g/L and
the favorable drug was increased from 0 to 8 g/L. Also in this
experiment, a remarkably different behavior of the two
constitutional isomers was observed. In the case of A-
pPrOzi-A, even the smallest addition of CUR (1 g/L) led to
an immediate maximization and 8-fold increase of PTX loading

(Figure 4b, Table S3), which may be interpreted as a
pronounced synergy between CUR and PTX loading in A-
pPrOzi-A.
An entirely different situation presented itself for A-pBuOx-

A. Not only did the addition of the preferred PTX do nothing
to improve CUR loading, the presence of CUR even prevented
efficient loading with PTX (Figure 4c, Table S4). This
represents a clear antagonistic effect. Only when the PTX/
CUR ratio approached unity, the loading efficiency of the
otherwise “preferred” PTX exceeded 10%. At ρ = 8/8 g/L
(PTX/CUR), loading efficiencies were excellent (80−90%) and
overall loading exceeded 50 wt %. At this point, the loading
with CUR is increased 28-fold compared with the absence of
PTX, which is remarkable as this only happens when an
amount of PTX is present, that is outstanding in its own right.
In short, when using A-pBuOx-A, the presence of the

unfavorable CUR interferes with the loading of the favorable
PTX (unless large relative amounts of PTX are added), the
loading of PTX in A-pPrOzi-A is drastically enhanced by
addition of minute amounts of CUR. This observation seems to
be highly unusual. In fact, Kwon and co-workers clearly
observed only simple additivity when combining PTX, 17-AAG
and Rapamycin30 or PTX, etoposide and docetaxel,31

respectively, in PEG-b-PLA micelles.
Previously, Hansen solubility parameters (HSPs) were used

to predict incorporation of ellipticin in block copolymer
micelles.32 Overall, a good correlation between drug
formulation characteristics and calculated polymer−drug
compatibility was obtained. However, the chemical structure
of the polymers investigated differed significantly. More
recently, Dargaville et al. used the HSP in the context of POx
based diblock copolymer−CUR formulations.23 Unfortunately,
in our case, HSP calculated by group contribution methods are
not able to explain the observed polymer−drug specificity.33

Intrinsically, structural isomers such as A-pBuOx-A and A-
pPrOzi-A cannot be distinguished, which requires a different
approach to correlate experimental data with calculated HSP.
This may help to improve the overall predictive power of HSP,
which are currently not always suited for complex problems
such as presented here.
In summary, we found that the smallest change in the

polymer structure, a migration of a methylene group from the
polymer side chain to the polymer main chain, led to a
surprisingly specific drug loading of A-pPrOzi-A and A-
pBuOx-A for CUR and PTX, respectively. In addition, very
distinct drug loading profiles were observed for combinations of
both drugs.
Ultrahigh loaded micelles carry the promise of improved

therapeutic outcome.6 Combination drug therapy for cancer is a
promising strategy to obtain maximum therapeutic re-
sponse34,35 and ultrahigh coloaded micelles might combine
both positive effects.
More generally, the observed host−guest specificity in

combination with ultrahigh loading capacities may also offer
new possibilities in substrate specific micellar catalysis36−39 and
multiple step one-pot syntheses of water-soluble agents in
aqueous media.38
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Figure 4. Coformulated aqueous drug concentrations in dependence
of the drug feed concentration (PTX, green bars; CUR, red bars). At a
certain drug feed concentration, both drugs were solubilized within a
single formulation (≡ coformulation). Data is given as means ± SD (n
= 3). (a) PTX and CUR were added at same feed concentrations and
solubilized with A-pPrOzi-A (ρ = 10 g/L); (b) addition of increasing
CUR feed concentrations (ρ(PTX) = 8 g/L; ρ(A-pPrOzi-A) = 10 g/
L); (c) addition of increasing PTX feed concentrations (ρ(CUR) = 8
g/L; ρ(A-pBuOx-A) = 10 g/L).
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The discussed POzi based drug carriers were designed having the observations of Luxenhofer et 

al. (Biomaterials 2010, 31, 4972-4979) and Seo et. al. (Polym. Adv. Technol. 2015, 26, 837-850) in 

mind, that only POx based micelles with a barely amphiphilic character enable extremely high drug 

loadings in selected cases. To see if this is also true for POzi based amphiphiles, strongly 

hydrophobic nonyl sidechains were introduced into the hydrophobic core, to achieve a more 

pronounced amphiphilic contrast. As sidechain crystallization has been suggested to be partly 

responsible for the lower LC of the nonyl sidechain comprising POx drug carriers compared to the 

butyl comprising ones, branching in the C9 sidechain was introduced (3-ethylheptyl) to prevent 

crystallization. Interestingly, the POx with a nonyl sidechain was the only homopolymer exhibiting 

a pronounced crystallinity with a melting point around 90 °C. In contrast, the POzi counterpart 

with the same sidechain exhibited a much less distinct melting point (if any) at very low 

temperatures of -11 °C. However, these differences vanished in the corresponding triblock 

copolymers, all having glass transition temperatures Tgs between 54 and 60 °C without any sign of 

crystallinity. This is in violation of the Fox-equation, in which the Tg of block copolymers is derived 

from the Tgs of the respective homopolymers weighted with their respective mass fraction.  

Although the POzi based amphiphiles enabled somehow higher CUR loadings than their POx 

counterparts, the solubilization patterns were less straightforward, with large deviations between 

the formulations prepared in triplicates especially at high drug-feed concentrations. Investigating 

the precipitate of the latter in more detail revealed that not only drug, but also polymer, most 

likely in the form of aggregated drug-loaded polymer micelles (= colloidal instabilities), 

precipitated. The latter hypothesis was supported by the observation that the precipitate partly 

re-dissolved over time which is only possible if CUR was still in solubilized state. Although we could 

not explain these observations on a molecular level at that point of time, the thorough analysis of 

the morphology of the CUR-loaded micelles shed new light on this phenomenon as will be 

discussed in more detail in chapter 4.3. Briefly, at higher drug loadings, more and more parts of 

the hydrophilic corona interact with encapsulated CUR to stabilize the latter. Conversely, an ever 

less pronounced hydrophilic corona struggles to facilitate water-solubility of the micelle finally 

causing agglomeration and therefore precipitation of the latter.  

Despite their amphiphilic character, none of the triblock copolymers showed pronounced cell 

cytotoxicity (human dermal fibroblasts) as well as hemolytic activity which is in good agreement 

with the generally high cytocompatibility of various POx.  
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logical activity of the drug candidate (dis-
solved in organic solvent) in conventional 
2D cell cultures. As a result, a shift toward 
larger (high molecular weight) and more 
hydrophobic molecules with lower solu-
bility is observed.[2] The low water solu-
bility of lead molecules poses substantial 
challenges for drug development. To over-
come this challenge, drugs need to be 
formulated. Polymeric micelles exhibiting 
a core/shell structure offer the possibility 
to encapsulate drugs within their hydro-
phobic core.[3–5] The hydrophilic shell 
not only modulates the water solubility, 
but is also thought to suppress interac-
tions with blood components including 
the mononuclear phagocyte system. This 
increases strongly their half-life in vivo 
(so-called stealth effect).[6–9] However, this 
is only relevant if the polymer micelle is 
stable in circulation. Despite a wide range 
of possible chemical compositions and 
favorable sizes in the nanometer-scale,[10] 
the transfer of drug-loaded micelles into 

the clinics has been slow. Arguably, the translation is hampered 
by insufficient physical stability, thermodynamically driven 
disassembly, as well as reproducibility issues.[11,12] In addition, 
low drug-loadings (commonly ≤20 wt%) and low overall drug 
concentrations remain issues. Following the concept “like dis-
solves like,” drug-loading is sometimes increased by covalent 
attachment of very hydrophobic moieties into the hydrophobic 
block. Typical examples include cholesterol (loading capacity, 
LC [Adriamycin] = 0.4 wt%;[13] LC [quercetin] = 3.7 wt%;[14] 
LC [docetaxel[ = 4.7 wt%[15]) or vitamin E [α-tocopherol]; 
LC[docetaxel] = 9.1 wt%).[16] Overall however, this strategy only 
resulted in modest success. In recent years, an old but rela-
tively little known polymer family of poly(2-oxazoline)s (POx) 
has gained some interest in the field of drug delivery.[17–19] In 
2010, Luxenhofer et al. reported a POx)-based[20,21] drug-car-
rier for the formulation of the hydrophobic chemotherapeutic 
paclitaxel (PTX).[22,23] This enabled drug contents up to 50 wt% 
and a high overall aqueous solubility up to 40 g L−1 PTX using 
only 50 g L−1 polymer.[24–26] Interestingly, this was achieved uti-
lizing an ABA-triblock copolymer comprising only a modestly 

Drug Formulation

A known limitation of polymer micelles for the formulation of hydrophobic 

drugs is their low loading capacity (LC), which rarely exceeds 20 wt%. 

One general strategy to overcome this limitation is to increase the amphi-

philic contrast, that is, to make the hydrophobic core of the micelles more 

hydrophobic. However, in the case of poly(2-oxazoline) (POx)-based amphi-

philic triblock copolymers, a minimal amphiphilic contrast was reported to 

be beneficial. Here, this subject is revisited in more detail using long hydro-

phobic side chains that are either linear (nonyl) or branched (3-ethylheptyl). 

Two different backbones within the hydrophobic block are investigated, in 

particular POx and poly(2-oxazine) (POzi), for the solubilization and co-

solubilization of the two highly water insoluble compounds, curcumin and 

paclitaxel. Even though high loading capacities can be achieved for curcumin 

using POzi-based triblock copolymers, the solubilization capacity of all inves-

tigated polymers with longer side chains is significantly lower compared to 

POx and poly(2-oxazine)s with shorter side chains. Although the even lower 

LC for paclitaxel can be somehow improved by co-formulating curcumin, this 

study corroborates that in the case of POx and POzi-based polymer micelles, 

an increased amphiphilic contrast leads to less drug solubilization.

1. Introduction

High-throughput combinatorial screenings to select “hit” mol-
ecules are the method of choice for modern drug discovery.[1] 
However, the screening processes commonly evaluate the bio-
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hydrophobic poly(2-n-butyl-2-oxazoline) (pBuOx B) core. In 
contrast, a POx with a more hydrophobic poly(2-n-nonyl-2-oxa-
zoline) (pNonOx B) core enabled PTX contents of only 17–24 
wt% and a much lower overall solubility (ρ(PTX) = 2–3.2 g L−1; 
ρ(polymer) = 10 g L−1).[27] It was assumed that this decrease 
might be caused by crystallization of the long alkyl side-chains 
what might also be responsible for the lower drug-loading in 
the first place. To test this hypothesis, an ABA triblock copol-
ymer containing poly(2-(3-ethylheptyl)-2-oxazoline) (pEtHepOx) 
is introduced as hydrophobic block B in which crystallization 
should be strongly hindered due to branching of the side-chain. 
To get better insights into the physicochemical properties of the 
hydrophobic core, the respective homopolymers were synthe-
sized and characterized.

Very recently, Lübtow et al. compared the LC of A-pBuOx-
A and its structural isomer comprising the same pMeOx shell 
and a barely hydrophobic poly(2-n-propyl-2-oxazine) (pPrOzi) 
core.[28] The formal shift of a methylene group from the polymer 
side chain (A-pBuOx-A) to the polymer backbone (A-pPrOzi-A) 
caused distinct polymer/drug specificities with regard to the LC 
for PTX (LC [A-pBuOx-A] = 47.5 wt%; LC [A-pPrOzi-A] = 24.7 
wt%) and curcumin[29,30] (CUR; LC [A-pBuOx-A] = 24.4 wt%; LC 
[A-pPrOzi-A] = 54.3 wt%).[31] It was wondered if such polymer/
drug specificities would also occur in ABA triblock copoly-
mers comprising C9-side-chains within their hydrophobic POx 
or POzi (POzi) core. Therefore, the ABA triblock copolymers 
bearing hydrophobic POzi blocks with 3-ethylheptyl and nonyl 
side chains were synthesized and evaluated with respect to the 
drug loading in comparison to their POx analogs.

2. Materials and Methods

2.1. Materials

All substances for the preparation of the polymers were pur-
chased from Sigma-Aldrich (Steinheim, Germany) or Acros 
(Geel, Belgium) and were used as received unless otherwise 
stated. Curcumin powder from Curcuma longa (turmeric) was 
purchased from Sigma-Aldrich and analyzed in-house (curcumin 
= 79%; demethoxycurcumin = 17%; bisdemethoxycurcumin = 
4%; determined by HPLC analysis). Paclitaxel was purchased 
from LC Laboratories (Woburn, MA). Deuterated solvents for 
NMR analysis were obtained from Deutero GmbH (Kastellaun, 
Germany). The substances used for polymerization, specifically 
methyl trifluoromethylsulfonate (MeOTf), MeOx, EtHepOx, EtH-
epOzi, NonOx, and NonOzi, were refluxed over CaH2, distilled 
and stored under argon. Benzonitrile (PhCN) was refluxed over 
phosphorus pentoxide, distilled and stored under argon.

2.2. Methods

2.2.1. Nuclear Magnetic Resonance Spectroscopy

NMR spectra were recorded on a Fourier 300 (300.12 MHz), 
Bruker Biospin (Rheinstetten, Germany) at 298 K. The spectra 
were calibrated to the signal of residual protonated solvent 
(CDCl3 at 7.26 ppm; D2O at 4.79 ppm).

2.2.2. Gel Permeation Chromatography

Gel permeation chromatography (GPC) was performed on an 
Agilent 1260 Infinity System, Polymer Standard Service (Mainz, 
Germany) with either HFIP containing 3 g L−1 potassium trif-
luoroacetate; precolumn: 50 × 8 mm PSS PFG linear M; 2 col-
umns: 300 × 8 mm PSS PFG linear M (particle size 7 µm; pore 
size 0.1–1,000 kDa) or DMF containing 1 g L−1 LiBr; precolumn: 
50 × 8 mm PSS GRAM; columns: 30 Å and 1,000 Å 300 × 8 
mm PSS GRAM (particle size 10 µm; pore size 0.1–1,000 kDa) 
as eluent. The columns were kept at 40 °C and flow rates were 
1.0 mL min−1 (DMF) or 0.7 mL min−1 (HFIP). Prior to each 
measurement, samples were filtered through 0.2 µm PTFE fil-
ters, Roth (Karlsruhe, Germany). Conventional calibration was 
performed with PEG standards (0.1–1,000 kg mol−1) and data 
was processed with WinGPC software.

2.2.3. Matrix-Assisted Laser Desorption/Ionization–Time of Flight 
Mass Spectroscopy

MALDI-TOF was performed on a Daltonics autoflex II LRF, 
Bruker (Bremen, Germany). Sample preparation: 1:1 mixture 
of matrix solution (5 wt% DCTB (trans-2-[3-(4-tert-butylphenyl)-
2-methyl-2-propenylidene]malononitrile) in CHCl3) and sample 
solution (10 g L−1 in methanol with 1 vol% TFA) spotted 
onto stainless steel target plate (0.7 µL, three times per spot). 
Measuring parameters: laser power: 30%; number of shots: 
≥1000; ion source 1: 20.02 kV; ion source 2: 17.86 kV; lens: 
8.91 kV; reflector: 20.02 kV; PIE: 500 ns; polarity: positive; 
matrix suppression mode: deflection; suppress up to: 1,000 Da; 
mass range: 1,000–6,000 Da; detector gain: 10.0x reflector; elec-
tronic gain: 100 mV; sample rate: 2.00 GS s−1; realtime smooth: 
Off. calibration: CsI.

2.2.4. Infrared Spectroscopy

The IR-spectra of neat CUR, physically mixed powders of CUR 
and polymer, or formulated CUR were recorded on a FT-IR-
4100, Jasco (Gross-Umstadt, Germany) from 500–4,000 cm−1 at 
ambient temperature. Prior to the measurements, the aqueous 
CUR formulations were lyophilized to obtain the respective 
powders.

2.2.5. Fluorescence Spectroscopy–Critical Micelle Concentration

Pyrene features an emission spectrum with five distinct peaks 
between 360 and 400 nm.[32] The ratio of I1:I3 can be utilized 
to determine changes in the polarity of the microenvironment 
surrounding pyrene which occur, for example, after encapsula-
tion into polymeric micelles.[33]

Pyrene solutions (24 µM, 5.0 mg L−1 in acetone) were added 
to glass vials (do not use plastic vials!) and the solvent was 
removed by a gentle stream of argon. Subsequently, various 
amounts of polymer stock solutions were added and the solu-
tions diluted with water (Millipore) to yield a final pyrene con-
centration of 5 × 10−7 M. The samples were stored overnight 
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at ambient temperature (≈25 °C) under the exclusion of light. 
Pyrene fluorescence was recorded on a FP-8300, Jasco from 360 
to 400 nm (λex = 333 nm) at 25 °C. The critical micelle concen-
tration (CMC) was determined as the concentration at which 
the fitted I1:I3 ratio decreased to 90% of its initial value.

2.2.6. Thermogravimetric Analysis

Thermogravimetric analysis of the polymers was performed 
on a TG 209 F1 IRIS, NETZSCH (Selb, Germany). The sam-
ples (5–10 mg) were added to aluminum oxide crucibles 
(NETZSCH) and heated under synthetic air from 30 °C to 
900 °C with a heating rate of 10 K min−1 while detecting the 
mass loss.

2.2.7. Differential Scanning Calorimetry

DSC was performed on a DSC 204 F1 Phoenix, NETZSCH 
under N2-atmosphere (20.0 mL min−1). The samples were 
placed in aluminum pans with crimped-on lids and heated 
from 25 °C to 200 °C (10 K min−1) and subsequently cooled to 
−50 °C (10 K min−1). The samples were heated/cooled two addi-
tional times from −50 °C to 200 °C (10 K min−1).

2.2.8. Drug-Loaded Polymer Micelles

Drug-loaded polymer micelles were prepared by thin film 
method.[24] Ethanolic polymer (20 g L−1), paclitaxel (20 g L−1), 
and curcumin (5.0 g L−1) stock solutions were mixed in the 
desired ratio. After complete removal of the solvent at 50 °C 
under a mild stream of argon, the films were dried in vacuo 
(≤0.2 mbar) for at least 3 h. Subsequently, 300 µL preheated 
(37 °C) H2O were added. Complete solubilization was facilitated 
by shaking the solutions at 1,250 rpm at 55 °C for 12 min with 
a Thermomixer comfort, Eppendorf AG (Hamburg, Germany). 
Non-solubilized drug (if any) was removed by centrifugation for 
5 min at 10,000 rpm with a 3-Speed micro centrifuge, neoLab 
(Heidelberg, Germany). Solubilization experiments were per-
formed with three individually prepared samples and results 
are presented as means ± standard deviation (SD).

Curcumin quantification was performed by UV-Vis absorp-
tion on a BioTek Eon Microplate Spectrophotometer, Thermo 
Fisher Scientific (Waltham, MA) using a calibration curve 
obtained with known amounts of CUR, dissolved in EtOH. 
Samples were prepared in Rotilabo F-Type 96 well plates, Carl 
Roth GmbH & Co. KG (Karlsruhe, Germany) at a constant 
volume of 100 µL. Spectra were recorded from 260 to 600 nm 
at 25 °C. Curcumin absorption was detected at 428 nm. Prior 
to UV-Vis absorption measurements, the aqueous formulations 
were appropriately diluted with ethanol to give a final absorb-
ance between 0.3 and 2.5 (diluted at least 1/20 v/v).

The following equations were used to calculate LC and 
loading efficiency (LE):

drug

drug, added

LE
m

m
=  (1)

drug

drug, added polymer

LC
m

m m
=

+

 (2)

where mdrug and mpolymer are the weight amounts of the solubi-
lized drug and polymer excipient in solution and mdrug,added is 
the weight amount of the drug initially added to the dispersion. 
No loss of polymer during micelles preparation was assumed.

2.2.9. High-Performance Liquid Chromatography

HPLC analysis was carried out on a LC-20A Prominence HPLC, 
Shimadzu (Duisburg, Germany) equipped with a system con-
troller CBM-20A, a solvent delivery unit LC-20 AT (double 
plunger), an on-line degassing unit DGU-20A, an auto-sam-
pler SIL-20AC, a photo-diode array detector SPD-M20A, and 
a column oven CTO-20AC. As stationary phase, a ZORBAX 
Eclipse Plus, Agilent (Santa Clara, CA) C18 column (4.6 × 
100 mm; 3.5 µm) was used. The mobile phase was a gradient of 
H2O/ACN (Figure S31, Supporting information) at 40 °C and 
a flow rate of 1 mL min−1. Quantification of Paclitaxel was per-
formed at 227 nm.

2.2.10. Dynamic Light Scattering

Dynamic light scattering (DLS) was measured at scattering 
angles from 22 °C to 151 °C at 25 °C on a CGS-3 multi detec-
tion (eight simultaneous working APD Avalanche diodes and 
eight glass fiber detectors) goniometer system, ALV (Langen, 
Germany) equipped with a He-Ne-laser (22 mW, λ = 632.8 nm). 
Data was analyzed using HDRC-Software Version 6.3.1. devel-
oped by Schmidt and co-workers at Johannes Gutenberg Uni-
versity Mainz. Prior to each measurement, samples were 
filtered through 0.45 µm regenerated cellulose filters (Rotilabo) 
and polymer concentration was 10 or 1 g L−1 in H2O. The decay 
of the electric field-time autocorrelation function was fitted by 
a triexponential function (equation (3)), as described in more 
detail by Rausch et al.[34] with the amplitudes ai and the decay 

times 
q D

i

i

τ =

⋅

1
2 , where Di is Brownian diffusion coefficient of 

component i; and q being the absolute value of the scattering 
vector.
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2.2.11. Cell Viability Assay

Primary human dermal fibroblasts (HDF) were cultured in 
DMEM, GlutaMAX (Gibco, Darmstadt, Germany) medium 
supplemented with 10% fetal calf serum, and 1% sodium pyru-
vate. For cell cytotoxicity studies, cells were seeded in a white 
96-well plate with a transparent bottom in triplicate per condi-
tion (3 × 105 cells cm−2) and cultured for 24 h at 37 °C and 5% 
CO2. Subsequently, medium was removed and polymer stock 
solutions in cell-specific culture medium were added to the 
cells and applied for 24 h or 48 h. After the treatment, CellTiter-
Glo Luminescent Cell Viability Assay (Promega, Mannheim, 
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Germany) was performed according to the manufacturer’s 
instructions. Briefly, medium was removed and cells were 
washed 3x with PBS(+). Equal amounts of cell culture medium 
and CellTiter-Glo reagent were added to the wells. After shaking 
for 2 min and resting for 10 min to achieve cell lysis, lumines-
cence was measured with an Infinite 200 (Tecan, Männedorf, 
Switzerland) at λem = 590 nm (λex = 560 nm).

Cell viability was determined with equation (4):

Cell viability 100%treated medium

untreated medium

F F

F F
=

−

−

×  (4)

where Ftreated and Funtreated are the luminescence of treated and 
untreated cells, respectively, and Fmedium is the luminescence 
of the culture medium. As negative control, cells were lysed 
with 10% SDS. Cell viability experiments were performed in 
three biological independent experiments and results are pre-
sented as means ± SD. Cells were obtained by three individual 
isolations.

2.2.12. Hemolysis Assay

Blood from three healthy human donors, collected in hep-
arinized tubes was centrifuged at 4,500 × g for 5 min. Subse-
quently, the supernatant was removed and the pellet washed 
3x times with cold PBS(-) (4 °C–10 °C). Centrifugation and 
washing step was repeated two additional times. After dilution 
with PBS(-) (pellet/PBS = 1:8 v/v), aliquots of erythrocyte sus-
pension were mixed 1:1 v/v with polymer solution in PBS(-), 
mixed by gentle inverting and incubated at 37 °C for 60 min 
while slowly rotating the samples. After centrifugation at 2,400 
× g for 5 min, the supernatants were transferred into a trans-
parent 96-well plate and the hemoglobin release was determined 
spectrophotometrically with an Infinite 200 (Tecan) at λabs = 
544 nm. Complete hemolysis (100%) was achieved using 1% 
Triton X-100 serving as positive control. PBS(-) served as nega-
tive control (0%). A value less than 2% hemolysis was taken as 
non-hemolytic. Experiments were performed with three indi-
vidual blood donors with four replicates each. The blood donors 
were 29 and 30 years of age including one female and two male 
donors. The hemolytic activity of the polymers was calculated 
using equation (5):

% Hemolytic activity 100%treated negative control

positive control negative control

A A

A A
=

−

−

×  (5)

3. Results and Discussion

3.1. Synthesis and Characterization of Homopolymers

To get better insights into the physicochemical properties of the 
hydrophobic core of the polymer amphiphiles, the respective 
homopolymers were synthesized and characterized first. To do 
so, the two 2-oxazine monomers (NonOzi and EtHepOzi) were 
prepared. Synthesis and characterization of both monomers is 
described in the Supporting Information (Figures S1–S4). To 
the best of our knowledge, neither has been described in litera-
ture. The literature known POx homopolymers (or rather short 
oligomers) poly(2-(3-ethylheptyl)-2-oxazoline) (pEtHepOx)[35] 
and poly(2-n-nonyl-2-oxazoline) (pNonOx)[36–39] as well as the 
newly introduced POzi homopolymers poly(2-(3-ethylheptyl)-
2-oxazine) (pEtHepOzi) and poly(2-n-nonyl-2-oxazine) 
(pNonOzi) were prepared by living cationic ring-opening 
polymerization (LCROP, Scheme 1).

The homopolymers were characterization by 1H-NMR, GPC, 
and MALDI-TOF as exemplified in the following for pEtHe-
pOzi. For synthesis and characterization of the other homopoly-
mers please refer to Supporting Information (Figures S5–S14, 
Tables S1–S4) and Table 1.

End-group analysis via 1H-NMR gave a degree of polymer-
ization (DP) of 9 (Figure 1a, Mn = 2.1 kg mol−1; obtained as 
mean of all relevant signals), which is reasonably close to the 
targeted DP of 11 (from monomer to initiator ratio [M]0:[I]0). 
However, even at such low DP, slight differences in the integra-
tion limits of the initiator (signal 2) impacts the apparent DP. 
The signal of the tert-butyl group of PipBoc (Figure 1a, peak 7) 
showed a slightly larger integral than expected, which can be 
attributed to the insufficient base line separation of the adja-
cent polymer signals. This larger integral was not due to unre-
acted PipBoc, as the triplet at 2.83 ppm (in CDCl3), character-
istic for unreacted PipBoc, was absent. Also, all other signals 
could be unambiguously attributed to the target polymer using 
13C-NMR, DEPT-135 and 2D-HSQC (Figure 1b–d). The GPC 
elugram of pEtHepOzi exhibited an essentially monomodal 
distribution with a dispersity of 1.05 (Figure 1g). The narrow 
molar mass distribution was further supported by mass spec-
trometry. The MALDI-TOF mass spectrum revealed a Poisson-
like distribution with a dispersity of 1.07 (Figure 1e; calculated 
for the main distribution) and a maximum at a DP of 10 (based 
on the most intense peak at 2,236.2 m z−1; m/ztheor = 2,236.0 
[Na+]), closer to the targeted DP of 11. In contrast, GPC slightly 
underestimated the molar mass (Mn = 2.0 kg mol−1; DP = 8). 
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Scheme 1. Synthesis of POx and POzi homopolymers by living cationic ring opening polymerization (LCROP).
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This can be attributed to the use of PEG-standards for calibra-
tion and their different solution behavior in the GPC eluent. 
The MALDI-TOF spectrum exhibited several distributions 
(one major and six sub-distributions), however the distance of 
211.2 m z−1 between the signals of every species fits very well 
to the molecular weight of EtHepOzi (m/ztheor = 211.19). Par-
tial or complete removal of the terminal Boc probably occurred 
during ionization. Accordingly, the main distribution at 2,236.2 
m z−1 (signal set 2, Figure 1f) can be assigned to a deprotected 
pEtHepOzi with a Na+ counterion (for a more detailed infor-
mation of the different MALDI-TOF species please refer to 
Table S2, Supporting Information).

It is well established that POx exhibit a good thermal stability 
(onset temperature of major mass loss Td > 300 °C[40,41]) com-
parable with other water soluble, organic polymers used for 
drug delivery (Td = 210 °C [γ-polyglutamic acid];[42] 330 °C [poly-
ethylene glycol][43]). The Td of the homopolymers comprising 
C9-side chains was above 350 °C (Figure S23a, Supporting Infor-
mation, Table 1). However, a first mass loss step occurred already 
at approximately 250 °C (most pronounced for pEtHepOzi exhib-
iting a weight loss of 12% up to 300 °C), which may be attrib-
uted to either thermal, solvent-free degradation of the Boc-group 
(accounts for approximately 5 wt% of the polymer) or residual 
solvent/triflate present in the polymer, even though 1H-NMR 
spectra did not show the presence of residual solvent.

To get further understandings of the thermal behavior 
of the homopolymers, DSC measurements were conducted 
(Figure S24a, Supporting Information). pNonOx was the only 
polymer exhibiting a melting transition ranging from 50 to 
100 °C (Tm,max = 89 °C). Recrystallization occurred upon cooling 
between 50 and 10 °C. Not surprisingly, the absence of melting 
peaks in the case of pEtHepOx and pEtHepOzi confirmed the 
hindered alignment of the branched 3-ethyl heptyl side chains 
causing a decrease in packing density and efficiently preventing 
crystallization.[44] The glass transition temperature (Tg) is com-
monly used to determine the chain segment mobility of a pol-
ymer. The higher the glass transition temperature, the lower 
the chain segment mobility.[45] Neither pNonOx nor pEtHepOzi 
presented clear Tg values at the investigated temperature range 
from −50 to 200 °C. It should be noted that Rettler and co-
workers also did not identify a Tg for pNonOx with higher DP 
of 60 or 100.[46] For pEtHepOx, a Tg of −26 °C was observed. 

The shape of the heating curves of pNonOzi 
was rather irregular and may suggest an 
overlap of a glass transition and a melting 
point. On the one hand, a gradual increase in 
the heat capacity cp from −40 to −30 °C (cor-
responding to a glass transition), and on the 
other hand a more or less defined maximum 
in the heat flow at −11.2 °C (corresponding 
to an unusually low melting point) appeared. 
This overlap was corroborated using a 
lower heating rate (Figure S24b, Supporting 
Information).

Nevertheless, the less pronounced (if 
any) melting point suggests a higher chain 
mobility of POzi (pNonOzi) compared to POx 
(pNonOx) homopolymers.[47] For pEtHepOx 
with a DP of 100, Kempe et al. reported a Tg 
of −5.6 °C,[35] which is approximately 20 °C 

higher than the Tg obtained presently. Furthermore, pNonOx 
with a DP of 50 exhibited a melting point of 150 °C[44] (com-
pared to 89 °C in this study). Both observations are in accord-
ance with the common trend that the Tg as well as the melting 
point increases with increasing chain length for small chain 
lengths.

3.2. ABA Triblock Copolymers

Next, the ABA triblock copolymers comprising pNonOx, 
pNonOzi, pEtHepOx, and pEtHepOzi as hydrophobic block 
B as well as pMeOx as hydrophilic blocks A were prepared 
by consecutive LCROP. As all block copolymers compromise 
the same hydrophilic blocks A, they will be labeled according 
to their hydrophobic block A-pNonOx-A,[25,27,48] A-pNonOzi-A, 
A-pEtHepOx-A, and A-pEtHepOzi-A.

All triblock copolymers were thoroughly characterized by 1H-
NMR and GPC, exemplified here using the novel A-pEtHepOzi-
A. For further characterization of all other copolymers please 
refer to Supporting Information (Figures S15–S22) and Table 2. 
Analogue to the homopolymers, 1H-NMR revealed a good syn-
thetic control via [M]0/[I]0 (Figure 2a,b). Again, the signal of 
the tert-butyl group of PipBoc (signal 7) was overestimated, 
which could be explained by insufficient base line separation 
of the adjacent polymer signals as mentioned above. After full 
monomer consumption (verified by 1H-NMR) and before sub-
sequent monomer addition, small amounts of the reaction mix-
tures were sampled and analyzed by GPC (Figure 2c) without 
further purification (first and second block) and after dialysis 
(third block). A distinct shift to higher molar masses was clearly 
visible after consumption of each block. In particular, the elu-
gram of the final product appeared essentially monomodal with 
a reasonably low dispersity (Ð < 1.2).

Thermally, the ABA triblock copolymers were slightly more 
stable than the respective homopolymers exhibiting onsets of 
major mass loss >360 °C (Figure S23b, Supporting Informa-
tion, Table 2). Again, a first minor mass loss step occurred 
already at approximately 250 °C. However, this first weight loss 
was less pronounced compared to the homopolymers, corrobo-
rating that this may be caused by degradation of the Boc-group 
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Table 1. Physicochemical characterization of the homopolymers including the yield, molecular 
weight Mn, dispersity Ð, glass transition temperature Tg, and melting point Tm.

Polymer Yield Mn
a)

Mn
b)

Mn
c)

Mn
d)

Ð
c)

Ð
e)

Tg
f)

Tm
f)

Td
g)

[%] [kg mol−1] [°C] [°C]

pMeOx35 79 3.2 3.3 2.3 — 1.05 — 74 * —

pEtHepOx 49 2.5 2.7 2.2 3.0 1.03 1.04 −26 * 369

pEtHepOzi 22 2.5 2.1 2.0 2.4 1.05 1.07 * * 360

pNonOx 77 2.3 2.1 1.9 2.5 1.04 1.05 * 89 359

pNonOzi 31 2.5 2.7 2.1 2.3 1.08 1.11 (−35) (−11) 361

a)According to reactants weighed in; b)Obtained by 1H-NMR (CDCl3; 300 MHz) evaluated as mean of all 
relevant signals; c)Obtained by GPC (eluent: HFIP, calibrated with PEG standards); d)According to the most 
intense peak of MALDI-TOF spectrum; e)Obtained with a Poisson distribution from the MALDI-TOF spec-
trum; f)Mean Tg and Tm obtained from second and third heating curve (DSC); g)Onset temperature of major 
mass loss (TGA); *No value obtained; —not measured.
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or residual triflate present in the polymer. A good thermal sta-
bility will be favorable for the formulation of different drugs by 
hot melt extrusion (vide infra), where the melting temperature 
of the drug often needs to be exceeded without compromising 
the polymer integrity.[49] This issue needs to be evaluated fur-
ther for the present polymers, investigating, for example, other 
polymer termini.

Unexpectedly, the ABA triblock copolymers exhibited similar 
Tg values in the narrow range of 54 °C to 61 °C (Figure S25, 
Supporting Information) with no melting transition. This is 
rather surprising, as the homopolymers corresponding to the 
hydrophobic blocks differed strongly in their thermal behavior 
(vide supra). Therefore, one might expect that according to the 

Fox equation (Equation (6)), the Tg of the triblock copolymers 
should also differ significantly, as the hydrophilic blocks remain 
essentially the same in all cases.

1

g,mix

1

g,1

2

g,2T

w

T

w

T
= +  (6)

where Tg,mix is Tg of the mixture; Tg,1 and Tg,2 are the Tg values of 
compound 1 and 2, respectively; and w1 and w2 are the weight 
fractions of compound 1 and 2, respectively.

The homopolymer pMeOx with a DP of 35 (pMeOx35) rep-
resenting the hydrophilic A blocks of the ABA-triblock copoly-
mers was synthesized (for synthesis and characterization please 
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Figure 1. a) 1H-NMR; b) 13C-NMR; c) DEPT-135 and d) HSQC (CDCl3; 300 MHz; 298 K) of pEtHepOzi with signal assignment of all major signals; 
e) MALDI-TOF of pEtHepOzi with Poisson distribution of the main distribution (red curve, calculated); f) enlarged MALDI-TOF spectrum; g) GPC 
elugram (HFIP) of pEtHepOzi.
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refer to Table 1 and Figures S13–S14, Supporting Information) 
and characterized by DSC (Tg = 74 °C; Figure S24, Supporting 
Information). Thus, the Tg of all homopolymers would have to 
be about −13 °C (calculated using equation (6) with the meas-
ured Tg value of pMeOx35 and the respective values of the tri-
block copolymers), which clearly does not fit the experimental 
results. This could mean that in the solid state, the intra- and 
intermolecular interactions between the hydrophilic pMeOx 
chains, and the hydrophobic segments of the triblock copoly-
mers are significant compared to the intra- and intermolecular 
interactions of the hydrophobic block itself, increasing the rela-
tive stiffness of the ABA-triblocks and therefore Tg,mix. This is 
in accordance with the observation that only a single Tg,mix was 
observed, elucidating a homogeneous structure with no (micro)
phase separation present.

The CMC in aqueous solution was determined by pyrene 
assay.[33,50] The calculated CMCs of all ABA triblock copolymers 
were very similar, except for A-pNonOzi-A, exhibiting a some-
what higher CMC (Figure 3a; Table 2). However, the higher 
CMC is due to the somehow smaller I1:I3 ratio at c(A-pNonOzi-
A) = 10−7 M, causing a flattening of the baseline and therefore 
a delayed decay of the fitting curve. Apart from that, the I1:I3 
ratio decreased for all polymers within the same concentration 
range, displaying limitations of the pyrene assay to determine 
CMCs. It should be noted that the aqueous stock solution of 
A-pNonOx-A had to be annealed at 80 °C for 12 h in order to 
avoid large non-equilibrium aggregates[51] (for apparent CMC 
of non-annealed A-pNonOx-A, see Figure S27a, Supporting 
Information). It is interesting that the shape of I1:I3 ratio versus 
concentration plot is much steeper for the tempered A-pNonOx-
A, compared to the other triblock copolymers and compared to 
the non-annealed polymer. Considering the thermal properties 
of the core-forming homopolymers, one may be tempted to 
attribute this to the solid nature of the hydrophobic core, but 
the thermal analysis of the triblock copolymers does not sup-
port this notion, as all four triblocks show almost identical ther-
mograms (Figure S25, Supporting Information).

Furthermore, the size of the unloaded polymer micelles 
was analyzed by DLS (Figure 3b,c). Due to solubility issues, 
A-pNonOx-A had to be diluted to 1 g L−1, whereas the other 
polymers were measured at 10 g L−1. The micelles/aggregates 
formed by A-pEtHepOx-A, A-pEtHepOzi-A, and A-pNonOzi-A 

exhibited apparent hydrodynamic radii 
(Rh) below 50 nm. The apparent Rh of 
A-pNonOx-A exhibits a pronounced angle 
dependence, which could be explained by 
a broad particle size distribution or non-
spherical aggregates (or both). As it is previ-
ously confirmed that formation of worm-like 
micelles from A-pNonOx-A,[52,53] it can be 
assumed that this will be the case here for 
this new batch. (Figure 3c; for DLS of non-
annealed A-pNonOx-A, see Figure S27b,c, 
Supporting Information). Interestingly, both 
block copolymers with a POzi-based hydro-
phobic core exhibited a smaller Rh compared 
to the POx-based polymers (Table 2).

3.3. In Vitro Cell Cytotoxicity and Hemolysis

The low CMCs and small micellar sizes of the present ABA 
triblock copolymers make them potentially suitable for in vivo 
applications. For this, the cell compatibility as well as hemolytic 
activity of the respective copolymers is of interest. After 24 h 
treatment, none of the triblock copolymers decreased the cell 
viability of HDF compared to untreated control (Figure 4a). It 
should be noted, that the solution of A-pNonOx-A in cell cul-
ture medium was not completely clear at 10 g L−1, exhibiting 
whitish streaks which could not be removed by centrifuga-
tion (A-pNonOx-A was completely soluble at concentrations 
≤1 g L−1). Nevertheless, the cytotoxicity of A-pNonOx-A was still 
evaluated at 10 g L−1 for comparison reasons with no sign of 
reduction in viability. After 48 h treatment, only A-pNonOzi-A 
appears slightly cytotoxic with a corresponding reduction in cell 
viability to 70 ± 4% (Figure 4b). However, such relatively high 
concentrations for comparable long periods of time would not 
be expected in case of in vivo administration due to the signifi-
cant dilution upon injection. Nevertheless, it should be noted 
that previously POx-based triblocks with a less pronounced 
amphiphilic contrast, such as A-pPrOzi-A, but also those with 
a very hydrophobic poly(2-benzyl-2-oxazoline) central block 
(A-pBzOx-A) did not show any sign of cytotoxicity up to even 
higher polymer concentrations of 100 g L−1 against HDF.[31,54]

We also investigated these new polymer amphiphiles with 
respect to their hemolytic potential. Non-ionic hydrophilic 
POx[55,56] and POx amphiphiles with a weak hydrophilic/
lipophilic contrast[26] have been described to show very little 
hemolysis. However, the polymers described here exhibit a 
much stronger hydrophilic/lipophilic contrast, which may lead 
to more pronounced hemolysis. However, none of the POx-
based triblock copolymers was hemolytic (Figure 4c; a hemo-
globin release below 2% is considered to be non-hemolytic). 
To the best of our knowledge, the presently investigated POzi 
represent the first POzi to be investigated with respect to their 
hemolytic activity and also did not show any sign of hemolysis. 
As stated before, A-pNonOx-A was not fully soluble at polymer 
concentrations >1 g L−1. Nevertheless, the hemolysis assay 
was also performed with the slightly turbid solution of 5 g L−1 
A-pNonOx-A. Due to the turbidity, no spectrophotometric quan-
tification of the hemoglobin release could be performed. 
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Table 2. Physicochemical characterization of ABA-triblock copolymers including the yield, 
molecular weight Mn, dispersity Ð, glass transition temperature Tg, critical micelle concentra-
tion CMC, and mean hydrodynamic radius Rh.

Polymer Yield Mn
a)

Mn
b)

Mn
c)

Ð
c)

Td
d)

Tg
e) CMCf) CMCf)

Rh
g)

[%] [kg mol−1] [°C] [mM·10−4] [mg L−1] [µm]

A-pEtHepOx-A 88 8.9 8.9 4.9 1.16 368 60  5.6  4.9 32

A-pEtHepOzi-A 90 8.7 9.5 4.4 1.15 375 54  4.8  4.1 11

A-pNonOx-A 83 8.5 6.5 5.0 1.17 379 60  6.2  5.3 60

A-pNonOzi-A 69 8.5 8.1 4.5 1.24 362 60 12.7 10.8 20

a)According to reactants weighed in; b)Obtained by 1H-NMR (CDCl3; 300 MHz); c)Obtained by GPC (eluent: 
HFIP, calibrated with PEG standards); d)Onset temperature of major mass loss (TGA); e)Mean Tg obtained 
from second and third heating curve (DSC); f)Obtained by pyrene assay at 25 °C; g)Mean Rh obtained by 
DLS from the average diffusion coefficient at 25 °C.
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However, as judged by visual inspection, no hemoglobin was 
released (lack of red color).

3.4. Drug Formulation

The good cytocompatibility and absence of any hemolytic 
activity of the investigated ABA triblock copolymers corrobo-
rates the potential for in vivo applications. Thus, they were 
employed to formulate the highly water insoluble drugs cur-
cumin (CUR; log P = 3.28,[57] solubility [H2O] = 0.01–0.6 mg 
L−1[58,59]) and paclitaxel (PTX; log P = 3.96[60]; solubility [H2O] = 

0.4–4 mg L−1[61]) using the thin film method (Figure S28, Sup-
porting Information).[24]

During the preparation of the CUR-loaded micelles by thin 
film hydration, pronounced differences between the respec-
tive formulations were already apparent by visual inspection. 
Apart from the visual solvatochromicity, at the lowest CUR 
feed of 2 g L−1 (ρ(polymer) = 10 g L−1 for all formulations), 
noticeable precipitation occurred in the case of the POx-based 
A-pEtHepOx-A (Figure 5a,d) and A-pNonOx-A (Figure 5c). The 
resulting supernatant appeared only slightly yellow, corrobo-
rating a very low CUR formulation (Figure 5a, left tube). In 
contrast, no precipitate was observed at the same CUR feeds 
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Figure 2. a) 1H-NMR spectra (CDCl3; 300 MHz; 298 K) of A-pEtHepOzi-A with signal assignment of all major signals; b) chemical structure of 
A-pEtHepOzi-A; c) GPC elugrams (HFIP) with corresponding data of A-pEtHepOzi-A after each block.
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using the POzi with the same side chains, namely A-pEtHep- 
Ozi-A (Figure 5a,f) and A-pNonOzi-A (Figure 5b,e).

For PTX[25] or CUR[31] formulations with ABA triblock 
copolymer comprising a modestly hydrophobic pBuOx core, 
the LE decreased dramatically from 90% to essentially 0% after 
exceeding a certain drug-feed. In the case of A-pEtHepOx-A the 
situation appears to be vice versa, as doubling the CUR feed 
from 2 to 4 g L−1 enabled much better encapsulation (LE = 0.2% 
vs. 47.1%; Figure 5a,d). A similar, however less pronounced 
increase in the LE could be obtained with the structural isomer 
A-pNonOx-A (Figure 5e). At higher CUR feed concentrations, 
higher standard deviations between the individually prepared 
formulations were observed (Figure 5c–f). This is in contrast 
to earlier reports using POx with short aliphatic side chains, 
where the standard deviations were typically very low (≤8%) 
even at the highest drug loadings and also inter-lab reproduc-
ibility was excellent over many years. For example, in the case 
of A-pNonOzi-A, individual LC differed between 17.7 wt% 
(ρ(CUR) = 2.2 g L−1; LE = 17.9%) and 51.1 wt% (ρ(CUR) = 
10.4 g L−1; LE = 87%) at CUR feeds of 12 g L−1. Such poor repro-
ducibility would not be favorable for further development. 
The reason for this poor reproducibility is unknown at this 
point, but it may hint toward a high dependency with respect 

to formulation parameters such as temperature or air stream 
flow, even though these were kept constant to the best of our 
abilities. Apart from the high standard deviation, increasing the 
drug feed up to 8 g L−1 increased the mean LC for all triblock 
copolymers. However, at very high CUR-feeds (10 and 14 g L−1, 
respectively) (Figure 5c,e,f), LC and LE decreased again. In the 
case of A-pNonOzi-A, this was particularly pronounced with 
a reduction of LE from 79.0 ± 2.0% (CUR feed = 10 g L−1) to 
12.0 ± 2.0% (CUR feed = 14 g L−1).

Generally, the POzi-based ABA triblock copolymers exhib-
ited significantly higher maximum CUR-loadings compared 
to the POx-based formulations (ρmax(CUR) = 3.21 ± 2.46 
[A-pNonOx-A] vs. 7.90 ± 0.24 g L−1 [A-pNonOzi-A] and 2.79 ± 
1.08 [A-pEtHepOx-A] vs. 5.74 ± 0.44 g L−1 [A-EtHepOzi-A]) 
resulting in polymer drug-specificities of 1/2.5 for nonyl 
and 1/2.1 for 3-ethylheptyl-based copolymers with respect 
to the LC. Such polymer-CUR specificities have already been 
observed previously for A-pPrOx-A and A-pBuOx-A versus 
A-pPrOzi-A and A-pBuOzi-A, respectively.[28] Also in this 
case, the POzi-based triblock copolymers were superior to 
the POx-based ones with respect to the LC for curcumin. 
Also, CUR solvatochromicity was observed with formulations 
with POzi-based hydrophobic blocks appeared yellowish, 
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Figure 3. a) I1:I3 ratio (pyrene assay) in dependence of the ABA triblock copolymer concentration with corresponding fits. CMC was defined as a 
decrease of the I1:I3 ratio to 90% of its initial value; b) g1(t) (top graph, empty symbols) as well as corresponding fits (top graph, solid lines) with 
residuals (bottom graph) of the copolymers at a measurement angle of 90°. The polymer concentration was 10 g L−1 (A-pNonOx-A: 1 g L−1); c) apparent 
hydrodynamic radii of aqueous ABA triblock copolymer solutions as a function of the scattering vector q2.

Figure 4. Cell viability of primary human dermal fibroblasts treated with increasing polymer concentrations (0.1–10 g L−1) for a) 24 h and b) 48 h. 
Cell viability was assessed using CellTiter-Glo. Data are presented as means ± SD (n = 3); c) hemolysis assay of erythrocytes after incubation with 
ABA-triblock copolymers at indicated concentrations. A value of less than 2% hemoglobin release is classified as non-hemolytic and more than 5% as 
hemolytic. The missing value for A-pNonOx-A at 5 g L−1 (red star) is due to solubility issues causing turbidity and therefore interfering with spectro-
photometric quantification. Values are presented as means ± SD (n = 4).
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whereas POx-based copolymers exhibited a rather red color 
(Figure 5b).[28,31]

A closer look at the precipitate of ρ(A-pEtHepOx-A/CUR) = 
10/2 g L−1 (Figure 5a, left tube) revealed a rather voluminous, 
gel-like agglomerate or coacervate, instead of crystalline par-
ticles. To obtain a better perception of the composition of 
the precipitate, the clear and slightly yellow supernatant was 
removed, and the remaining solid/gel was carefully washed five 
times with water to remove any residual soluble formulation. 

The remaining coacervate/gel was freeze-dried, dissolved in 
CDCl3, and characterized by 1H-NMR spectroscopy (Figure 5g). 
Clearly, the precipitate did not only consist of precipitated cur-
cumin, but also polymer. More strikingly, the ratio of polymer/
CUR = 10:2.9 w/w correlated well to the initially added con-
centrations of A-pEtHepOx-A/CUR = 10/2 w/w. Important to 
note, in the absence of drug, A-pEtHepOx-A dissolved neatly. 
Therefore, the presence of CUR is necessary for coacervate 
formation.
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Figure 5. a) Optical appearance of CUR formulations of A-pEtHepOx-A and A-pEtHepOzi-A at polymer/drug-feed ratios of 10/2 & 10/4 [g L−1]; 
b) appearance of CUR formulated with A-pNonOx-A and A-pNonOzi-A at a polymer/drug-feed ratio of 10/8 [g L−1]; c) 1H-NMR (CDCl3; 300 MHZ; 298 K) 
of the precipitate in the left tube shown in Figure 5a, neat A-pEtHepOx-A and neat CUR. Aqueous CUR-concentrations in dependence of the CUR-feed 
concentration at ρ(polymer) = 10 g L−1 of d) A-pNonOzi-A; e) A-pNonOx-A; f) A-pEtHepOx-A; and g) A-pEtHepOzi-A. The three individually prepared 
formulations at a certain CUR-feed concentration are shown as boxplot (red line = mean) with the highest and lowest solubilized CUR concentration 
being the upper and lower limit, respectively.
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An unexpected difference between POx- and POzi-based 
CUR formulations was observable also with regard to the long-
term stability of the respective formulations (Figure 6a–d). In 
the case of A-pNonOzi-A and A-pEtHepOzi-A, CUR-loading 
decreased over a 30-day period (Figure 6b,c). In the same 
period, the drug loading of A-pNonOx-A remained rather con-
stant (Figure 6a). Unexpectedly, in the case of A-EtHepOx-A, 
the drug loading increased at all CUR-feed concentrations from 
day 0 to day 10 (Figure 6d). Even though in some cases the 
means are not significantly different due to the large standard 
deviations (e.g., drug feed 6 g L−1), the overall trend appears 
reasonably clear. At 10 g L−1 CUR feed, a 1.6-fold increase in 
the drug loading from 3.3 ± 0.3 g L−1 (day 0) to 5.41 ± 0.6 g L−1 
(day 10) was observed. At this point, it should be noted that all 
formulations were stored in Eppendorf tubes containing the 
initial gel/coacervate. Therefore, in the case of A-pEtHepOx-A, 
it seemed that either initially precipitated CUR was dissolved by 
neat poly mer present in solution, or that the initial coacervate 
dissolved over the 10-day period.

The latter assumption is supported by the previously dis-
cussed observation, that the precipitate not only contained 
CUR, but also polymer (Figure 5g). As a control experiment, 
neat CUR was dispersed in water and A-pEtHepOx-A was 
added (ρ(A-pEtHepOx-A/CUR) = 10/3 g L−1). The dispersion 
was stored in the dark at ambient conditions (T ≈ 25 °C) and 
samples were withdrawn after centrifugation after predefined 

time intervals. No CUR was detectable in the supernatant by 
UV-VIS absorption (as well as visual inspection) within the first 
24 h. Subsequently, the dispersion was shaken at 55 °C in the 
dark up to 15 days. Again, no CUR was detectable in the super-
natant, clearly refuting the assumption that polymer in solution 
might be able to formulate initially precipitated CUR. Obvi-
ously, the polymer is unable to overcome the lattice energy of 
crystalline CUR. To further proof that drug/polymer coacervate 
re-dissolves in the case of A-pEtHepOx-A, the initial precipi-
tate occurring during thin-film method (Figure 5a) was gently 
washed five times with water. Subsequently, a defined amount 
of water was added and the dispersion stored at ambient condi-
tions in the dark. Whereas no CUR was detectable immediately 
after rehydration, the aqueous drug concentration continuously 
increased over a 23-day period (Figure S29, Table S19, Sup-
porting Information). Therefore, it seemed that the POx/POzi-
based amphiphiles not only slowed down the kinetics of CUR 
crystallization, but also drastically shift the thermodynamic 
equilibrium with regard to the CUR solubility, as at least 2.500 
to 300.000-fold increase (ρ(CUR) = 1.5–3 g L−1) in CUR solu-
bility (CUR solubility in H2O = 0.01–0.6 mg L−1) occurred. This 
is quite remarkable, considering that few reported CUR formu-
lations achieve such CUR solubilities at any given point. Also, 
it is important to note that the signs for chemical degradation 
were not observed, which is often reported for the relatively 
reactive/unstable CUR.[62]

Macromol. Biosci. 2018, 1800155

Figure 6. Long-term stability of CUR formulated with a) A-pNonOx-A, b) A-pNonOzi-A, c) A-pEtHepOx-A, and d) A-pEtHepOzi-A in dependence of the 
CUR-feed concentration (ρ(polymer = 10 g L−1). Data is given as mean ± SD (n = 3).
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Figure 7. a) 1H-NMR spectra (300 MHz, 298 K) of neat A-pNonOzi-A in CDCl3 (bottom, red spectrum) and D2O (golden spectrum), CUR-loaded 
A-pNonOzi-A micelles with increasing CUR content (CDCl3; bottom to top) and neat CUR (CDCl3; top, purple spectrum) with signal assignment 
of all major polymer signals. Polymer concentration was kept constant at ρ(A-pNonOzi-A) = 10 g L−1. For better visibility, enlarged section of neat 
A-pNonOzi-A in D2O and CDCl3 is shown; b) enlarged spectra of CUR-loaded micelles with increasing drug content (bottom to top) in D2O. Integral 
of methyl-side chain (signal 6) was set to 1 and corresponding integrals of POx/POzi backbone (signals 1 & 2) are shown; c) chemical structure and 
signal labeling of A-pNonOzi-A; d) ratio of the signal intensity of the POx/POzi backbone (signals 1 & 2) and the methyl side chain (signal 6) with 
increasing CUR content in D2O (red curve = exponential decay fit). For comparison, ratio in CDCl3 is shown (blue asterisk); e) Autocorrelation curves 
and fit residuals from dynamic light scattering of the various A-pNonOzi-A/CUR nanoformulations in DI water and f) apparent hydrodynamic radii 
of aqueous A-pNonOzi-A/CUR nanoformulations as a function of the scattering vector q2. g) Heat flow (DSC) of the 3rd heating (10 °C min−1) from 
−50 °C to 200 °C of CUR (orange), A-pNonOzi-A (red) or A-pNonOzi-A/CUR mixtures which were either formulated and subsequently lyophilized 
(solid lines) or physically mixed (dotted lines). Inset shows the Tg values in dependence of the amount of CUR solubilized (formulations) or added 
(physical mixtures); h) photograph of opened DSC crucible and of its content dissolved in DI water (A-pPrOzi-A/CUR mix 10/4 after three heating/
cooling cycles) as well as the redispersed (H2O) sample; i) HPLC elugram of the redispersed sample compared to neat CUR. Enlarged section shows 
all relevant signals as well as the relative amount [%] of BDMC, DMC, and CUR.
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The study the interactions between CUR and A-pNonOzi-A 
(which is forming the nanoformulations with the highest CUR 
concentration), neat polymer and CUR-loaded nanoformula-
tions were investigated by 1H-NMR spectroscopy (Figure 7). 
Not surprising, already in the absence of CUR, major differ-
ences between the spectra of A-pNonOzi-A in CDCl3 and D2O 
are observed (Figure 7a, red and golden spectra). Whereas in 
CDCl3 all 1H-NMR signals of A-pNonOzi-A (Figure 7c) were 
clearly visible, the signals correlating to the hydrophobic 
pNonOzi block (signals 2, 5, 8, 10, 11) were significantly attenu-
ated in D2O. At the investigated concentration (ρ = 10 g L−1), 
A-pNonOzi-A is present almost exclusively (>99%) in form of 
micelles (CMC = 10.8 mg L−1; Figure 3a) in D2O. Within the 
hydrophobic domain, the pNonOzi block is strongly hindered 
in its mobility causing a broadening and disappearance of the 
correlating 1H-NMR signals by shortening its transverse relaxa-
tion time T2 (spin–spin relaxation). In contrast and as expected, 
predominantly unimers were present in CDCl3. A closer look at 
the polymeric backbone (Figure 7a, enlarged section) revealed 
a downfield shift and a modified appearance of the 1H-NMR 
signals of the polymeric backbone in D2O compared to CDCl3. 
The downfield shift might be caused by hydrogen bonding, 
withdrawing electronic density from the tertiary amide of POx/
POzi. The broad shape of the POx/POzi backbone is generally 
explained by cis/trans isomerism of the tertiary amide moiety. 
Therefore, the modified intensities might also be caused by 
a different ratio of cis/trans isomers, which can be expected 
changing the solvent. As the signal of the central methylene 
unit of the POzi-backbone (signal 7) completely disappeared 
in D2O, it is unlikely that the signal at 3.65 ppm (Figure 7a, 
enlarged section) corresponds to the initial signal of the POzi 
backbone at 3.29 ppm.

None of the spectra of CUR-loaded micelles (ρ(CUR) = 
1–8 g L−1) exhibited the signals characteristic for curcumin 
(Figure 7a, top spectrum). Furthermore, the signals of the 
NonOzi-side chain, which were still slightly detectable in the 
absence of CUR in D2O (signals 8, 10, 11), completely disap-
peared in all formulations hinting a further reduction in chain 
mobility. In contrast, the methyl side chain of the hydrophilic 
pMeOx block (signal 6) was much less affected, indicating no 
major interaction with CUR. With increasing drug content, the 
ratio between the signals of the POx/POzi backbone (signals 
1, 2) and the methyl side chain (signal 6) decreased essentially 
exponentially toward unity (Figure 7d). This indicates either 
interactions between the POx backbone and CUR, or that the 
signal of the POzi backbone (signal 2) underneath the signal of 
the POx backbone (signal 1) is more and more disappearing. 
However, in this case the ratio should decrease to a minimum 
4:3, wherefore the obtained value of 1 hints toward a more com-
plex situation which warrants further investigations.

Interactions between CUR and the ABA triblock copolymers 
were also apparent in the solid state (Figure S30, Supporting 
Information). Lyophilized drug-loaded polymer micelles exhib-
ited a modified IR-spectra with a signal occurring at 1579 cm−1, 
whereas simply physical mixed polymer/CUR with the same 
polymer and CUR contents did not show this absorption. As 
this absorption was close to the vibration band of the amide 
group of POx/POzi at 1,624 cm−1, this signal could be related 
to the amide groups of the hydrophobic core interacting with 

CUR. However, a more in-depth investigation is necessary to 
confirm this. Furthermore, the signal at 1,601 cm−1 character-
istic for CUR disappeared within the formulations, whereas 
mixed polymer/CUR clearly showed this signal. In addition, 
this signal became more dominant with increasing CUR con-
tent in the physical mixture.

The apparent hydrodynamic radii of the CUR-loaded polymer 
micelles of A-pNonOzi-A were slightly larger (Rh ≈ 40 nm) than 
of the neat polymer micelles (Rh = 20 nm) (Figure 7e,f). The 
amount of CUR solubilized had a minor effect on Rh. None of 
the lyophilized CUR-loaded A-pNonOzi-A formulations showed 
a sign of CUR crystallinity in the first DSC-heating curve (after 
freeze drying, Figure S26a, Supporting Information). This is 
important, as the bioavailability of amorphous drugs is gener-
ally higher than that of crystalline ones, as the lattice energy 
does not need to be overcome. Furthermore, only a single Tg 
occurred in the third (and second) heating curves. This shows 
that the formulation forms a homogenous mixture without 
(micro)phase-separation (Figure 7g). In accordance with the 
Fox-equation (equation (6)), the Tg linearly increased with 
increasing drug content (Tg (CUR) = 92 °C) from 65 °C (LC = 
1 wt%) to 84 °C (LC = 47 wt%; Figure 7g). In contrast to the 
formulations, an endothermic peak (more intense at higher 
CUR-content) occurred between 120 °C and approximately 
180 °C (Figure S26b, Supporting Information) in the heat flows 
of the first heating cycle of physically mixed A-pNonOzi-A/
CUR blends. However, the second and third heating curves also 
exhibited only a single Tg comparable to the ones of the formu-
lations with no sign of CUR-crystallinity or microphase sepa-
ration (Figure 7g). This indicates that CUR can be formulated 
solvent free within the polymer melt essentially representing 
the hot-melt extrusion process. To corroborate this, the alu-
minum pan was opened after the third heating curve and its 
contents were dispersed in water. A complete dissolution of the 
solid occurred without any residual solids (Figure 7h). HPLC 
analysis (Figure 7i, green curve) is in accordance with CUR (Rt = 
7.7 min), demethoxycurcumin (DMC, Rt = 7.3 min), and bis-
demethoxycurcumin (BDCM, Rt = 6.9 min). The ratio of these 
curcuminoids slightly differed from that of neat CUR used in 
this study, derived from the rhizome of C. longa. Nevertheless, 
it is found that it is promising that the rather instable CUR is 
readily formulated in the melt without major degradation. This 
approach should be particularly suitable for more stable drugs. 
Altogether, CUR was clearly formulated in the solid state during 
the DSC measurements. The enthalpy of dissolution during the 
first heating cycle of any A-pNonOzi-A/CUR physical mixtures 
is obviously endothermic.

Compared to the formulations of CUR, the PTX formula-
tions of A-pEtHepOx-A, A-pEtHepOzi-A, A-pNonOx-A, and 
A-pNonOzi-A exhibited an even more inordinate pattern with 
respect to the LC and long-term stability (Figure 8a–d). Vis-
ible precipitation occurred in all samples after rehydration of 
the dried films prepared by thin film method. At the day of 
preparation, maximum PTX concentrations of only 1.24 ± 0.76 
g L−1 for A-pNonOx-A (LC = 11.0 ± 7.1 wt%), 2.13 ± 1.60 g L−1 
for A-pNonOzi-A (LC = 21.0 ± 16.7 wt%), 0.74 ± 0.07 g L−1 for 
A-pEtHepOx-A (LC = 6.9 ± 0.7 wt%), and 1.86 ± 0.10 g L−1 for 
A-pEtHepOzi-A (LC = 15.7 ± 1.0 wt%) could be obtained. Pre-
viously, using another batch of A-pNonOx-A, slightly higher 
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maximum aqueous PTX contents of 3.2 ± 0.4 g L−1 (LC = 
24 wt%) with much lower standard deviations between the 
samples (prepared in triplicates) were reported.[27] However, in 
this case, the volume of the aqueous formulations was 0.1 mL. 
Increasing the volume up to 1.5 mL at same polymer and drug 
concentrations lead to a significant decrease in the LC and 
maximum PTX contents less than 2 g L−1. Unfortunately, only a 
single sample was investigated at a 1.5 mL scale, which is why 
no statement about the standard deviation can be made. In our 
case, all aqueous formulations exhibited a volume of 0.3 mL, 
which is somewhere between the two mentioned volumes of 
0.1 and 1.5 mL and might explain the reduced LC compared to 
the formulation at 0.1 mL.

In the previous report, it was hypothesized that the decrease 
in the LC at larger scale was assumed to be caused by side-
chain crystallization of the long, hydrophobic C9-side chains 
(as, e.g., greater thickness of the dried films and slower drying 
may facilitate crystallization), as triblock copolymers containing 
short C4-side chains (sec-butyl, n-butyl) did not display such 
a dependency of the encapsulation efficiency. This assump-
tion was the initial driving force to compare the LC of nonyl-
based copolymers with ABA triblock copolymers comprising 
hydrophobic pEtHepOx and pEtHepOzi blocks in which side 
chain crystallization is hindered due to branching. However, 
no such benefit with respect to the LC could be observed at 

the day of preparation. Nevertheless, noticeable were the sig-
nificantly smaller standard deviations of the pEtHepOx- and 
pEtHepOzi-based PTX formulations compared to the pNonOx- 
and pNonOzi-based PTX formulations especially at maximum 
drug content.

Taking into account the error bars, no significant differ-
ences in the PTX content of both nonyl-based formulations 
within 30 days of storage in the dark at ambient conditions was 
found (Figure 8a,b). In contrast, the PTX content of A-pEtH-
epOx-A-based formulations significantly increased at all PTX-
feed concentrations after 5-day storage, that is, 21- and 11-fold 
increase at PTX feed = 2 and 8 g L−1, respectively (Figure 8c). 
The increase in drug content of A-pEtHepOzi-A-based formula-
tions was more pronounced at high PTX-feed concentrations of 
8 and 10 g L−1 (Figure 8d). All PTX formulations were stored 
in Eppendorf tubes containing the initial coacervate. There-
fore, analogue to the CUR formulations of A-pEtHepOx-A, ini-
tial A-pEtHepOx-A/PTX, and A-pEtHepOzi-A/PTX polymer/
drug coacervates appear to dissolve over time, which points 
toward a kinetic rather than thermodynamic effect. Neverthe-
less, PTX contents of all formulations irrespective of the time 
of quantification were significantly lower than that of the exten-
sively investigated PTX formulations of A-pBuOx-A exhibiting 
LCs of almost 50 wt% (ρ(PTX) = 10 g L−1 @ ρ(A-pBuOx-A) = 
10 g L−1[26]) and extraordinary long-term stabilities in PBS of at 

Figure 8. Long-term stability PTX formulated with a) A-pNOnOx-A, b) A-pNOnOzi-A, c) A-pEtHepOx-A, and d) A-pEtHepOzi-A in dependence of 
CUR-feed concentration (ρ(polymer) = 10 g L−1). Data is given as mean ± SD (n = 3).
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least 7 months.[25] Clearly, our hypothesis that side-chain crys-
tallization may somehow interfere with drug loading does not 
stand.

As previously reported, in the case of A-pPrOzi-A and 
A-pBuOx-A, LC for the unfavorable drug (PTX for A-pPrOzi-A; 
CUR for A-pBuOx-A) could be significantly increased (eightfold 
for A-pPrOzi-A; 28-fold for A-pBuOx-A) by co-formulating the 
favorable drug in a 1:1 w/w ratio. Here, the LCs for PTX could 
also be strongly increased at all drug-feed concentrations irre-
spective of the utilized polymer by co-formulating CUR in a 1:1 

w/w ratio (Figure 9, green bars). At low drug-feed concentra-
tions of ρ(CUR & PTX) = 2 & 2 g L−1, the LC for CUR (Figure 9, 
brown bars) could also be increased in the POx based triblocks. 
Interestingly, in all other cases, ρ(CUR) either remained the 
same as in the single formulation or slightly decreased. Gener-
ally, the triblock copolymers comprising a POzi-based hydro-
phobic core exhibited higher maximum drug loadings (LC 
[A-pNonOzi-A] = 38.8 wt%, ρ(CUR & PTX) = 3.5 & 5.1 g L−1; LC  
[A-pEtHepOzi-A) = 37.4 wt%, ρ(CUR & PTX) = 4.2 & 5.8 g L−1) 
compared to POx-based polymers (LC [A-pNonOx-A] = 26.1 

Figure 9. Aqueous CUR & PTX concentrations co-formulated with a) A-pNOnOx-A, b) A-pNonOzi-A, c) A-pEtHepOx-A, and d) A-pEtHepOzi-A in 
dependence of drug-feed concentrations (PTX: bright green; CUR: bright orange; ρ(polymer) = 10 g L−1). For comparison, aqueous CUR (dark orange) 
and PTX (dark green) concentrations of the single drug formulations at same drug-feed ratios are shown. Data is given as mean ± SD (n = 3); e) molar 
ratio of CUR & PTX co-encapsulated within the polymeric micelles ± SD (n = 3, calculated with error propagation).
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wt%, ρ(CUR & PTX) = 1.6 & 2.5 g L−1; LC [A-pEtHepOx-A] = 
32.9 wt%, ρ[CUR & PTX] = 2.8 & 4.8 g L−1).

Surprisingly, a closer look at the molar ratios of the co-encap-
sulated drugs (Figure 9e) revealed a more or less constant CUR/
PTX molar ratio of 1.5:1 (Table S18, Supporting Information). 
This might be a hint toward specific interactions between CUR 
and PTX as this considerably differed from the initial feed ratio 
of CUR/PTX = 2.3 [mol/mol]. Interestingly, PTX & CUR co-
formulated with the shorter side chain homologue A-pPrOzi-A 
at the same drug-feed ratios resulted in solubilized CUR/PTX 
molar ratios of around 2.8:1 (being closer to the initial feed 
ratio of 2.3). Therefore, it appears that the nature of the hydro-
phobic block seems to somehow influence the co-loading ratio, 
the reason for this being unknown at the moment. It should be 
noted that the drug ratio chosen in this exploratory work has no 
particular biological rationale.

Intermolecular interactions between co-encapsulated drugs 
have already been observed for β-lapachone (LPC) and tanshi-
none IIa (THA) co-encapsulated with PTX.[63,64] According to 
molecular dynamics simulation, PTX disrupted stacking inter-
actions between the LPC molecules, strongly decreasing its 
crystallization propensity. A similar disruption might be pre-
sent in the co-formulations of PTX and CUR, being responsible 
for the observed synergism with respect to the LC for PTX. 
However, this needs to be investigated further.

4. Conclusion

It has been reported previously, that despite its strongly hydro-
philic/lipophilic contrast, A-pNonOx-A was much less suit-
able to formulate PTX than A-pBuOx-A, a polymer amphiphile 
with a poor hydrophilic/lipophilic contrast. It was assumed 
that this may have been due to side chain crystallization of the 
long alkyl chains, which has been described for the NonOx 
homopolymers.[27] To study this, four ABA triblock copolymer 
amphiphiles with linear (nonyl) and branched (3-ethylheptyl) 
C9 side chains were synthesized, respectively. The backbone 
of the hydrophobic block was POx- and POzi-based, respec-
tively. Apart from A-pNonOx-A, these polymers have not been 
described previously. It was not possible to identify any melting 
points for the polymers with the branched side chains while the 
ones with linear side chains are semicrystalline. However, in 
form of triblock copolymers with flanking MeOx blocks, none 
of the investigated polymers show signs of crystallization. Inter-
estingly, the glass transition temperatures of the ABA triblock 
copolymers were almost identical, irrespective of the nature of 
the central hydrophobic blocks.

Interestingly, A-pEtHepOx-A bearing a branched side chain 
enabled much higher PTX concentrations in aqueous formula-
tions compared to A-pNonOx-A, but still much lower than less 
hydrophobic A-pBuOx-A. However, this higher concentration 
could only be achieved after several days, hinting at a kinetic 
effect in the dissolution of the corresponding thin film. In the 
case of CUR as payload, previous reports suggested that hydro-
phobic poly(2-oxazine) moieties would be beneficial for CUR 
formulation. This was confirmed also for A-pNonOzi-A and 
A-pEtHepOzi-A, even though the drug loadings fell short com-
pared to A-pBuOzi-A and A-pPrOzi-A.

While this contribution sheds more light on structure–for-
mulation relationships, the molecular origin of the peculiar 
and highly unusual solubilization capacity of certain POx- and 
POzi-based polymer micelles remains to be elucidated.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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As discussed in the state of knowledge, π- π stacking has been utilized to increase the LC of 

polymer micelles for hydrophobic drugs containing aromatic moieties. To investigate this 

systemically, four different triblock copolymers with increasing amount of aromatic moieties 

within their hydrophobic core have been synthesized to formulate three different hydrophobic 

drugs with varying aromatic content. Indeed, the LC of POx based amphiphiles with increasing 

amount of benzyl moieties in the sidechain (0 wt.%, 50 wt.%, 100 wt.%) increased linearly for CUR, 

having the highest amount of aromaticity. In contrast, the LC for PTX, having the lowest amount 

of aromatic moieties, decreased with increasing benzyl content. The first high capacity and stable 

formulations of the natural compound Schizandrin A (medium aromatic content) were barely 

affected by the polymer structure. Although these findings sound straightforward at first, the LC 

of a polymer comprising solely phenyl sidechains within the hydrophobic core was invariant of the 

drug structure. Therefore, a generalization of the impact of π- π stacking is not possible, although 

in selected cases LCs > 40 wt.% can be realized.  
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*S Supporting Information

ABSTRACT: Many natural compounds with interesting biomedical
properties share one physicochemical property, namely, low water
solubility. Polymer micelles are, among others, a popular means to
solubilize hydrophobic compounds. The specific molecular interactions
between the polymers and the hydrophobic drugs are diverse, and recently
it has been discussed that macromolecular engineering can be used to
optimize drug-loaded micelles. Specifically, π−π stacking between small
molecules and polymers has been discussed as an important interaction
that can be employed to increase drug loading and formulation stability.
Here, we test this hypothesis using four different polymer amphiphiles
with varying aromatic content and various natural products that also
contain different relative amounts of aromatic moieties. In the case of
paclitaxel, having the lowest relative content of aromatic moieties, the drug loading decreases with increasing relative aromatic
amount in the polymer, whereas the drug loading of curcumin, having a much higher relative aromatic content, is increased.
Interestingly, the loading using schizandrin A, a dibenzo[a,c]cyclooctadiene lignan with intermediate relative aromatic content is
not influenced significantly by the aromatic content of the polymers employed. The very high drug loading, long-term stability,
ability to form stable highly loaded binary coformulations in different drug combinations, small-sized formulations, and
amorphous structures in all cases corroborate earlier reports that poly(2-oxazoline)-based micelles exhibit an extraordinarily high
drug loading and are promising candidates for further biomedical applications. The presented results underline that the
interaction between the polymers and the incorporated small molecules may be more complex and are significantly influenced by
both sides, the used carrier and drug, and must be investigated in each specific case.

■ INTRODUCTION

For many years, natural products have played an important part
in drug discovery. In the late 20th century, a majority of drugs
were either natural compounds or their derivatives.1 At the end
of their review concerning the importance of natural products
for drug discovery, Newman et al. argued that well-defined drug
delivery systems could overcome unfavorable physicochemical
properties, like aqueous solubility, in the future.2 Likewise, via
high-throughput screening, new chemical entities or lead
structures are being identified and evaluated every day,3 but
only a minute fraction ever ripen into an approved drug.
Obviously, a large proportion of drug candidates are poorly
water-soluble,4,5 which calls for effective formulation strategies.
Traditionally used surfactants like Cremophor EL and Tween
80 have drawbacks as they can elicit potentially life-threatening
side effects and are limited with respect to their solubilizing
ability.6,7 Polymeric micelles have been discussed and evaluated

as carriers for hydrophobic molecules for many years, and
thousands of papers praising the potential of polymer-based
drug delivery systems are published every year.8 However, until
now, only one micelle-based formulation (Genexol-PM, South
Korea) has been used in the clinic with several others being
under clinical development.9 Zhang et al. argued that the low
drug loading capacity and poor in vivo stability typically
displayed by polymeric micelles are responsible for this major
discrepancy.10 These major problems concerning nanoformu-
lations, drug delivery, and the advancement of polymeric
micelles for clinical cancer therapy were also critically reviewed
by other researchers.11−13

Polymer micelles comprising a poly(2-oxazoline) (POx)-
based amphiphilic triblock copolymer (poly(2-methyl-2-oxazo-
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line)-block-poly(2-butyl-2-oxazoline)-block-poly(2-methyl-2-ox-
azoline) (PMeOx-b-PBuOx-b-PMeOx = A-pBuOx-A)) con-
stitute an unusual exception. Loading capacities (LC) of almost
50 wt % for one of the most commonly used chemotherapeutic
agents, paclitaxel (PTX),14 were reported by Kabanov, Jordan,
Luxenhofer, and co-workers.15−19 The drug-loaded polymer
micelles formed stable and injectable formulations and showed
significantly increased therapeutic efficacy in vivo.20,21 The
combination of high drug loading and stability was specific to
block copolymers with poly(2-n-butyl-2-oxazoline) as hydro-
phobic core when a variety of formulations based on
amphiphilic ABA POx with structurally different B blocks
were investigated.19 Testing a variety of structurally different
taxanes led to similar high drug loadings and stability of the
formulations.22 Lübtow et al. investigated a small library of
structurally similar ABA-triblock copolymers based on poly(2-
oxazoline)s and poly(2-oxazine)s and explored their solubiliza-
tion capacity for PTX and curcumin (CUR23), another well-
known natural compound featuring extremely low aqueous
solubility, bioavailability, and stability.24 The authors observed
significant and orthogonal specificities dependent on the
positioning of one methylene group in the more hydrophobic
repeat unit. This outlines the complexity of drug/carrier
interactions.25 More recently, this CUR nanoformulation was
characterized in more detail.26

Schisandra chinensis is widely used in traditional Chinese and
Japanese herbal medicines for a variety of pharmacological
properties.27,28 Dibenzo[a,c]cyclooctadiene lignan metabolites
are thought to be responsible for the majority of these effects.28

Many such lignans have been extracted29,30 and chromato-
graphically isolated.31−37 Schobert and co-workers established a
simplified extraction method followed by one saponification
step to obtain the pure dibenzo[a,c]cyclooctadiene lignan
schisandrol A by column chromatography.38 This was
converted to a cinnamate and a titanocene derivative, which
both showed promising P-gp inhibition and increased activity
against cervix and breast cancer cells.38,39 The formation of
nanoparticles and nanocrystals to formulate schisantherin A, a
related dibenzo[a,c]cyclooctadiene lignan, was described by

Cheng et al. The drug/carrier aggregates could pass the
hematoencephalic barrier and showed effects potentially useful
for the treatment of Parkinson’s disease.40,41 A recent review on
the neuroprotective and cognitive enhancement properties of
dibenzo[a,c]cyclooctadiene lignans from Schisandra chinensis
concludes that, before such lignans can enter clinical settings to
treat diseases, more studies are needed to improve their
bioavailability.42

Several strategies for the development of drug-specific drug
delivery platforms have been followed recently. In particular,
Luo, Nangia, and co-workers backed the synthetic work with
extensive modeling and achieved very high drug loadings paired
with excellent therapeutic efficacy.43−45 The driving forces
considered relevant for drug incorporation are hydrophobic and
electrostatic interactions, hydrogen bonding, π−π stacking, and
van der Waals forces. The relevance of these interactions for
drug formulations is widely discussed.46 To stabilize polymeric
micelles and thus increase their loading capacity for PTX (28
wt %) and docetaxel (34 wt %), Shi et al. synthesized
amphiphilic block copolymers comprising the aromatic
monomer N-2-benzoyloxypropyl methacrylamide (HPMAm-
Bz) as a hydrophobic building block. The π−π interaction
significantly increased the stability, loading capacity, and
therapeutic index of drug-loaded polymeric micelles.47,48

Previously, amphiphilic diblock copolymers containing poly-
(2-phenyl-2-oxazolin) (PPheOx) and PMeOx were tested on
their self-assembly in aqueous milieu, and the hydrophobic
indomethacin could be successfully formulated, but potential
effects of aromatic moieties on drug loading in POx based
micelles have not been investigated in any considerable detail.49

Here, we present a small library of POx-based amphiphiles in
which the aromatic character was increased systematically and
the solubilization capacity for drugs with different aromatic
content was investigated (Scheme 1).

■ MATERIALS AND METHODS

All substances and reagents for the polymerizations were obtained
from Sigma-Aldrich (Steinheim, Germany) or Acros (Geel, Belgium)
and were used as received unless otherwise stated. Curcumin powder

Scheme 1. Schematic Representation of (a) the Polymers and Insoluble Small Molecules Employed in the Present Study as Well
as (b) the Formulation Procedure via the Thin Film Method
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from Curcuma longa (Turmeric) was obtained from Sigma-Aldrich
(curcumin = 79%; demethoxycurcumin = 17%, bisdemethoxycurcumin
= 4%; determined by HPLC analysis). Paclitaxel was purchased from
LC Laboratories (Woburn, MA, USA). Deuterated solvents for NMR
analysis were obtained from Deutero GmbH (Kastellaun, Germany).
All substances used for polymerization, specifically methyl trifluor-
omethylsulfonate (MeOTf), MeOx, BuOx, PheOx, and BzOx, were
refluxed over CaH2 and distilled and stored under argon. Benzonitrile
(PhCN) was dried over phosphorus pentoxide. The monomers 2-n-
butyl-2-oxazoline (BuOx) and 2-benzyl-2-oxazoline (BzOx) were
synthesized following the procedure by Seeliger et al.50 The Pt-
NHC-complex (Pt-NHC)51 and the fluorinated curcuminoid deriva-
tive (CUR-F6)

52 were synthesized according to the literature (Figure
S7). Fruits of Schisandra chinensis were obtained from Naturwaren-
Blum (Revensdorf, Germany) and were dried and powdered prior to
the extraction procedure. Schizandrin (SchA) was obtained from
powdered Schisandra chinensis using the simplified extraction
procedure reported by Schobert et al.38 Thin layer chromatography
(TLC), NMR-, IR-, UV−vis spectroscopy and electrospray ionization
mass spectrometry (ESI-MS) were used for analytical issues. TLC was
perfomed on Sigma-Aldrich TLC Plates containing silica gel matrix
(stationary phase) using n-hexane/ethylacetate (1:1) as mobile phase.
For NMR measurements, a small fraction of the purified compound
SchA was dissolved in deuterated dichloromethane and 1H, 13C,
correlation spectroscopy (COSY), heteronuclear single quantum
coherence (HSQC), and heteronuclear multiple bond correlation
(HMBC) experiments were performed. ATR-IR spectroscopic
analysiswas performed on an FT-IR spectrometer 4100 from 500 to
4000 cm−1 from Jasco (Gross-Umstadt, Germany). For the UV−vis
measurement, a 1 g/L ethanolic solution of SchA was filtered through
0.2 μm PTFE filters (Rotilabo, Karlsruhe) and recorded at 25 °C from
700 to 180 nm.
The purity of SchA was determined to be 97.9% by analytical high-

pressure liquid chromatography (HPLC). The polymers A-pBuOx-A,
A-p(BuOx-co-BzOx)-A, A-pBzOx-A and A-pPheOx-A were synthe-
sized by living cationic ring opening polymerization (LCROP) as
described previously.15 The reactions were controlled by 1H NMR
spectroscopy. The lyophilized polymers were characterized by 1H
NMR and gel permeation chromatography (GPC). The critical
micellar concentrations (CMC) of the ABA-triblock copolymers were
determined by pyrene fluorescence measurements.53,54 The I1/I3 ratio
in dependence of varying polymer concentrations and the total redshift
of I1 in dependence of varying polymer concentrations were detected
and used for the determination of the CMC values. Drug-loaded
polymeric micelles were prepared by thin film method (Scheme 1).
The loading capacities (LC) and efficiencies (LE) were determined by
HPLC measurements according to eqs 1 and 2.

=

+

×

m

m m
LC 100%

drug

drug excipient (1)

= ×

m

m
LE 100%

drug

drug,added (2)

where mdrug and mexcipient are the weight amounts of the solubilized
drug and polymer excipient in solution and mdrug,added is the weight
amount of the drug initially added. It was assumed that no loss of
polymer occurred during micelle preparation. The aggregation
behavior of the polymers (10 g/L in PBS) and polymer/drug
solutions (1:0.5 g/L in PBS) were investigated by dynamic light
scattering (DLS) measurements at 27 different angles (temperature
was fixed at 25 °C) as outlined in the supporting information in more
detail. The glass transition temperatures (Tg) and melting points (mp)
were determined by differential scanning calorimetry (DSC) measure-
ments (see Supporting Information).
Primary human dermal fibroblasts (HDF) were cultured in DMEM,

GlutaMAX (Gibco, Darmstadt, Germany) culture medium supple-
mented with 10% fetal calf serum (FCS), and 1% sodium pyruvate.
For cell cytotoxicity studies, cells were seeded in a white 96-well plate
with a transparent bottom in triplicate per condition (3 × 105 cells/

cm2) and cultured for 24 h at 37 °C and 5% CO2. Subsequently,
medium was removed, and polymer stock solutions in cell specific
culture medium (ρ = 100 g/L) were diluted with cell-specific culture
medium to desired concentrations and applied for 24 h. After the
treatment, CellTiter-Glo Luminescent Cell Viability Assay (Promega,
Mannheim, Germany) was performed according to the manufacturer’s
instructions. Briefly, medium was removed, and cells were washed 3×
with PBS(+). Equal amounts of cell culture medium and CellTiter-Glo
reagent were added to the wells. After shaking for 2 min and resting
for 10 min to achieve cell lysis, luminescence was measured with an
Infinite 200 (Tecan, Man̈nedorf, Switzerland) at λem = 590 nm (λex =
560 nm).

Cell viability was determined by eq 3

=
−

−

×
F F

F F
cell viability 100%treated medium

untreated medium (3)

where Ftreated and Funtreated are the luminescence of treated and
untreated cells, respectively, and Fmedium is the luminescence of the
culture medium. As negative control, cells were lysed with 10% sodium
dodecyl sulfate (SDS). Cell viability experiments were performed with
three individual 96-well plates containing each sample concentration in
triplicate (considered as one experiment), and results are presented as
means ± SD. Cells were obtained by three individual isolations. All
methods are described in more detail in the Supporting Information.

■ RESULTS AND DISCUSSION

Inspired by reports on benefits for drug delivery via π−π
stacking between drug carrier and loaded API,55 we wanted to
investigate this issue in poly(2-oxazoline)-based polymer
amphiphiles to gain more insights into the structure−property
relationship. In particular, the Hansen solubility parameters
calculated by Dargaville and co-workers suggested a benefit
regarding drug loading using polymer amphiphiles comprising a
hydrophobic poly(2-phenyl-2-oxazoline) block.56 In the case of
paclitaxel and docetaxel, Hennink and co-workers reported that
incorporation of aromatic side chains into thermosensitive
block copolymers of modified hydroxypropyl methacrylamides
improves drug loading.47 However, it is important to note that,
in this study, PTX precipitation rather than release was
quantified.47,48 The authors argue that this was done as it is
difficult to upload proper sink conditions for the extremely
poorly soluble PTX. In contrast, in a preliminary study, we did
not observe any benefit with respect to PTX formulation when
we included aromatic moieties into the hydrophobic block.19

The inclusion of an aromatic moiety (A-p(BuOx-co-BzOx)-A;
LCPTX: 36 wt %) led to significant loss of loading capacity in
comparison to A-pBuOx-A (LCPTX: 49 wt %). Therefore, the
present study investigates the influence of different proportions
of aromatic moieties within poly(2-oxazoline)-based ABA
triblock copolymers on the formulation of different hydro-
phobic drugs with varying aromatic content in more detail. To
this end, we used a small library of four different polymers. As
in previous work, the hydrophilic block A was poly(2-methyl-2-
oxazoline) (pMeOx).25 The hydrophobic blocks were in order
of increasing aromatic content poly(2-butyl-2-oxazoline) (A-
pBuOx-A), poly(2-butyl-2-oxazoline-co-2-benzyl-2-oxazoline)
(A-p(BuOx-co-BzOx)-A), poly(2-benzyl-2-oxazoline) (A-
pBzOx-A), and poly(2-phenyl-2-oxazoline) A-pPheOx-A,
respectively. The polymers were prepared by living cationic
ring opening polymerization (LCROP) and characterized by
1H NMR and GPC (Table 1 and Supporting Information).
All polymers exhibited CMC values in the low μM range

(determined by pyrene fluorescence, Figure S4) often deemed
favorable for intravenous administration (Figure S4, Table S1).
Interestingly, in the present library, it appears that the
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introduction of aromatic side chains has no marked influence
on the CMC values. For polymeric micelles to be used as drug
delivery vehicles, the synthesized carriers should exhibit no
significant cytotoxicity against human cells. Luxenhofer et al.
studied the cytotoxicity of different POx-based homo and block
copolymers including A-pBuOx-A in different cell lines.57 In
this study, even at relatively high carrier concentrations (20 g/
L), no significant cytotoxicity could be observed. However, to
the best of our knowledge, amphiphilic POx-bearing aromatic
moieties have not been investigated regarding their cytotoxicity.
Therefore, we evaluated these polymers using primary human
dermal fibroblasts (Figure 1).

The polymers A-pBzOx-A and A-pPheOx-A, which are
comprised solely of aromatic moieties as the building blocks for
the hydrophobic core, exhibited no cytotoxicity even at very
high polymer concentration of 100 g/L. Interestingly, during
the treatment of fibroblasts using the polymer A-p(BuOx-co-
BzOx)-A, the viability decreased to 50.9 ± 5.2% at a polymer
concentration of 100 g/L. Only a minor but noticeable
reduction of the cell viability was observed at 50 g/L. This is
interesting, as neither A-pBuOx-A nor A-pBzOx-A exhibit any
cytotoxicity against human fibroblasts. The polymers used in

this study exhibit low dispersities and CMC values in μM range
and show a favorable cytotoxicity profile; therefore, they are
promising candidates for the solubilization of hydrophobic
drugs.
For formulation, we focused on three natural compounds.

On one hand, we employed the well-known and extremely
water-insoluble compounds paclitaxel (PTX, 0.4 mg/L)58 and
turmeric curcumin (CUR, 0.6 mg/L).24 On the other hand, we
tested the poorly soluble dibenzo[a,c]cyclooctadiene lignan
schizandrin (SchA, solubility: 0.19 g/L determined via HPLC).
These three natural compounds differ in their relative aromatic
contents. Whereas PTX contains three phenyl rings at a molar
mass of 854 g/mol, SchA contains two rings at 432 g/mol, and
CUR also contains two phenyl rings, however, connected with a
bridging π-system at a molar mass of 368 g/mol. The ratio of
Carom, the carbon atoms, which are included in the conjugated/
aromatic system, and Ctotal, the total number of carbon atoms in
the hydrophobic compound, represents the aromaticity of the
three different cargos (Scheme 2).

Additionally, the insoluble compounds Pt-NHC and CUR-F6
(for structures, please see Figure S7) were investigated, the
latter of which can be viewed as derivative of natural compound
CUR.
All four polymers were tested for the solubilization of PTX,

CUR, and SchA. As previously reported, A-pBuOx-A is an
excellent solubilizer for PTX but much less so for CUR25

(Figure 2). Interestingly, SchA, having an intermediate relative
aromatic content, was solubilized very well but less than PTX.
As previously reported19 and independently reproduced here
using a newly synthesized polymer, the introduction of benzylic
moieties (A-p(BuOx-co-BzOx)-A) does not help in the
formulation of PTX but rather reduces the maximum drug
loading. Interestingly, whereas in the case of SchA the
maximum drug loading increased slightly, the LCCUR that
could be achieved increased significantly (Figure 2). In the case
of A-pBzOx-A, the LCPTX decreased further (35.6 ± 2.1 wt %),
whereas LCSchA (44.0 ± 0.3 wt %) and in particular LCCUR

(41.0 ± 2.1 wt %) increased further compared to A-pBuOx-A-
based formulations. Interestingly, within this small library, A-
pBzOx-A is the least selective of the tested polymers.
Previously, comparable but somewhat higher loading capacities
for PTX and CUR could be achieved (LCPTX: 40.1 ± 1.5 wt %,
LCCUR: 48.5 ± 1.7 wt %) using A-p(2-n-butyl-2-oxazine)-A.25

Thus, with increasing aromatic character of the polymeric
solubilizer, more CUR (LCA‑pBuOx‑A: 24.4 ± 1.1 wt %,25

Table 1. Number Average Molar Mass, Dispersity Đ, and
Yield of the Synthesized Triblock Copolymers

polymer
Mn

a

[kg/mol]
Mn

b

[kg/mol]
Mn

c

[kg/mol] Đ
d

yield
[%]

A-pBuOx-A 8.6 8.7 5.6 1.10 88

A-p(BuOx-co-
BzOx)-A

9.0 7.8 5.9 1.12 91

A-pBzOx-A 8.7 10.3 5.2 1.25 77

A-pPheOx-A 8.5 8.5 5.3 1.10 92
aTheoretical value obtained by [M]0/[I]0.

bCalculated from 1H NMR
end-group and side chain analysis. cObtained from GPC (T = 40 °C,
flow rate was set to 0.7 mL/min (HFIP) and calibrated using
poly(ethylene glycol) standards). dObtained from GPC (Mw/Mn).

Figure 1. Cell viability of primary human dermal fibroblasts treated
with increasing polymer concentrations (1−100 g/L). A-pBuOx-A
(purple), A-p(BuOx-co-BzOx)-A (dark red), A-pBzOx-A (black), and
A-pPheOx-A (dark blue). Cell viability was assessed using CellTiter-
Glo after a 24 h incubation. Data are given as means ± SD (n = 3).

Scheme 2. Comparison of the Hydrophobic Drugs PTX,
SchA, and CUR with Regard to Aromaticity, Solubility, and
Molecular Weight
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LCA‑p(BuOx‑co‑BzOx)‑A: 33.2 ± 3.7 wt %, LCA‑pBzOx‑A: 41.0 ± 2.1 wt
%) and less PTX (LCA‑pBuOx‑A: 47.5 ± 0.1 wt %,25

LCA‑p(BuOx‑co‑BzOx)‑A: 36.8 ± 1.0 wt %, LCA‑pBzOx‑A: 35.6 ± 2.1
wt %) could be solubilized, whereas little if any influence was
found for SchA. Interestingly, A-pPheOx-A did show a
markedly different performance as solubilizer. Although the
LCPTX did decrease further (28.6 ± 0.6 wt %), the
solubilizations of CUR (LCCUR: 33.4 ± 2.3 wt %) and SchA
(LCSchA: 28.6 ± 1.4 wt %) were also less efficient compared to
A-pBzOx-A. We hypothesize that the reduced molecular
flexibility of pPheOx and the close proximity of the phenyl
ring to the polymer backbone may be one contributing factor
(as shown, e.g., by a higher Tg, vide infra). It may be noted that
this comparably low loading of PTX using A-pPheOx-A was
still higher, albeit only slightly, than the highest PTX loading
reported by Hennink et al.47 In this report, the authors found
an increased PTX loading with increasing content of aromatic
comonomer, which was attributed to π−π stacking between
polymer and drug molecules. Although apparently valid in
some cases, it appears that this rationale is not generally helpful
to increase drug loading in polymer micelles.
It should be noted that we also attempted formulation of

CUR-F6, but no stable formulation could be obtained by film
hydration method with either polymer. The NHC−Pt complex
was solubilized with A-pPheOx-A by film hydration method
using dichloromethane. However, it appears the complex does
not exhibit sufficient stability as HPLC analysis revealed
multiple signals after formulation, whereas the compound was
pure initially. Therefore, quantification was not possible.
The drug content was quantified immediately after

preparation. To gain a basic understanding of the stability of
the drug formulations, we stored the formulation under
ambient conditions containing the initial precipitate and took
samples after 10 and 30 days. The formulations were
centrifuged prior to each measurement. By using this method,
it is possible that first precipitated drug could be dissolved over
time.59 For A-pBuOx-A, we have previously observed excellent
stability of the PTX formulation without any precipitation after
several months.15,17,18 In general, all presently tested
formulations of PTX, CUR, and SchA showed very good
stability over 30 days (Figure 3). No significant loss of SchA
and very little variability of the drug concentration was

observed. In the case of PTX, the variability was somewhat
higher; nevertheless, overall formulation stability was excellent.
The stability compares favorably with π−π interaction stabilized
PTX formulations reported by Hennink et al. In that report,
50−100% of the solubilized PTX precipitated within 10 days
depending on the aromatic content of the micelles.47 In the
case of CUR, we made unexpected observations. First of all, the
stability of CUR formulated in the POx-based micelles was
remarkably high, especially considering the well-established low
chemical stability of CUR in aqueous media.24 In the case of A-
p(BuOx-co-BzOx)-A and A-pPheOx-A, we did observe some
loss of CUR concentration and increased variability after 30
days, but the average drug loading remained high. Notably,
according to HPLC analysis, CUR did not show any signs of
degradation even though it is often reported that CUR is not
stable in an aqueous environment. Interestingly, in the case of
A-pBzOx-A, the CUR concentration in solution (after
centrifugation and filtration) was much higher on day 10
(LCCUR: 45.6 ± 3.3 wt %) and day 30 (LCCUR: 44.6 ± 4.6 wt
%) than on day 0 (LCCUR: 20.8 ± 2.1 wt %). It should be
noted, for our stability studies, that the drug formulations were
stored under ambient conditions over the pellet of unformu-
lated drug (if any). Thus, it appears that CUR that initially
precipitated/coacervated during thin film hydration became
incorporated over time into the micelles. We observed a similar
phenomenon with POx-based amphiphiles with long aliphatic
side chains. Analysis of the precipitate/coacervate revealed that

Figure 2. Maximum solubilized aqueous drug concentrations in
formulation with the drug carriers (A-pBuOx-A, A-p(BuOx-co-BzOx)-
A, A-pBzOx-A, A-pPheOx-A). Maximum solubilization (LEminimum

79%) of the drugs PTX (blue), CUR (red), and SchA (green) using
the four polymers. *1 were taken from ref 18; *2 were taken from ref
25. In all cases, the polymer concentration was fixed at 10 g/L. Data
are given as means ± SD (n = 3).

Figure 3. Long-term stability of drug/polymer formulations of PTX
(a), CUR (b), and SchA (c). For this study, the maximum loaded
formulations were used. The d0 values were set to 100%. In all cases,
the polymer concentration was fixed at 10 g/L (squares: A-p(BuOx-
co-BzOx)-A, circles: A-pBzOx-A, triangles: A-pPheOx-A, and stars: A-
pBuOx-A). Data are given as means ± SD (n = 3).
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both drug and polymer are present.59 We cannot explain this
observation at this point, but more detailed studies are certainly
warranted.
In addition to the described single-drug formulations, we also

investigated binary coformulations. Previously, several POx-
based binary and ternary drug formulations with very high
loading of ≥58 wt % were reported.17,25 Here, we investigated
A-pBzOx-A for coformulation of PTX with SchA and CUR,
respectively. Both combinations could show interesting
pharmaceutical synergies.60,61 For these preliminary studies,
we fixed the relative drug weight ratio at 1/1 for both
combinations (10 g/L A-pBzOx-A and 6 g/L in the case of
PTX/SchA and 8 g/L in the case of PTX/CUR). In both
combinations, the loading efficiency was excellent, and total LC
exceeded 50 wt %. The individual LC for PTX (40.8 wt %) and
CUR (40.1 wt %) yielded an overall LC of 58.8 wt %, whereas
with the combination of PTX (35.6 wt %) and SchA (36.9 wt
%), an overall LC of 53.2 wt % was obtained (Figure 4).

Previously, we have investigated the PTX formulation with
A-pBuOx-A in great detail using electron microscopy, dynamic
light scattering (DLS), and small-angle neutron scattering.16,18

For preliminary elucidation of the aggregation behavior, we
investigated aqueous polymer solutions and formulations by
DLS (Figure 5). All polymers form aggregates in the size range
expected for polymer micelles. The polymers containing
aromatic moieties form very small and rather defined polymer
micelles. At 10 g/L in PBS, hydrodynamic radii between 10 and
20 nm were found (Figure 5a, Figure S6c). In the case of A-
pBuOx-A, we found a rather broad distribution centered
around a hydrodynamic radius of Rh = 25 nm. Previously, using
a different batch of the same polymer, we observed a bimodal
size distribution originating from spherical and wormlike
micelles.18 The broad distribution observed in the present
case could likely be caused by an unresolved bimodal
distribution.
Moreover, we investigated drug formulations of A-pBzOx-A

by DLS at a polymer/drug-ratio of 10:5 in PBS. The

formulation with SchA exhibited three species with weighted
average mean of 23 nm (Figure 5b, Figure S6d). A large species
at 2000 nm had a very low intensity and may be attributed to
an artifact. In addition, two major distributions at approx-
imately 20 and 150 nm were observed. In contrast, for PTX and
CUR nanoformulations, only single and rather narrow
distributions were observed with hydrodynamic radii of 21
nm (PTX) and 27 nm (CUR) (Figure 5b, Figure S6e).
Obviously, such small sizes are typically considered favorable
for parenteral administration, in particular for cancer chemo-
therapy.62

The drug formulations studied here are not only potentially
interesting as drug-loaded micelles but also in the form of solid
dispersions. In this context, it is particularly interesting whether
the drug is present in amorphous or crystalline form. Neither
polymer exhibited a melting point, therefore being fully
amorphous structures with glass transitions temperatures
predictable by the Fox equation63 using the Tg values of the
homopolymers64−66 (Figure 6a, Table S9, eq 6, Table S10).
SchA did not undergo thermal degradation at temperatures up
to 200 °C but exhibited a melting point of 129 °C (Figure 6 b),
which corroborates values found in the literature.67 Upon
cooling, we did not observe recrystallization at the chosen
experimental parameters, but a Tg value was detectable. The
second heating cycle revealed a Tg of 30.7 °C for SchA. For
comparison, we also analyzed a simple physical mixture of SchA
and A-pBzOx-A with the nanoformulation (both 1:2, w/w)
obtained via thin film hydration and subsequent lyophilization.
For the nanoformulation of A-pBzOx-A and SchA, no melting
point could be detected in the first heating cycle (Figure 6c).
Only a Tg of 67.5 °C could be discerned, showing that the
nanoformulation with an LC of ∼30% was fully amorphous.
The fact that only one Tg is observed demonstrates that no
independent domains of amorphous drug and amorphous
polymer are present but rather that the two entities are

Figure 4. (a) HPLC elugrams (λ= 220 nm) of coformulations ((i) A-
pBzOx-A/PTX/SchA = 10:6:6 w/w/w, (ii) A-pBzOx-A/PTX/CUR =
10:8:8 w/w/w). (b) Overall LCs of coformulations (i) and (ii).

Figure 5. (a) Relative intensity dependent on the unweighted
hydrodynamic radius Rh [nm] of the polymers (A-pPheOx-A = dark
blue bars, A-p(BuOx-co-BzOx)-A = dark red bars, A-pBzOx-A = black
bars, A-pBuOx-A = purple bars) of 10 g/L in PBS solution (scattering
angle = 90°, T = 25 °C). (b) Relative intensity dependent on the
unweighted hydrodynamic radius Rh [nm] of the formulation of the
drugs PTX (blue), CUR (red), and SchA (green) with the drug carrier
A-pBzOx-A with a polymer/drug-ratio of 10:5 (w/w) in 1 g/L of PBS
solution (scattering angle = 90°, T = 25 °C).
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intimately and molecularly intertwined.68 In the case of the
physical mixture, we could clearly observe the melting point of
SchA in the first heating cycle (Figure 6d). Also in this case, no
recrystallization of SchA was observed upon cooling. The
second heating cycle only revealed a Tg at 70.4 °C.
Interestingly, the Fox equation predicts a much lower Tg for
a mixture of 33 wt % SchA and 66 wt % A-pBzOx-A. Using the
experimentally determined Tg values of both components, the
Fox equation yields an expected Tg of only 52 °C. The origin of
this discrepancy is unclear at this point.

■ CONCLUSIONS

We investigated the influence of incorporation of aromatic
moieties into poly(2-oxazoline)-based ABA triblock copoly-

mers. In addition to the varying degree of aromaticity within
the polymers, three cargo compounds with different relative
aromatic contents were tested. In contrast to previous reports
on a different polymeric system, incorporation of 2-benzyl-2-
oxazoline or 2-phenyl-2-oxazoline did not increase drug loading
or formulation stability in the case of paclitaxel. The first high
capacity and stable formulations of the dibenzo[a,c]-
cyclooctadiene lignan schizandrin A were realized. Interestingly,
the formulation of the natural compound schizandrin A was
barely affected by the different polymer structures, whereas the
loading with curcumin benefitted significantly from incorpo-
ration of 2-benzyl-2-oxazoline but less so for 2-phenyl-2-
oxazoline. Therefore, it appears that π−π interactions may be
beneficial for drug loading and formulation stability in some
cases, but it may not be considered a general phenomenon and
must be assessed on a case-by-case basis. Not only are the
nature of the drug and the amount of the aromatic moieties in
the polymer important, but the nature of the aromatic moieties
is also relevant as shown by the different behaviors of benzyl-
and phenyl-containing triblock copolymers. Cell viability
studies revealed that all studied polymers were highly
cytocompatible with negligible effect on the cell viability at
50 g/L or less. Moreover, the first combination formulation
could be realized, and the amorphous character of solid
dispersions was confirmed by DSC.
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4 Results        

90 

 

The chemical versatility of POx and POzi facilitates the design of polymeric drug carriers enabling 

extremely high drug loadings > 50 wt.% in selected cases. Nevertheless, the selection of suitable 

drug vehicles was mainly based on trial and error, in combination with some intuition and 

empirical knowledge. Flory-Huggins interaction and Hansen solubility parameters (HSPs) are 

widely used to predict polymer-drug compatibility. Although both group contribution methods 

are intrinsically unable to distinguish between structural isomers such as some of the discussed 

POx and POzi based amphiphiles, the prediction of general trends regarding drug loading might 

still be feasible. In order to obtain conclusive results, a sufficient large polymer and drug platform 

is necessary. Therefore, five different hydrophobic drugs were formulated with 18 different POx 

and POzi based amphiphiles, all comprising the same hydrophilic corona but slightly different 

hydrophobic cores. Surprisingly, HSPs were indeed able to correctly estimate some trends 

regarding good and poor solubilizers. However, this was only true for amphiphiles which strongly 

differed in their chemical structure such as barely hydrophobic C3 or C4 vs strongly hydrophobic C9 

sidechains. In contrast, the effect of e.g. branching or cyclization in the sidechain could not be 

predicted. This was also true when determining the solubility parameters of the various drugs and 

polymers empirically with their respective solubility profiles. The determination of the solubility 

of block copolymers has proven challenging, as solubility is a measure of the degree of molecular 

mixing between two substances at thermodynamic equilibrium. For micelles, efficient molecular 

mixing is not guaranteed anymore, as the hydrophobic (polar solvent) or hydrophilic (nonpolar 

solvent) part might be segregated from the solvent although macroscopically no 

precipitation/segregation occurs. Interestingly, drugs which were selectively soluble mainly in 

solvents comprising a high amount of hydrogen-bond acceptors also yielded the highest loading 

capacity et vice versa. This is in accordance with the chemical structure of the POx and POzi based 

amphiphiles, comprising a high density of tertiary amides (= hydrogen-bond acceptors).  
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Michael M. Lübtow, Malik Salman Haider, Marius Kirsch, Stefanie Klisch, and Robert Luxenhofer*

Functional Polymer Materials, Chair for Advanced Materials Synthesis, Department of Chemistry and Pharmacy and Bavarian
Polymer Institute, University of Würzburg, Röntgenring 11, 97070 Würzburg, Germany
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ABSTRACT: Despite decades of research, our understanding of the molecular
interactions between drugs and polymers in drug-loaded polymer micelles does
not extend much beyond concepts such as “like-dissolves-like” or hydrophilic/
hydrophobic. However, polymer−drug compatibility strongly affects formulation
properties and therefore the translation of a formulation into the clinics. Specific
interactions such as hydrogen-bonding, π−π stacking, or coordination
interactions can be utilized to increase drug loading. This is commonly based
on trial and error and eventually leads to an optimized drug carrier.
Unfortunately, due to the unique characteristics of each drug, the deduction of
advanced general concepts remains challenging. Furthermore, the introduction of
complex moieties or specifically modified polymers hampers systematic
investigations regarding polymer−drug compatibility as well as clinical
translation. In this study, we reduced the complexity to isolate the crucial factors determining drug loading. Therefore, the
compatibility of 18 different amphiphilic polymers for five different hydrophobic drugs was determined empirically.
Subsequently, the obtained specificities were compared to theoretical compatibilities derived from either the Flory−Huggins
interaction parameters or the Hansen solubility parameters. In general, the Flory−Huggins interaction parameters were less
suited to correctly estimate the experimental drug solubilization compared to the Hansen solubility parameters. The latter were
able to correctly predict some trend regarding good and poor solubilizers, yet the overall predictive strength of Hansen solubility
parameters is clearly unsatisfactory.

■ INTRODUCTION

The limited water solubility of active pharmaceutical
ingredients (APIs) is becoming ever more problematic, as
drug discovery led to a shift toward larger, more hydrophobic
compounds.1 To address the problem of formulating such
drugs with polymer excipients, a critical consideration of the
term hydrophobic is warranted. At first glance, hydrophobicity
seems to be straightforward; however, it is limited to water as a
solvent and a crude, binary assessement.2 Arguably, the best
known parameter for drug hydrophobicity and drug
formulation which builds on this simplification is the partition
coefficient between octanol and water (log P value). Although
being useful to give, e.g., a rough estimation about the
permeability of a drug through cell membranes,3,4 it is not able
to give conclusive insights into the properties of a drug. This
becomes evident by comparing the two drugs pentobarbital
and clobazam. Apart from the shared log P value of 2.1,5 they
differ in many aspects: halogenated vs nonhalogenated,
presence and number or absence of H-bond donors, and
aromatic vs nonaromatic. Changing the point of view to a
potential drug-delivery system, such structural differences are
expected to influence the compatibility of drug carrier and
encapsulated, non-water-soluble drug and therefore crucial
characteristics such as drug loading,6 formulation stability,7 or

drug release.8 Due to the unique chemical and physical
properties of each drug, no universal delivery vehicle is likely to
be found. Luckily, polymer chemistry offers an essentially
unlimited variety of potential polymeric drug carriers.9,10 To
determine which kind of polymer is compatible with which
drug commonly remains on trial and error and is associated
with major efforts.11−17 The scope of such effort is beautifully
displayed by the work of Börner and co-workers, using a
combinatorial approach to identify suitable peptide sequences
out of 77 possible heptamers to efficiently formulate non-water-
soluble anti-Alzheimer compounds.18 Also, a targeted tuning of
the polymer−drug compatibility by specific coordination
interactions was realized in selected cases.19 Allen and co-
workers20 considered the Hansen solubility parameters (HSPs)
to predict the compatibility of different polymers with the API
ellipticine. Overall, a good correlation between experimental
formulation characteristics and calculated polymer−drug
compatibilities was observed. Important to note, the
investigated polymers differed strongly in their chemical
structure. In contrast, distinct polymer−drug specificities in
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chemically very similar poly(2-oxazoline) (POx) and poly(2-
oxazine) (POzi)-based drug-delivery systems for the non-
water-soluble drugs paclitaxel (PTX) and curcumin (CUR)
have been reported recently.17 By shifting a single methylene
group from the polymer side chain to the polymer main chain
in the building blocks of the hydrophobic core caused
pronounced specificities for CUR and PTX. As theoretical
calculations of HSPs are an incremental or group contribution
method (GCM), both polymersbeing structural isomers
would yield the same HSPs thus being unable to predict the
observed compatibilities. A shortcoming of the solubility
parameters to predict polymer−drug compatibility of amor-
phous solid dispersions of 54 polymer−drug pairs was also
reported by Turpin et al.21 It was suggested that the deviation
between experimental results and predicted compatibility is
among others due to the absence of an entropic term in all
conventional GCMs. Important to note, the different homo-
and copolymers employed in this study varied quite
significantly in their chemical structure.
However, this failure of theoretically determined solubility

parameters notwithstanding, it could be possible that an
experimental determination rather than a theoretical derivation
of the HSPs could give more in depth insights into the
solubilization capacity of polymeric drug carriers. To obtain
conclusive results, a sufficiently large polymer and drug
platform is necessary. Therefore, we compared the solubiliza-
tion properties of 18 different ABA triblock copolymers, all
comprising the same hydrophilic poly(2-methyl-2-oxazoline)
(PMeOx) shell A to focus on the impact of the hydrophobic
core B. Previously, a small library of such ABA triblock
copolymers with varying B blocks have been tested for taxane
formulations. Others have studied pseudo-diblocks for
solubilization of indomethacin with some success.22 However,
as we already observed distinct polymer−drug specificities
incorporating POx- and POzi-based hydrophobic cores B with
barely hydrophobic C3 and C4 aliphatic side chains, we kept
this pattern, included POzi, introduced branching and
cyclization and tested compatibility with a range of structurally
diverse drugs. Strongly hydrophobic C9 side chains were
included to investigate the common, somewhat simplistic
assumption of like dissolves like. Besides the chemotherapeutic
PTX23 and the biologically active CUR,24 antiretroviral
efavirenz (EFV),25 the corticosteroid dexamethasone
(DEX),26 and antioxidative tanshinone IIA (T2A)27 were
included, all being highly water-insoluble. The pronounced
specificities obtained in this study clearly show how a
presumably simple system such as a drug-loaded polymer
micelle can be highly susceptible to rather minute changes in
the chemical composition of the drug carrier. This study
systematically reduces the complexity of polymer−drug
interactions to the extent that it becomes possible to isolate
crucial factors such as necessity of hydrogen bonding between
host and guest molecules, the influence of sterics, or the
determination of polymer−drug compatibility on polymer
backbone or polymer side-chain interactions.

■ MATERIALS AND METHODS

Reagents and Solvents. All substances for the preparation of the
polymers were purchased from Sigma-Aldrich (Steinheim, Germany)
or Acros (Geel, Belgium) and were used as received unless otherwise
stated. Soluplus (poly(vinyl caprolactame)−poly(vinyl acetate)−
poly(ethylene glycol) graft copolymer) and Resomer (poly(ethylene
glycol)−poly(L-lactide); 35 wt % PEG) were a generous gift by BASF

SE (Ludwigshafen, Germany) and Evonik Industries AG (Essen,
Germany), respectively. Curcumin powder from Curcuma longa
(turmeric) was purchased from Sigma-Aldrich and analyzed in-house
(curcumin = 79%, demethoxycurcumin = 17%, bisdemethoxycurcu-
min = 4%; determined by high-performance liquid chromatography
(HPLC) analysis; Figure S22). Paclitaxel (>99%, HPLC) was
purchased from LC Laboratories (Woburn, MA). Efavirenz (>98%,
HPLC) and dexamethasone (>99%, HPLC) were purchased from
TCI (Eschborn, Germany). Tanshinone IIA (>98%, HPLC) was
purchased from Shanghai Yuanye Bio-Technology (Shanghai, China).
Deuterated chloroform (CDCl3) for NMR analysis was obtained from
Deutero GmbH (Kastellaun, Germany).

The monomers 2-iso-propyl-2-oxazoline (iPrOx), 2-iso-propyl-2-
oxazine (iPrOzi), 2-n-propyl-2-oxazoline (nPrOx), 2-n-propyl-2-
oxazine (nPrOzi), 2-cyclo-2-propyl-2-oxazoline (cPrOx), 2-cyclo-2-
propyl-2-oxazine (cPrOzi), 2-(cyclo-propyl-methylene)-2-oxazoline
(cPrMeOx), 2-(cyclo-propyl-methylene)-2-oxazine (cPrMeOzi), 2-n-
butyl-2-oxazoline (nBuOx), 2-n-butyl-2-oxazine (nBuOzi), 2-iso-butyl-
2-oxazoline (iBuOx), 2-iso-butyl-2-oxazine (iBuOzi), 2-sec-butyl-2-
oxazoline (sBuOx), and 2-sec-butyl-2-oxazine (sBuOzi) were synthe-
sized according to Seeliger et al.28 (Figures S1−S14). The synthesis of
the monomers 2-(3-ethyl heptyl)-2-oxazoline (EtHepOx) and 2-(3-
ethyl heptyl)-2-oxazine (EtHepOzi) was adapted from Kempe et al.,29

which in turn was derived from the synthesis of Taubmann et al.30

(Figures S15 and S16). The monomers 2-n-nonyl-2-oxazoline
(nNonOx) and 2-n-nonyl-2-oxazine (nNonOzi) were synthesized
according to Beck et al.31 (Figures S17 and S18).

The monomers cPrOzi, cPrMeOx, cPrMeOzi, iBuOzi, and sBuOzi
were synthesized and characterized for the first time to the best of our
knowledge. Experimental procedures as well as characterization can
be found in the Supporting Information.

All substances used for polymerization, namely, methyl trifluor-
omethylsulfonate (MeOTf), propargyl p-toluenesulfonate, benzoni-
trile (PhCN), sulfolane, and all monomers were refluxed over CaH2

(PhCN was refluxed over P2O5) and distilled under argon.
Polymer Synthesis. The polymerizations and workup procedures

were carried out as described previously.17 For polymer synthesis and
characterization, see Figures S19−S54. Briefly, the preparation of all
ABA triblock copolymers was performed as follows: initiator was
added to a dried and nitrogen-flushed flask and dissolved in the
respective amount of solvent. The monomer 2-methyl-2-oxazoline
(MeOx) was added and the reaction mixture was heated to 100 °C for
approximately 4 h. The reaction progress was controlled using Fourier
transform infrared and 1H NMR spectroscopies. After complete
consumption of MeOx, the mixture was cooled to room temperature
and the monomer for the second block was added. The reaction
mixture was heated to 100 °C (2-R-2-oxazoline) or 120 °C (2-R-2-
oxazine) overnight. The procedure was repeated for the third block
MeOx, and after monomer consumption was confirmed, termination
was carried out by addition of 1-tert-butyl piperazine 1-carboxylate
(PipBoc) or piperidine at 50 °C for 4 h. Subsequently, K2CO3 was
added and the mixture was stirred at 50 °C for 4 h. Precipitates were
removed by centrifugation, and the solvent was removed under
reduced pressure. The supernatant was transferred into a dialysis bag
(MWCO 1 kDa, cellulose acetate) and dialyzed against deionized
water overnight. The solution was recovered from the bag and
lyophilized.

■ EXPERIMENTAL SECTION

Nuclear Magnetic Resonance (NMR) Spectroscopy. NMR
spectra were recorded on a Fourier 300 (1H: 300 MHz), Bruker
Biospin (Rheinstetten, Germany) at 298 K. The spectra were
calibrated to the signal of residual protonated solvent signal
(CDCl3: 7.26 ppm). Multiplicities of signals are depicted as follows:
s, singlet; d, doublet; t, triplet; q, quartet; quin, quintet; dt; doublet of
triplets; m, multiplet; b, broad.

Dialysis. Dialysis was performed using Spectra/Por membranes
with a molecular weight cutoff (MWCO) of 1 kDa (material: cellulose
acetate) obtained from neoLab (Heidelberg, Germany). Deionized
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water was renewed after 1 h, 4 h, and every 12 h subsequently, until
end of dialysis.
Gel Permeation Chromatography. Gel permeation chromatog-

raphy (GPC) was performed on an Agilent 1260 Infinity System,
Polymer Standard Service (Mainz, Germany) with either HFIP
containing 3 g/L potassium trifluoroacetate; precolumn: 50 × 8 mm2

PSS PFG linear M; 2 columns: 300 × 8 mm2 PSS PFG linear M
(particle size 7 μm) or dimethylformamide (DMF) containing 1 g/L
LiBr; precolumn: 50 × 8 mm2 PSS GRAM; columns: 30 Å and 1000
Å 300 × 8 mm2 PSS GRAM (particle size 10 μm) as eluent. The
columns were kept at 40 °C, and flow rates were 1.0 mL/min (DMF)
or 0.7 mL/min (HFIP). Prior to each measurement, samples were
filtered through 0.2 μm poly(tetrafluoroethylene) filters, Roth
(Karlsruhe, Germany). Conventional calibration was performed with
PEG standards (0.1−1000 kg/mol), and data were processed with
WinGPC software.
Differential Scanning Calorimetry (DSC). Differential scanning

calorimetry (DSC) was performed on a DSC 204 F1 Phoenix,
NETZSCH (Selb, Germany) under N2 atmosphere (20.0 mL/min).
The samples were placed in aluminum pans with crimped-on lids and
heated from 25 to 200 °C (10 K/min) and subsequently cooled to
−50 °C (10 K/min). The samples were heated/cooled two additional
times from −50 to 200 °C (10 K/min).
Fluorescence Spectroscopy−Critical Micelle Concentration

(CMC). Pyrene stock solution (24 μM, 5.0 mg/L in acetone) was
added to glass vials (do not use plastic vials!), and the solvent was
removed by a gentle stream of argon. Subsequently, various amounts
of polymer stock solutions (H2O) were added and the solutions
diluted with deionized water to yield a final pyrene concentration of 5
× 10−7 M. The samples were stored overnight at ambient temperature
(≈25 °C) under the exclusion of light. Pyrene fluorescence was
recorded on an FP-8300, Jasco (Gross-Umstadt, Germany) from 360
to 400 nm (λex = 333 nm) at 25 °C. The CMC was determined as the
concentration at which the fitted I1/I3 ratio increased/decreased 10%
of its initial value.
Drug-Loaded Polymer Micelles. Drug-loaded polymer micelles

were prepared by thin-film method.32 Ethanolic polymer (20 g/L),
PTX (20 g/L), CUR (5.0 g/L), EFV (20 g/L), dexamethasone (10 g/
L), and tanshinone IIa (2 g/L) stock solutions were mixed in the
desired ratio (polymer = 10 g/L, drug feed = 2, 4, 6, 8, 10, 12 g/L (2
and 4 g/L for T2A)). Due to its insolubility in ethanol, Resomer stock
solutions were prepared in CHCl3 (20 g/L). To avoid polymer
precipitation during preparation of thin films, all drug stock solutions
were also prepared in CHCl3 in the case of Resomer. After complete
removal of the solvent at 50 °C under a mild stream of argon, the
films were dried in vacuo (≤0.2 mbar) for 20 min. Subsequently, 300
μL of preheated (37 °C) H2O was added. Complete solubilization
was facilitated by shaking the solutions at 1250 rpm and 55 °C for 12
min with a Thermomixer comfort, Eppendorf AG (Hamburg,
Germany). Nonsolubilized drug (if any) was removed by
centrifugation for 5 min at 9000 rpm with a MIKRO 185 (Hettich,
Tuttlingen, Germany). Solubilization experiments were performed
with 3 individually prepared samples, and the results are presented as
means ± standard deviation (SD). Due to the large number of
samples, a more sophisticated setup was used to prepare multiple thin
films simultaneously (Figure S55).
CUR and T2A quantification was performed by UV−vis absorption

on a BioTek Eon Microplate Spectrophotometer, Thermo Fisher
Scientific (MA) using a calibration curve obtained with known
amounts of CUR and T2A, respectively (Figure S56). Samples were
prepared in Rotilabo F-Type 96 well plates, Carl Roth GmbH & Co.
KG (Karlsruhe, Germany) at a constant volume of 100 μL. Spectra
were recorded from 300 to 600 nm at 25 °C. CUR was quantified at
428 nm and T2A at 459 nm. Prior to UV−vis absorption
measurements, the aqueous formulations were appropriately diluted
with ethanol. The following equations were used to calculate loading
capacity (LC) and loading efficiency (LE)

=
m

m
LE

drug

drug,added (1)

=
+

m

m m
LC

drug

drug polymer (2)

where mdrug and mpolymer are the mass of solubilized drug and polymer
excipient in solution, respectively, and mdrug,added is the amount of drug
initially added to the dispersion. No loss of polymer during micelles
preparation was assumed.

PTX, EFV, and DEX quantification was performed by HPLC
analysis on an LC-20A Prominence HPLC, Shimadzu (Duisburg,
Germany) equipped with a system controller CBM-20A, a solvent
delivery unit LC-20 AT (double plunger), an on-line degassing unit
DGU-20A, an autosampler SIL-20AC, and an SPD-20A UV−vis
detector. As stationary phase, a ZORBAX Eclipse Plus, Agilent (Santa
Clara, CA) C18 column (4.6 × 100 mm2; 3.5 μm) was used. The
mobile phase was a gradient of H2O/ACN at 40 °C and a flow rate of
1 mL/min. PTX was quantified at 227 nm, EFV at 248 nm, and DEX
at 240 nm using a calibration curve obtained with known amounts of
PTX, EFV,17 and DEX, respectively (Figure S57).

For long-term stability studies, the aqueous formulations were
stored in Eppendorf tubes containing the precipitate (if any occurred)
at ambient conditions (≈25 °C) under the exclusion of light. Prior to
the drug quantification after d5, d10, and d30, all formulations were
centrifuged again to remove any precipitate.

Solubility Parameters. The Hildebrand solubility parameter δ
provides a numerical estimate of the degree of interaction between
materials.33 Materials with similar δ values are likely to be miscible. It
is defined as the square root of a molecule’s cohesive energy density
(CED) and is commonly given in MPa1/2. The CED of a liquid is the
cohesive energy Ecoh per molar volume Vm and corresponds to the
energy needed to completely remove a unit volume of molecules from
their neighbors to infinite.34

δ = =
E

V
CED coh

m (3)

As the cohesive energy Ecoh needs to be exceeded while vaporizing, it
can be derived from the heat of vaporization ΔHvap at a given
temperature. The Flory−Huggins interactions parameter χ can be
used to estimate drug polymer compatibility

χ δ δ= − ·−

V

RT
( )solvent solute T,solvent T,solute

2 M,solute

(4)

where δT is the total solubility parameter of solvent and solute, Vm is
the molar volume of solute, R is the Avogadro constant, and T is the
temperature. The lower χ, the higher the solvent−solute compatibility
(for complete miscibility, χsolvent‑solute ≤ 0.5 at the respective
temperature35).

In contrast to the one-dimensional Hildebrand solubility
parameter, the Hansen solubility parameter (HSP) divides δ into
three different kinds of interactions between solvent and solute36

δ δ δ δ= + +T D
2

P
2

H
2

(5)

where δD, δP, and δH comprise contributions from intermolecular van
der Waals forces, dipole−dipole interactions, and hydrogen bonding,
respectively.

HSPs can be calculated by group contribution method (GCM).
Each functional or structural group exhibits a certain molar attractive
force (F) and hydrogen-bond energy (E). The solubility parameter δ
of a molecule is the sum of F and E with respect to its molar volume
Vm

δ =
∑ F E

V

,

m (6)

According to the Hoftyzer−van Krevelen method (HVK),34 the three
partial solubility parameters can be calculated according to

δ =
∑ F

V
D

di

m (7)
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Table 1. Physicochemical Characterization of ABA Triblock Copolymers, Including the Molecular Weight, Mn; Dispersity, Đ;
Glass-Transition Temperature, Tg; and Critical Micelle Concentration, CMC
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δ =
∑ F

V
P

pi
2

m (8)

δ =
∑ E

V
H

hi

m (9)

where Fdi represents the van der Waals force, Fpi is the dipole−dipole
interaction, and Ehi is the hydrogen bonding. Their values were taken
from the literature.34 Therefore, the CED is the sum of contributions
from all functional and structural groups of a molecule. Important to
note, δP and δH are affected by the symmetry of a certain molecule.
According to Fedor’s method,37 each functional or structural group

of a molecule contributes to the molar volume Vm

∑=V vm i (10)

where vi is the group-specific volume.

Another method to calculate HSPs is the Yamamoto Molecule
Break (YMB) method, which is a subprogram of the commercially
available software Hansen Solubility Parameters in Practice (HSPiP).
The HSPs can be directly obtained from the chemical structure of a
molecule, which can be inserted as SMILES code, which was obtained
from ChemDraw Professional 15.1. YMB is a GCM as well; however,
compared to HVK, it exhibits a larger data set of functional groups,
such as the tertiary amide moiety, which is of particular interest for
POx- and POzi-based drug-delivery vehicles. Unfortunately, no
information about the algorithm behind the calculation can be
found in the literature.

Instead of comparing δT, the three solubility parameters δD, δP, and
δH are correlated with each other in the three-dimensional Hansen
space to predict the compatibility between solvent and solute

δ δ δ δ δ δ= − + − + −R (4( ) ( ) ( ) )a
2

D1 D2
2

P1 P2
2

H1 H2
2

(11)

Important to note, the distance Ra of two substances in the Hansen
space does not contain quantitative information about their miscibility

Table 1. continued

aAccording to [M]0/[I]0.
bObtained by 1H NMR analysis (CDCl3; 300 MHz) evaluated as mean of all relevant signals. cObtained by GPC analysis

(eluent: HFIP, calibrated with PEG standards). dMean Tg obtained from second and third heating curves (DSC). eObtained by pyrene assay at 25
°C.
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nor about the degree of intermolecular interactions. However, it can
be used to qualitatively compare the solubility of a certain solute in
various solvents.
Experimental Determination of HSP. The cohesive energy Ecoh,

and therefore the solubility parameter of a certain molecule is directly
linked to its heat of vaporization ΔHvap at a given temperature.
However, the determination of ΔHvap is often unsuitable for drugs
and excipients due to their thermal instabilities.38 The software HSPiP
provides a method to semiempirically obtain the partial solubility
parameters of a certain compound by determining its solubility in a
sufficiently large number of different solvents. Therefore, polymer or
drug were dissolved at 20 g/L in the respective solvent and shaken at
160 rpm and 20 °C for 24 h. Samples exhibiting partial or complete
precipitation were determined insoluble. If the formation of
aggregates (micelles, etc.) was observed by visual inspection (in the
case of triblock copolymers), the respective solutions were stored for
additional 2 days. If no precipitation/sedimentation occurred, they
were considered soluble.

■ RESULTS AND DISCUSSION

Polymer Synthesis and Characterization. All 18 ABA
triblock copolymers used for drug formulation feature the same
(within experimental reproducibility) hydrophilic PMeOx35
shell A and a POx- or POzi-based hydrophobic core B
comprising either barely hydrophobic C3 and C4 or strongly
hydrophobic C9 aliphatic side chains (Table 1). Detailed
description of monomer and polymer synthesis and character-
ization can be found in Figures S1−S18 and S19−S54,
respectively. The polymers were designed to exhibit the same
molecular weight to retain a somewhat comparable water
solubility. Therefore, the degree of polymerization (DP) for
hydrophobic blocks with C9 side chains is lower (DP = 11−
13) than with C3/C4 side chains (DP = 15−20). The
syntheses and characterization of A-nPrOx-A,17 A-nPrOzi-A,17

A-nBuOx-A,17 A-nBuOzi-A,17 A-EtHepOx-A,15 A-EtHepOzi-
A,15 A-nNonOx-A,15 and A-nNonOzi-A15 used in this study
have been already described in the literature. Polymers similar
to A-sBuOx-A39 and A-iBuOx-A39 were previously described;
however, the polymers of the present study were newly
synthesized. All other ABA triblock copolymers were
synthesized and characterized for the first time, to the best
of our knowledge. Furthermore, the polymerization of cPrOzi,
cPrMeOx, cPrMeOzi, iBuOzi, and sBuOzi has not been
described previously. Except for A-nNonOzi-A (Đ = 1.24),
all polymers exhibited a narrow dispersity Đ ≤ 1.2 with an
essential monomodal molar mass distribution (as judged by
GPC, see Supporting Information (SI)). Furthermore, a
distinct shift to higher molar masses after consumption of
each block (determined by GPC) was observed, indicative of
successful preparation of ABA triblock copolymers. The
dispersity of the block copolymers comprising POzi hydro-
phobic cores was generally somewhat higher compared to their
POx counterparts with the same side chain (except for n-
propyl and EtHep). This may be attributed to the higher
polymerization temperatures required for Ozi polymerization
(POzi exhibits lower polymerization rate constants (kp) than
POx40,41). Alternatively, slow initiation of Ozi polymerization
by living PMeOx (1st block) or MeOx polymerization (3rd
block) by living POzi chain ends may be responsible. However,
no clear trend in the dispersity obtained after GPC
measurements after each polymerized block was observed
(for a comparison of elugrams obtained from samples directly
drawn from the reaction mixture (1st and 2nd blocks) or after
purification (3rd block), see SI).

Moreover, successful polymer synthesis was further
corroborated by solid-state characterization of freeze-dried
powders. All ABA triblock copolymers exhibited a single Tg

between 46 °C (A-nBuOzi-A) and 72 °C (A-cPrOx-A and A-
iPrOx-A) (Figure 1a). This is in accordance with previously

reported results from the triblock copolymers comprising C9
side chains, in which the thermal characteristics of the
corresponding homopolymers (e.g., semicrystallinity of
PnNonOx) is not observed in the triblocks, resulting in a
single Tg.

15 It should be noted that the single Tg is not in
accordance with the Fox equation, according to which the Tg

of block copolymers can be derived from the Tg’s of the
corresponding homopolymers. However, the higher flexibility
(i.e., lower Tg) of POzi-based homopolymers compared to
POx-based ones with same side chains42 did result in lower Tg

values of the corresponding triblock copolymers (Figure 1b)
with the notable exception of n-nonyl side chain. Interestingly,
the difference in Tg was less pronounced for polymers with
long C9 side chains, and highest differences of Tg values
between POx- and POzi-containing triblocks were observed for
intermediate side-chain lengths, in particular cyclopropylmeth-
yl and isobutyl side chains, which both feature branching units
at the terminal positions of the side chains. Generally, the Tg of
triblock copolymers comprising unbranched side chains (n-
propyl) were lower than for corresponding polymers with
branched ones (i-propyl and c-propyl). This is expected, as for
the corresponding homopolymers, an increase in Tg from
linear (nPrOx100 = 40 °C) to cyclic (cPrOx100 = 80 °C) was
reported.43

To get first insights into the amphiphilicity of the ABA
triblock copolymers, the critical micelle concentration (CMC)
was determined by pyrene assay. Pyrene is an extremely poorly
water-soluble (water solubility: 0.7 μmol/L; 0.135 mg/L44),
aromatic compound that exhibits five distinct emission bands
termed I1−I5 between 370 and 400 nm.45 Alterations in the
ratio of I1/I3 can be used to determine changes in the polarity
of the surrounding microenvironment. With the formation of
micelles, pyrene partitions into the hydrophobic core usually
causing a decrease in I1/I3. Here, pronounced changes in I1/I3
only occurred for polymers comprising n-butyl or C9 side
chains (Figure 2a and Table 1). With increasing polymer
concentration, I1/I3 increased for n-butyl and decreased for C9
side chains. As discussed previously,32 the increase in I1/I3 after
encapsulation is highly unusual, as pyrene is commonly
considered a measure of polarity and exhibits values between
1.6 and 1.9 in aqueous solution. This indicates that the polarity

Figure 1. (a) Heat flow of the third heating cycle (10 °C/min)
obtained by differential scanning calorimetry (DSC) measurements of
ABA triblock copolymers (black: POx, red: POzi); (b) Tg (black bars:
POx, red bars: POzi, left axis) and the corresponding difference in Tg

of copolymers comprising the same side chain but different backbones
(blue curve, right axis).
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inside the micellar core is greater than that of H2O and even
exceeds the one for dimethyl sulfoxide (DMSO) or ionic
liquids. Taking a closer look at I1/I3 = 1.6−1.8 (Figure 2b)
suggests minor but systematic changes that could be
interpreted as CMCs for A-cPrMeOzi-A, A-iBuOx-A, A-
iBuOzi-A, A-cPrOx-A, and A-cPrOzi-A. The apparent absence
of micelle formation for most triblock copolymers comprising
C3 side chains is in accordance with the general observation of
increasing water solubility with decreasing side-chain length.32

Taking into account the cloud points (Tcp) of the
corresponding homopolymers (nPrOzi100 = 11 °C;40

nPrOx100 = 25 °C; cPrOx100 = 30 °C; and iPrOx100 = 44 °C,
5 mg/mL43), a CMC for POx and POzi with n-propyl side
chains may have been expected. However, the water solubility
increases with decreasing chain length46 (nPrOx25 = 21 °C; 20
mg/mL47) and the flanking hydrophilic blocks can also
influence the solubility of the central B block.48 Apart from
that, the differences in the I1/I3 ratios already illustrate how
small changes in polymer structure such as branching in the
side chain can have a large impact on the encapsulation
properties (for pyrene) and on the polarity of the hydrophobic
core.

Determination of Partial Solubility Parameters.
Solubility parameters δ and molar volume VM of polymers
and drugs were determined according to Hoftyzer−van
Krevelen (HVK), Yamamoto Molecule Break (YMB), and
Fedors’ methods (eqs 6−10). As all drug carriers exhibit the
same hydrophilic PMeOx shell A, only the hydrophobic block
B of the ABA triblock copolymers was considered when
predicting polymer−drug compatibility. This assumption
seemed valid, as the hydrophobic drugs should be mainly
associated with the hydrophobic block. In contrast to HVK,
the degree of polymerization (DP) affects δ obtained by the
YMB method. Important to note, with increasing DP, the
solubility parameters of selected homopolymers became
physically unreasonable, as, e.g., δH of PMeOx increased
exponentially with increasing DP resulting in δH = 131.7
MPa1/2 for PMeOx18. Such a value is unreasonably high,
especially when considering δH(H2O) = 42.3. Apart from a few
outliers (e.g., δP for iPrOzi), the overall trend in δD, δP, and δH
(YMB) for homopolymers with DP = 1 or DP > 5 was the
same (Figure S58). Therefore, and for the sake of comparison
with HVK, a single repeat unit (DP = 1) will be considered in
the following for YMB.
HVK is a group contribution method, i.e., each group of a

molecule contributes to the overall solubility parameters for
the molecule. Therefore, HVK cannot differentiate between
structural isomers such as cPrOzi and cPrMeOx (Figure 3 and
Table S1). Apart from that, the following trends were
observed:

• δD, δP, and δH decreased with increasing side-chain
length, i.e., decreasing ratio of polar (tertiary amides) to
nonpolar (aliphatics) moieties. The decrease was most
pronounced in the case of δP for monomers containing
highly hydrophobic C9 side chains. As a consequence,
δT also decreased with increasing side-chain length. The
trend becomes prominent by comparing δ of polymers
with linear, branched, or cyclic side chains:

• MeOx > nPrOx > nBuOx > nNonOx
• iPrOx > iBuOx = sBuOx > EtHepOx
• cPrOx > cPrMeOx

Figure 2. (a) Ratio of I1/I3 (pyrene assay) in dependence of the ABA
triblock copolymer concentration with corresponding fits. Polymer
concentration in mM (lower axis) corresponds to actual Mn of each
triblock copolymer, whereas top axis (polymer [g/L]) is based on Mn

= 8.0 kg/mol; (b) enlarged section shows the range I1/I3 = 1.60−1.80.

Figure 3. Partial (a−c) and total (d) solubility parameters δD, δP, δH, and δT of various repeat units (solid: POx, hollow: POzi) representing the
hydrophilic shell (MeOx) or the hydrophobic core of ABA triblock copolymers as well as five different drugs. The solubility parameters were
calculated by HVK (black), YMB (blue), or determined experimentally and obtained by HSPiP software (green). The difference in δ obtained by
HVK or YMB is given as HVK/YMB (red).
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• branching in the side chain decreased δD, δP, δH:

• nBuOx > iBuOx = sBuOx
• cyclization in the side chain increased δD, δP, δH. The

increase was most pronounced for δH:

• cPrMeOx > nBuOx > iBuOx = sBuOx

As HVK is not able to differentiate between a methylene
group in the side chain or the backbone, δD, δP, and δH of POx
are generally greater than those of POzi with the same side
chain.
Partial solubility parameters of a single repeat unit obtained

by the YMB method resulted in the same trend of decreasing δ
with increasing side-chain length. Furthermore, the extraordi-
narily high δD values for monomers with cyclic side chains
were obtained for both methods. Interestingly, YMB was able
to differentiate between structural isomers with ΔδD (POx/
POzi) < 1%, ΔδP < 3%, and ΔδH < 11% for POx- and POzi-
based isomers such as nBuOx and nPrOzi.
Comparing δD, δP, and δH of the five drugs gave similar

trends irrespective of whether they were calculated using HVK
or YMB (detailed description of how δ values were obtained
can be found in Tables S2−S6). Only δH of PTX differed
significantly with a value 4 times higher calculated by HVK.
For a better understanding of the validity of the calculated
solubility parameters, the solubility parameters of polymers
and drugs were also determined experimentally.
Semiempirical determination of partial solubility parameters

was performed by dissolving polymers or drugs at 20 g/L

(sparingly soluble according to the U.S. Pharmacopeia) in 31
solvents with varying polarities and functional groups at 20 °C
(Figure 4 and see Table S7 for dielectric constants ε and
ET(30) values of respective solvents). It is evident that the
solubility of the ABA triblock copolymers (rows 2−19) is
strongly affected by its hydrophilic PMeOx35 shell (row 1).
Homopolymers with C4 (or longer) side chains should not be
soluble in water at the investigated concentration. With the
notable exception of butyronitrile, all copolymers comprising
C3 side chains exhibited the same solubility as PMeOx35. The
similar solubilities of all triblock copolymers display limitations
of this approach, in particular regarding the crucial part,
namely, the hydrophobic core of the drug carriers. In contrast
to homopolymers, the solubility of block copolymers is highly
complex due to their amphiphilic character and the associated
aggregation behaviors.49,50 In this regard, even the term
solubility needs to be discussed. According to the U.S.
Pharmacopeia,51 soluble means that a substance yields a
homogeneous mixture when mixed in the desired ratio with
the designated solvent. The problem of this definition is
illustrated in Figure S59. The two extremes completely soluble
and nonsoluble are easy to determine. Although no
precipitation occurs, the in-between state caused by the
formation of (nanosized) aggregates is hard to clearly assign to
one of the two extremes. Generally, solubility is a measure of
the degree of molecular mixing between two substances at
thermodynamic equilibrium. In the case of micelles, efficient
molecular mixing is not guaranteed anymore, as the hydro-

Figure 4. Solubility profiles of PMeOx35, ABA triblock copolymers (labeled according to their hydrophobic core), as well as non-water-soluble
drugs in 31 different solvents at 20 g/L and 20 °C (green: soluble; red: nonsoluble).
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phobic (polar solvent) or hydrophilic (nonpolar solvent) part
is segregated from the solvent. As we used a binary code
(soluble, nonsoluble) to determine the solubility parameters,
all solutions showing no precipitation after 2 day storage were
regarded as soluble. Apart from that, the investigated polymer
and drug concentration of 20 g/L was chosen at random.
Important to note, different concentrations would result in
altered solubility profiles further hampering the absolute
determination of solubility parameters. At the chosen
concentration, it is clear that the solubilities of all tested
polymers only show minute differences. However, a minor
difference for two polymers of particular interest, A-pPrOzi-A
and A-pBuOx-A, which are constitutional isomers, was
observed, as the former is soluble in butyronitrile, while the
latter is not.
In contrast to the polymers, pronounced differences in the

solubility behaviors of the drugs are obvious, which will be
discussed in the context of drug formulations (Figures 6−10).
The pronounced discrepancy in δD, δP, and δH between
experimentally determined and calculated (HVK or YMB)
values (Figure 3, green curve) averaged out, resulting in similar
δT for all methods. This already gave a hint that the
determination of polymer−drug compatibility by the Flory−
Huggins interaction parameter χ (considering δT only; eq 4)
might be inaccurate, as it is not able to distinguish between the
different kinds of interactions.
To get a first understanding of the validity of the obtained

solubility parameters, the water solubility of the repeat unit
corresponding to the hydrophobic core or the hydrophilic shell
was calculated and compared to their experimentally
determined solubilities. Compatibility between solvent and
solute can be qualified by the Flory−Huggins interactions
parameter χ (eq 4) or the distance Ra between solvent and
solute in three-dimensional Hansen space (eq 11). The
experimentally determined trend of decreasing water solubility
with increasing side-chain length could be reproduced by HVK
(Figure 5, blue bars) or YMB (red bars) with both parameters,
χ and Ra (Table S8). In all cases, MeOx exhibited the highest
compatibility with water (i.e., lowest values of χ and Ra). In
good agreement with experimental data, polymers comprising
strongly hydrophobic C9 side chains were on the opposite side

with regard to water miscibility. As already suggested by their
high δH values, polymers comprising cyclic side chains (c-
propyl or c-propylmethylene; Figure 3) were predicted to have
a higher water solubility than linear or branched ones
(compatibility with H2O is strongly influenced by δH due to
its high value of 42.3). However, this does not correctly reflect
the experimental solubility, as the cloud point (Tcp) of iPrOx100
is approximately 14 °C higher than that of cPrOx100.

43

Furthermore, the same χ and Ra values of nPrOzi and
nBuOx (HVK) or even higher values of nPrOzi (YMB) do not
correlate well with their actual water solubilities. Such small
differences between experimental and calculated miscibilities
may seem negligible. However, as we will see later, those small
changes in the chemical structure can have tremendous impact
on polymer−drug compatibility. In conclusion, it is possible to
correctly classify the solubility of polymers with strongly
varying solubility behaviors (C1 vs C3 vs C4 vs C9 side
chains); however, the impact of small structural changes
including shifts of single methylene groups seems to be
unpredictable using Hansen solubility parameters. Important
to note, water solubility of the polymers predicted with
solubility parameters derived from their experimental solubility
profile (Figure 4) correlated much worse, as A-nNonOx-A
comprising a strongly hydrophobic core was predicted to have
a higher water compatibility than MeOx35 (Figure 5b, gray
inset).

Drug Formulations. The drug formulations included in
this study were prepared under identical conditions (as far as
possible; for detailed description, the reader is referred to the
Materials and Methods section). An overview of the maximum
achieved drug concentrations of all formulations is given in
Figure S60, whereas complete formulation data can be found
in Figures S61−S83. The initial thought of comparing POx-
and POzi-based drug formulations with the ones prepared with
commercially available polymers was revoked due to the
inability of Resomer and Soluplus to efficiently solubilize any
of the investigated drugs (Figures S64, S68, S72, S76, S82).
However, this is most likely due to inappropriate formulation
conditions (thin-film method), as Soluplus is designed for hot
melt extrusion and Resomer for nanoprecipitation. In fact,
curcumin solubilities up to 0.47 g/L were reported with solid
dispersions of Soluplus52 while using the thin-film method only
less than 0.1 g/L was achieved (Figure S68).
The PTX and CUR formulations of A-EtHepOx-A, A-

EtHepOzi-A, A-nNonOx-A, and A-nNonOzi-A were already
reported.15 CUR and PTX formulations of A-nPrOx-A, A-
nPrOzi-A, A-nBuOx-A, and A-nBuOzi-A were already
described,17 but prepared for the present study under slightly
different conditions; however, the drug loadings were highly
reproducible.53

Paclitaxel Formulations. The solubility enhancement of
PTX using POx triblock copolymers exhibiting a similar
structure to some of the ones investigated in this study (A-
nBuOx-A, A-iBuOx-A, A-sBuOx-A) was already assessed at
slightly different conditions.39 Except for A-sBuOx-A, the here
obtained maximum PTX loadings (Figure 6a) correlated well
to the ones reported previously. The difference for A-sBuOx-
A/PTX (3.639 vs 5.6 g/L) might be due to poor formulations
stability (Figure 10). Measuring the drug content not
immediately after preparation (as performed here) might
already have caused PTX precipitation. The drug feed
concentrations of 2, 4, 6, 8, 10, and 12 g/L (polymer = 10
g/L) were chosen to obtain reliable maximum drug loadings.

Figure 5. (a) Predicted water miscibility of different poly(2-oxazolin)
and poly(2-oxazine) repeat units (Ox/Ozi) estimated by HVK (blue)
or YMB (red) with either Ra (left bars) or χ (right bars). Polymers are
sorted according to decreasing water solubility (bottom to top)
obtained by HVK. Water solubility of selected homopolymers
according to their Tcp is given. (b) Visualization of Ra between
homopolymers (HVK method; DP = 1) with varying side-chain
length and H2O in three-dimensional Hansen space. Ra (H2O) of
MeOx35 (purple) or selected triblock copolymers (green: A-nPrOzi-
A; black: A-nNonOx-A) derived from their experimental solubility
profile (Figure 4) are given in the gray insert.
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This becomes clear by taking a closer look at the PTX
formulations of A-nBuOzi-A (Figure 11). Up to PTX feed
concentrations of 8 g/L, PTX was encapsulated quantitatively
with loading efficiencies (LE) around 100%. Increasing PTX
feed to 10 g/L already caused little precipitation with LE =
56%. At 12 g/L however, only 0.65 g/L PTX could be
encapsulated (LE = 5.4 wt %). Therefore, investigating high
drug feed concentrations >10 g/L only would have resulted in
false maximum PTX loadings, i.e., wrong polymer−drug
compatibilities.
As determined in a previous study,17 hydrophobic cores

exhibiting a butyl side chainirrespective if linear or
branchedwere found preferable in terms of maximum PTX
loadings (Figure 6a). Furthermore, no pronounced difference
between POx and POzi hydrophobic cores was observed.
Interestingly, HVK correctly classified the worst-performing
polymers comprising C9 side chains or A-cPrOx-A and A-
iPrOx-A with Ra (Figure 6c and Tables S4, S9). This was not
true for YMB, which, e.g., predicted (Ra) a higher compatibility
for A-iPrOx-A than for the best-performing polymer A-
nBuOx-A. Interestingly, the two best-performing polymers A-
nBuOx-A and A-nBuOzi-A were included within the four best
polymers according to HVK and Ra. As χ does not differentiate
between the different contributions to the solubility parame-
ters, the compatibility of the cPrOx core with PTX was
overestimated due to their similar δT values. Generally, Ra was
in better agreement with the experimental drug loadings than
χ. Interesting to note, Ra and χ obtained from the
experimentally determined solubility parameters of PTX
(Figure 6d) performed worse than calculated compatibilities.
This might be due to the large solubility range of PTX in the

31 chosen solvents at 20 g/L. Being soluble in many solvents
makes it hard to determine crucial parameters resulting in
nonexpressive, averaged values of δD, δP, and δH.
In summary, (1) Ra (being more discriminating) predicted

polymer−PTX compatibility better than χ, (2) HVK was more
precise than YMB, (3) HVK was able to classify the worst-
performing polymers with Ra, (4) Ra and χ obtained with
experimentally determined δ of PTX predicted worse than
purely calculated ones, and finally, (5) none of the methods
was able to correctly predict polymer−PTX compatibility of
structurally similar polymers (e.g., iBuOx and iPrOzi).

Curcumin Formulations. In contrast to the situation with
PTX, the polymer backbone seems to be a crucial parameter in
the case of CUR. POzi-based CUR formulations were in all
cases superior to their POx counterparts with the same side
chains (Figure 7a), again in good agreement with previous

hypothesis of strong influence of polymer backbone on
polymer−CUR compatibility based on a much smaller polymer
library.17 Very recently, we have observed that a more dynamic
structure inside the hydrophobic core of CUR-loaded A-
PrOzi-A is conducive to achieve extremely high CUR loadings
>50 wt %.54 In contrast, CUR experiences a more rigid
environment within A-nBuOx-A, which seems to prohibit such
high CUR loadings. It should be noted that LC = 23 wt %
(ρ(CUR) = 3.0 g/L) of A-nBuOx-A is still rather high as
nanoformulations commonly not exceed CUR loadings of 20
wt %.55

Interestingly, the difference in loading between POx and
POzi was least pronounced for polymers comprising branched
C4 side chains (i-butyl and s-butyl). Presumably, the branched
side chains shield the amide moiety more efficiently, interfering

Figure 6. (a) Maximum achieved PTX concentrations directly after
preparation in dependence of the polymer structure (polymer = 10 g/
L; ABA triblock copolymers labeled according to their hydrophobic
core). All samples were prepared in triplicate, and the results are
presented as mean ± SD. (b) Chemical and spatial (MM2 force-field
minimum energy; Chem3D 15.1) structure of PTX. (c, d) Predicted
compatibility between PTX and hydrophobic repeat units estimated
by HVK (blue) or YMB (red) with either Ra (left bars) or χ (right
bars). Polymers are sorted according to decreasing polymer−PTX
compatibility (bottom to top) obtained by HVK. Solubility
parameters of PTX were either calculated (c) or derived from its
experimental solubility profile (d). Color code next to polymer labels:
8−10 g/L PTX (red); 5−8 g/L PTX (orange); 1−5 g/L PTX
(yellow); and <1 g/L PTX (green).

Figure 7. (a) Maximum achieved CUR concentrations directly after
preparation in dependence of the polymer structure (polymer = 10 g/
L; ABA triblock copolymers labeled according to their hydrophobic
core). All samples were prepared in triplicate, and the results are
presented as mean ± SD. (b) Chemical and spatial (MM2 force-field
minimum energy; Chem3D 15.1) structure of CUR. (c, d) Predicted
compatibility between CUR and homopolymers (DP = 1)
corresponding to the hydrophobic core estimated by HVK (blue)
or YMB (red) with either Ra (left bars) or χ (right bars). Polymers are
sorted according to decreasing polymer−CUR compatibility (bottom
to top) obtained by HVK. Solubility parameters of CUR were either
calculated (c) or derived from its experimental solubility profile (d).
Color code next to polymer labels: 10−12 g/L CUR (dark red); 8−10
g/L CUR (red); 5−8 g/L CUR (orange); 1−5 g/L CUR (yellow);
and <1 g/L CUR (green).

Biomacromolecules Article

DOI: 10.1021/acs.biomac.9b00618
Biomacromolecules 2019, 20, 3041−3056

3050



with rigid structure formation as in the case of A-nBuOx-A/
CUR. However, this is mere speculation at this point and
remains to be elucidated. Interesting to note, the differences in
Tg, indicative of main-chain flexibility, was very pronounced for
the iso-butyl side chains but rather small for sec-butyl. The
polymers comprising n-propyl or iso-propyl side chains did not
exhibit a clear CMC by pyrene assay (Figure 2). Nevertheless,
they enabled CUR concentrations up to 11.6 g/L (54 wt %) in
the case of A-cPrOzi-A. Such a CUR-induced micellization was
already previously reported for A-nPrOzi-A.56

Interestingly, the extremely high CUR loadings >50 wt %
were somehow expressed in the solubility profile of CUR
(Figure 4). At the investigated conditions, CUR was a very
selective compound, being soluble in only 6 out of 31 solvents.
Most interestingly, three out of these six solvents are strong
hydrogen-bond donors comprising either a sulfoxide (DMSO,
sulfolane) or a tertiary amide (DMF) moiety. Considering that
both POx and POzi exhibit a high density on tertiary amides as
well, this somehow rationalizes their unrivaled high CUR
loadings in selected cases. However, the pronounced
preference for POzi over POx is not explained by this.
It is well known53,57 that CUR is generally incorporated into

the hydrophobic core of polymeric micelles as keto−enol
tautomer. In the literature, the keto−keto tautomer of CUR
has been used to predict polymer−CUR compatibility with
solubility parameters,58 while presently, the planar keto−enol
CUR was chosen for the calculations (Table S2). However,
discrepancy with the solubility parameters calculated here and
values from the literature59 occurred. Unfortunately, publica-
tions involving HSPs typically only show the final parameters
without giving sufficient information on how they were
obtained.
Similar as noted for PTX, HVK was able to classify the

worst-performing polymers (except A-nBuOx-A) with Ra

(Figure 7c and Table S10). YMB gave similar results but
overestimated the CUR compatibility of A-iPrOx-A and A-
cPrOx-A. Distinction between good (8−10 g/L CUR) and
highly compatible (10−12 g/L CUR) polymers was not
possible either way. Again, the Flory−Huggins interaction
parameter χ yielded worse predictions than Ra, as, e.g., the
poorly performing polymers A-nBuOx-A, A-iPrOx-A, and A-
cPrOx-A were estimated more compatible than many of the
best performers. As for PTX, compatibility predicted with
experimental δ of CUR (Figure 7d) was worse than purely
calculated one.
Efavirenz Formulations. To the best of our knowledge,

no POx- or POzi-based EFV formulations have been reported
in the literature. In contrast to PTX and CUR, no clear and
consistent trend of the maximum achieved EFV concentration
on the polymer side chain was observed (Figure 8a). With the
exception of the s-butyl side chain, POzi were superior to POx
throughout, but the difference was less pronounced than for
CUR. For EFV, no marked difference between polymers
comprising barely hydrophobic C3 and C4 or strongly
hydrophobic C9 side chains occurred. This seems to be
correlated with the solubility profile of EFV (Figure 4) as it is
soluble in a wide range of solvents (28 out of 31 solvents with
various polarities and functional groups). The presently
achieved EFV loadings of up to LC = 39 wt % (EFV = 6.4
g/L at 10 g/L A-nBuOx-A) surpass the LC of various EFV
nanoformulations found in the literature exhibiting maximum
LCs < 20 wt % (EFV = 2060−2361 g/L at 100 g/L Pluronic) or
<25 wt % (EFV ≈ 3360 g/L at 100 g/L Tetronic). A-cPrOx-A

was the only polymer being unable to obtain moderate to high
drug loadings. However, A-cPrOx-A could not incorporate any
of the drugs investigated in this contribution efficiently. This
could be due to steric effects, such as a shielding of the amide
moiety by the cyclo-propyl residue, rather than insufficient
hydrophobicity, as cPrOx100 has a lower water solubility than
iPrOx100.

43 In this case, the worst solubilizer A-cPrOx-A was
corroborated by the HVK and YMB methods with Ra (Figure
8c and Table S11) and the YMB method was superior to
categorize the polymers, as the three best solubilizers A-
cPrMeOzi-A, A-nBuOzi-A, and A-nPrOzi-A were among the
five best polymers predicted with Ra. Again, χ was much less
accurate in predicting polymer−drug compatibility. Further-
more, due to the small molar volume Vm of EFV, most values
of χ approach zero, which corroborates the good solubility in
many solvents and polymers. Out of the five investigated drugs,
EFV is the only one which can be efficiently solubilized with
polymers comprising strongly hydrophobic C9 side chains.
Most interestingly and in contrast to CUR and PTX, HVK
indeed predicted (Ra) a high compatibility of the polymers
comprising C9 side chains and EFV. Unlike previously, Ra and
χ obtained with the experimentally determined solubility
parameters of EFV correlated well with the purely calculated
ones (Figure 8d).

Dexamethasone Formulations. So far, HVK and, to a
lesser extent, YMB were able to classify the solubilization
ability of the copolymers in a certain range with Ra. Especially,
the worst-performing polymers could be identified reasonably
well. However, POx- and POzi-based DEX formulations
display strong limitations of the group contribution methods.
Neither HVK nor YMB contain information on the rigidity of a
molecule. Although DEX has a lower molecular weight (Mw =
392.5 g/mol) and calculated molar volume Vm (268.8 cm3/

Figure 8. (a) Maximum achieved EFV concentrations directly after
preparation in dependence of the polymer structure (polymer = 10 g/
L; ABA triblock copolymers labeled according to their hydrophobic
core). All samples were prepared in triplicate and results are presented
as mean ± SD. (b) Chemical and spatial (MM2 force-field minimum
energy; Chem3D 15.1) structure of EFV. (c, d) Predicted
compatibility between EFV and homopolymers (DP = 1)
corresponding to the hydrophobic core estimated by HVK (blue)
or YMB (red) with either Ra (left bars) or χ (right bars). Polymers are
sorted according to decreasing polymer−EFV compatibility (bottom
to top) obtained by HVK. Solubility parameters of EFV were either
calculated (c) or derived from its solubility profile (d). Color code
next to polymer labels: 10−12 g/L EFV (dark red); 8−10 g/L EFV
(red); 5−8 g/L EFV (orange); 1−5 g/L EFV (yellow); and <1 g/L
EFV (green).
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mol) than PTX (Mw = 853.9 g/mol, Vm 559.8 cm3/mol), it is
far more rigid due to its steroid structure. Although exhibiting
a similar amount of H-bond-donating moieties per molecule
(PTX: 4; DEX: 3), specific interactions between the polymers
and DEX might be hampered by its inflexible structure. This
may tentatively explain that none of the investigated polymers
was able to efficiently solubilize DEX (nevertheless, aqueous
DEX concentration was higher than that for the nonformulated
one; Figure 9a). However, Ra and χ of PTX (Figure 6c) and

DEX (Figure 9c and Table S12) were comparable to a similar
order in terms of predicted polymer−drug compatibilities.
Clearly, considering solubility parameters only, no differ-
entiation between the two drugs would have been possible.
However, for the experienced formulation scientist, rigid
structures such as DEX create doubts in terms of its
encapsulation into polymer micelles. This is corroborated by
the commonly very low LC of various micellar DEX
formulations found in the literature based on, e.g., Pluronic
F127 (LC = 0.48 wt %; DEX = 0.48 g/L at 100 g/L F12762);
PCL-PEG (LC = 2.2 wt %; no actual solubility given63); or
sodium taurocholoate/lecitin (LC = 0.5 wt %; DEX = 0.45 g/L
at 95 g/L solubilizer64). Also, DEX is less soluble in the range
of investigated solvents (Figure 4).
In the case of A-nPrOzi-A, the rather low maximum PTX

loading could be increased by co-formulating CUR (vice versa
in the case of A-nBuOx-A).17 However, no significant increase
in DEX loading could be achieved by co-formulating CUR or
PTX using A-nPrOzi-A or A-nBuOx-A (Figure S77).
Although not further discussed in this study, triblock
copolymers comprising hydrophobic cores with aromatic side
chains (benzyl or phenyl)16 were also unable to efficiently
solubilize DEX with drug loadings ≤1 g/L (Figure S78). In
contrast, it has been recently reported that nPrOx60-b-MeOx40

diblock copolymers were able to achieve significantly higher
DEX loadings (1.6 g/L DEX at 10 g/L polymer),65 while other
studies concerning PTX showed inferior loading for diblocks.39

Tanshinone IIa Formulations. Tanshinone IIa (T2A) is
another molecule for which the solubility profile correlated
well to its chemical structure. Even more than in the case of
DEX, not one of the polymers was able to notably increase the
water solubility of T2A (Figure 10a). Similar to CUR, T2A was

a very selective molecule, being soluble in only 6 out of 31
solvents (Figure 4). However, in contrast to CUR, none of the
six solvents exhibited hydrogen-bond-accepting groups such as
DMSO, sulfolane, or DMF. This is somehow expected due to
the absence of H-bond-donating groups in T2A. Therefore,
strong intermolecular interactions such as hydrogen bonding
with the tertiary amides of POx and POzi are not possible.
Following this, the low values of Ra and χ are clearly
misleading, predicting a high compatibility between selected
polymers and T2A (Figure 10c,d and Table S13).
Similar to DEX, no significant increase in T2A loading could

be achieved by co-formulating CUR or PTX with A-nPrOzi-A
or A-nBuOx-A (Figure S83). In the case of PTX, the failed
increase in T2A loading was somehow expected, as
unsuccessful co-encapsulation of PTX/T2A into micelles of
poly(ethylene glycol)-b-polylactic acid was reported recently.66

In contrast, PEG succinate-graf t-poly(D,L-lactide-co-glyco-
lide)−Pluronic F127 mixed micelles achieved significantly
higher T2A loadings (LC = 6.1 wt %; T2A = 0.90 g/L67)
compared to the here presented POx- and POzi-based
formulations.
Oversimplifications such as that hydrophobic molecules will

simply be incorporated into the hydrophobic core of polymer
micelles are clearly entirely unsuited to explain the formulation
behavior reported here. In contrast, an extremely high

Figure 9. (a) Maximum achieved DEX concentrations directly after
preparation in dependence of the polymer structure (polymer = 10 g/
L; ABA triblock copolymers labeled according to their hydrophobic
core). All samples were prepared in triplicate, and the results are
presented as mean ± SD. (b) Chemical and spatial (MM2 force-field
minimum energy; Chem3D 15.1) structure of DEX. (c, d) Predicted
compatibility between DEX and homopolymers (DP = 1)
corresponding to the hydrophobic core estimated by HVK (blue)
or YMB (red) with either Ra (left bars) or χ (right bars). Polymers are
sorted according to decreasing polymer−DEX compatibility (bottom
to top) obtained by HVK. Solubility parameters of DEX were either
calculated (c) or derived from its experimental solubility profile (d).
Color code next to polymer labels: green = <1 g/L DEX.

Figure 10. (a) Maximum achieved T2A concentrations directly after
preparation in dependence of the polymer structure (polymer = 10 g/
L; ABA triblock copolymers labeled according to their hydrophobic
core). All samples were prepared in triplicate, and the results are
presented as mean ± SD. (b) Chemical and spatial (MM2 force-field
minimum energy; Chem3D 15.1) structure of T2A. (c, d) Predicted
compatibility between T2A and homopolymers (DP = 1)
corresponding to the hydrophobic core estimated by HVK (blue)
or YMB (red) with either Ra (left bars) or χ (right bars). Polymers are
sorted according to decreasing polymer−T2A compatibility (bottom
to top) obtained by HVK. Solubility parameters of T2A were either
calculated (c) or derived from its solubility profile (d). Color code
next to polymer labels: green = <1 g/L T2A.
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susceptibility of the drug loading on the polymer structure was
shown. Due to the unique structure of each drug, no systematic
trend in the influence of small structural changes in the
polymer structure such as side-chain branching on the
polymer−drug compatibility was observed. However, due to
their versatility in terms of chemical structures, POx and POzi
are a promising drug-delivery platform to handle such
specificities enabling drug loadings close to or in excess of
50 wt % in selected cases. We are confident that the
formulation of challenging molecules such as T2A could be
facilitated by the introduction of, e.g., hydrogen-bond donors
into the hydrophobic core of the investigated polymers.
However, such strong structural changes were excluded on
purpose for the present work, to challenge the idea of using
partial solubility parameters to assess polymer−drug compa-
tibilities. Polymers with strongly differing structures such as C3
vs C9 side chains could be successfully classified with
experimental data employing polymers with strongly differing
structures.20 However, the impact of small structural changes
in the polymer side or main chain remains unpredictable at this
point. For the present work, HSPs were chosen due to their
simplicity. They do not contain much information about
complex interactions, and their easy calculation/determination
makes them attractive to predict polymer−drug compatibility.
Sophisticated calculations may give more insights into actual
polymer−drug interactions on an atomic scale, but such
approach is much more demanding.68,69 Although applicable
for, e.g., the binding of substrates into well-defined pockets of
enzymes70 or cyclodextrins,71 this is more challenging for
polymer micelles due to their dynamic structure.
Long-Term Stability of Drug Formulations. The

different long-term stabilities of the presently investigated
formulations will be exemplified by the PTX formulations of
polymers comprising C4 side chains. For all other
formulations, the reader is referred to Figures S61−S71.
Generally, the drug loading increased with increasing drug feed
up to the maximum obtainable PTX concentration (Figure
10). Further addition of PTX decreased the drug loading. This
decrease was dependent on the polymer structure, as PTX
loading of A-nBuOx-A decreased by 46% from 8.2 g/L (45 wt
%; 10 g/L feed) to 4.6 g/L (32 wt %; 12 g/L feed), but by 64%

in the case of A-sBuOx-A (8 vs 10 g/L PTX feed). Not
surprisingly, the long-term stability was generally higher when
the initial drug feed was lower, as shown in the highest stability
of the formulations at 2 g/L PTX feed for all polymers (purple
bars). Formulations prepared at drug feeds surpassing the
maximum obtainable drug concentrations exhibited the
poorest long-term stabilities, as, e.g., PTX loading decreased
from 5.6 g/L (36 wt %) to 0.04 g/L (0.4 wt %) after 5 day
storage in the case of A-sBuOx-A (PTX feed: 8 g/L).
Therefore, the drug loading of the initially highly loaded
formulations fell short of the ones prepared at lower PTX feeds
such as 2 g/L. If this is due to the presence of PTX precipitated
after preparation (samples were stored upon the precipitate)
acting as crystallization nucleus or to colloidal instabilities
needs further investigation. It is quite remarkable how smallest
changes in the polymer structure not only affect maximum
obtainable drug loadings but also the long-term stabilities. A-
nBuOx-A not only exhibited the highest PTX loading in the
first place but also the best long-term stability without any sign
of drug loss during the 30 day storage, corroborating earlier
reported absence of aggregation of A-nBuOx-A/PTX for-
mulations during 4 month storage as investigated by dynamic
light scattering.39 In contrast, drug content of initially highly
loaded formulations of polymers comprising branched side
chains collapsed the latest after 30 day storage for iso-butyl
(Figure 11e,f) or already after 5 day storage in the case of sec-
butyl side chains (Figure 11g,h).
In the case of CUR, all triblock copolymers comprising C4

side chains exhibited an excellent long-term stability with no
major loss in CUR content during 30 day storage (Figure S66).
In contrast, polymers comprising C3 side chains showed a
decrease in CUR loading in all cases in which CUR already
precipitated on the day of preparation (Figure S65). Therefore,
it seems that precipitated CUR nanoformulations further
affects the stability of the remaining nanoformulations.
However, important to note, the precipitate does presumably
not comprise crystalline but amorphous CUR, as was reported
previously for A-EtHepOx-A.14 Only A-cPrOzi-A, exhibiting
an excellent CUR loading >50 wt % in the first place, showed
no loss of CUR within the 30 day storage (Figure S65b).
Except for A-iPrOx-A (Figure S69e), EFV formulated with

Figure 11. Aqueous PTX concentrations in dependence of the drug feed concentration (2−12 g/L) and polymer structure (polymer = 10 g/L).
The samples were quantified directly after preparation (d0) or after storage at ambient conditions (T ≈ 25 °C) under the exclusion of light for 5,
10, and 30 days. Prior to each quantification, the samples were centrifuged to remove any precipitate in the supernatant. For long-term stability
studies, the formulations were stored in Eppendorf tubes containing the initial precipitate (if any occurred). Each formulation was prepared in
triplicate, and the results are presented as mean ± SD.
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triblock copolymers exhibiting C3 (Figure S69) or C4 (Figure
S70) side chains generally exhibited excellent long-term
stability with no major loss of drug content within 30 day
storage. In contrast to CUR, initially precipitated EFV did not
seem to affect long-term stability of the respective
formulations.

■ CONCLUSIONS

A considerable library of structurally diverse triblock
copolymers was tested for solubilization of five different,
extremely water-insoluble drugs. In all cases in which an
efficient encapsulation of the drug into polymer micelles was
possible (PTX, CUR, EFV), almost all polymers could
incorporate at least 20 wt % of drug, which seems to be a
common limiting value for many drug formulations based on
different polymer micelles. In these cases, HVK and, to a lesser
extent, YMB were able to classify the polymer−drug
compatibility in a certain range with Ra. Especially the least
suitable polymers correlated reasonably well with a large Ra

value. However, only relying on the absolute values of Ra is
misleading, as also nonsolubilizable drugs (DEX and T2A)
were predicted to have a high compatibility. Considering the
broad parameter space in terms of investigated polymer
structures, crucial parameters of the drugs hampering drug
encapsulation are likely to be connected with rigidity or
absence of hydrogen-bond-donating moieties. In all cases, the
simple comparison of δT of polymer and drug as in the case of
the Flory−Huggins interaction parameter χ leads to false
predicted compatibilities and display a rational to use the more
detailed partial solubility parameters. Here, we investigated
1710 different formulations and 4626 individual samples,
which highlights why it can be very challenging to develop
polymer-based drug-delivery systems for water-insoluble drugs,
as smallest changes in the chemical structures of the polymer
carriers determine if a formulation is successful or not.
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In all studies discussed so far, emphasize was put on the impact of the micellar hydrophobic core 

on polymer-drug compatibility. This approach seems valid, as hydrophobic drugs should be mainly 

associated with the hydrophobic block. However, as already briefly mentioned, especially at high 

drug loading, parts of the hydrophilic shell are likely to participate in the stabilization of the 

hydrophobic drug. To systematically investigate the influence of the hydrophilic shell on drug 

loading, the so far consistently kept hydrophilic poly(2-methyl-2-oxazoline) (PMeOx) shell of the 

ABA triblock copolymers (A = hydrophilic block; B = hydrophobic block) was either partly (A-B-A*) 

or completely (A*-B-A*) replaced with similarly water-soluble poly(2-ethyl-2-oxazoline) (PEtOx). 

A significant drop in the LC of all amphiphiles comprising PEtOx occurred. Interestingly, the 

interaction between the PEtOx shell and the incorporated hydrophobic small molecules was more 

pronounced than for its PMeOx counterparts, reducing colloidal stability of the respective drug-

loaded micelles at much lower drug loading. Apart from the reduced overall drug loading, the 

specificity pattern with respect to the hydrophobic core was largely preserved irrespective of the 

corona, once more corroborating the relevance of the core identity. These findings demonstrate 

that a simple core-shell architecture, in which the core incorporates the hydrophobic drug and the 

corona facilitates micellar water solubility, is an oversimplification. The actual morphology of the 

drug-loaded micelles will be discussed in more detail in the following chapter.  
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ABSTRACT: Polymeric micelles are typically characterized as core-

shell structures. The hydrophobic inner core is considered as de-

pot for hydrophobic molecules such as drugs or catalysts and the 

corona forming block acts as protective, stabilizing and solubilizing 

interface between the hydrophobic core and the external aqueous 

milieu. Tremendous efforts have been made to tune the hydro-

phobic block to increase the drug loading and stability of the mi-

celles, while the role of hydrophilic blocks regarding drug loading 

and stability of micelles is rarely studied in detail. To do so, we 

investigated a small library of structurally similar A-B-A type am-

phiphiles based on poly(2-oxazoline)s and poly(2-oxazine)s by var-

ying the hydrophilic block A utilizing poly(2-methyl-2-oxazoline) 

(A) or poly(2-ethyl-2-oxazoline) (A*), both excellently water-solu-

ble polymers that are able to provide beneficial stealth properties. 

Surprisingly, major differences in loading capacities from A-B-A > 

A*-B-A > A*-B-A* highlight the impact of the hydrophilic corona of 

the polymer micelles on drug loading and stability. 1H-NMR spec-

troscopy revealed that the hydrophilic pEtOx exhibits a stronger 

interaction with the cargo compared with its more hydrophilic 

counterpart pMeOx, reducing colloidal stability of the drug loaded 

micelles at lower drug loading. To gain more insights, formulations 

were also characterized by diffusion ordered and nuclear Over-

hauser effect NMR spectroscopy, dynamic light scattering and (mi-

cro) differential scanning calorimetry. Our findings suggest that 

the interaction between the hydrophilic block and the guest mol-

ecule should be considered an important but previously largely ig-

nored factor for the rational design of polymeric micelles. 

1. INTRODUCTION 

Amphiphilic block copolymers self-assemble into polymeric mi-

celles (PM) in selective solvents above their critical micelle con-

centration (cmc)1. These nanostructures can be  employed for a 

variety of applications such as drug delivery2, viscosity modifica-

tions3, catalysis and toughening of plastics4. The size,  morphology, 

stability and surface chemistry of PM can be easily adjusted by fine 

tuning the hydrophilic/hydrophobic ratios and block lengths5-6. 

PMs are capable to encapsulate hydrophobic molecules, increas-

ing their solubility and stability, thus often resulting in improved 

drug bioavailability and/or delivery. It is frequently postulated and 

sometimes confirmed that micelles have core-shell structures, 

where the core hosts hydrophobic guest molecules, while the shell 

provides the solubility and colloidal stability in aqueous milieu7-8. 

Along these lines, Guo and Lu et al. demonstrated that increasing 

the chain length of the hydrophobic block has a positive impact on 

drug loading9-10 while Wang and coworkers reported that increas-

ing the hydrophilic block length in case of diblock copolymers can 

increase the thickness of the corona and slow the exchange kinet-

ics1. With respect to the morphology of PMs, Schulz et al. and later 

Cao et al. reported that increasing the drug feed can induce a mor-

phology transition from worm or rod like structures to small 

spherical micelles or vesicles5, 11, while Lübtow et al. reported mi-

celle formation of A-B-A triblock copolymers triggered only by the 

presence of a hydrophobic guest molecule12. More recently, Wiest 

et al. showed that increasing the imatinib concentration in tau-

rocholate/lecithin micelles above 250 µM, not only caused mor-

phology transition from vesicles (>110 nm) to micelles (<40 nm) 

but also lead to colloidal collapse because of the migration of drug 

from the core to the shell of the micelles13. PMs have been studied 

intensively for decades with respect to their physicochemical 

properties and general behavior in biological systems14-15. How-

ever, despite thousands of research papers on the use of polymer 

micelles for drug delivery, little information can be found on the 

impact of the hydrophilic block on the drug loading of PMs, the 

localization of the drug within the micelles5 or the colloidal stabil-

ity16 of the drug delivery system. Recently, utilizing methylacrylate 

based block copolymers and curcumin (CUR), Cao and co-workers5 

reported that at higher drug loading, CUR started to reside in the 

shell forming block leading to a reduction in water content in the 

shell from 73% (no drug) to 64% (high drug). In further contribu-

tions,  Stenzel demonstrated that not only the different drug load-

ings 17 but also the aspect ratio of non-spherical nanocarriers also 

impacts the endocytosis18. Recently, Li and coworkers have shown 

that a slightly hydrophobic micelle corona can efficiently se-

quester the hydrophobic drugs to preserve supersaturation, lead-

ing to better dissolution profile for oral drug delivery applica-

tions16.  

Generally speaking, the hydrophilic corona in the vast majority of 

described systems for drug delivery is comprised of poly(ethylene 



 

glycol) (PEG)19-21. However, for several years, alternatives for PEG 

as the gold standard of a non-fouling, stealth, non-toxic and non-

immunogenic synthetic biomaterial have been heavily investi-

gated22. One particularly debated issue is the potential immuno-

genicity of PEG23. This discussion notwithstanding, alternative pol-

ymers used for the hydrophilic corona of PMs may be useful to 

tailor the properties of the corona. One such alternative are hy-

drophilic poly(2-oxazoline)s (POx), in particular poly(2-methyl-2-

oxazoline) (pMeOx) and poly(2-ethyl-2-oxazoline) (pEtOx). More 

recently, poly(2-oxazine)s, their higher main-chain homologues 

have also raised some interest24-27.  

In fact, POx based amphiphiles have high potential for drug formu-

lation development, demonstrated in various tumor models28-33. 

Luxenhofer and coworkers reported an ultra-high paclitaxel (PTX) 

loaded POx based micellar formulation (loading capacity 

(LC) ≈ 50 wt.% (mDrug/(mDrug+mPolymer)) 34 with excellent in vivo 

anti-tumor efficacy29-30. The lead amphiphile was an A-B-A type 

triblock copolymer, poly(2-methyl-2-oxazoline)-b-(poly(2-n-butyl-

2-oxazoline)-b-poly(2-methyl-2-oxazoline) (A-pBuOx-A). For varia-

tion of the more hydrophobic central B block, a library of structur-

ally related amphiphiles was studied with a variety of extremely 

water-insoluble molecules. Besides PTX, the solubilizing capacity 

was also tested for other highly hydrophobic natural products like 

curcumin35-37(CUR), tanshinone IIa and various hydrophobic drugs 

like efavirenz, dexamethasone and mitotane35, 38. Notably, the 

small structural difference between A-pBuOx-A and A-pPrOzi-A 

(poly(2-methyl-2-oxazoline)-b-(poly(2-n-propyl-2-oxazine)-b-

poly(2-methyl-2-oxazoline)) resulted in profound specificities in 

drug loading39 (Figure 1b, Table S2), with pBuOx providing a more 

rigid environment for CUR which coincides with a lower maximum 

drug solubilization40.  To accelerate the development of effective 

drug delivery systems, Alves and coworkers built models predict-

ing LC and loading efficiency (LE) of POx based polymer platform 

for hydrophobic drugs41. A computer aided strategy was con-

ceived utilizing various descriptors of drug polymer complexes im-

plying 75% prediction accuracy, but only one polymer composi-

tion, A-pBuOx-A was employed here. 

After previously gaining first insights into the structure-property 

relationships with respect to the hydrophobic block for this family 

of polymers39, we now turned our attention to the effect of the 

hydrophilic block/corona, which remains much in the dark. Con-

sidering these ultra-high drug loading capacities (Figure 1b, Table 

S2) we wondered, whether these ultra-high drug loadings can be 

explained by interactions with the hydrophobic blocks39, 42 alone 

or whether the hydrophilic block must be involved. From a stoichi-

ometric perspective, the involvement of the hydrophilic corona 

may even seem inevitable. At maximum drug loading of A-pPrOzi-

A (LC ≈ 54 wt.%; 12 g/L CUR in 10 g/L polymer) 27 CUR molecules 

per polymer chain, or 1.34 CUR molecules (C21H20O6, M = 368 

g/mol) per repeat unit of pPrOzi (C7H13NO, M = 127 g/mol) are ac-

commodated. Important to note, even at such large excess of CUR 

(or PTX with A-BuOx-A) with its high propensity for crystallization, 

the drugs remained fully amorphous12. Considering this, it appears 

likely that the hydrophilic block should play a role in the drug sol-

ubilization besides creating a simple hydrophilic corona that stabi-

lizes the micelles. Indeed, we recently investigated these drug 

loaded micelles in more detail using solid-state NMR43 spectros-

copy and found a very profound contribution of the hydrophilic 

corona (pMeOx). Accordingly, this work investigates the impact of 

chemically distinct hydrophilic blocks (pMeOx and pEtOx) on drug 

loading, solubilization and colloidal stability of POx based drug 

loaded micelles. 

 

2. RESULTS AND DISCUSSIONS  

2.1 SYNTHESIS AND FORMULATION STUDIES  

We synthesized four structurally similar A-B-A triblock copolymers 

(Fig 1a) replacing pMeOx (A) with another highly hydrophilic POx, 

i.e pEtOx (A*) resulting in A*-pPrOx-A*, A*-pPrOzi-A*, A*-pBuOx-

A* and A*-pBuOzi-A* triblock copolymer amphiphiles. For a full 

characterization (1H-NMR, GPC, TGA, DSC and cmc), the reader is 

referred to the supporting information (Figures S1-S9, S18-S21, 

S23, S25 and Table S1). The four polymers were tested for their 

solubilizing capacity for PTX and CUR by using the thin film method 

(Figures S26-S30). Compared to the polymers bearing pMeOx hy-

drophilic blocks (Figure 1b)39, we found a significant drop in the LC 

for all newly synthesized amphiphiles with pEtOx as hydrophilic 

block. In no case, LCs values exceeding 30 wt.% could be obtained 

(Figure 1c, Table S3). Interestingly, 20-30 wt.% is typically the up-

per limit for micellar LC found in literature44-46. It should be noted 

though, that the LC with A*-B-A* based amphiphiles is much 

higher than many reported CUR formulations in the literature47. 

Interestingly, the specificity pattern with respect to the hydropho-

bic core and drug is largely preserved irrespective of the corona, 

corroborating the relevance of the core identity. For pBuOx as hy-

drophobic block, being the best solubilizer for PTX29, the LC 

dropped from 50 wt.% (A as corona) to 30 wt.% (A* as corona). 

Similarly, for pPrOzi as hydrophobic block, being the best solubil-

izer for CUR39, a drop from 54 wt.% (A as corona) to 28 wt.% (A* 

as corona) was observed. However, both remained the best solu-

bilizers for PTX and CUR, respectively, in the A*-B-A* series. Irre-

spective of the corona forming block, the barely hydrophobic 

block pPrOx results in poor solubilization for PTX while CUR is sol-

ubilized rather well with pMeOx corona but not pEtOx.  

 

 
 

Figure 1| a) Schematic representation of the polymers used in this study. 

Maximum solubilized aqueous paclitaxel (green) and curcumin (red) con-

centrations using four different A-B-A triblock copolymers (four different 

hydrophobic blocks) with b) pMeOx (represented as A) and c) pEtOx (rep-

resented as A*) as hydrophilic blocks. The polymer feed was kept constant 

at 10 g/L with an increasing drug feed from 0 to 10 g/L in each case. Data 

is given as means ± SD (n=3). The data shown in b) was taken from ref. [39]. 

See Table S2-S3 for tabulated values. 

 

In case of pBuOzi and A* as shell, again a dramatic decrease in LC 

was observed (48 to 24 wt.% for CUR and 40 to 16 wt.% for PTX) 

(see Table S2-S3 for tabulated values). Important to note, the re-

stricted solubilization capacity cannot be attributed to poor solu-

bility of the newly synthesized A*-B-A* triblock copolymers them-

selves, as the aqueous solubility of the neat polymers well ex-

ceeded 100 g/L. In all the cases with A*-B-A* copolymers, the thin-



 

film method resulted in an undissolved gel-like agglomerate after 

film-hydration once a critical LC is reached. 1H-NMR revealed that 

the agglomerate dissolved in non-selective CDCl3 clearly contains 

both, the polymer and the drug itself48 (Figure S32-33). Differential 

scanning calorimetry (DSC) analysis of pristine CUR, PTX and 

freeze-dried agglomerate for both PTX and CUR formulations with 

A*-pBuOx-A*and A*-pPrOzi-A* amphiphiles, respectively, con-

firmed their amorphous character. Clearly, the sharp endothermic 

peak appearing as the melting point of pristine CUR (175°C) and 

solid-solid transition of PTX (170°C)49, were absent in the DSC ther-

mograms of both agglomerates confirming their amorphous char-

acter (Figure S34-35). Similarly, Wiest et al. found completely 

amorphous drug in their taurocholate micelle agglomerates 13. To 

further probe this interesting effect of the hydrophilic corona, we 

synthesized two new A*-B-A triblock terpolymers with mixed hy-

drophilic blocks (for characterization, see Figure S10-S13, S18-S19, 

S23, S25 and Table S1), selecting the two best performing hydro-

phobic blocks, pBuOx and pPrOzi (for PTX and CUR, respectively). 

The resulting triblock terpolymers are denoted as A*-pBuOx-A and 

A*-pPrOzi-A and their solubilizing capacity for CUR and PTX was 

also compared to a physical mixture of A*-B-A* and A-B-A poly-

mers (5/5 g/L each ≈ 10g/L).  
 

  
Figure 2| a) Solubilized curcumin (CUR) using triblock co- and terpoly-

mers with pPrOzi as hydrophobic and varying hydrophilic blocks i.e A-

pPrOzi-A (A=pMeOx) (wine), A*-pPrOzi-A (A*=pEtOx) (red), A*-pPrOzi-A* 

(orange) and mixture (1:1 ratio w/w) of A-pPrOzi-A and A*-pPrOzi-A* (ma-

genta). b) Solubilized paclitaxel (PTX) using triblock co- and terpolymers 

with pBuOx as hydrophobic and varying hydrophilic blocks i.e A-pBuOx-A 

(blue), A*-pBuOx-A (dark cyan), A*-pBuOx-A* (grey) and the mixture 

(cyan). c) Visual appearance of CUR aqueous formulation prepared with 

four different setups of hydrophilic blocks at polymer/CUR feed   ratio of 

10/2 g/L. d) The CUR solubilizing capacity of corona forming blocks as ho-

mopolymers pMeOx (black) and pEtOx (violet).  The polymer feed is 10 g/L 

with the increasing drug feed from 0 to 10 g/L in each case. Data is given 

as means ± SD (n=3). See Tables S6-S8 for tabulated values. 

 

Solubilization experiments revealed that the LC of A*-pBuOx-A 

and A*-pPrOzi-A for CUR (Figure 2a) and PTX (Figure 2b) aligned 

between A-B-A and A*-B-A*, respectively. Solubilizing CUR, imme-

diate differences could be noted by virtue of the solvatochromicity 

of CUR50. The formulations with A*-pPrOzi-A* and A*-pPrOzi-A ap-

peared orange while A-pPrOzi-A based formulations appeared 

dark red (Figure 2c) indicating the different microenvironment for 

the guest molecule. It is clear that CUR solvatochromicity is not 

only determined by the hydrophobic blocks12, 48, but also affected 

by the hydrophilic blocks in these particular micellar formulations, 

evidencing the involvement of the hydrophilic blocks. The LC of 

A*-pBuOx-A (39 wt.%) for PTX is comparable with A-pBuOx-A (41 

wt.%) up to a polymer/PTX feed of 10/8 g/L. Upon further increase 

in drug feed the LC significantly dropped to 3 wt.%, while A-

pBuOx-A kept solubilizing increasing amounts of PTX (45 wt.%) 

(Figure 2b, Table S7). Similarly, for A*-pPrOzi-A and CUR, a dra-

matic decrease in LC was observed at a polymer/CUR feed of 10/6 

(Figure 2a, Table S6). The formulation completely agglomerated 

upon further increase in drug feed. Therefore, the LC for both 

drugs follows the order of A-B-A > A*-B-A > A*-B-A*. Considering 

the macromolecular structure of the A*-B-A triblock terpolymers, 

the resulting micelles must inevitable feature a mixed pMeOx/pE-

tOx corona. In contrast, if the corresponding, individual A-B-A and 

A*-B-A* triblock copolymers were combined, the system could ei-

ther form mixed micelles or phase separate into two distinct sets 

of micelles. We mixed both triblock copolymers (5 g/L each to ob-

tain 10 g/L in total) and prepared nanoformulations of CUR and 

PTX, respectively. Interestingly, at first glance, the solubilization 

results do not clearly support either the picture of mixed micelles 

or two separate types of micelles. (Figure 2a, b). The formulation 

experiments were also performed for the drugs and the hydropho-

bic blocks, which are not preferred i.e CUR with pBuOx and PTX 

with pPrOzi based amphiphiles, respectively (Figure S31, Tables 

S4-S5) and a similar picture was obtained.  

It is well established that both, pMeOx and pEtOx are highly water 

soluble, but while pMeOx does not show a lower critical solution 

temperature (LCST) in water51, pEtOx can exhibit an LCST depend-

ing on the molar mass and polymer architecture with a cloud point 

temperature (Tcp) as low as 61°C to 69°C52. However, Schubert et 

al. reported that at least 100 repeat units are required for linear 

pEtOx to observe the Tcp below 100°C53. To rule out that the poor 

solubilization in the case of the A*-B-A* triblock copolymer can be 

attributed to a LCST type behavior, formulation experiments were 

also performed at room temperature but no significant differ-

ences were observed (Table S6). To aid with the solubilization of 

water-insoluble active pharmaceutical ingredients (APIs), also wa-

ter soluble homopolymers are regularly employed54-55. Indeed, pE-

tOx has been employed in this context with some success56. Here, 

pMeOx and pEtOx homopolymers (each with 35 repeat units) 

were synthesized (Figures S14-S17, S22, S24 and Table S1) and 

compared for CUR solubilization (Figure 2d, Table S8). We found 

that pMeOx is capable to solubilize eight times more CUR (0.23 

g/L) than pEtOx (0.03 g/L), suggesting that pMeOx is a profoundly 

superior excipient than pEtOx and a better alternative to polyvi-

nylpyrrolidone (0.18 g/L at pH 5.2)55, 57 or hydroxypropyl methyl-

cellulose, if necessary. These findings further corroborate the for-

mulation results obtained by CUR formulations experiments (Fig-

ure 1b, c and Figure 2a, b) with triblock co- and terpolymers based 

on pMeOx (9.52 g/L) and pEtOx (3.96 g/L). Interestingly, CUR solv-

atochromicity was also observed when using the homopolymers 

pEtOx (orange) and pMeOx (dark red) for formulation (Figure 3a).  

A recent and excellent study by Nischang and co-workers sug-

gested that both pEtOx and pMeOx are good alternatives to PEG 

from the perspective of hydrodynamic invariants58. However, our 

results highlight important differences between pMeOx and pEtOx 

for pharmaceutical applications. Similarly, Morgese et al. have re-

cently compared polymer brushes of PEG, pEtOx, pMeOx as well 

as mixtures thereof. Among the tested samples, pEtOx based pol-

ymer brushes have shown the least hydration and highest amount 

of physisorbed proteins when compared to pMeOx presumably 

via hydrophobic interactions between pEtOx and surface interact-

ing protein by van der Waals forces59. We can assume, that the 

profound differences observed in the LC with different hydrophilic 



 

blocks are also connected to a difference in hydration between 

pMeOx and pEtOx. 

 

2.2 FORMULATIONS WITH REICHARDT’S DYE 

To further probe the micellar microenvironment, we employed 

the hydrophobic and solvatochromic Reichardt´s dye (RD) to ob-

tain the solvent polarity parameter ET(30)60, which has been 

widely used to measure the polarity of different systems61 (Figures 

S36-S37). RD clearly allowed to distinguish between the polymer 

sidechain and to a lesser extent polymer backbone in all the inves-

tigated triblock co- and terpolymers (polymer/RD 10/0.5 g/L) (Fig-

ure 3b). Albeit somewhat less obvious, the different hydrophilic 

blocks can also be distinguished. A-pPrOx-A and A-pPrOzi-A 

showed broad and comparably featureless UV/Vis spectra39 while 

A*-pPrOzi-A* and A*-pPrOzi-A featured better resolved local max-

ima. The latter may be attributed to a more defined molecular en-

vironment. A more pronounced difference was observed for poly-

mers featuring a butyl side chain, irrespective of the hydrophilic 

block. Very clearly distinguishable local maxima between 585 to 

595 nm were observed. Upon incorporation of PTX along with RD 

(polymer/RD/PTX 10/0.5/1 g/L), all spectra narrowed and aligned 

with local maxima around 560 nm, indicating the remodeling of 

the micellar microenvironment by the addition of PTX (Figure 4c). 

With an increase in PTX feed (from 0 to 6 g/L), λmax gradually de-

creased to 557, 554 and 552 nm for A*-pBuOx-A*, A*-pBuOx-A 

and A-pBuOx-A (Figure 4d, Table S10), respectively, with the cor-

responding ET(30) values of 51.3, 51.6 and 51.8. High ET(30) values 

corresponds to high solvent polarity and vice versa (Table S9). In-

teresting to note, at low PTX loading, the UV-vis spectrum of A-B-

A is clearly separated from A*-B-A and A*-B-A*, which are essen-

tially identical up to 9 wt.% (10/1 g/L). In contrast, at 23 wt.% (10/3 

g/L), the spectra of all three formulations superimpose. At first 

sight, this seems to contradict the influence of the polymer co-

rona. However, we need to keep in mind that we probe the micro-

environment with RD while increasing PTX load. The present data 

can be interpreted that at low loading, the RD molecules can in-

teract with both, the hydrophilic corona and the hydrophobic 

core. Above a critical loading (9 wt. % < LC < 23 wt.%) the RD only 

interacts with the core, presumably because PTX starts to interact 

more with the corona. This observation coincides with the for-

mation of the raspberry-like morphology observed at similar LC 

values for A-pBuOx-A/PTX formulations, which can be explained in 

the light of the present work with the start of the interaction of 

the PTX with the micellar corona11. Unfortunately, a similar analy-

sis using RD is not possible for the CUR formulations, as CUR itself 

is highly colored and dominates the UV-Vis spectrum over RD. 

 

 
 

Figure 3| a) Visual appearance of CUR formulations prepared with 

pMeOx (upper row) and pEtOx (lower row) homopolymer in dependence 

of CUR feed (0 to 10 g/L), with polymer feed of 10 g/L in each case. b) Nor-

malized UV-vis absorption spectra of Reichardt’s dye in the absence (poly-
mer/dye 10/0.5 g/L) and presence c) of paclitaxel (PTX) (polymer/dye/PTX 

10/0.5/1 g/L). d) Normalized absorption spectra of Reichardt’s dye co-for-

mulated with PTX into polymeric micelles of either A-pBuOx-A (black), A*-

pBuOx-A (red) or A*-pBuOx-A* with the increasing PTX feed (0 to 6 g/L) 

(purple numbers above graph), with the constant polymer/dye feed of 

10/0.5 g/L. For better visibility, the absorption spectra were shifted along 

y-axis. 

 

2.3 CHARACTERIZATION OF FORMULATIONS 

2.3.1 1H-NMR SPECTROSCOPY 

To gain more insights into the structure of CUR loaded PMs, pure 

polymers and lyophilized formulations prepared with A-pPrOzi-A, 

A*-pPrOzi-A, A*-pPrOzi-A* triblocks and mixture of A-pPrOzi-

A/A*-pPrOzi-A* (1/1, w/w) were dispersed in D2O and subse-

quently analyzed by 1H-NMR spectroscopy (Figure 4a, b, 5a, b and 

Figures S38-S49). Please note, any precipitate that occurred in the 

formulation will therefore be removed and not contribute to the 

NMR analysis. Nevertheless, we discuss all data with respect to the 

CUR feed, not the actual concentration, which can be found in the 

supporting information. In the absence of CUR, the 1H-NMR spec-

tra of A*-pPrOzi-A* and A*-pPrOzi-A in D2O clearly present all sig-

nals from the polymers with the expected intensities (Figure S38-

S39) showing that the polymers exist as unimers. The pyrene assay 

also confirmed the absence of micelles in the case of pPrOzi based 

amphiphiles (Figure S25, Table S1). These observations corrobo-

rate recent results which showed that A-pPrOzi-A self-assembles 

only in the presence of hydrophobic molecules12. In the formula-

tions, the characteristic signals for CUR were not observed12, 48.  



 

 
Figure 4| a) 1H-NMR spectra (300 MHz, 298 k) and b) NMR integral ratios 

(Ix/Iy) of terpolymer (A*-pPrOzi-A)/CUR formulations in dependence of 

CUR feed (0 to 10 g/L). For better visibility, enlarged sections are added as 

insets. 

 

This can be attributed to a hindered mobility resulting in short T2 

relaxation times. In contrast, the polymer signals were clearly dis-

tinguishable for all samples, but individual signal intensities 

strongly varied with CUR loading62. For A-pPrOzi-A/CUR formula-

tion, comparison of signals attributed to the hydrophilic block vs. 

the hydrophobic block provide clear evidence for reduced mobility 

in the latter (Figure S44). However, after a strong initial increase 

of the integral ratio between I1/I8 (CH2
MeOx/CH3

PrOzi) and I5/I8 

(CH3
MeOx/CH3

PrOzi), the ratio decreases again at CUR feed ≥ 6 g/L, 

suggesting also a lowered mobility of the hydrophilic block (Figure 

S45, blue and magenta triangles). Obviously, the hydrophilic block 

becomes involved in the coordination of CUR above a critical CUR 

concentration. This observation corroborates a recent, more ex-

tensive solid state NMR analysis of A-pPrOzi-A/CUR formula-

tions43. In contrast, for A*-pPrOzi-A*/CUR formulations, the inte-

gral ratio I1/I9 (pEtOx backbone/CH3
PrOzi) and I8/I9 (CH3

EtOx/CH3
PrOzi) 

kept on increasing with the increasing CUR feed (Figure S46-S47, 

blue triangle and green diamond) even while overall drug solubili-

zation deteriorated. Comparing the spectra of the terpolymer A*-

pPrOzi-A formulations (Figure 4) and those employing the mixture 

A*-pPrOzi-A*/A-pPrOzi-A (Figure 5) inform us in more detail on 

the involvement of different moieties of the hydrophilic coronas 

and their interactions with CUR.  

 

 
 

Figure 5| a) 1H-NMR spectra (300 MHz, 298 k) and b) NMR integrals (Ix/Iy) 

of mixture (A*-pPrOzi-A*/ A-pPrOzi-A)/CUR formulation in dependence of 

CUR feed (0 to 10 g/L). For better visibility, enlarged sections are added as 

insets.  

 

In case of A*-pPrOzi-A, (Figure 4a, b and Figure S48), the increase 

in the integral ratio I5/I10 (CH3
MeOx/CH3

PrOzi, red circle) again indi-

cates the higher mobility of pMeOx compared to pPrOzi with the 

increasing CUR feed, while the integral ratio I9/I10 (CH3
EtOx/CH3

PrOzi, 

blue triangle) did not change significantly (Figure 4b). More inter-

estingly, in case of the A*-pPrOzi-A*/A-pPrOzi-A mixture, the inte-

gral ratio I5/I10 (CH3
EtOx/CH3

PrOzi, green circle) (Figure 5a, b and Fig-

ure S49) increased much more with increasing drug content. This 

shows a stronger reduction of the mobility of pEtOx in the mixture 

compared to terpolymer. The signal of the Boc-protected pipera-

zine terminating reagent (signal 8) attached either at the pMeOx 

(A*-pPrOzi-A) or pEtOx (A*-pPrOzi-A*) block further corroborate 

this picture. While the signal remains clearly visible when attached 

to pMeOx (Figure 4a), it essentially vanishes even at low drug load-

ing when attached to pEtOx (Figure 5a).  

It appears that a slightly lower hydration of the pEtOx shell is ex-

acerbated with increasing drug loading. The mobility of the hydro-

philic pEtOx blocks suffer much more compared to pMeOx for 



 

both mixed corona systems. Quantitatively, however, the increase 

in the ratio pMeOx side chain/pEtOx side chain with increasing 

drug feed was much lower in the case of the triblock terpolymer 

(black square, Figure 4) vs. the triblock copolymer mixture (orange 

square, Figure 5), especially as the polymer/drug ratio exceeded 

10/4 and was 30 times higher at a 10/10 ratio (Figure 5b, orange 

square). This profound loss in pEtOx signal intensity can have two 

reasons. First, the pEtOx moieties become more solid-like because 

they interact more strongly with CUR and lose their mobility, prob-

ably also segregate more towards the interior of the micelles. Sec-

ond, the polymers in the mixture could undergo phase separation 

and micelles that contain more pEtOx, agglomerate/precipitate 

preferentially, which also let them appear more solid-like but also 

removes them from the analysis of the supernatant. Therefore, we 

next analysed the precipitate of the formulations after freeze-dry-

ing, in a non-selective solvent. Strikingly, the 1H-NMR analysis in 

CDCl3 of freeze-dried agglomerate/precipitate of A*-pPrOzi-A*/A-

pPrOzi-A /CUR formulation revealed exclusively A*-pPrOzi-A* and 

CUR (Figure S50). This means that the mixture phase separates 

and A*-pPrOzi-A*/CUR precipitates, while micelles enriched in A-

pPrOzi-A remain in solution. In contrast, pMeOx and pEtOx are co-

valently linked in the case of A*-pPrOzi-A terpolymer and cannot 

separate. The characteristic signal of the methyl group of pMeOx 

in case of A*-pPrOzi-A/CUR formulation is clearly distinguishable 

in the 1H-NMR spectra (in CDCl3 at 2 ppm) of the lyophilized ag-

glomerate (Figure S51). In contrast, the 1H-NMR analysis of lyoph-

ilized supernatant in CDCl3 revealed the presence of both compo-

nent of the mixture in the expected ratio up to polymer/CUR feed 

of 10/4 g/L (Figure S52). Upon further increase the signal for the 

EtOx side chain (signal 9) starts to decrease but does not com-

pletely vanish even at maximum CUR feed (10 g/L). It is obvious 

that the increasing CUR feed leads to higher interaction with A*-

pPrOzi-A* resulting in agglomeration of pure A*-pPrOzi-A*/CUR, 

while the A-pPrOzi-A remains in solution and available to solubilize 

some CUR along with a few A*-pPrOzi-A* chains. However, it ap-

pears that CUR has a much higher affinity for pEtOx as most of the 

added CUR is agglomerated with A*-pPrOzi-A*, therefore CUR sol-

ubilized by A-pPrOzi-A did not increase with higher feeding ratio 

(Table S6). In the light of this, we also prepared a formulation with 

an excessive CUR feed (polymer/CUR = 10/16 g/L) (Table S6) ex-

pected to saturate A*-pPrOzi-A*. However, no significant increase 

in solubilized CUR was observed. Again, the agglomerate formed 

was analyzed by 1H-NMR in CDCl3, indicating the massive amount 

of CUR (polymer/CUR ≈ 5/12 w/w) (Figure S53) further indicating 
concentration dependent higher interaction of pEtOx with CUR 

than pMeOx.  

Based on these results, we can build a tentative model of the mi-

celle architecture with different hydrophilic coronas and drug 

loading (Figure 6). At no or very low drug loading, no major differ-

ence is observable in any case but with increasing drug loading pE-

tOx interacts stronger with the hydrophobic guest molecules, 

loses its hydration and mobility. Upon further increase of drug 

loading the A*-B-A* micelles agglomerate and precipitate while 

A*-B-A micelles still have hydrated pMeOx chains, stabilizing and 

solubilizing them. However, eventually also its capacity is reached 

and the A*-B-A micelles precipitate earlier than the A-B-A micelles 

containing only pMeOx.  

 

2.3.2 DIFFUSION AND NOE DATA  

To support the findings based on comparison of 1H-NMR and inte-

grations as well as to gain more insights into the assembly of the 

micelles, in particular with respect to the mixture of polymers, 1H 

diffusion (DOSY) NMR experiments were performed for a set of 

four polymer/CUR (10/2 g/L) formulations. Please note, at this 

CUR feed, solubilization in all formulation was quantitative. From 

agreement of the diffusion coefficients for water (residual HDO 

signal) and comparison between a stimulated BPP-LED and a dou-

ble stimulated echo pulse sequence for all four samples, differ-

ences in viscosity or convection effects could be excluded. The dif-

fusion coefficients were determined by fitting the experimental 

diffusion data with a log normal function63 and the values are in 

comparable range for all four samples indicating similar hydrody-

namic radii (Table S11). From comparison of the averaged diffu-

sion coefficients over the functional groups for each sample, the 

smallest value (and thus largest particles size) was observed for 

A*-pPrOzi-A* and increases in the order A*-pPrOzi-A  polymer 

mixture > A-pPrOzi-A, which thus shows the smallest hydrody-

namic volume. 

 
Figure 6| Schematic illustration of the effect of drug loading on the co-

rona of drug loaded micelles in dependence of the corona composition.  

 

The individual diffusion coefficients for the moieties in the terpol-

ymer and the polymer mixture do not differ in a significant or sys-

tematic way. This hints at the presence of mixed micelles for the 

polymer mixture.  This was further supported by the direct com-

parison of the respective 1H (Figure S54) and 1H-1H NOESY NMR 

spectra (Figure 7a). 1H-1H NOESY spectra were recorded with dif-

ferent mixing times d8 = 50 (Figure S55), 100, 200 and 400 ms (Fig-

ure 7b and c). Each spectrum was carefully phase and baseline cor-

rected before the rows containing the CH3(PrOzi) and CH3(EtOx) 

groups were extracted to investigate the proximities of these frag-

ments. For the overlay of these 1D extracted slices, the spectra 

were scaled to equal height of the diagonal peak to compare the 

relative intensity of the cross-peak. The similarity of the two 

NOESY spectra (Figure 7a) confirms that, for low CUR loading, the 

mixture (A*-pPrOzi-A*/A-pPrOzi-A) forms mixed micelles. The 

cross peaks observed in the spectra are largely identical. At 

strongly increased intensity, cross-peaks between the CH3 groups 

of EtOx and the PrOzi fragments start to appear. As this cross-peak 

is very close to the intense diagonal signal, a series of NOESY spec-

tra with the increasing mixing time (100, 200 and 400 ms) were 

recorded. For each of these spectra, the rows 1728 and 1684, cor-

responding to CH3 groups of PrOzi and EtOx, respectively, were 

extracted (Figure 7b and c). The CH3 group of PrOzi shows indeed 

a cross-peak with the EtOx signal at 1.02 ppm, which increases 

with increasing mixing time. In fact, this cross-peak is observed for 

both the terpolymer (A*-pPrOzi-A) and the mixture. The CH3 group 

of EtOx also exhibits clearly visible cross-peaks to the adjacent CH2 

group and to the POx backbone, but also a low intensity signal to 

the CH2 group of the PrOzi side chain at 1.57 ppm (Figure 7c).  In-

terestingly, for both CH3 groups, no contact to MeOx at 2.05 ppm 



 

can be observed at 100 ms mixing time and only a low intensity 

signal barely above the noise is detected for the two longer mixing 

times (200 and 400 ms). Presumably this weak, residual contact 

results from the direct connection of the polymer blocks. All 

NOESY data strongly suggest that while EtOx units are in close 

proximity of PrOzi units, the MeOx units remain more separated.  

 

 
 

Figure 7| a) Overlay of the 1H-1H NOESY spectra of terpolymer, A*-pPrOzi-

A (red) and the mixture of A-pPrOzi-A/A*-pPrOzi-A* (magenta) (1:1 ratio 

w/w) with low CUR feed (2 g/L) recorded with a mixing time of 100 ms. For 

easier comparison, the red spectrum is slightly shifted to the right. b, c) 

Overlay of the slices from 1H-1H NOESY experiments at different mixing 

times extracted for the two spectral rows as indicated by the grey dashed 

lines in a). d) The size distribution of CUR nanoformulations (10/2 g/L) by 

dynamic light scattering (90°) with different setups of hydrophilic blocks 

(A=pMeOx and A*=pEtOx) n=1. e) Raw microcalorimetry heating curves 

obtained for CUR nanoformulations (10/2 g/L) with different hydrophilic 

blocks (60 °C/h). ΔP represents the measured power, the difference be-
tween the sample solution and the solvent reference (DI water) n=1. 

 

2.3.3 DYNAMIC LIGHT SCATTERING (DLS)  

To support the results from DOSY NMR spectroscopy, we analyzed 

the polymer/CUR (10/2 g/L) formulations with four different set-

ups of hydrophilic coronas by nanosizer (at 90°). All the tested 

aqueous formulations self-assemble to form micelles with the hy-

drodynamic radii (Rh) ranging between 12 to 15 nm (Figure 7d). 

Previously, we had observed A-pBuOx-A/PTX and A-pPrOzi-A/CUR 

based formulation (with polymer/drug feed of 10/2 and 10/3 g/L) 

appeared with the Rh of 8 and 11 nm, respectively11-12. In short, at 

CUR feed of 2 g/L, where all the employed CUR nanoformulations 

were completely soluble, no significant differences in size of the 

micelles were observed for different hydrophilic coronas.  

 

2.3.4 MICRO CALORIMETRY STUDIES (micro DSC)  

Differences in hydration of the hydrophilic corona may exacerbate 

with increasing temperature. Therefore, we also conducted micro-

calorimetric studies on nanoformulations with a polymer/CUR 

feed of 10/2 g/L. Samples were heated from 5 to 100 °C with a 

heating rate of 60 °C/h and the power difference (ΔP) between 
reference (DI water) and sample was recorded (Figure 7e). Clearly, 

the four different formulations yielded four distinct thermograms. 

The CUR nanoformulations of A-pPrOzi-A and A*-pPrOzi-A did not 

provide evidence of any obvious thermal transition. In contrast, 

the CUR nanoformulations of A*-pPrOzi-A* as well as A-pPrOzi-

A/A*-pPrOzi-A* mixture gave clear evidence of a thermal transi-

tion as peaks in the thermograms. Interestingly, A-pPrOzi-A 

nanoformulations showed a decrease in ΔP above 80 °C, which is 
absent for the A*-pPrOzi-A formulation. This may be attributed to 

the interaction of CUR with the pMeOx hydrophilic block in A-

pPrOzi-A, which decreases pMeOx strength in the interaction with 

water, leading to a loss of hydration with increasing temperature. 

In contrast, for the A*-pPrOzi-A formulation, besides pMeOx, pE-

tOx is also present as a hydrophilic block. Due to the higher affinity 

of pEtOx to CUR compared to pMeOx, pMeOx hydration is not af-

fected at this loading, corroborating the results from NMR experi-

ments showing the preferential condensation and dehydration of 

the pEtOx over pMeOx blocks upon CUR addition. Most interest-

ingly, the mixture of A-pPrOzi-A/A*-pPrOzi-A* showed an entirely 

different picture from the terpolymer A*-pPrOzi-A formulation, 

although they comprise the same building blocks. Initially, the ob-

tained curves are similar, but in the temperature range of 36 – 60 

°C a small but distinct peak is observed in case of the mixture of A-

pPrOzi-A/A*-pPrOzi-A* based formulation. We attribute this ther-

mal transition to the dehydration of predominantly pEtOx chains 

interacting with CUR and concomitant reorganization of the hy-

drophilic corona. In contrast to the situation with the terpolymer 

A*-pPrOzi-A formulation, the mixture can undergo phase separa-

tion, which is in fact observed at higher drug loading as previously 

discussed. At this lower loading, the phase separation is induced 

by the increase in temperature. In addition, at very high tempera-

ture, the microcalorimetric trace of the mixture resembles the 

trace for the A-pPrOzi-A, suggesting also in the mixture, CUR re-

mains to some extent in the corona of A-pPrOzi-A micelles and de-

crease pMeOx hydration. Again, this corroborates the data ob-

tained by 1H-NMR for higher loading. Finally, A*-pPrOzi-A* formu-

lations show the most pronounced thermal transition and pro-

found negative ΔP values above 60 °C. Notably, A*-pPrOzi-A*/CUR 



 

was the only formulation in this series that showed macroscopic 

agglomeration and precipitation at this loading with increased 

temperature, which is in line with the strong negative values of ΔP. 
Notably, the observed bimodal peak supports the idea that the pE-

tOx corona dehydrates. Such bimodality maybe attributed to dy-

namics/kinetics of the transition of the chains in the micellar co-

rona. Such behavior has been reported for core-shell particles and 

more pronounced for thermoresponsive polymers of higher molar 

mass in the corona64. It may also be related to release of curcumin 

and reorganization of the polymer in corona. It should also be 

noted that the cooling curves of A-pPrOzi-A/A*-pPrOzi-A* formu-

lations also showed this bimodality (Figure S56).  

 

3. SUMMARY  

In summary, we show conclusively using a range of complemen-

tary analytical tools that the hydrophilic corona of polymer mi-

celles may not only be involved in the solubilization of hydropho-

bic cargo, but also that a minor change in the hydrophilic block of 

a polymer amphiphile (pMeOx vs. pEtOx vs. pMeOx/pEtOx) can 

have a significant impact on drug loading and/or colloidal stability 

of the micelles. Our results show that a simple core-shell architec-

ture, where the core incorporated the drug and the corona solu-

bilized the micelle can be an oversimplification. Clearly, the nature 

of the hydrophobic block and the guest molecule are not the only 

determinants and more scrutiny must be applied to the interac-

tions between cargo and hydrophilic corona. It also interacts with 

the system in various ways which can ultimately affect the physi-

cochemical properties of nanocarriers. In fact, the highly unusual 

ultra-high drug loading now well-established for POx based mi-

celles are apparently in part possible due to the choice of the hy-

drophilic pMeOx. Our results shed new light and give clearer in-

structions on how to design and optimize drug delivery systems 

and polymeric excipients. Considering that the vast majority of 

drug delivery systems contain poly(ethylene glycol) as a hydro-

philic polymer, which is very similar to pEtOx in its amphiphilicity, 

we can raise the question whether the limited drug loading of pol-

ymeric micelles found in the literature, may be strongly correlated 

to the choice of the hydrophilic polymer. In addition, our finding 

may also suggest that major differences of the interaction be-

tween different hydrophilic polymers and drugs in polymer-drug 

conjugates or even polymer-protein conjugates can be expected. 
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4.3 Structure of Drug-Loaded Micelles  

Before revealing the morphology of selected micelles in dependence of the drug loading, the state 

of the solubilized drug was investigated by fluorescence spectroscopy. Therefore, two isomeric 

polymer micelles were compared, one which enables ultra-high CUR loadings exceeding 50 wt.% 

(POzi core with propyl sidechain), while the other only allows a drug loading of 25 wt.% (POx core 

with butyl sidechain). Taking a closer look at the steady state fluorescence spectra revealed a new, 

high energy emission band at low CUR loading only for the low capacity, POx based micelles. 

Whereas the normal CUR emission showed a time-dependent drift in the wavelength of maximum 

fluorescence (λem,max; investigated by fluorescence upconversion), λem,max of the new emission 

band was more or less unaffected. Therefore, the high-energy emission was attributed to CUR 

molecules closely embedded in the polymer matrix of the micellar core. As the lifetime of the high 

energy emission was much lower in the high capacity, POzi based micelle (preventing its detection 

in steady state), the molecular mobility of CUR seemed to be much more restricted in the low 

capacity, POx micelle. This is in accordance with the higher overall fluorescence intensity in 

POx/CUR compared to POzi/CUR, as an increase in fluorescence quantum yield of fluorophores is 

connected with a decrease of the rate of (non-emitting) internal conversion of excited states. This 

decrease in the rate of internal conversions can be linked to an increase in the viscosity of the 

immediate environment, i.e. the molecular mobility of the fluorophore. Stronger POx-CUR 

interactions where also apparent by more strongly suppressed conformational changes of CUR 

during temperature dependent absorption measurements. Therefore, contradicting suggestions 

found in the literature, stronger polymer-drug interactions do not always correlate with higher 

overall drug loading.  
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Abstract: Polymer micelles are an attractive means to solubi-

lize water insoluble compounds such as drugs. Drug loading,

formulations stability and control over drug release are cru-

cial factors for drug-loaded polymer micelles. The interac-

tions between the polymeric host and the guest molecules

are considered critical to control these factors but typically

barely understood. Here, we compare two isomeric polymer

micelles, one of which enables ultra-high curcumin loading

exceeding 50 wt.%, while the other allows a drug loading of

only 25 wt.%. In the low capacity micelles, steady-state fluo-

rescence revealed a very unusual feature of curcumin fluo-

rescence, a high energy emission at 510 nm. Time-resolved

fluorescence upconversion showed that the fluorescence life

time of the corresponding species is too short in the high-

capacity micelles, preventing an observable emission in

steady-state. Therefore, contrary to common perception,

stronger interactions between host and guest can be detri-

mental to the drug loading in polymer micelles.

Introduction

Curcumin (CUR) is a yellow, natural phenolic compound, which

can be isolated from the rhizome of curcuma longa (turmer-

ic).[1] Besides its use as a popular spice and food supplement in

major parts of the world, it regained significant scientific atten-

tion due to its various biological effects reported in recent

years.[2] These include antioxidant,[3] cardioprotective,[4] neuro-

protective,[5] antidiabetic,[6] anti-inflammatory[7] and even anti-

tumor[8] activities, which are presumably elicited by modulating

various signaling molecules including interleukin-1,[9] NF-kB[10]

and many more.[11] This versatility is most likely due to the

chemical reactivity of CUR (making it a non-discriminating

pharmaceutically active component), as well as its instability,[12]

as its degradation products display biological properties as

well.[13] However, in combination with its intense color, CUR is

also considered a so-called pan-assay interference compound

(PAIN) or invalid metabolic panacea (IMP), making it appear to

be active even if it is not.[14] Apart from this ongoing debate,[15]

the instability and extremely low water solubility (logP=

3.28,[16] solubility (H2O)=0.6 mgL@1[17]) result in a formidable

challenge to formulate and safely deliver CUR,[18] making it ar-

guably an ideal model to test and challenge drug delivery sys-

tems. In recent decades, nanoformulations—that is, drug-

loaded particles or micelles in the nanosize range—have been

investigated as promising drug delivery vehicles for numerous

drugs, including CUR.[19] Although being able to increase CUR

water solubility, most of such nano-systems suffer rather low

overall drug-loadings below 20 wt.%.[20] and overall CUR solu-

bility typically remains low. In the last few years, considerable

efforts have been made to understand and utilize specific

host–guest interactions such as donor–acceptor interactions,[21]

H-bonding,[22] complexation[23] and p–p interactions[24] to im-

prove drug loading and formulations stability. A simple poly(2-

oxazoline) (POx)[25] based micellar drug delivery system was

previously reported featuring unexpected high drug loadings

up to almost 50 wt.% paclitaxel (PTX) in combination with very

high aqueous concentrations of >40 gL@1.[26] Using this ABA-

triblock copolymer with two hydrophilic poly(2-methyl-2-oxa-

zoline) (pMeOx) blocks A and a modest hydrophobic poly(2-n-

butyl-2-oxazoline) (pBuOx) block B=A-pBuOx-A for the encap-

sulation of CUR, drug loadings up to 25 wt.% could be achiev-

ed.[27] However, a structural isomer of A-pBuOx-A with the

same hydrophilic pMeOx shell, but a barely hydrophobic

poly(2-n-propyl-2-oxazine) (pPrOzi) core=A-pPrOzi-A enabled

extremely high drug loadings up to 54 wt.% with a corre-

sponding CUR solubility of 55 gL@1 (approximately 105 fold in-

crease in water solubility) while PTX loading was mediocre.[28]

Therefore, a simple formal shift of a methylene group from the

polymer side chain (BuOx) to the polymer main chain (PrOzi)

significantly affected drug compatibilities. Despite detailed mi-
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cellar analysis using for example, small angle neutron scatter-

ing,[29] we were unable to describe the polymer–drug interac-

tions that explain the ultra-high drug loading and the unex-

pected specificities on a molecular basis.[28,30] Therefore, we

wondered if we could get a better understanding of the A-

pBuOx-A/CUR and A-pPrOzi-A/CUR formulations by taking a

closer look at the very inside of those drug-loaded micelles,

namely the drug itself. CUR is highly solvatochromic, that is, its

absorption and emission properties strongly depend on its mi-

croenvironment[31] causing Stokes shifts between 2000 and

6000 cm@1 in organic media (Figure 1).[32] While in aprotic sol-

vents, CUR lacks any specific interactions, hydrogen-bonding is

present in protic solvents.[33] Furthermore, the bis-a,b-unsatu-

rated b-diketone exhibits keto-enol tautomerism with three

main tautomers, each of them with various isomers.[34] Stabili-

zation of a certain tautomer can be facilitated by addition of

surfactants, as shown by the stabilization of the keto-enol tau-

tomer in the presence of anionic[35] or zwitterionic[36] surfac-

tants, as well as non-ionic micelles[37] or nanodiscs.[38] The ef-

fects of the microenvironment on CUR fluorescence in polymer

micelles were previously investigated. The stronger the inter-

ference of the surrounding surfactant with non-radiative relax-

ation processes, the longer relaxation times were observed

hinting towards stronger intermolecular interactions.[39] Such

dependency of the photorelaxation on the surrounding media

is generally well established and has been first described by

Schmidt in 1896. With increasing viscosity, internal conversion

processes are suppressed. Therefore, fluorescence quantum

yields strongly increase.[40]

Having these observations in mind, we wondered if the pho-

tophysical properties of CUR could help us to understand the

different compatibilities and loading capacities of A-pBuOx-A

and A-pPrOzi-A. As in modern drug-discovery programs a shift

towards ever more hydrophobic compounds with poor water

solubility is observed,[41] a good compatibility between carrier

and drug is necessary to achieve sufficiently high drug solubili-

ties to enable efficacious therapy. Insights into the interactions

between polymer and drug gained from this study may help

to improve our understanding of drug delivery systems and

eventually improve their design. The relevance of such im-

proved understanding will not be limited to the case of CUR.

After all, the molecular interactions, that is, H-bonding, dipole–

dipole and Van der Waals interactions will be relevant for most

drug delivery systems where the drug is solubilized by physical

interactions. However, even if drugs are covalently bound to

carrier molecules, these non-covalent interactions must be ex-

pected to influence the stability and morphology of drug deliv-

ery systems.

Experimental Section

Reagents

The polymers A-pBuOx-A (Me-MeOx35-BuOx20-MeOx35-

Pip) and A-pPrOzi-A (Me-MeOx35-PrOzi20-MeOx35-PipBoc)

were synthesized and described previously.[27] Curcumin

powder from Curcuma longa (turmeric) was purchased

from Sigma-Aldrich and analyzed in-house (curcumin=

79%; demethoxycurcumin=17%, bisdemethoxycurcu-

min=4%; determined by HPLC analysis ; no difference in

fluorescence upconversion experiments between this

curcuminoid mixture and pure CUR (>98%) were ob-

served by Petrich and co-workers[48]).

Curcumin encapsulation

Curcumin-loaded polymer micelles were prepared by the

thin film method.[26a] Ethanolic polymer (20 gL@1) and

curcumin (5.0 gL@1) stock solutions were mixed in de-

sired ratio. After complete removal of the solvent at

55 8C under a mild stream of argon, the films were dried

in vacuo (,0.2 mbar) for at least 20 min. Subsequently,

preheated (37 8C) H2O (Millipore) was added to obtain

final polymer and curcumin concentrations as mentioned in the

main text. To ensure complete solubilization, the solutions were

shaken at 55 8C for 15 min at 1250 rpm with a Thermomixer com-

fort (Eppendorf AG, Hamburg, Germany). Non-solubilized curcumin

(if any) was removed by centrifugation for 5 min at 9000 rpm with

a MIKRO 185 (Hettich, Tuttlingen, Germany). Curcumin quantifica-

tion was performed by UV/Vis absorption of diluted samples in

ethanol using a BioTek Eon Microplate Spectrophotometer (Thermo

Fisher Scientific, MA, USA) using a calibration curve obtained with

known amounts of CUR.[27]

Absorption

Absorption spectra at room temperature were recorded from 200–

800 nm with a Cary 50 UV/Vis Spectrophotometer (Agilent, Wald-

bronn, Germany). Neat CUR was dispersed in H2O (1 mgL@1;

2.7 mm ; undissolved particles were removed by centrifugation) and

measured in quartz cuvettes (d=10 mm, QS, Hellma, Mellheim,

Germany). CUR encapsulated into polymer micelles was measured

undiluted (polymer=10 gL@1, CUR=0.05–12 gL@1) in quartz cuv-

ettes (d=0.01 mm).

All temperature-dependent measurements were performed in

quartz cuvettes (d=10 mm) with a Cary 5000 UV/Vis-NIR (Agilent)

equipped with a Cary Dual Cell Peltier Accessory (Agilent) from

235 nm to 800 nm (bandwidth=2 nm) at 600 nmmin@1. Neat CUR

Figure 1. Scheme of the various influences that affect the optical properties of CUR in-

cluding chemical stability,[12a,b, 13a] solvatochromicity,[31a,b, 33] tautomerization,[34a,b, 35, 37,38,42,43]

pH,[18, 44] conformers,[32, 34,45] as well as specific interactions.[33, 46,47]
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dissolved in H2O (&1 mgL@1) was heated from 15 8C to 80 8C

(steps of 5 8C) and cooled from 80 8C to 15 8C (steps of 10 8C). Stock

solutions of polymer-formulated CUR ([CUR]=0.1–12 gL@1) were

diluted to [CUR] &0.01 gL@1 (27 mm) and heated from 20 8C to

60 8C (steps of 5 8C) and cooled from 60 8C to 20 8C (steps of 10 8C).

At each temperature, the samples were allowed to equilibrate for

10 min.

Steady-state fluorescence

Steady-state emission (lex=420 nm; lem=430 nm–700 nm) and ex-

citation (lem=540 nm; lex=300 nm–530 nm) spectra were record-

ed in quartz cuvettes (d=10 mm) with a Spectrofluorometer

FP8300 (JASCO, Pfungstadt, Germany) equipped with a F250 recir-

culating chiller (Julabo, Seelbach, Germany) at a response of 0.1 sec

and a scan speed of 1000 nmmin@1 (Xe lamp, ex and em band-

width: 2.5 nm) at 25 8C. Spectra are presented as the average of 3

accumulated measurements of the same sample. Stock solutions

of polymer-formulated CUR ([CUR]=0.05–12 gL@1, [polymer]=

10 gL@1) were diluted prior to the measurements to [CUR]=

0.05 gL@1 (136 mm). For A-pPrOzi-A/CUR, detector sensitivity was

set to “high”. Due to the stronger fluorescence, detector sensitivity

was set to “medium” in the case of A-pBuOx-A/CUR. A comparison

of the CUR fluorescence at identical instrument settings is given in

the supporting information (Figure S5). Fluorescence spectra were

smoothed using OriginPro 2015G.

For temperature dependent measurements, neat CUR dissolved in

H2O (&1 mgL@1) was heated from 15 8C to 80 8C (steps of 5 8C) and

re-cooled from 80 8C to 15 8C (steps of 10 8C). Stock solutions of

polymer-formulated CUR ([CUR]=0.1–12 gL@1) were diluted to

[CUR] &0.01 gL@1 (27 mm) and heated from 20 8C to 60 8C (steps of

5 8C) and re-cooled from 60 8C to 20 8C (steps of 10 8C). At each

temperature, the samples were allowed to equilibrate for 10 min.

Fluorescence upconversion studies

We used a commercial broadband fluorescence upconversion set-

up (FLUPS)[49] from LIOPTEC which can simultaneously measure

395–850 nm fluorescence, with an intrinsic resolution of 0.9 nm

(303–516 nm upconverted, intrinsic resolution 0.42 nm). The fluo-

rescence is focused onto a BBO crystal (BBO type II with a thick-

ness of 100 mm, theta=408 and phi=08) where it temporally and

spatially overlaps with a gate pulse. The pump pulse, which was

used to excite the sample, was guided over a delay stage to pro-

vide the temporal shift between gate pulse and fluorescence

signal. Except of two lenses all optics were reflective to prevent

pulse broadening.

The laser source was a chirped pulse amplification system “Sol-

stice” from Newport-Spectra-Physics. This system provided a funda-

mental wavelength of 800 nm with 100 fs pulse length and ca.

3.5 mJ pulse energy at a repetition rate of 1 kHz. To operate the

FLUPS we split off about 0.75 mJ.

To produce the gate pulse, we used a two-stage optical parametric

amplifier (OPA) which was set to &1300 nm. The pump energy for

the OPA was around 0.25 mJ and the output energy was around

0.06 mJ. Afterwards the gate pulse was guided onto the crystal

through a compressor comprising only three instead of the usual

four prisms. In order to shorten the instrument response function

(ca. 150 fs) the 4th prism was removed to retain the tilt of the

wavefront and to match it with the wavefront from the fluores-

cence. The position where the 4th prism is in a typical 4 prism

compressor was projected by a lens onto the BBO crystal.

The 400 nm pump pulse was created by frequency doubling of the

800 nm fundamental and guided over a delay line with a maxi-

mum delay of 1.5 ns and an intrinsic resolution of 0.5 fs to the

sample (1 mm optical path length quartz cuvette).

The upconverted signal is guided over curved mirrors into a fiber

coupled polychromator. To detect the signal a CCD-camera with

full vertical binning and 2 pix horizontal binning was used (Andor

iDus DV420A-BU, backside illuminated, 1024V255 Pixel, 26 mmV

26 mm).

The recorded fluorescence spectra were corrected for group veloci-

ty dispersion and photometric accuracy using a set of reference

dyes with known spectral distribution.

Anisotropy studies

Polarized steady-state emission spectra (lex=420 nm; lem=450 nm

@800 nm) were recorded in quartz cuvettes (d=10 mm) with a

fluorescence lifetime spectrometer FLS980 (Edinburgh Instruments,

Livingston, United Kingdom, software F980 version 1.2.2) equipped

with a 450 W Xenon lamp, a PMT detector (R928P) and Glan-

Thompson polarizers for excitation and emission at 25 8C. Measure-

ments were performed as sequences with parallel and perpendicu-

lar orientation of the polarizers. Aqueous solutions were purged

with argon for 10 min before the measurement.

Addition of polymer to drug formulations

Dynamics of CUR-loaded polymers were investigated by preparing

aqueous stock solutions of A-pBuOx-A/CUR=10/4 gL@1 and A-

pPrOzi-A/CUR=10/12 gL@1. Subsequently, stock solutions were di-

luted 1/40 (v/v) with H2O and dry powder of the respective poly-

mer was added to obtain the desired polymer/CUR ratios as men-

tioned in main text. For fluorescence measurements, all samples

with added polymer were diluted to [CUR]=0.03 gL@1.

DLS measurements

DLS measurements were performed on a Zetasizer Nano ZSP (Mal-

vern Panalytical GmbH, Kassel, Germany) with a 633 nm HeNe-laser

at 1738. Autocorrelations for each sample were obtained 3 times

for 40 seconds and results are presented as mean. Prior to the

measurements, all samples (polymer=10 gL@1) were diluted 1/10

(v/v) with H2O to polymer=1 gL@1 and filtered with 0.45 mm PVDF

syringe filters (Carl Roth GmbH+Co. KG, Karlsruhe, Germany). Se-

lected samples were measured unfiltered to exclude any influence

of the filtering on particle sizes <1000 nm. Samples were mea-

sured in quartz cuvettes (d=10 mm, QS, Hellma).

For temperature-dependent DLS measurements, the same regimen

as for the photophysical studies was used. Briefly, the samples

were heated from 20 8C to 60 8C (steps of 5 8C) and cooled from

60 8C to 20 8C (steps of 10 8C). At each temperature, the samples

were allowed to equilibrate for 10 min.

Results and Discussion

When dissolved in H2O, CUR exhibits two major absorption

bands at l>300 nm (Figure S1a in the Supporting Informa-

tion), attributed to a p–p* transition of the single feruloyl

(labs=345 nm) and a p–p* transition of the two conjugated

feruloyl chromophores (labs=420 nm), as reported in litera-

ture.[36,50] With increasing temperature, the diketo-form is fa-

vored[43] and the band at labs=345 nm becomes more promi-
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nent (Figure S1a). This was found to be partially reversible

upon cooling. When excited at lex=420 nm, CUR exhibited a

broad fluorescence emission with lem,max=540 nm (Figure S1b;

corresponding excitation spectra at lem=540 nm are shown in

Figure S1c). With increasing temperature, the fluorescence in-

tensity decreased and lem,max shifted slightly from 556 nm

(20 8C) to 551 nm (80 8C) representing minor changes in the

microenvironment of CUR.[33] Similar to the absorbance, the

fluorescence returned to approximately 80% of its initial inten-

sity upon cooling. A 20% degradation of CUR heated to 80 8C

is surprisingly low (heating/cooling cycle took approximately

4 h), as much more pronounced degradation even at room

temperature is reported in the literature.[51]

When encapsulated in POx- and POzi-based micelles, major

changes in the absorption properties of CUR were observed. It

should be noted, that CUR in the POx/POzi micelles was found

invariably amorphous, irrespective of the drug loading or the

polymer employed.[28,30a] Irrespective whether CUR was solubi-

lized by POx based A-pBuOx-A or the POzi based A-pPrOzi-A,

the absorption at labs=345 nm completely disappeared (Fig-

ure 2a,d) which may be attributed to hydrogen bonding be-

tween the keto-enol group of CUR (H-bond donor) and the

carbonyl groups of the polymer (H-bond acceptor).[36] The ab-

sorbance linearly increased with increasing CUR content until

maximum drug-loading was achieved (12 gL@1 for A-pPrOzi-A ;

4 gL@1 for A-pBuOx-A). The corresponding molar extinction

coefficient e of 8.5V104 dm3mol@1cm@1 (eMeOH=6.8V104 ;

eEtOH=5.5V104 )[52] demonstrated the strong absorption of CUR

in these aqueous formulations. A pronounced hypsochromic

shift of labs,max from 432 nm ([CUR]=0.05 gL@1) to 414 nm

([CUR]=12 gL@1)) was observed in the case of A-pPrOzi-A (Fig-

ure 2b), which is commonly attributed to a less polar microen-

vironment of CUR.[38,43] We posit that particularly at low load-

ing, the micellar core might still contain a certain amount of

water, which becomes expelled as more CUR is incorporated.

In accordance with this assumption, the size of A-pPrOzi-A/

CUR micelles which only form in the presence of CUR initially

decreased with increasing CUR content ([CUR],6 gL@1), before

they increased in size (Figure 2c), as reported previously.[28] A

similar initial shrinkage was observed for A-pBuOx-A loaded

with paclitaxel (PTX).[26b,29] While labs,max at a certain CUR con-

centration was the same for both polymers (Figure 2b,e), the

size of the CUR-loaded micelles differed significantly. At

0.5 gL@1, only a single species with a hydrodynamic diameter

(Dh) of 14 nm was present in the case of A-pBuOx-A (Figure 2 f,

Figure S3). However, with increasing CUR content, a second,

much larger population occurred which became dominant at

higher CUR-loadings. Hydrodynamic diameters between

550 nm ([CUR]=1 gL@1) and 120 nm ([CUR]=4 gL@1) suggest-

ed the presence of larger aggregates such as worm-like mi-

celles or polymersomes and/or indicates colloidal instabilities

which cause the A-pBuOx-A/CUR formulations to collapse at

[CUR] >4 gL@1.[27–28] However, we would like to stress that

these values should be considered with considerable care, as

they were obtained using a rather simplistic equipment (Zeta-

sizer Nano ZSP) observing only a single scattering angle. Also,

Figure 2. Absorption spectra and DLS measurements of A-pPrOzi-A/CUR (a,b,c) and A-pBuOx-A/CUR (d,e,f) formulations at a constant polymer concentration

of 10 gL@1 and various CUR concentrations (legend in figures). Absorption spectra of A-pPrOzi-A/CUR (a) and A-pBuOx-A (d) with corresponding maximum

absorbances (blue curve; top, right axis). Normalized absorption spectra of A-pPrOzi-A/CUR (b) and A-pBuOx-A/CUR (e) with corresponding lmax (blue curve;

top, right axis). All absorption measurements were conducted undiluted in quartz cuvettes with d=10 mm. c) Size distribution (intensity) of A-pPrOzi-A/CUR

formulations with corresponding Dh (blue curve; top, right axis). f) Dh of A-pBuOx-A/CUR formulations (black bars : smaller species; red bars: larger species ;

left axis) and corresponding percentage of the larger species (blue curve; right axis). Prior to the DLS measurements, the aqueous samples were diluted 1/10

(v/v) with H2O to yield a polymer concentration of 1 gL@1.
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we should stress that the differences between the sizes and

morphologies at higher drug loading are interesting, but most

likely only to be attributed to differences in colloidal stabilities

of the drug-loaded micelles. This phenomenon is currently

under more detailed investigation but bears only little rele-

vance to the subject matter of the current contribution, where

we concentrate on the interactions of the micellar core and

the incorporated molecules.

Fluorescence measurements were conducted after dilution

to [CUR]=0.05 gL@1 (0.14 mm) and varying corresponding

polymer concentrations. For the sake of comparison with pre-

vious spectra, the samples are labeled according to the poly-

mer/CUR (w/w; P/C) ratio, but the reader should bear in mind

that the actual CUR concentration was the same in all samples.

When excited at lex=420 nm, the fluorescence intensity de-

creased with increasing CUR loading, irrespective of the poly-

mer (Figure 3a,c), which is attributed to self-quenching. At P/

C=10/0.1, only approx. 0.2 CUR molecules per macromolecule

(or approx. 20 hydrophobic repeat units) comprise the mi-

celles. At P/C=10/4, already approx. nine CUR molecules per

polymer chain are present, meaning per CUR molecule only

two relatively small hydrophobic repeat units with their re-

spective amides are available. Following this, at P/C=10/12, a

staggering 27 CUR molecules per polymer chains are incorpo-

rated. At this point, the number of CUR molecules outnumbers

hydrophobic repeat units in the polymers.

The wavelength of maximum emission (lem,max) increased

with increasing CUR content by approximately 15 nm, irrespec-

tive of the polymer (Figure 3b,d). This led to an increased

Stokes shift from 5200 cm@1 (P/C=10/0.05) to 6600 cm@1 (P/

C=10/12) in the case of A-pPrOzi-A (Figure S4a) and from

5000 cm@1 (P/C=10/0.05) to 6000 cm@1 (P/C=10/4) in the case

of A-pBuOx-A (Figure S4b). In aprotic as well as protic sol-

vents, the Stokes shift of CUR generally increases with increas-

ing solvent polarity.[33,53] In accordance with the Lippert–

Mataga equation, this was correlated to solvent polarity. In our

case, especially at high CUR loadings, CUR itself would domi-

nate the surrounding media, that is, most CUR molecules are

surrounded by other CUR molecules with some polymer chains

in between preventing crystallization. Steady-state fluores-

cence anisotropy studies showed a significant difference be-

tween the two micelle types. With increasing CUR content,

CUR anisotropy r0 decreased in both polymeric systems. How-

ever, while for A-pPrOzi-A/CUR r0 decreased gradually, A-

pBuOx-A/CUR exhibited a steep decay from [CUR]=0.05 gL@1

to 1 gL@1 (Figure S6). This steep decrease in anisotropy coincid-

ed well with the occurrence of the second, much larger aggre-

gates observed by DLS (Figure 2 f). Such decrease in anisotropy

is often attributed to an increased molecular flexibility of the

fluorophore. However, in the present system, it seems more

reasonable to assume energy transfer between different CUR

molecules within the micelles, which is well known to depolar-

ize fluorescence.

A closer look at the shape of the emission spectra revealed

two types of emissions for A-pBuOx-A/CUR (Figure 3d). Be-

sides the emission at lem&550 nm, a second, higher energy

Figure 3. Fluorescence spectra of A-pPrOzi-A/CUR (a) and A-pBuOx-A/CUR (c) at c(CUR)=0.05 gL@1 and different polymer/CUR ratios, measured in quartz

cuvettes with d=10 mm. Normalized emission spectra of A-pPrOzi-A/CUR (b) and A-pBuOx-A/CUR (d).
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emission at lem&510 nm is visible. This emission became dom-

inant at very low drug loadings (P/C+10/0.1). In contrast, for

A-pPrOzi-A, only a small shoulder appeared in this region (Fig-

ure 3b). The keto-enol form of CUR undergoes a fast intramo-

lecular proton transfer in the excited state (ESIPT).[45] One may

be tempted to argue that one of the emissions at lem

&550 nm and 510 nm derives from the emission of the

proton-transferred isomer, and the other one from the non-

transferred geometry.[54] However, in that case energetically dif-

ferent S1 and S0 states of the different isomers are a prerequi-

site. Although otherwise stated in literature,[55] this is not the

case for CUR due to its highly symmetric structure. Banerjee

et al.[56] also observed two emission bands (lem=461 nm and

485 nm) for CUR encapsulated in the polar core of reverse mi-

celles dissolved in n-heptane. With increasing amount of polar

solvents incorporated into the micellar core, the high-energy

emission vanished. This was attributed to the transition of CUR

from the bulk n-heptane phase (lem=461 nm) to the micellar

core (lem=485 nm). However, in the present case, the concen-

tration of CUR in the bulk phase water is negligible (water sol-

ubility of [CUR]<1 mgL@1[17]). As we kept the absolute concen-

tration of CUR the same in all samples ([CUR]=50 mgL@1), the

polymer concentration was the only significant variable. As the

high-energy emission at lem&510 nm occurred only at high P/

C ratios it seems reasonable that this emission band is due to

specific polymer-CUR interactions with a corresponding stabi-

lized S1-state. At P/C=10/0.05, approximately 9 polymer chains

or 170 repeat units of the hydrophobic core are present per

CUR molecule. At such high P/C ratios, the interactions be-

tween CUR and the excess polymer should dominate and one

can expect that individual CUR molecules only interact with

the polymer repeat units, presumably via H-bonding. In con-

trast, at P/C=10/4, only 2 repeat units of the hydrophobic

block are available per CUR molecule and interactions between

individual CUR molecules appear to dominate the spectroscop-

ic behavior. Most interestingly, A-pPrOzi-A, enabling much

higher CUR-loadings than A-pBuOx-A, did only exhibit a small

shoulder at the high-energy emission (Figure 3b). In addition,

the measured fluorescence intensity of A-pBuOx-A/CUR was

much higher compared to the fluorescence intensity measured

in the A-pPrOzi-A/CUR system at P/C>10/2 (Figure S5).

Considering that the absorbance at identical CUR content is

the same, the higher fluorescence intensity must be correlated

with a higher fluorescence quantum yield. Such increase in

fluorescence quantum yield of fluorophores is connected with

a decrease of the rate of (non-emitting) internal conversion of

excited states.[40b] This decrease in the rate of internal conver-

sions may be attributed to an increase in the viscosity of the

immediate environment, that is, the molecular mobility of the

fluorophore.[40a] In the present case, this may be interpreted as

measure of the interaction between the fluorophore and the

host polymer in combination with the flexibility of the polymer

chain surrounding the fluorophore. The inherent flexibility of

pPrOzi is higher compared to that of pBuOx due to the addi-

tional methylene group in the polymer backbone.[57] In the

case of reverse micelles, the fluorescence intensity of CUR was

increased by modulation of the non-radiative rates associated

with excited-state intermolecular hydrogen bonding between

CUR and polar solvents incorporated into the micellar core.[56]

Similarly, solvents that interact with the enol (acting as H-

donor) or with the ketone (acting as H-acceptor) of CUR can in-

terfere with internal conversion relaxation, for example, pro-

longing the fluorescence lifetime.[58] To investigate this in more

detail, fluorescence upconversion experiments were performed

at low drug loading (10/0.5 and 10/0.05), as under these condi-

tions considerable differences in the steady-state spectra were

observed.

Here, we excited the samples at 400 nm and detected the

time resolved emission spectra by focusing the fluorescence

onto a BBO nonlinear optical crystal and by upconverting the

fluorescence with a time delayed gate pulse at 1320 nm. The

resulting time resolved spectra were corrected for chirp and

photometric intensity (Figure 4). For the analysis, we integrated

spectral ranges at 488–526 nm and at 540–588 nm which cor-

respond to the two fluorescence peaks observed in the steady

state spectra (Figure 3). However, because the steady state

fluorescence intensity is the integral of the intensity vs. time

and depends on both, the fluorescence lifetime of the respec-

tive state as well as the transition probability between the ex-

cited and the ground-state, the time resolved spectra look dif-

ferent from the steady state spectra. Thus, for the analysis, the

decay in the selected spectral regions was fitted by multiple

exponential functions also considering the instrument re-

sponse function (for fitting parameters, please see Table S1).

Comparing the high (540–588 nm) and low (488–526 nm)

wavelength emission ranges immediately reveals that all sam-

ples decay significantly faster at shorter wavelengths (see Fig-

ure 4a vs. b and the amplitude average lifetimes[59] which are

proportional to the steady state emission intensity in the last

column of Table S1). In the time-resolved fluorescence spectra

the different decay rates of different wavelength regions ap-

pears as a more or less continuous shift of the emission maxi-

mum, particularly at higher P/C ratios (10/0.5) (Figure 4d, f).

However, a closer look at the spectra at lower P/C ratios (10/

0.05) shows that the peak maximum of the low wavelength

region is in fact almost constant and it is the ratio of the two

decay regions which produced this apparent shift. At both

emission ranges, A-pBuOx-A based formulations exhibited

longer fluorescence lifetimes than the corresponding A-

pPrOzi-A based CUR formulations (Figure 4a,b and Table S1).

The difference between the two polymers was more pro-

nounced at low CUR loadings. For both polymers, the higher

loaded micelles exhibit shorter lifetimes. Both observations are

in accordance with the higher fluorescence intensities of the

polymer/CUR formulations at low CUR loadings in steady state

emission measurements (Figure 3a,c). The life time measure-

ments also clearly show that the difference in steady state fluo-

rescence between A-pPrOzi-A and A-pBuOx-A cannot be at-

tributed to different species of the fluorophores, but only to

different fluorescence lifetimes of the same species. The influ-

ence of the polymer/CUR ratio on fluorescence quantum yields

was not further investigated, but the correlation of fluores-

cence quantum yields and local viscosities are well estab-

lished.[40a, c] The high-energy emission can therefore be attribut-
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ed to CUR molecules closely embedded in the polymer matrix

of the micellar core.

To get a better understanding about the dynamics of the

micellar CUR formulations, dry powder of A-pPrOzi-A or A-

pBuOx-A was added to aqueous formulations of A-pPrOzi-A/

CUR=10/12 and A-pBuOx-A/CUR=10/4, respectively. There-

fore, the CUR concentration in all samples was kept essentially

constant, whereas the P/C ratio increased with increasing

amount of polymer added. Both, labs,max (Figure S7a,d) as well

as lem,max (Figure S7b,e) were only dependent on the P/C ratio,

irrespective if obtained by addition of polymer or by direct for-

mulation. This illustrates the highly dynamic structure of the

CUR-loaded micelles (Stokes shifts are shown in Figure S8).

Most interestingly, the high-energy emission at lem=510 nm

also occurred when additional A-pBuOx-A was added to the

A-pBuOx/CUR=10/4 gL@1 formulation (Figure S7e). This was

accompanied with a strong increase in fluorescence intensity

at high P/C ratios as observed for the formulated samples (Fig-

ure 3c). The increase in emission at high A-pBuOx-A/CUR

ratios was also clearly visible after exciting the samples with a

conventional UV/Vis lamp at lex=365 nm (Figure S7c,f). That

the photophysical properties were determined predominantly

by the P/C ratio was corroborated by comparing formulated

samples at different polymer and CUR concentrations, but con-

stant P/C ratio (Figure S9). One may argue that such fast ex-

change dynamics may be detrimental for the envisioned appli-

cation. That may be the case, in particular if drug targeting is

envisioned. However, even though drug targeting using nano-

particles (not antibodies) is a concept that has been heavily in-

vestigated for decades, it produced little if any products that

Figure 4. Fluorescence upconversion decays of A-pBuOx-A/CUR=10/0.05 (black) & 10/0.5 (red) and A-pPrOzi-A/CUR=10/0.05 (blue) and 10/0.5 (green) at

a) 488–526 nm and b) 540–588 nm. Decays were fitted with a multi-exponential function exhibiting 5 independent lifetimes. Time resolved emission spectra

at different delay times of A-pBuOx-A/CUR=10/0.05 (c) and 10/0.5 (d) and A-pPrOzi-A/CUR=10/0.05 (e) and 10/0.5 (f). Before the measurements, all samples

were diluted with H2O to a constant CUR concentration of 0.05 gL@1 and measured in quartz cuvettes (d=10 mm).
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benefit patients, while drug solubilization/formulation is a

trusted method that has proven its value time and again, in-

cluding employing the A-pBuOx-A platform discussed here.[60]

Temperature-dependent measurements give additional in-

sights into the stability of the two formulations (Figure 5; for

absorbance spectra at different P/C ratios, the reader is re-

ferred to Figure S10 for A-pPrOzi-A/CUR and Figure S11 for A-

pBuOx-A/CUR). With increasing temperature, the absorbance

at labs&420 nm decreased and a new absorption at labs=

355 nm occurred, resembling the absorption band of the

diketo tautomer of CUR, accompanied by an isosbestic point

at labs&370 nm (Figure 5a,d). The new band became more

prominent at elevated temperatures for all samples (Fig-

ure 5c,f). The tautomerization led to a distinct change in color

(Figure S12) and is more prominent at higher P/C ratio (Fig-

ure 5c,f). This further corroborates the hypothesis that the in-

termolecular hydrogen bonds between polymer and CUR

weaken with increasing CUR content, due to fewer polymer

amide groups available per CUR molecule as well as an increas-

ingly disordered and dynamic situation in the micelles. More-

over, the keto-enol/diketo ratio at a certain CUR concentration

and temperature was higher for A-pBuOx-A than for A-

pPrOzi-A based formulations, also corroborating stronger A-

pBuOx-A/CUR interactions. Furthermore, in the case of A-

pBuOx-A, the shift in the tautomeric ratio was completely re-

versible upon cooling, indicating a higher thermal stability of

the A-pBuOx-A/CUR micelles (Figure 5c,f). Most interestingly,

for P/C=10/0.1, only a small shoulder occurred at labs

&355 nm, irrespective of the polymer structure. Although not

detectable in steady state, this fits well to the results obtained

from the fluorescence up-conversion studies, in which both

polymers exhibited a high-energy emission indicative for

strong polymer-CUR interactions only at low CUR content.

Interesting to note, the steady-state fluorescence intensity of

A-pPrOzi-A/CUR (Figure S13a,b) as well as A-pBuOx-A/CUR

(Figure S14a,b) increased with increasing temperature at low

loading (P/C=10/0.1). The increase was more pronounced for

A-pBuOx-A/CUR (Figure S14). Such increase is unexpected, as

the fluorescence quantum yields (and fluorescence intensities)

are expected to decrease with increasing temperature (i.e. de-

creasing viscosity), as internal conversion rates increase with

temperature.[40c] We hypothesize that at such low CUR load-

ings, water molecules present at low temperature are excluded

from the micellar core with increasing temperature, which in-

creases the local viscosity (i.e. decreases mobility) despite the

increased temperature. This is supported by the more pro-

nounced increase of the high-energy emission at lem=510 in

the case of A-pBuOx-A which is attributed to CUR molecules

closely embedded in the polymer matrix of the micellar core.

Interestingly at lower P/C ratios, the fluorescence increased

only in the case of A-pBuOx-A, whereas with A-pPrOzi-A a de-

crease in fluorescence intensity occurred. Again, this highlights

the highly unusual character of the A-pBuOx-A/CUR nanofor-

mulations. The hypothesis of water exclusion at low P/C ratios

Figure 5. Temperature dependent, normalized absorption spectra of a) A-pPrOzi-A/CUR=10/1 and b) A-pBuOx-A/CUR=10/1 gL@1 heated from 20 8C to

60 8C. Ratio of the maximum absorbance at a respective temperature and the initial absorbance at 20 8C (abs/abs0) during heating (red curve; top, right axis)

and cooling (blue curve; top, right axis). Ratios of (b,e) abs/abs0 and (c,f) abs350nm/abs420nm for (b,c) A-pPrOzi-A/CUR=10/0.1; 10/1; 10/4; 10/12 gL@1 and (e,f)

A-pBuOx-A/CUR=10/0.1; 10/1; 10/4 gL@1 while heating (top curves) and cooling (bottom curves). Prior to the measurements, all samples were diluted with

H2O to a similar CUR concentration of &0.01 gL@1 and measured in quartz cuvettes with d=10 mm.
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in the case of A-pBuOx-A is further corroborated by the tem-

perature-dependence with respect to the respective micellar

morphology. While A-pPrOzi-A based CUR-formulations were

more or less unaffected by the heating/cooling cycle (Fig-

ure S15a; S16), A-pBuOx-A/CUR exhibited a much stronger,

temperature-dependent behavior (Figure S15b,c and S17).

Conclusions

Curcumin (CUR) is one of the most intensively studied bioac-

tive natural compounds even though its viability as an active

pharmaceutical ingredient is heavily debated.[14–15] Key limiting

factors to study and use CUR are its low solubility and stability.

We studied micellar CUR nanoformulations of the two amphi-

philes A-pPrOzi-A and A-pBuOx-A, which are constitutional

isomers but exhibit very different CUR loading. While A-

pPrOzi-A gives access to CUR formulations with drug loadings

exceeding 50 wt.%, A-pBuOx-A micelles cannot be loaded

beyond 25 wt.%. Since CUR is solvatochromic, we probed the

interactions between CUR and the polymers using spectro-

scopic methods. With increasing drug loading, the absorbance

of CUR showed a profound hypsochromic shift and steady-

state fluorescence intensity decreased. At low drug loading, a

pronounced emission was observed at 510 nm in A-pBuOx-A

formulations, which was essentially absent in the case of A-

pPrOzi-A/CUR. To the best of our knowledge, A-pBuOx-A is

the first non-ionic, polymeric system revealing two steady-

state emission bands for encapsulated CUR. Fluorescence up-

conversion experiments revealed that the species responsible

for the emission at 510 nm is in fact present in both micelles,

but decays much faster in the case of A-pPrOzi-A. This makes

the emission virtually non-observable in steady-state spectros-

copy. We attribute this observation to a more restricted molec-

ular mobility of CUR within the hydrophobic core of A-pBuOx-

A at very low drug loading. In contrast, CUR embedded in A-

pPrOzi-A micelles retains more flexibility, probably in part due

to the higher polymer flexibility. The stronger interactions be-

tween CUR and A-pBuOx-A were corroborated by temperature

dependent measurements. We find it particularly intriguing

that the polymer with the weaker interaction allows much

higher drug loading.

Despite the very high loading, the drug loaded micelles ex-

changed rapidly with free polymer or empty micelles in solu-

tion, as was evidenced by the reversal of the hypsochromic

shifts in the absorption as well as the appearance of the emis-

sion at 510 nm in the case of A-pBuOx-A.

Even though employing only the model compound CUR in

the present contribution, it is clear that similar mechanisms for

drug loading and molecular interaction are relevant for many

other drug molecules and probably other polymer platforms.

Indeed, we have observed similar specificities with respect to

drug loading and polymer/drug structure with several other

drugs, including different taxanes,[61] antiretroviral efavirenz,[62]

and mitotane,[63] used in treatment for adrenocortical carcino-

ma. Our results clearly show that the concept of a hydrophobic

polymer that solubilizes a hydrophobic cargo is much too sim-

plistic and a much more detailed look into the interactions be-

tween polymer micelle and cargo is necessary. In fact, we pro-

vide conclusive evidence that stronger interaction between

drug and polymer must not correlate with higher drug loading

or the stability of nanoformulations and corroborate that

smallest structural changes can significantly affect the interac-

tions between drug and polymer, which must be considered in

developing advanced drug nanoformulations.
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Up to now, the state of the solubilized drug provided information about the microenvironment 

within the micelles in dependence of the drug loading as well as chemical structure of the 

polymeric drug carrier. However, knowledge about the interactions between polymer and drug 

on a molecular level is still missing. Therefore, a loading dependent structural model based on the 

chemical shifts and respective line widths within solid state NMR spectra of freeze-dried CUR 

formulations was developed. As already suggested by powder x-ray diffraction, none of the 

formulations showed signs of CUR crystallinity in the NMR spectra irrespective of the drug loading 

(LC = 17, 38 and 52 wt.%). However, increasing CUR loading led to an increasing resemblance with 

the NMR spectrum of non-formulated, quench-cooled amorphous CUR corresponding to a more 

diverse molecular environment for CUR. This correlates to the results obtained by fluorescence 

spectroscopy, suggesting a less ordered microenvironment with increasing CUR loading. On an 

atomic level, pronounced alterations in the aromatic OCH3 and OH signals of CUR in dependence 

of the CUR loading were assigned to be strongly involved in polymer-CUR interactions. 

Interestingly, CUR enol moiety seemed to be mostly involved in intramolecular interactions. As 

expected, polymer carbonyl moieties acting as hydrogen bond acceptor sites were highly sensitive 

to the presence of CUR. Most interestingly, with increasing loading, the occurrence of additional 

carbonyl signals indicated that not only the amide groups of the hydrophobic core, but also of the 

hydrophilic shell interacted with CUR. Therefore, as the interactions sites within the core become 

saturated with increasing CUR loading, an increasing amount of the repeating units of the 

hydrophilic block stabilize the solubilized cargo. Conversely, the hydrophilic corona gets more and 

more physically crosslinked, finally causing colloidal instabilities and precipitation. This is in line 

with the above-mentioned precipitation not only of CUR, but of polymer/CUR in the case of the 

polymers comprising nonyl sidechains at high CUR loading. Important to note, physical 

crosslinking of the hydrophilic shell was also expressed in decreasing dissolution rates of the 

freeze-dried CUR-loaded micelles with increasing CUR loading. 
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Abstract: Detailed insight into the internal structure of drug-

loaded polymeric micelles is scarce, but important for devel-

oping optimized delivery systems. We observed that an increase

in the curcumin loading of triblock copolymers based on

poly(2-oxazolines) and poly(2-oxazines) results in poorer

dissolution properties. Using solid-state NMR spectroscopy

and complementary tools we propose a loading-dependent

structural model on the molecular level that provides an

explanation for these pronounced differences. Changes in the

chemical shifts and cross-peaks in 2D NMR experiments give

evidence for the involvement of the hydrophobic polymer

block in the curcumin coordination at low loadings, while at

higher loadings an increase in the interaction with the hydro-

philic polymer blocks is observed. The involvement of the

hydrophilic compartment may be critical for ultrahigh-loaded

polymer micelles and can help to rationalize specific polymer

modifications to improve the performance of similar drug

delivery systems.

Only when molecular level understanding of polymer–drug

formulations is available is it possible to make targeted

changes to the components with the aim to optimize physico-

chemical properties. Ideally, drug delivery platforms should

carry large amounts of cargo, while simultaneously maintain-

ing suitable stability and efficient release. In practice, drug

formulations such as solid dispersions and soluble drug

delivery systems (DDS) comprising polymeric micelles have

attracted a lot of attention[1] and several have made their way

onto the market in the form of drug delivery platforms, health

care products, and biomaterials.[2] However, the large body of

published reports on DDS is not mirrored by therapeutic

advances and benefit to the patient.[3] Complexity and

reproducibility are important points to be considered for

applications of polymers in nanomedicine.[4] A molecular

level understanding of these combined “macromolecule/small

molecule” materials that would help to systematically address

these points is difficult to obtain due to their complex nature

and lack of long-range order. Therefore, the prevailing picture

across the literature for self-assembled polymeric micelles

encapsulating drug molecules is that of a well-defined core–

shell particle, where the hydrophobic core contains the drug

molecules and the hydrophilic shell of the particle has

a protection and solubilisation function.[5] This image is

dominated by the view from the outside. In this context, the

work of Callari et al. was inspirational, because they were

amongst the first to analyse how the structure of a polymer

micelle might be affected by the presence of drug molecules.[6]

Their study shows that a higher loading reduces the cellular

uptake and cytotoxicity in vitro; this is attributed to an

increased packing density of the particle. In this case,

a glycopolymer with discrete anchoring points for the Pt

drug was used. However, the majority of DDS rely on

physical encapsulation featuring less well-defined interac-

tions. For such physically loaded micelles, this effect—

a decrease in dissolution with increasing drug loading—is

also well known.[7] Here, we utilize solid-state NMR spec-

troscopy in combination with complementary tools to gen-

erate detailed insight into ultrahigh-drug-loaded polymeric

micelles on the molecular level to understand the interplay

between drug loading and the bulk properties, for example,

dissolution behaviour, of such formulations. We envisage this

structure–property relationship to serve as the basis for

defined and systematic modifications aimed at extracting the

best from both worlds—high loading and high release.

To build a bridge from experimental observations to

a structural model, we used the amphiphilic triblock copoly-

mer poly(2-methyl-2-oxazoline)-block-poly(2-n-propyl-2-

oxazine)-block-poly(2-methyl-2-oxazoline) (pMeOx-b-

pPrOzi-b-pMeOx=A-pPrOzi-A=P) (Scheme 1). Due to

the weak hydrophobic character of pPrOzi, the polymer

chains self-assemble in aqueous solution only in the presence

of hydrophobic guest molecules.[8] These assemblies could be

identified as spherical and worm-like micellar structures in

SANS and cryo-TEM experiments.[8,9] The natural product

curcumin (CUR) is encapsulated as a model compound due to
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its very low aqueous solubility, straightforward spectroscopic

detection at very low concentrations, and the absence of

signal overlap with the polymer in the NMR spectra. CUR

with 77% purity was used as received. Additionally, A-

pPrOzi-A (P) can incorporate large quantities of curcumin

(> 50 wt.%) enabling the preparation of formulations with

different, well-defined loadings.[10] A set of three different

formulations, CUR-2-P, CUR-6-P, and CUR-11-P, was pre-

pared.[10, 11] This corresponds to 2, 6, and 11 gL�1 CUR per

10 gL�1 of the polymer, respectively, before freeze-drying

(Chapter S1 of the Supporting Information). At the highest

loading, the number of curcumin molecules per polymer chain

exceeds the number of repeating units of the inner, more

hydrophobic polymer block.

In standard dissolution tests using pressed tablet discs, no

detectable dissolution was observed for crystalline curcumin

within two hours, while amorphous CUR exhibited a low but

noticeable dissolution (Table 1 and Figure S2). Formulating

CUR with A-pPrOzi-A improved the dissolution rate up to

6000-fold (CUR-2-P) with the dissolution behaviour strongly

depending on the drug loading (Table 1 and Figure S3). For

all formulations, required tablet discs were prepared from

freeze-dried samples.

CUR-2-P with the lowest CUR loading began to dissolve

immediately after the start of the experiment with a dissolu-

tion rate of 6.2 mmolmin�1cm�2), which was the highest

among the tested samples. When the CUR loading is

increased (CUR-6-P), the dissolution rate drops by a factor

of two and a lag period of 24 min is observed. This change is

even more pronounced at the highest CUR loading (CUR-11-

P) with the dissolution rate decreasing by a factor of 100.

Although this dissolution rate is still 20 times faster than that

of amorphous CUR, it shows that the highest loading of

a compound may not always be the most desirable formula-

tion for (oral) administration. A two-sided t-test confirmed

that the observed differences between CUR-2-P and CUR-6-

P as well as between CUR-11-P and amorphous CUR are

statistically significant (p� 0.05). To explain the differences in

the dissolution behaviour, crystallisation could be excluded

based on a longer PXRD measurement of the swollen tablet

which gave no indication of crystallisation (Figure S16). The

high stirring speed (4800 rpm) used here also suffices to

exclude a resident water layer as a diffusion barrier. However,

the formation of a highly viscous gel layer is conceivable. The

dissolution studies were supplemented by water uptake

experiments at 80% relative humidity. After 24 h, the

formulations with lowest loading showed a 30% weight

gain, while weight gains of 16% and 15% were observed for

CUR-6-P and CUR-11-P, respectively, illustrating the increas-

ing hydrophobicity of the latter.

To derive a structural model that can explain these

experimentally observed bulk properties, the freeze-dried

formulations were characterized by powder X-ray diffraction

(Figure S13). For neat CUR, a distinct pattern of clear

diffraction peaks was observed in agreement with the most

stable, monoclinic crystal form (CSD ref. code:

BINMEQ05[12]). In contrast, all formulations lacked long-

range order; they were X-ray amorphous. However, trends

observed for the broad halo indicate changes in local order.

NMR spectroscopy is particularly sensitive to the local

environment of NMR-active nuclei and can thus be a powerful

probe of such local or short-range-order phenomena. There-

fore, the samples were dissolved in the non-selective solvent

CDCl3 (no micelles, individual components) or selective D2O

(CUR loaded micelles) and subsequently analysed by NMR

spectroscopy in solution (Figures S4–S6). While CDCl3 read-

ily dissolves both CUR and the polymer, the CUR signals

could barely be observed in D2O. Only the polymer reso-

nances were clearly distinguishable, suggesting that CUR in

the micellar core behaves more solid-like, which agrees with

recent fluorescence spectroscopic analysis at very low load-

ings.[13] This hampers the detailed analysis and shows that

NMR analysis in solution is not a suitable tool to study

proximities and intermolecular interactions in these polymer-

ic micelles. Diffusion (DOSY) NMR measurements of the

three formulations in solution yielded diffusion coefficients

and thus approximate radii, which agree with previously

determined values from dynamic light scattering (both in

Table S3).[10] This shows that information on the size and

exterior of these micelles is readily available, while informa-

tion on the molecular arrangement of and within the micellar

core is more difficult to obtain.

Therefore, we turned our attention to solid-state NMR

spectroscopy, which has been shown to be a very powerful

analytical technique in the pharmaceutical context for study-

ing amorphous dosage forms in general[14] and which is

particularly sensitive to intermolecular interactions and

subtle changes in the local arrangement. For example,

Proch�zkov� et al. recently used solid-state NMR spectros-

copy complemented by calculations and PXRD for a detailed

investigation of polymorphic transformations in glycopoly-

Scheme 1. Structural formula of the components used in this study:

The amphiphilic block copolymer P encapsulates curcumin by self-

assembly into polymeric micelles (schematic drawing on the right).

Table 1: Experimentally determined dissolution rates with lag times as

well as results from hydrophobicity testing.

Sample Lag time

[min]

Dissolution rate

[mmolmin�1 cm�2][a]
Water uptake (wt.%) at

80% RH[b]

CUR-2-P 0 6.2�0.5 30

CUR-6-P 24 2.6�0.8 16

CUR-11-P N/A 0.025�0.008 15

amorphous

CUR

N/A 0.001�0.0004 –

[a] Mean � SD (n=3). [b] n=1.
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meric vesicles.[15] Freeze-dried formulations were subjected to
1H and 13C CP/MAS NMR experiments at 24 kHz MAS and

14.1 T. To ensure sample stability upon MAS, the 1H NMR

spectrum was observed at different times and PXRD was

measured after completion of the NMR experiments (Fig-

ure S14b). For a first proof-of-principle, the NMR spectro-

scopic data from the three formulations were compared to

spectra for the individual components (as-received CUR and

pure polymer), a 1:1 physical mixture, and quench-cooled

amorphous curcumin (Figure 1, scaled according to the

individual number of scans). The 13C CP/MAS NMR spectra

of as-received CUR and the polymer used for sample

preparation are shown in grey and blue. The resonances

were assigned based on NMR spectra in solution and

previously published assignments based on solid-state NMR

and calculations.[16] The spectrum of the 1:1 physical mixture

(green) is the simple sum of the spectra of the individual

components. In contrast, the spectra of the three formulations

(yellow, orange, red) clearly differ from the other spectra in

peak number, position, width, and relative intensities.

Increasing curcumin loading results in a corresponding

increase in the relative CUR signal intensities and increasing

similarity to the spectrum of quench-cooled amorphous CUR.

Together, this shows that solid-state NMR spectroscopy

provides a solid basis for the systematic analysis of these

polymer–drug self-assemblies, allowing us a detailed look at

distinct, loading-dependent changes. In the following, several

regions in the spectra (Figure 1, grey highlights) will be

discussed in more detail to point out specific aspects of the

formulations (Figure 2 and Figure 4). For this discussion, the

scaling of the spectra was adjusted for each signal area to

show signals with practically equal heights. This facilitates the

identification of changes in chemical shifts and the respective

line widths. For an overview of all extracted spectral

parameters, the reader is referred to the Supporting Informa-

tion (Table S4). As a general trend, the signals in the

formulations attributed to the polymer are all broader than

those observed for the pure compound (no micelles present),

while those resulting from CUR are narrower than the signals

of fully amorphous CUR. This corroborates the concept of an

X-ray amorphous material with different degrees of short-

range order.

Firstly, the signals corresponding to the quaternary C�

OH/C�OMe carbon atoms at � 150 ppm as well as the signals

of the CH3 groups of curcumin (� 56 ppm) are compared as

they appear to be affected most by increased loading

(Figure 2, grey ellipsoids). These are the polar groups that

are expected to be involved in intermolecular hydrogen

bonding, while the enol moiety is mostly involved in intra-

molecular interactions. This was also underlined by a compar-

ison of theoretical chemical shifts in a complete crystal and

for an isolated molecule (Figures S19 and S20). Upon going

from low (CUR-2-P) to high loading (CUR-11-P), the

corresponding 13C chemical shifts decrease, approaching

that of amorphous CUR and the line widths increase.

Hence, with higher loadings, the curcumin molecules experi-

ence a less uniform molecular environment. Interestingly, the

changes in absolute values are greater between CUR-2-P and

CUR-6-P than between the two higher loadings (6 vs. 11).

Secondly, the signals of CUR between 110 and 130 ppm give

additional insights. These signals belong to the backbone of

the CURmolecule (highlighted in light blue). Curcumin in its

most stable crystalline form (monoclinic space group P2/n)

does not show any 13C signals around 120 ppm as indicated by

the calculated chemical shifts (Figure 2, black lines). In

contrast, analogous calculations for the two other known

polymorphs, in which CUR shows a significantly smaller

torsion angle (16.18 vs. 46.08), predict 13C resonances in this

region of the spectrum (blue lines). Therefore, we can deduce

that CUR inside the micelles adopts a range of conformations

with little molecular twist.

Figure 1. 13C CP/MAS NMR spectra of amorphous CUR (black), the

three formulations (yellow, orange, red with increasing CUR concen-

tration), pure polymer (blue), as-received CUR (grey), and a 1:1

mixture of the two components (green). All spectra were recorded at

14.1 T and 24 kHz and scaled according to the number of scans of the

individual datasets.

Figure 2. Enlarged sections from the overlay of the 13C CP/MAS NMR

spectra of CUR-2-P (yellow), CUR-6-P (orange), and CUR-11-P (red)

compared to the spectrum of amorphous CUR (black) from Figure 1.

Here, the signal intensities were scaled to approximately equal height

for each individual signal area to facilitate direct comparison. Calcu-

lated chemical shifts are represented by vertical lines.
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For further evidence of the involvement of the hydroxy

group of CUR in hydrogen bonding with the amide function-

ality of the polymer, 1H NMR spectra at fast MAS were

recorded for CUR-11-P, CUR-6-P, as-received CUR, and

a 1:1 mixture (Figure 3). For the formulations, a broad

resonance at 9–10 ppm indicated by the red dotted line can

be observed, which increases from CUR-6-P to CUR-11-P

and is not present for the as-received CUR sample or the

physical mixture. Resonances at such high ppm values are

indicative of hydrogen-bonding interactions and the signal

can be assigned to the OH group. For CUR and the physical

mixture, the OH group resonates at a lower value of 7.5 ppm.

We attribute this difference to the stronger hydrogen bonds

formed between the hydroxyl moieties and the carbonyl of

the amide group compared those to the methoxy group of the

curcumin molecule, in agreement with GIPAW (CASTEP)

calculations on a set of model structures containing similar

OH···O=CN interactions (Chapter S8). Here, a shift of about

5–6 ppm to higher ppm values was predicted for resonances

involved in such hydrogen-bonding arrangements, which is 1–

2 ppm higher than predicted for CUR in form 1 (Chapter S7).

Focussing on the polymer, the resonance of the amidic C=

O group (� 172 ppm), which can serve as a hydrogen-bond-

acceptor site, should be sensitive to the presence of CUR. For

the neat polymer, only one resonance is observed in the 1D
13C CP/MAS NMR spectrum, such that pMeOx and pPrOzi

cannot be distinguished. However, in the 1H-13C HETCOR

spectrum with longer contact times (1.5 ms) three distinct

resonances at 172.8, 171.7, and 171.0 ppm are observed, which

can be assigned to the pPrOzi carbonyl moiety and the cis/

trans isomers of pMeOx by comparison with 13C NMR data in

solution (Figure 4a). The existence of cis/trans isomers is well

known for tertiary amides such as poly(2-oxazoline)s.[17] For

the pure polymer, the presence of the isomers is also observed

in the solid state, which needs to be taken into account for the

construction of a more detailed structural model. Upon CUR

loading, the lines broaden and overlapping resonances can be

observed. This is due to the distribution of environments and

the presence of uncoordinated as well as coordinated amide

moieties. To investigate the role of the different polymer

blocks and their involvement in the CUR coordination more

closely, changes in the chemical shift and line widths for the

CH3 group of the pMeOx polymer blocks are analysed

(Figure 4b). The line width increases significantly on going

Figure 3. Overlay of the 1H solid-state NMR spectra of CUR-11-P, CUR-

6-P, a physical 1:1 mixture, and as-received CUR recorded at 14.1 T

and 65 kHz MAS. The enol and the hydroxy moieties of the curcumin

are indicated for the respective samples.

Figure 4. a) Amide region of the 1H-13C FSLG HETCOR spectrum of

the pure polymer recorded with a contact time of 1.5 ms alongside the
13C NMR spectrum in CDCl3 (full 2D spectrum in the Supporting

Information). b) Comparison of the chemical shift (green) and line

width (red) of the CH3 group of the hydrophilic polymer block pMeOx

for the pure polymer and the three formulations. c) and d) 1H-13C

FSLG HETCOR spectra of CUR-6-P and CUR-11-P recorded at 14.1 T

and 20 kHz MAS with a contact time of 5 ms alongside the vertical

slices extracted as highlighted by the coloured bars. Coloured boxes

indicate cross-peaks originating from CUR–Pol intermolecular con-

tacts. The 2D dataset of CUR-2-P can be found in the Supporting

Information.
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from the unassembled polymer to self-assembled CUR-2-P

and further to the CUR-6-P and CUR-11-P formulations,

which lie in the same range. The chemical shift shows only

a minor change on going from the pure polymer to the

formulation with low loading (0.1 ppm) as expected from the

simplified image that CUR is located in the micellar core in

the proximity of the more hydrophobic PrOzi residues. With

increasing CUR loading, however, a more pronounced

change in chemical shift is observed. This indicates that at

higher loadings, the hydrophilic polymer blocks become

involved in the coordination of CUR. In agreement with

this picture, the chemical shift as well as the line width of the

propyl-CH3 signal do not differ between the CUR-6- and

CUR-11-P formulations, for which we hypothesize that the

interactions with the hydrophobic micellar core are largely

saturated (Figure S9). To confirm this hypothesis, 1H-13C 2D

HETCOR spectra with a long contact time of 5 ms were

recorded to probe intermolecular interactions between CUR

and the polymer. The corresponding 2D spectra of CUR-6-P

and CUR-11-P are shown in Figure 4c and 4d, respectively.

As the polymer does not contain any aromatic moieties, cross-

peaks at the 13C chemical shift of the polymer observed in this

spectral area must originate form CUR–Pol contacts. Such

contacts are highlighted by boxes in the colour code

introduced in Figure 1. The 2D HETCOR spectrum of

CUR-2-P can be found in the Supporting Information (Fig-

ure S11b). For the formulation with lowest loading, mostly

intramolecular cross-peaks are observed apart from one weak

cross-peak with the CH2 unit of the propyl chain at 20.5 ppm.

However, the overall intensity is low so that further contacts

cannot be fully excluded. For medium loading, additional

contacts between CUR and pMeOx are observed, proving the

involvement of the pMeOx polymer block. Interestingly, two

contacts of different intensity are observed to the carbonyl

group. This could be due to cis/trans isomerism or different

degrees of interaction with pMeOx and pPrOzi segments; this

requires further investigation. Finally, many cross-peaks can

be observed between CUR and the polymer for CUR-11-P.

Contacts to all carbonyl environments and the polymer

backbone are observed to the already described interactions

for the formulations with lower CUR loading. Cross-peaks

located at 13C CUR resonances with protons at low chemical

shifts could also indicate intermolecular CUR–Pol contacts;

however, the interpretation is more complex as the methoxy

group of CUR is also observed around 3.5 ppm. Horizontal

slices indicate that the peak centre for the cross-peak at

128 ppm (green) is at lower ppm values than the OMe

resonance (grey), but CUR–CUR contacts or intramolecular

spin-diffusion cannot be fully excluded as a source of this

cross-peak. A HETCOR spectrum with an additional spin-

diffusion block of 50 ms according to Duan et al.[18] showed

spin diffusion between the different components (Fig-

ure S12a). This is an indication that no phase separation

into domains takes place even at high CUR loadings, which is

supported by the observation of only one glass transition for

these formulations in a previous study.[8] As a negative

control, a HETCOR experiment for a 1:1 physical mixture did

not yield cross-peaks between CUR and the polymer (Fig-

ure S12b).

Based on these observations, we can now assemble the

puzzle pieces from the various experiments to obtain an

overall loading-dependent, molecular level structural model

(Figure 5): The unimers self-assemble into micelles only in the

presence of curcumin. For the formulation with the lowest

concentration of CUR (CUR-2-P), the poorly water-soluble

CUR molecules with only a small molecular twist are mainly

located in the micellar core with a distribution of rather

defined environments due to hydrogen bonding between the

phenolic OH moieties and the amide moiety of the hydro-

phobic block (depicted in red, Figure 5). As these preferred

interaction sites become saturated at increasing CUR loading

(CUR-6-P), the local order of CUR molecules is reduced.

Furthermore, CUR molecules are now envisaged to be

located at the hydrophilic–hydrophobic interface (in agree-

ment with the raspberry model fitted for SANS data of

a comparable system[9]) and therefore interact increasingly

with the repeating units of the hydrophilic block as evidenced

by distinct changes in chemical shifts and corresponding

cross-peaks in the 2D HETCOR spectra. These amide

functionalities of the hydrophilic blocks (Figure 5, in blue)

otherwise hydrate and stabilize the micelle. Consequently, in

the hydration/dissolution process, CUR molecules now block

Figure 5. Schematic model of the structural changes of the polymeric micelles upon loading with curcumin based on the solid-state NMR data

and complementary insights. For each loading stage, the additionally occurring interaction site is depicted.
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the hydrogen bond acceptor sites within the shell of the

micelle. This correlates with the observed retardation of the

dissolution for CUR-6- and CUR-11-P. Finally, at the highest

loading, not only the core is essentially filled with CUR

molecules (smallest degree of short-range order in the NMR

spectra), also the hydrophilic amide units become saturated,

essentially physically crosslinking the hydrophilic corona,

significantly affecting hydration. This is in accordance with

the strongly decreased dissolution rate as observed for CUR-

11-P1 and an increased radius of the particle, because of the

shell being more rigid for these ultrahigh loadings. This

overall picture would suggest an increased hydrophobicity of

the micelles at higher loadings in agreement with the results in

Table 1 and with a different study on glycopolymers using

SAXS and SANS.[19]

In general, structural information and understanding on

the molecular level is difficult to obtain for drug-loaded

polymeric micelles. In this work, we could show that solid-

state NMR spectroscopy is a versatile toolbox, which can—

complemented by other approaches—facilitate the detailed

analysis of polymeric micelles, thus improving our structural

understanding. NMR spectroscopic data probed changes in

the interaction profile with increasing loading. At higher

loadings, the hydrophilic polymer blocks were found to

participate in the coordination of CUR, which is presumably

of critical importance to obtain the unusually high drug

loadings of approximately 50 wt.% observed with this plat-

form. This can now serve as a starting point for the rational

modification of polymers to maintain ultrahigh loadings,

while not having to compromise the release behaviour.

Experimental studies will now need to verify if and how

optimized nanoparticles for drug delivery can be obtained

through this approach. Additionally, the NMR experiments

used here can be expanded including further proton-detected

experiments at fast MAS. This would allow the drawing of an

even more accurate picture for this and other drug–polymer

arrangements. A systematic investigation by varying both

polymer and guest molecules potentially also employing

isotopic labelling schemes is necessary to, for example,

explain the extremely different loading efficiencies observed

for structurally similar polymers.[10, 20] Investigation of the

samples during storage at a defined relative humidity might

give insights into the dissolution mechanism. Moreover,

exploration of the complementary insights from pair-distri-

bution functions based on PXRD or probing the internal

micellar structure by SANS should also be very valuable to

learn more about these interesting systems.
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Although the structure of the micelles including the micellar microenvironment, CUR amorphicity 

as well as polymer-CUR interactions on a molecular scale was resolved, one last important 

information, the actual morphology of the drug-loaded micelles is still missing. Although dynamic 

light scattering suggested small sizes and most likely spherical aggregates for POzi/CUR, an in 

depth-investigation of the morphology was not possible with previous used techniques. Small 

angle neutron scattering (SANS) as one of various scattering techniques offers the required 

scattering contrast to investigate morphological transitions or the actual composition within 

different aggregate layers. To obtain structure-property relationships, the morphology of three 

different polymer amphiphiles with different maximum LCs for CUR was evaluated. Two of the 

investigated polymers formed micelles by themselves, whereas the amphiphilic contrast of the 

third one was not pronounced enough, being present in aqueous solution mainly as single polymer 

chains (unimers). Important to note, the former two polymers formed rather spherical aggregates 

with no core-shell differentiation than actual micelles. However, after solubilization of small 

amounts of CUR (polymer/CUR = 10/1 g/L), distinct core-shell spherical micelles appeared (also in 

the case of the polymer not forming micelles by itself). Further increasing the CUR loading 

(polymer/CUR ≥ 10/3 g/L) caused the formation of a second shell, i.e. spherical micelles with a 

core-shell-shell structure. This second, inner shell is in good agreement with the participation of 

the hydrophilic polymer block in the stabilization of solubilized CUR at higher CUR loadings, 

investigated by solid state NMR. Considering the scattering length densities (SLD), increasing CUR 

loading caused a dehydration of the initially hydrated core, as well as inner shell due to increasing 

amounts of CUR in the respective layers. Especially the SLD of the core approaches the one of neat 

CUR, suggesting a dense accumulation of CUR within the core. The increasing SLD of the outer 

shell approaching the SLD of heavy water can be assigned to ever more parts of the hydrophilic 

block being part of the inner shell, in order to stabilize the increasing amounts of CUR. This causes 

a dehydration of the micelle as a whole, finally causing agglomeration and precipitation. This is in 

accordance with cryo-TEM images, showing a potential bridging and connection of single micelles 

at polymer/CUR = 10/12 g/L, as will be discussed in the following publication. 

 



Probing the complex loading dependent structural changes in ultra-high drug 

loaded polymer micelles by small-angle neutron scattering 

Benedikt Sochor1,✢, Özgür Düdükcü1,✢, Michael M. Lübtow2, Bernhard Schummer3, Sebastian Jaksch4, Robert 
Luxenhofer2,5* 

 

1Chair of X-Ray Microscopy, Department of Physics and Astronomy, University Würzburg, Campus Hubland Nord, 

Josef-Martin-Weg 63, 97074 Würzburg, Germany 
 

2 Functional Polymer Materials, Chair for Advanced Materials Synthesis, Department of Chemistry and Pharmacy 

and Bavarian Polymer Institute, University of Würzburg, Röntgenring 11, 97070 Würzburg, Germany 

 
3 Fraunhofer Institute for Integrated Circuits, X-Ray Development Center EZRT, Flugplatzstraße 75, 90768 Fürth, 

Germany 

 
4 Forschungszentrum Jülich GmbH, Jülich Center for Neutron Science (JCNS) at Heinz Maier-Leibnitz Zentrum, 

Lichtenberstraße 1, 85747 Garching, Germany  

 
5 Soft Matter Chemistry, Department of Chemistry, Helsinki University, 00014 Helsinki, Finland 

 
✢ authors contributed equally 
*correspondence to: robert.luxenhofer@uni-wuerzburg.de 
 
Keywords: nanomedicine, nanoformulations, drug solubilization, drug-polymer interaction, drug-corona interac-
tions 

 
ABSTRACT: Drug loaded polymer micelles or nanoparticles are be-
ing continuously explored in the fields of drug delivery and nano-
medicine. Commonly, a simple core-shell structure is assumed, in 
which the core incorporates the drug and the corona provides ste-
ric shielding, colloidal stability, and prevents protein adsorption. 
Recently, the interactions of the dissolved drug with the micellar 
corona have received increasing attention. Here, using small-angle 
neutron scattering, we provide an in-depth study of the differ-
ences in polymer micelle morphology of a small selection of struc-
turally closely related polymer micelles at different loadings with 
the model compound curcumin. This work supports a previous 
study using solid state nuclear magnetic resonance spectroscopy 
and we confirm that the drug resides predominantly in the core of 
the micelle at low drug loading. As the drug loading increases, neu-
tron scattering data suggests that an inner shell is formed, which 
we interpret as the corona also starting to incorporate the drug, 
whereas the outer shell mainly contains water and the polymer. 
The presented data clearly shows that a better understanding of 
the inner morphology and the impact of the hydrophilic block can 
be important parameters for improved drug loading in polymer 
micelles as well as provide insights into structure-property rela-
tionships. 

1. INTRODUCTION 

Promising new active pharmaceutical ingredients (API) are discov-
ered in pharmaceutical industry and academia on a daily basis, but 
one major challenge remains the formulation of the API. Accord-
ing to estimates, 40%1 - 60%2 of all new drugs are practically insol-
uble in water. Therefore, a plethora of methods is used to increase 

their solubility.3 Polymer micelles are nanoscopic structures 
formed by amphiphilic (block) copolymers.4 In a simplified picture, 
hydrophobic APIs are dissolved in the hydrophobic core, whereas 
the hydrophilic shell acts as a protective layer to prevent prema-
ture disintegration or unwanted protein interactions and to en-
sure a sufficient water solubility. However, the actual situation 
may be more complex as recently shown for a variety of drug 
loaded micelles, as the nature of the hydrophobic block can signif-
icantly affect the drug loading.5, 6 A particularly strong effect was 
reported for the different solubilization behaviors of structurally 
very similar poly(2-oxazoline) (POx) and poly(2-oxazine) (POzi) 
based drug delivery vehicles (Scheme 1). 

  

Scheme 1: A) Schematic synthesis of the structural isomers poly(2-oxazo-
line)s (POx) and poly(2-oxazine)s (POzi) by living cationic ring opening 
polymerization (LCROP) of 2-substituted 2-oxazolines and 2-substituted 2-
oxazines; B) Schematic representation of the amphiphilic triblock copoly-
mers all bearing two hydrophilic poly(2-methyl-2-oxazoline) blocks (blue) 
and different hydrophobic cores (yellow) as well as their maximum loading 
capacity (LC) for curcumin (CUR). 

Small structural changes in the polymer sidechain and polymer 
backbone of the hydrophobic core caused pronounced differences 



 

in the solubilization capacity for different hydrophobic com-
pounds such as curcumin (CUR)7-9 and paclitaxel (PTX).10-13 The in-
vestigated formulations are of particular interest as extremely 
high CUR-loading > 50 wt.% were observed, which is highly unu-
sual for drug-loaded micelles, since they generally suffer, with no-
table exceptions14, 15, from rather low drug-loadings < 20 wt.%.16-

18 Repeatedly, a stronger hydrophobic contrast resulted in lower 
drug loadings in this family of amphiphilic block copolymers, 
clearly stressing the point that the simplistic picture of a hydro-
phobic core, which dissolves hydrophobic drugs6, may often be in-
adequate.12, 19-21 Since the drug loading (in wt.% vs. polymer) and 
final drug solubilization (in g/L) are critical parameters dictating, 
to a certain extent, the clinical potential of a formulation, a closer 
look at the interactions between polymeric drug carriers and sol-
ubilized drug has recently received attention.21-23 This includes a 
critical evaluation of the traditional core-shell concept as evident 
by the drug-induced morphology switch of POx based micelles 
from worm-like, to spherical and raspberry-like structures with in-
creasing PTX-loading (0 – 50 wt.%)24, 25. In contrast, the formation 
of a worm-like morphology was observed at high-loading (50 
wt.%) of the same drug-carrier loaded with etoposide and a plati-
num (Pt)-based prodrug.26 It was recently confirmed by Callari et. 
al. using solid state nuclear magnetic resonance (NMR) and endo-
cytosis studies22, that the different morphologies can have direct 
impact on biological properties.27 Micelles at low-loading of a Pt-
based drug had a rather loose structure, whereas the high-loaded 
micelles were much more condensed with aggregated Pt-species 
surrounded by a densely packed hydrophilic corona. The cellular 
uptake of these micelles, bearing fructose moieties in the hydro-
philic corona, depended on fructose-specific cellular uptake trans-
porters. Accordingly, endocytosis was significantly higher at lower 
loading due to the less-restricted interaction of the flexible poly-
mer chains. In contrast, the apparently too densely packed fruc-
tose moieties at higher loading reduced the cellular uptake. Using 
solid-state NMR, it was recently reported that the hydrophilic co-
rona is also significantly involved in the drug/polymer interactions 
in POx/POzi micelles, in particular at higher drug loadings, which 
impeded dissolution of the lyophilized polymer micelle powders, 
which can be understood as a unusual solid amorphous disper-
sions.28 Moreover, using fluorescence spectroscopy and lifetime 
measurements, significant differences for the molecular environ-
ment of the incorporated drug were found at very low drug load-
ing where no involvement of the hydrophilic corona is expected.13 
Inspired by this, we set out to determine if the involvement of the 
hydrophilic corona in this formulation and distinct polymer-drug 
specificities observed for POx and POzi based CUR formulations10 
also result in different micellar morphologies or sizes. The analyt-
ical techniques utilized so far were not able to address these ques-
tions.  

To gain extensive insights into the micellar structure, small-angle 
neutron scattering (SANS) curves of CUR solubilized with three dif-
ferent POx and POzi based amphiphiles (Scheme 1) were obtained 
at various polymer/CUR ratios. Following this, not only morpho-
logical transitions from a distinct core-shell to a core-shell-shell 
model with increasing CUR-loading could be observed, but also 
the content of polymer, water or CUR in the different layers could 
be estimated. 

 

 

2. MATERIALS AND METHODS 

   Reagents 

Curcumin powder from Curcuma longa (turmeric) was purchased 
from Sigma-Aldrich and analyzed in-house (curcumin = 79%; de-
methoxycurcumin = 17%, bisdemethoxycurcumin = 4%; deter-
mined by HPLC analysis). The ABA triblock copolymers, all com-
prising the same hydrophilic poly(2-methyl-2-oxazoline) (pMeOx) 
corona A and structurally similar hydrophobic cores based on ei-
ther poly(2-n-2-propyl-oxazine) (pPrOzi; Me-MeOx35-PrOzi20-
MeOx35-1-Boc-piperazine =A-pPrOzi-A), poly(2-n-2-butyl-oxazo-
line) (pBuOx; Me-MeOx35-BuOx20-MeOx35-piperidine = A-pBuOx-
A) or poly(2-n-2-butyl-oxazine) (pBuOzi; Me-MeOx35-BuOzi20-
MeOx35-1-Boc-piperazine = A-pBuOzi-A), were synthesized and 
described previously.29  

   Preparation of CUR-loaded micelles 

CUR loaded polymer micelles were prepared by thin film method 
as described elsewhere.29 Briefly, ethanolic polymer (20 g/L) and 
curcumin (5.0 g/L) stock solutions were mixed in the desired ratio. 
After complete removal of the solvent at 55 °C under a mild 
stream of argon, the films were dried in vacuo (≤ 0.2 mbar) for at 
least 20 min. Subsequently, preheated (37 °C), ultrapure H2O was 
added to obtain the final polymer and CUR concentrations as men-
tioned in the main text. To ensure complete solubilization, the so-
lutions were shaken at 55 °C for 15 min at 1250 rpm with a Ther-
momixer comfort (Eppendorf AG, Hamburg, Germany). Non-solu-
bilized curcumin, if any, was removed by centrifugation for 5 min 
at 9.000 rpm with a MIKRO 185 (Hettich, Tuttlingen, Germany). 
CUR quantification was performed by UV-Vis absorption of sam-
ples diluted in ethanol using a BioTek Eon Microplate Spectropho-
tometer (Thermo Fisher Scientific, MA, USA) and a calibration 
curve obtained with known amounts of CUR.10 For SANS measure-
ments, the freshly prepared aqueous formulations were freeze-
dried and redissolved in deuterated water (D2O) right before 
measurements. Note that the densimetric measurements were 
performed in H2O.  

   Densimetry 

The densimetric measurements were performed using a DMA 
4100 M density meter (Anton Paar, Graz, Austria). The samples 
were diluted/dissolved using ultrapure water (H2O) and the den-
sity of each sample was measured from 5 °C to 55 °C. For the esti-
mation of the scattering length densities (SLD) in solution and to 
calculate the volume fraction, densities obtained at 25°C were 
used.  

   Small-angle-neutron-scattering (SANS) 

The SANS experiments were performed on the KWS-1 beamline30 
at Heinz Maier-Leibnitz Zentrum (Garching, Germany). The sam-
ples were measured in standard Hellma quartz cuvettes with a 
path-length of 1 mm and kept at 25 °C throughout the experi-
ment. For the measurements, a neutron wavelength of 7 Å was 
used. To cover the desired Q-range, the samples were measured 
at three sample to detector distances of 19.6 m, 7.6 m and 1.6 m 
for 1200 s, 600 s and 300 s respectively. Calibration to absolute in-
tensities was done using poly(methyl methacrylate) (PMMA) as a 
secondary standard. For data correction, merging and reduction 
(azimuthal averaging) the toolkit QtiKWS by JCNS was used. The 
shape model (core-shell-shell sphere) is commonly used and read-
ily available in most software. The model-dependent data analysis 
was carried out using the macro IRENA for IgorPro.31  

 



 

3. RESULTS AND DISCUSSION 

   Densimetry 

To estimate the volume fractions and neutron scattering length 
densities (SLD) of polymer-CUR formulations at 25°C (at which 
SANS experiments were conducted), the densities of the formula-
tions were determined at this temperature. For the complete tem-
perature dependent density data, the reader is referred to sup-
porting information (Figure S1-S6). As expected, the solution den-
sity increased with increasing drug concentration (at constant pol-
ymer concentration, Table 1).  

To derive the density of the polymer-CUR formulations, 𝜌𝑠𝑎𝑚𝑝𝑙𝑒, 

the amount of water in solution was subtracted: 𝜌𝑠𝑎𝑚𝑝𝑙𝑒 = 𝜌𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝜌𝑤𝑎𝑡𝑒𝑟 𝑐𝑠𝑎𝑚𝑝𝑙𝑒𝜌𝑤𝑎𝑡𝑒𝑟−𝜌𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛(1−𝑐𝑠𝑎𝑚𝑝𝑙𝑒)  (1) 

with the measured solution density 𝜌𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛, the water density 𝜌𝑤𝑎𝑡𝑒𝑟  and the total sample mass concentration 𝑐𝑠𝑎𝑚𝑝𝑙𝑒 =𝑚𝑠𝑎𝑚𝑝𝑙𝑒𝑚𝑠𝑎𝑚𝑝𝑙𝑒+𝑚𝑤𝑎𝑡𝑒𝑟, in weight percent. The values for the water density 

were obtained from calculations at ambient pressure (1013 
hPa).32  

Table 1: Densimetric data of the nanoformulations at different drug load-
ing at 25°C.  

polymer/CUR 
 

𝝆𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏 

[g/ml]a) 

𝝆𝒔𝒂𝒎𝒑𝒍𝒆 

[g/ml]b) 

𝝓c) 

A-pPrOzi-A    

[g/l]  mmol/mmol    

10/0 n.a. 0.9976 1.0282 0.0091 

10/1 1.1/2.7 0.9981 1.0724 0.0096 

10/3 1.1/8.1 0.9988 1.1246 0.0109 

10/5 1.1/13.6 0.9993 1.1533 0.0122 

10/10 1.1/27.1 1.0010 1.2145 0.0154 

A-pBuOzi-A    

10/0 n.a. 0.9979 1.0611 0.0094 

10/1 1.1/2.7 0.9982 1.0973 0.0095 

10/3 1.1/8.1 0.9988 1.1295 0.0108 

10/5 1.1/13.6 0.9992 1.1446 0.0123 

10/10 1.1/27.1 1.0003 1.1711 0.0160 

A-pBuOx-A    

10/0 n.a. 0.9977 1.0389 0.0090 

10/1 1.2/2.7 0.9985 1.1211 0.0092 

10/3 1.2/8.1 0.9989 1.1530 0.0098 

10/5 1.2/13.6 0.9992 1.1708 0.0104 

a) measured solution density (system error: 0.0002 g/ml),  
b) water subtracted polymer/CUR formulation density (calculated with eq. 
1, propagated error: 0.0003)  
c) volume fraction (propagated error: 0.0005). 

 

As the polymer and CUR concentrations were ≤ 1 wt.%, it was as-
sumed that the excess volume (polymer & CUR) during mixing of 
the samples is negligible. The obtained densities of the poly-
mer/CUR formulations were used to calculate the respective vol-
ume fractions, 𝜙. Here the polymer and CUR concentration can be 
transformed from weight to volume percent using: 𝜙 (vol. %) = 𝜌𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝜌𝑠𝑎𝑚𝑝𝑙𝑒  𝑐𝑠𝑎𝑚𝑝𝑙𝑒  (2) 

The obtained values were used as a fixed fit parameter during the 
modeling of the SANS data. Using the densities of the pure poly-
mer solutions without any CUR (10-0 samples), the corresponding 
neutron scattering length densities (𝑆𝐿𝐷𝑛) of the polymers can be 
calculated by: 𝑆𝐿𝐷𝑛 = 𝜌 ⋅ (∑ 𝑛𝑗𝑏𝑗𝑗 )/(∑ 𝑛𝑗𝑚𝑗𝑗 )  (3) 

where 𝜌 is the macroscopic density, 𝑏𝑗  the element- and isotope-

specific neutron scattering length, 𝑚𝑗  the element specific molec-

ular weight and 𝑛𝑗  the stochiometric composition of the com-

pound. For the estimation of the CUR-SLD the density was taken 
from literature33 (Table 2). 

Table 2: Neutron scattering length densities (SLD) of the polymers, CUR 
and heavy water (D2O). The values were calculated from the macroscopic 
densities using equation (3) or, in case of D2O, taken from literature34. 

Sample 𝝆𝒔𝒂𝒎𝒑𝒍𝒆 [g/ml] 𝑺𝑳𝑫𝒏 [10-6 Å-2] 

A-pPrOzi-A 1.0282 0.9721 

A-pBuOzi-A 1.0611 0.9246 

A-pBuOx-A 1.0389 0.9416 

CUR 1.30±0.05 1.790 

D2O --- 6.3351 

    

   Small-angle neutron scattering 

The experimentally determined scattering intensities  𝐼(𝑄) = ∑ 𝐹(𝑄) ⋅ Δ(𝑄) ⋅  S(𝑄)𝑖   (4) 

can be modeled using different form factors, 𝐹(𝑄), size distribu-
tion functions, Δ(𝑄) and structure factors, S(𝑄). In all scattering 
related theories and experiments, the main variable is always the 

scattering vector 𝑄 = 4𝜋𝜆 sin(𝜃), which depends on the used 

wavelength, 𝜆, and the angle, 𝜃, under which the scattered neu-
trons are collected. The measured SANS data can be used to study 
the structural properties of the nanoformulations under investiga-
tion (Scheme 1). 

The scattering curve of pure A-pPrOzi-A in D2O without any added 
CUR (A-pPrOzi-A/CUR=10/0, Figure 1, A) shows a flat curve which 
can be described by the Debye function, indicating a Gaussian 
chain-like behavior, supporting earlier results, which suggested 
that this polymer does not form micelles by itself under ambient 
condition at this concentration (10 g/L).29 Upon CUR addition, pol-
ymer micelles form, as shown by the change in the plateau inten-
sities at low Q-values, and the overall appearances of the scatter-
ing curves, indicative of discrete and compact objects. The increas-
ing plateau intensity can be caused by larger particles or a higher 
scattering contrast. A recent report by Lübtow et al.23 showed that 



 

the hydrodynamic radii of A-pPrOzi-A-CUR aggregates initially de-
crease slightly at low CUR content (10/0.9: hydrodynamic diame-
ter (Dh) = 26 nm; 10-4.8: Dh = 20 nm) and only start to increase at 
ρ(CUR) > 5 g/L (10/11.9: Dh = 46 nm) as determined by dynamic 
light scattering (DLS). Since DLS measures the hydrodynamic ra-
dius, which involves a water corona around the particle, and SANS 
probes the radius of gyration without this corona, differences are 
expected. The increasing scattering intensities probably indicate a 
higher scattering contrast due to the higher CUR amounts, which 
is solubilized in the polymer micelles. At 50 wt.% drug loading, i.e. 
same concentrations of polymer and drug, the scattering intensity 
increases by nearly an order of magnitude compared to the poly-
mer alone (Figure 1, A and B). The already mentioned DLS results 
as well as cryo-TEM images29 have also shown the presence of 
larger and worm-like particles. These larger structures were also 
observable by SANS, as the increasing scattering intensities at the 
lowest measured Q-values indicate (Figure 1, D). To investigate 
these particles in more detail, power-law or model-based fitting 
techniques could be used. However, for accurate results, either 
their shape and size or the exact ratio between micelles and larger 
particles must be known. In the present study, we concentrate on 
the morphological study of the spherical micelles and hence only 
the corresponding Q-range for single micelles (0.007 - 0.3 Å-1) was 
considered for further data analysis. 

 

Figure 1: Measured SANS data for A) A-pPrOzi-A, B) A-pBuOzi-A and C) A-
pBuOx-A and their CUR nanoformulations. The concentration of the poly-
mer was kept constant at 10 g/L, while the CUR concentration was varied 
from 0 to 10 g/L. In the case of A-pBuOx-A, CUR concentrations above 3 
g/L already caused precipitation. Only one third of the data points is shown 
to increase visibility. The solid lines are fits to the data obtained by the 
core-shell-shell model (all fit parameters can be found in the supporting 
information); D) to show the presence of larger aggregates, the whole data 
range extended to very small Q-values is shown for A-pPrOzi-A at c(CUR) = 
1 g/L (bottom right). The data analysis however, was done on the cropped 
Q-range shown in the other graphs neglecting those aggregates. 

   Choice of fitting model 

For the analysis of the SANS data, three different spherical form 
factor models were considered: A simple sphere, a core-shell 
sphere and a core-shell-shell sphere. Each model is available in the 
Irena modelling suite and was used to fit the data. The resulting 
2-values of the best obtained fits were used as an indicator for 
the most suitable model for data evaluation. A full example and 
explanation of one sample data set and the fitting results can be 
found in the supporting information (Figure S7, S8). Based on 
these results, the core-shell-shell form factor model31 

𝐹(𝑄) = 3𝑉1𝑄𝑅1 (𝜌1 − 𝜌2) 𝐽1(𝑄𝑅1) + 3𝑉2𝑄𝑅2 (𝜌2 − 𝜌3) 𝐽1(𝑄𝑅2) +3𝑉3𝑄𝑅3 (𝜌3 − 𝜌0) 𝐽1(𝑄𝑅3) (5) 

was chosen and used to fit all data for comparability. Here 𝑉1 to 𝑉3 are the volumes of each compartment (core, first (inner) or sec-
ond (outer) shell), 𝑅1 to 𝑅3 their respective radii, 𝜌1 to 𝜌3 the SLD 
of each compartment, 𝜌0 the SLD of the solvent and 𝐽1 is the Bessel 
function of the first kind. A schematic overview of this model is 
given in Scheme 2.  

 

Scheme 2: A graphic representation of 
the employed core-shell-shell sphere 
model with its parameters as are defined 
in Eq. 5. 

 

However, we must note that for several samples the core or one 
of the shells practically vanish, reducing the model effectively to a 
simple core-shell model. This may also be attributed to the co-ex-
istence of different morphologies, which cryo-TEM images of A-
pPrOzi-A formulations suggest and which makes accurate fitting 
extremely challenging29. 

In addition to the form factor, a structure factor for samples with 
CUR concentrations above 1 g/L was used for describing the inter-
micelle interactions. In the present analysis, the hard sphere struc-
ture factor35-37 was used. This factor assumes a spherically shaped 
interaction potential between the particles. Hence, the sphere´s 
diameter, 𝐷, and volume fraction of the spheres, 𝜙, are not pa-
rameters of the micelles, but of the modeled spheres around 
them, which represent their interaction potential. For the highest 
CUR concentration (10 g/L), a sticky hard sphere structure factor35 
was used, because sticky micelles and inter-micellar contacts were 
observed for A-pPrOzi-A/CUR = 10/10 g/L by cryo-TEM29. 

   Fit Results 

The possible parameter set of the chosen model is rather large in-
cluding eight (without structure factor) or more fit variables. For 
reasons of clarity, only the micellar structure defining parameters 
(size parameters and SLDs) will be shown (Figure 2 and 3). More-
over, to constrain the fitting procedure, it was attempted to match 
the overall particle size with the results from DLS and cryo-TEM. 
The full list of model parameters for each sample can be found in 
the supporting information. As mentioned, A-pBuOzi-A and A-
pBuOx-A form micelles without the need of added CUR with criti-
cal micelle concentration (cmc) values of 5 mg/L (0.5 µM) and 8 
mg/L (1 µM), respectively. Only A-pPrOzi-A needs CUR to form mi-
celles, i.e. shows CUR-induced micellization.29 Hence, there are no 
values for the core and shell sizes as well as their respective SLDs 
for pure A-pPrOzi-A in heavy water without any CUR. Obviously, 
the micellar sizes and structures develop differently in depend-
ence of the CUR-content for all three polymers (Figure 2, 3). There-
fore, the different formulations will be evaluated separately in the 
following. Important to note, the formulation of A-pBuOx-A at pol-
ymer/CUR = 10/5 is already above the maximum drug loading, and 
precipitation occurs. This resulted in very unstable fits in our cur-
rent work. Therefore, we will not discuss the data analysis of this 
formulation at this loading any further.  



 

 

Figure 2: Graphic representation of the micellar size parameters: A) core-
radius, B) shell 1 thickness, C) shell 2 thickness and D) total micelle radius. 
Please note, when size parameters of a particular compartment approach 
zero, one can consider the resulting morphology again as core-shell in-
stead of core-shell-shell. 

A-pBuOzi-A 

The core radius of pure A-pBuOzi-A micelles in water is approxi-
mately 18 Å (Figure 2, A). Since both shell thicknesses are negligi-
bly small, the observed A-pBuOzi-A aggregates can be described 
as simple, surprisingly small spheres. Adding CUR (10/1) causes an 
increase of the micellar core to roughly 30 Å and the development 
of a first shell with nearly the same size (≈ 35 Å) (Figure 2, B). In-
creasing the CUR-content (10/3) further, the core of the A-BuOzi-
A/CUR-micelles appears to shrink to its initial value and remains 
almost constant at around 18-20 Å upon further increase of CUR. 
The first (inner) shell remains at the same size as well for interme-
diate CUR loadings, but a second, outer shell becomes noticeable 

for a CUR-concentration of 
3 g/L, which has nearly the 
same size as the first shell 
(Figure 2, C). This shell also 
increases slightly in size 
with increasing CUR feed.  

 

 

 

 

 

Figure 3: Graphic representa-
tion of the fitted SLDs of A) the 
micelles core, B) its first shell 
and C) second shell. Addition-
ally, the SLDs of heavy water 
(blue dashed line), CUR (red 
dash-and-dot line) and the 
polymers (black dotted line) 
are marked. 

 

At maximum loading (10/10), another notable change of the A-
pBuOzi-A micelles is observed with the thickness of shell 1 dou-
bling in size to approximately 60 Å. In general, we found that the 
data analysis at CUR concentrations of 10 g/L with only one fitting 

model was very challenging. Our fit describes the vast majority of 
the particles in solution. Additional particles at lower concentra-
tions can only be described with better a priori knowledge about 
their size and shape. 

Apart from the size, further insights into the actual composition of 
the different micellar layers can be obtained from the fitted SLDs 
(Figure 3). Pure A-pBuOzi-A (CUR = 0 g/L) forms spherical aggre-
gates with no core-shell differentiation. The fitted SLD is approx. 
3.6x10-6 Å-2 and therefore almost perfectly in between the SLDs of 
A-pBuOzi-A and D2O (Table 2), suggesting that the ratio of A-
pBuOzi-A/D2O is roughly 1/1. In other words, these micelles do not 
exhibit a core-shell structure but are rather homogenous in com-
position, which we tentatively attribute to excellent hydration of 
the hydrophobic repeat units by virtue of the polar and flexible 
poly(2-oxazine) backbone. By adding CUR (CUR = 1 g/L), SLDcore de-
creases slightly (Figure 3, A), which could be an indication of the 
dehydration of the core in favor of CUR inclusion. The SLD of the 
first shell is slightly above the initial value of the spherical aggre-
gates (roughly 4x10-6 Å-2) (Figure 3, B), which hints towards a A-
pBuOzi-A/D2O mixture with a slightly higher D2O-fraction. The sec-
ond, very small, shell contains almost only D2O as judged by the 
SLD (Figure 3, C). Being very small and essentially D2O, this second 
shell is negligible. With increasing CUR concentration, the SLDs of 
the core and both shells decrease indicating further dehydration. 
After reaching a CUR concentration of 3 g/L, the SLDs of the sys-
tem remain almost constant. This indicates a possibly stable com-
position in every part of the micelle. According to the SLDs, it ap-
pears as though CUR is mostly present in the core. At the highest 
possible CUR concentration of 10 g/L, the morphological situation 
is somewhat similar to the situation without CUR, as the composi-
tion of all components appears to be quite similar, according to 
the SLDs (Figure 3). Accordingly, we cannot consider the micelles 
anymore as core-shell-shell structure but rather a large homoge-
nous sphere. A similar distribution of CUR into the outer, hydro-
philic shell of glycopolymers was previously observed by Stenzel 
and coworkers using SANS.23 Increasing amount of CUR dehy-
drated the nanoparticle shell, which coincided well with a lower 
cellular uptake of the respective nanoparticles.  

   A-pBuOx-A 

In contrast to A-pBuOzi-A, neat A-pBuOx-A micelles have a core-
shell structure and are significantly larger than the A-pBuOzi-A as-
semblies at the same concentration with a total radius of approx-
imately 75-80 Å (Figure 2, D). However, the SLDs of the core and 
this shell are also very similar (Figure 3, A and B). Again, the size of 
the second shell is negligible, resulting in an overall core-shell 
structure (Figure 2, C). This seems inconsistent as BuOzi should be 
more hydrophobic than BuOx, and thus, a stronger core-shell con-
trast would be expected. However, preliminary comparison of 1H-
NMR spectra in CDCl3 and D2O indeed suggest a highly hydrated 
and thus mobile BuOzi core, but this will have to be studied sepa-
rately in more detail. 

In contrast to the other two polymers, A-pBuOx-A micelles seem 
to shrink in size in the presence of CUR. At a CUR concentration of 
1 g/L, the overall size of the micelles reduces to approximately 60 
Å, even though a second shell becomes apparent (Figure 2, C and 
D). This can be explained by splitting of the initial shell into shell 1 
and shell 2. Therefore, the thickness of the first shell is reduced by 
half and also the core size is reduced (Figure 2, A and B). Such a 
compaction of the aggregate structure could be a hint towards 



 

strong polymer-CUR interactions. Interestingly, stronger drug-pol-
ymer interactions were recently suggested in the system A-pBuOx-
A/CUR compared to A-pPrOzi-A/CUR by fluorescence up-conver-
sion studies.13 Although A-pPrOzi-A enables extremely high CUR-
loadings up to 54 wt.%, in contrast to 24 wt.% of A-pBuOx-A10, at 
low loading, the molecular mobility of CUR within A-pBuOx-A was 
lower than in A-pPrOzi-A. This was interpreted with stronger, 
more defined A-pBuOx-A/CUR interactions, whereas CUR seemed 
to be more loosely incorporated into A-pPrOzi-A.  

With increasing CUR loading (10/3), the core size of A-pBuOx-A re-
mains nearly constant while the first and second shell thickness 
slightly increases for the nanoformulations. This is in contrast to 
the other to polymer, where core slightly increases at this 
point.The total micelle radius approaches again 80 Å (Figure 2, D). 
Above this concentration, CUR starts to precipitate, which results 
in the failure of the fitting model, since more than one particle 
population is present in solution. Considering the SLD values, the 
core and first shell are heavily and almost equally well hydrated in 
the absence of CUR (Figure 3, A and B). The second shell of negli-
gible size consists only of D2O (Figure 3, C). At low loading (10/1), 
fitting revealed that the first and second shell exhibit same SLD-
values and therefore should have a similar composition. There-
fore, a simple core-shell morphology can be assumed. This is an 
indication of a dehydration of the core and the second shell. The 
lower core SLD can be explained by the presence of CUR, while the 
SLD reduction of the second shell could result from a higher poly-
mer content. This is in good agreement with the overall smaller 
micellar size, and significantly reduced core size (Figure 2, A and 
D). Further increasing the CUR concentration to 3 g/L, the core SLD 
reduces to a point, where it can be assumed that the core is almost 
entirely consisting of CUR and A-pBuOx-A with little to no D2O left 
(Figure 3, A). The SLD of the first shell reduces as well, while the 
SLD of the second shell increases (Figure 3, B and C). This could 
again indicate an incorporation of CUR in the first shell and in-
creasing D2O fraction in the outer shell.  

   A-pPrOzi-A 

At a CUR concentration of 1 g/L, A-pPrOzi-A exhibits a pronounced 
core-shell-shell structure with a relatively small core and outer 
shell, but very big first shell (Figure 2). The total micelle radius is 
roughly 70-80 Å (Figure 2, D), which is in reasonably good agree-
ment with data from DLS.29 With increasing CUR concentrations, 
both the core and outer shell grow, while the inner shell shrinks. 
Reaching a CUR concentration of 10 g/L, the core dimension in-
creases very profoundly, which is in line with data from DLS29.  

The SLDs of all A-pPrOzi-A-micelle parts decrease with increasing 
CUR concentration (Figure 3). Starting from a highly hydrated core 
and first shell, it is quickly evident that the largest amount of CUR 
is stabilized in the core of the micelles, since the SLDs of the core 
decrease much steeper and the SLD stabilizes in between the SLDs 
of pure CUR and A-pPrOzi-A (Figure 3, A). The involvement of the 
first shell in the solubilization of CUR is clearly evidenced by its 
SLD, which is smaller than the one of the second shell (Figure 3, B 
and C). The SLD of the large core corroborates a mixture of CUR 
and polymer. The relatively thin first shell remains hydrated as ev-
ident by a larger SLD value. The second shell vanishes again at this 
point as the SLD is essentially that of pure D2O. 

 

 

   CUR spatial distribution at different loadings 

Using the fitted sizes of each micelle section (Figure 2) and their 
respective SLDs (Figure 3), it is possible to estimate the amount of 
CUR, which is present in the respective component, i.e. the micel-
lar core and shell. In this regard, the method established by Sten-
zel et al.22, 23 was used and modified. Since each micelle compo-
nent can comprise polymer, CUR and D2O, the fitted SLD can be 
written as 𝑆𝐿𝐷𝐹𝑖𝑡 = 𝜙𝑝𝑜𝑙𝑦𝑚𝑒𝑟 ⋅ 𝑆𝐿𝐷𝑝𝑜𝑙𝑦𝑚𝑒𝑟 + 𝜙𝐶𝑈𝑅 ⋅ 𝑆𝐿𝐷𝐶𝑈𝑅 + 𝜙𝐷2𝑂⋅ 𝑆𝐿𝐷𝐷2𝑂 

with the volume fraction in each micelle component 𝜙 and the 
calculated 𝑆𝐿𝐷𝑠 of polymer, CUR and D2O (Table 2). Additionally, 
the two boundary conditions 𝜙𝑝𝑜𝑙𝑦𝑚𝑒𝑟 + 𝜙𝐶𝑈𝑅 + 𝜙𝐷2𝑂 = 1, 𝜙𝐶𝑈𝑅𝐶𝑜𝑟𝑒 + 𝜙𝐶𝑈𝑅𝑠ℎ𝑒𝑙𝑙1 + 𝜙𝐶𝑈𝑅𝑠ℎ𝑒𝑙𝑙2 = 𝐿𝐶 

can be used, where the loading capacity 𝐿𝐶 = 𝑉𝐶𝑈𝑅𝑉𝑝𝑜𝑙𝑦𝑚𝑒𝑟+𝑉𝐶𝑈𝑅 con-

strains the total amount of CUR in the micelle. The extremely high 
values for LC were determined experimentally and are already re-
ported by Lübtow et al.10 The following assumptions were made 
for the calculation of 𝜙𝐶𝑈𝑅: Firstly, the second shell never incor-
porates any CUR, which may however not be entirely correct. Sec-
ondly, the D2O amount in the core is negligible for all CUR concen-
trations. The last assumption guarantees a solvable equation sys-
tem. If the CUR amount in the core is not sufficient for obtaining 
the measured loading capacity, the CUR amount in the first shell 
will be increased accordingly. The resulting CUR volume fractions 𝜙𝐶𝑈𝑅  of the core and the first shell show a clear trend for all three 
polymers (Figure 4).  

 

Figure 4: Calculated CUR vol-
ume fractions using the fitted 
SLDs of the core and first shell 
(Figure 3) for A) A-pPrOzi-A, B) 
A-pBuOzi-A and C) A-pBuOx-
A. The total volume fraction 
was constrained by the sum of 
both 𝜙𝐶𝑈𝑅 of the core and 
first shell being identical to 
the reported loading capaci-
ties29. Here, the volume of 
each micelle section (core and 
shell 1) was calculated using 
the structural parameters 

shown in Figure 3. 

 

Additionally, the results are summarized and sketched in Figure 5. 
While the core mainly receives CUR at low [CUR ]=1-3 g/L, the first 
shell must include small amounts of CUR here as well to obtain the 
measured LC. With increasing CUR feed, both core and shell 1 in-
corporate more CUR. 𝜙𝐶𝑈𝑅  in the shell reaches estimated values 
of up to 20-30% for all three polymers (3 and 5 g/L). Only at high 
polymer concentrations, the values for 𝜙𝐶𝑈𝑅  become less reason-
able and trustworthy, since the nanoformulations either aggre-
gated and precipitated (A-pBuOx-A) or the particle shape becomes 
more heterogenetic due to the presence of larger agglomerates or 



 

worm-like structures (A-pPrOzi-A and A-pBuOzi-A). Nevertheless, 
the analysis of SANS data unambiguously shows that the micellar 
shell is involved in incorporating large amounts of CUR and plays 
an essential role in the stabilization process. This corroborates re-
cent finding, where solid-state NMR spectroscopy also revealed 
interaction of CUR with the amide moieties in the hydrophilic co-
rona of A-pPrOzi-A which lead to a decrease in dissolution rates at 
higher loadings.28 In addition, when the hydrophilic blocks were 
exchanged to the slightly less hydrophilic poly(2-ethyl-2-oxazo-
line), solubilization capacity of the corresponding ABA triblock co-
polymers for CUR and paclitaxel drastically decreased.38 Similarly, 
stabilization of CUR and paclitaxel using a methacrylate based sys-
tem featuring fructose containing corona forming blocks has also 
been previously reported.22, 23  

 

Figure 5: Schematic illustration of the different micellar morphologies at 
various CUR contents shown in Figure 5. The sizes of the micelle compart-
ments are not to scale to facilitate comparability. To visualize the amount 
of CUR in each micellar section, the number of red dots roughly represents 
the respective CUR concentration. 

4. CONCLUSION 

Poly(2-oxazoline)/poly(2-oxazine) based micelles have been 
shown to be highly unusual as they enable extraordinary high drug 
loading of more than 50 wt.% in select cases. Increasing experi-
mental evidence suggests that this high drug loading is intimately 
linked with interactions of the drug with the hydrophilic corona. 
Here, we investigated the influence of the loading of three differ-
ent but structurally similar ABA triblock copolymers with the 
model compound curcumin on the morphology of the resulting 
micelles. While without CUR no pronounced core shell character 
was found, addition of small amounts of CUR enhanced the con-
trast between core and corona. In all cases, CUR concentrated in 
the core at low drug loadings. With increasing CUR concentrations, 
the picture becomes more complicated and the scattering data 
could not be reasonably fitted using the previously employed 
core-shell model. Our data suggests a core-shell-shell morphology, 
with parts of the hydrophilic corona filling up with CUR and effec-
tively forming a second, inner shell, while the other shell remains 
hydrated and colloidally stabilizes the micelles. With more CUR 
added, this situation eventually becomes unstable, finally causing 
precipitation. This happens already at about 25 wt.% drug loading 
for the A-pBuOx-A micelles, while those with poly(2-oxazine) 
based B block allow overall drug loading of 50 wt.%. The insuffic-
cient difference in scattering length density between the hydro-
philic and hydrophobic block of the studied block copolymers 

made hampered a more detailed analysis of the presently investi-
gated systems. However, to overcome this limitation will require 
block copolymer, in which the different blocks are deuterium la-
beled.  

Acknowledgments 

Financial support by the Deutsche Forschungsgemeinschaft is 
gratefully acknowledged (Project number 398461692, awarded to 
R.L.). The authors thank JCNS for allocating beamtime (proposal 
#12083) and providing excellent equipment and support, before, 
during and after the beam-time. Also, we appreciate valuable 
feedback by Ann-Christin Pöppler. M.M.L. would like to thank the 
Evonik Foundation for providing a doctoral fellowship. 

References 

(1) Merisko-Liversidge, E. M.; Liversidge, G. G. Drug Nanoparticles: 
Formulating Poorly Water-Soluble Compounds. Toxicol. Pathol. 

2008, 36, 43-48. 
(2) Giliyar, C.; Fikstad, D.; Tyavanagimatt, S. Challenges and 
opportunities in oral delivery of poorly water-soluble drugs. Drug 

Deliv. Technol 2006, 6, 57-63. 
(3) Williams, H. D.; Trevaskis, N. L.; Charman, S. A.; Shanker, R. M.; 
Charman, W. N.; Pouton, C. W.; Porter, C. J. H. Strategies to 
Address Low Drug Solubility in Discovery and Development. 
Pharmacol. Rev. 2013, 65, 315. 
(4) Cabral, H.; Miyata, K.; Osada, K.; Kataoka, K. Block Copolymer 
Micelles in Nanomedicine Applications. Chem. Rev. 2018, 118, 
6844-6892. 
(5) Liu, J.; Xiao, Y.; Allen, C. Polymer–drug compatibility: A guide to 
the development of delivery systems for the anticancer agent, 
ellipticine. J. Pharm. Sci. 2004, 93, 132-143. 
(6) Kasimova, A. O.; Pavan, G. M.; Danani, A.; Mondon, K.; Cristiani, 
A.; Scapozza, L.; Gurny, R.; Möller, M. Validation of a Novel 
Molecular Dynamics Simulation Approach for Lipophilic Drug 
Incorporation into Polymer Micelles. J. Phys. Chem. B 2012, 116, 
4338-4345. 
(7) Jonathan Baell, M. A. W. Chemical con artists foil drug 
discovery. Nature 2014, 513, 481-483. 
(8) Heger, M. Drug screening: Don't discount all curcumin trial 
data. Nature 2017, 543, 40-40. 
(9) Gupta, S. C.; Patchva, S.; Aggarwal, B. B. Therapeutic Roles of 
Curcumin: Lessons Learned from Clinical Trials. AAPS J. 2013, 15, 
195-218. 
(10) Lübtow, M. M.; Hahn, L.; Haider, M. S.; Luxenhofer, R. Drug 
Specificity, Synergy and Antagonism in Ultrahigh Capacity Poly(2-
oxazoline)/Poly(2-oxazine) based Formulations. J. Am. Chem. Soc. 

2017, 139, 10980-10983. 
(11) Seo, Y.; Schulz, A.; Han, Y.; He, Z.; Bludau, H.; Wan, X.; Tong, 
J.; Bronich, T. K.; Sokolsky, M.; Luxenhofer, R.; Jordan, R.; Kabanov, 
A. V. Poly(2-oxazoline) block copolymer based formulations of 
taxanes: effect of copolymer and drug structure, concentration, 
and environmental factors. Polym. Adv. Technol. 2015, 26, 837-
850. 
(12) Lübtow, M. M.; Haider, M. S.; Kirsch, M.; Klisch, S.; 
Luxenhofer, R. Like Dissolves Like? A Comprehensive Evaluation of 
Partial Solubility Parameters to Predict Polymer–Drug 
Compatibility in Ultrahigh Drug-Loaded Polymer Micelles. 
Biomacromolecules 2019, 20, 3041-3056. 
(13) Lübtow, M. M.; Marciniak, H.; Schmiedel, A.; Roos, M.; 
Lambert, C.; Luxenhofer, R. Ultra-high to ultra-low drug loaded 
micelles: Probing host-guest interactions by fluorescence 
spectroscopy. Chem.: Eur. J. 2019, 25, 12601-12610. 



 

(14) Milonaki, Y.; Kaditi, E.; Pispas, S.; Demetzos, C. Amphiphilic 
gradient copolymers of 2-methyl- and 2-phenyl-2-oxazoline: self-
organization in aqueous media and drug encapsulation. J. Polym. 

Sci. Pol. Chem. 2012, 50, 1226-1237. 
(15) Zhang, Y.; Ren, T.; Gou, J.; Zhang, L.; Tao, X.; Tian, B.; Tian, P.; 
Yu, D.; Song, J.; Liu, X.; Chao, Y.; Xiao, W.; Tang, X. Strategies for 
improving the payload of small molecular drugs in polymeric 
micelles. J. Control. Release 2017, 261, 352-366. 
(16) Naksuriya, O.; Okonogi, S.; Schiffelers, R. M.; Hennink, W. E. 
Curcumin nanoformulations: A review of pharmaceutical 
properties and preclinical studies and clinical data related to 
cancer treatment. Biomaterials 2014, 35, 3365-3383. 
(17) Raveendran, R.; Mullen, K. M.; Wellard, R. M.; Sharma, C. P.; 
Hoogenboom, R.; Dargaville, T. R. Poly(2-oxazoline) block 
copolymer nanoparticles for curcumin loading and delivery to 
cancer cells. Eur. Polym. J. 2017, 93, 682-694. 
(18) Datta, S.; Jutková, A.; Šrámková, P.; Lenkavská, L.; Huntošová, 
V.; Chorvát, D.; Miškovský, P.; Jancura, D.; Kronek, J. Unravelling 
the Excellent Chemical Stability and Bioavailability of Solvent 
Responsive Curcumin-Loaded 2-Ethyl-2-oxazoline-grad-2-(4-
dodecyloxyphenyl)-2-oxazoline Copolymer Nanoparticles for Drug 
Delivery. Biomacromolecules 2018, 19, 2459-2471. 
(19) Lübtow, M. M.; Keßler, L.; Appelt-Menzel, A.; Lorson, T.; 
Gangloff, N.; Kirsch, M.; Dahms, S.; Luxenhofer, R. More Is 
Sometimes Less: Curcumin and Paclitaxel Formulations Using 
Poly(2-oxazoline) and Poly(2-oxazine)-Based Amphiphiles Bearing 
Linear and Branched C9 Side Chains. Macromol. Biosci. 2018, 18, 
1800155. 
(20) Johnson, L. M.; Li, Z.; LaBelle, A. J.; Bates, F. S.; Lodge, T. P.; 
Hillmyer, M. A. Impact of Polymer Excipient Molar Mass and End 
Groups on Hydrophobic Drug Solubility Enhancement. 
Macromolecules 2017, 50, 1102-1112. 
(21) Li, Z.; Lenk, T. I.; Yao, L. J.; Bates, F. S.; Lodge, T. P. Maintaining 
Hydrophobic Drug Supersaturation in a Micelle Corona Reservoir. 
Macromolecules 2018, 51, 540-551. 
(22) Cao, C.; Zhao, J.; Lu, M.; Garvey, C. J.; Stenzel, M. H. 
Correlation between Drug Loading Content and Biological Activity: 
The Complexity Demonstrated in Paclitaxel-Loaded Glycopolymer 
Micelle System. Biomacromolecules 2019, 20, 1545-1554. 
(23) Cao, C.; Zhao, J.; Chen, F.; Lu, M.; Khine, Y. Y.; Macmillan, A.; 
Garvey, C. J.; Stenzel, M. H. Drug-Induced Morphology Transition 
of Self-Assembled Glycopolymers: Insight into the Drug–Polymer 
Interaction. Chem. Mater. 2018, 30, 5227-5236. 
(24) Schulz, A.; Jaksch, S.; Schubel, R.; Wegener, E.; Di, Z.; Han, Y.; 
Meister, A.; Kressler, J.; Kabanov, A. V.; Luxenhofer, R.; Papadakis, 
C. M.; Jordan, R. Drug-Induced Morphology Switch in Drug 
Delivery Systems Based on Poly(2-oxazoline)s. ACS Nano 2014, 8, 
2686-2696. 
(25) Jaksch, S.; Schulz, A.; Di, Z.; Luxenhofer, R.; Jordan, R.; 
Papadakis, C. M. Amphiphilic Triblock Copolymers from Poly(2-
oxazoline) with Different Hydrophobic Blocks: Changes of the 
Micellar Structures upon Addition of a Strongly Hydrophobic 
Cancer Drug. Macromol. Chem. Phys. 2016, 217, 1448-1456. 

(26) Wan, X.; Min, Y.; Bludau, H.; Keith, A.; Sheiko, S. S.; Jordan, R.; 
Wang, A. Z.; Sokolsky-Papkov, M.; Kabanov, A. V. Drug 
Combination Synergy in Worm-like Polymeric Micelles Improves 
Treatment Outcome for Small Cell and Non-Small Cell Lung 
Cancer. ACS Nano 2018, 12, 2426-2439. 
(27) Callari, M.; De Souza, P. L.; Rawal, A.; Stenzel, M. H. The Effect 
of Drug Loading on Micelle Properties: Solid-State NMR as a Tool 
to Gain Structural Insight. Angew. Chem. Int. Ed. 2017, 56, 8441-
8445. 
(28) Pöppler, A.-C.; Lübtow, M. M.; Schlauersbach, J.; Wiest, J.; 
Meinel, L.; Luxenhofer, R. Loading dependent Structural Model of 
Polymeric Micelles Encapsulating Curcumin by Solid-State NMR 
Spectroscopy. Angew. Chem. Int. Ed. 2019, 
doi:10.1002/anie.201908914. 
(29) Lübtow, M. M.; Nelke, L. C.; Seifert, J.; Kühnemundt, J.; Sahay, 
G.; Dandekar, G.; Nietzer, S. L.; Luxenhofer, R. Drug induced 
micellization into ultra-high capacity and stable curcumin 
nanoformulations: Physico-chemical characterization and 
evaluation in 2D and 3D in vitro models. J. Control. Release 2019, 
303, 162-180. 
(30) Feoktystov, A. V.; Frielinghaus, H.; Di, Z.; Jaksch, S.; Pipich, V.; 
Appavou, M.-S.; Babcock, E.; Hanslik, R.; Engels, R.; Kemmerling, 
G.; Kleines, H.; Ioffe, A.; Richter, D.; Bruckel, T. KWS-1 high-
resolution small-angle neutron scattering instrument at JCNS: 
current state. J. Appl. Cryst. 2015, 48, 61-70. 
(31) Ilavsky, J.; Jemian, P. R. Irena: tool suite for modeling and 
analysis of small-angle scattering. J. Appl. Cryst. 2009, 42, 347-353. 
(32) National Institute of Standards and Technology (NIST) 
Chemistry WebBook (SRD 69), Thermophysical Properties of Fluid 
Systems, https://webbook.nist.gov/chemistry/fluid/ (accessed 
June 2019). 
(33) Balasubramanian, S.; Mohite, A. M.; Singh, K. K.; Zachariah, T. 
J.; Anand, T. Physical properties of turmeric (Curcuma longa L.). 
JOSAC 2012, 21, 178-181. 
(34) Sears, V. F. Neutron scattering lengths and cross sections. 
Neutron News 1992, 3, 26-37. 
(35) Kline, S. Reduction and analysis of SANS and USANS data using 
IGOR Pro. J. Appl. Cryst. 2006, 39, 895-900. 
(36) Hammouda, B. Probing Nanoscale Structures – The SANS 

Toolbox. National Institute of Standards and Technology (NIST), 
Center for Neutron Research, Gaithersburg: 2016; Vol. chapter 32 
- Structure factors for particulate systems. 
(37) Percus, J. K.; Yevick, G. J. Analysis of Classical Statistical 
Mechanics by Means of Collective Coordinates. Phys. Rev. 1958, 
110, 1-13. 
(38) Haider, M. S.; Lübtow, M. M.; Endres, S.; Aseyev, V.; Pöppler, 
A.-C.; Luxenhofer, R. Think Beyond the Core: The Impact of the 
Hydrophilic Corona on the Drug Solubilization Using Polymer 
Micelles. ChemRxiv 2019, 
https://doi.org/10.26434/chemrxiv.9710579.v1. 

 

 



4 Results        

146 

 

4.4 Pharmaceutical Properties of Drug-Loaded Micelles 

So far, critical formulation parameters as well as the structure of drug-loaded POx and POzi based 

micelles were investigated systematically. CUR was chosen as model compound due to its 

extremely low water solubility as well as chemical instability. Although a plethora of papers claim 

health benefits by CUR, a growing number of reports highlight that many experimental results 

may be artefacts or outright deny any suitability of CUR as drug due to its problematic 

physicochemical properties. Nevertheless, the small micellar sizes, extremely high loadings as well 

as sufficient long-term stabilities of some of the here presented CUR formulations are promising 

for IV administration. Therefore, the anti-tumoral activity of the latter was critically evaluated in 

conventional 2D cell culture as well as more sophisticated 3D tumor test systems. Although 

nanoformulated CUR prevented the adherence of malignant SW480 cells to a collagen scaffold in 

a flow bioreactor, suggesting anti-metastatic potential of CUR, the stability of the CUR-loaded 

micelles as well as their efficient transport to the site of action in vivo remains highly challenging 

and needs to be evaluated.  
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A B S T R A C T

Curcumin (CUR) is a natural extract from the plant Curcuma longa and part of turmeric, a spice and herbal
remedy in traditional medicine. Thousands of papers claim a plethora of health benefits by CUR, but a growing
number of reports and contributions caution that many experimental data may be artifacts or outright deny any
suitability of CUR due to its problematic physicochemical properties. Two major issues often encountered with
CUR are its extraordinarily low solubility in water and its limited chemical stability. Here, we report on a novel
nanoformulation of CUR that enables CUR concentrations in water of at least 50 g/L with relative drug loadings
of> 50wt% and high dose efficacy testing in 3D tumor models. Despite this high loading and concentration, the
CUR nanoformulation comprises polymer-drug aggregates with a size< 50 nm. Most interestingly, this is
achieved using an amphiphilic block copolymer, that by itself does not form micelles due to its limited hy-
drophilic/lipophilic contrast. The ultra-high loaded nanoformulations exhibit a very good stability, reproduci-
bility and redispersibility. In order to test effects of CUR in conditions closer to an in vivo situation, we utilized a
3D tumor test system based on a biological decellularized tissue matrix that better correlates to clinical results
concerning drug testing. We found that in comparison to 2D culture, the invasively growing breast cancer cell
line MDA-MB-231 requires high concentrations of CUR for tumor cell eradication in 3D. In addition, we sup-
plemented a 3D colorectal cancer model of the malignant cell line SW480 with fibroblasts and observed also in
this invasive tumor model with stroma components a decreased tumor cell growth after CUR application ac-
companied by a loss of cell-cell contacts within tumor cell clusters. In a flow bioreactor simulating cancer cell
dissemination, nanoformulated CUR prevented SW480 cells from adhering to a collagen scaffold, suggesting an
anti-metastatic potential of CUR. This offers a rationale that the presented ultra-high CUR-loaded nanoformu-
lation may be considered a tool to harness the full therapeutic potential of CUR.

1. Introduction

For many years, high-throughput screenings [1] have been seen as a
game changer for the discovery of lead molecules for active pharma-
ceutical ingredients (API). However, when it comes to the development
of a dosage form, one major challenge, the appropriate formulation of
the API, remains. An estimated 40% [2] – 60% [3] of all NCEs (new

chemical entities) developed in medicinal chemistry and pharmaceu-
tical industry are practically insoluble in water. In addition, 90% of all
APIs in today's drug delivery pipelines are reported to be poorly water-
soluble [4], which poses a major challenge for the pharmaceutical in-
dustry [4,5]. Obviously, the demand for excipients that increase the
water solubility and thus, the bioavailability of hydrophobic com-
pounds is enormous.
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Naturally, amphiphilic compounds are of paramount interest in this
context. First thoughts of using polymeric micelles for medicinal ap-
plications were already reviewed in the early 1980s by Ringsdorf and
coworkers [6]. Polymeric micelles are nanoscopic, typically core/shell
structures formed by amphiphilic block copolymers. Both, the inherent
and modifiable properties of polymeric micelles make them particularly
well suited for formulation purposes [7]. Several polymeric micellar
formulations are currently undergoing preclinical [8], phase I [9],
phase II [10,11], and phase III [12] clinical trials, which have shown
improved antitumor efficacy and reduced systemic toxicity [13].

Poly(2-oxazoline)s (POx) are currently intensively discussed as a
promising and highly versatile class of biomaterials [14–16]. Hydro-
philic and amphiphilic POx have been reported to exhibit a high cy-
tocompatibility [17–20], easy modulation of solubility and size [21],
architecture [22–24] as well as chemical functionality [25]. Although
their synthesis was already reported in the mid-1960s [26–28], it took
almost 30 years until first attempts towards POx-based systems for non-
fouling surfaces [29] and drug delivery systems [30] were explored.
Block copolymers of poly(2-oxazoline)s (POx) are accessible via living
cationic ring-opening polymerization (LCROP) of 5 membered cyclic
imino ethers (2-oxazolines) (Fig. 1a) [28]. The combination of LCROP
of 2-oxazolines with other types of polymerization can further increase
the structural variety of the polymer amphiphiles. In 2015, Zhao et al.
utilized pH-responsive polymeric micelles based on poly(2-ethyl-2-ox-
azoline)-poly(D,L-lactide) (pEtOx-PLA) prepared by combining LCROP
with anionic ring-opening polymerization of D,L-lactide for co-delivery
of the chemotherapeutic doxorubicin and a P-glycoprotein inhibitor in
a targeted and controlled manner [31]. In addition, attaching poly-
ethylenimine (PEI) onto pEtOx-PLA micelles enabled the co-delivery of
minicircle DNA vectors and doxorubicin achieving cell internalization
resulting in effective gene expression and anti-tumoral activity [32].
However, also pure POx based micelles have shown excellent for-
mulation abilities. Luxenhofer et al. [33] utilized polymeric micelles
based on amphiphilic ABA triblock-copolymers to solubilize paclitaxel
(PTX), which is characterized by an extremely low aqueous solubility
(logP= 3.70 [34] – 3.96 [35]; solubility (H2O)=0.4mg/L [36]). The
investigated amphiphile comprised of two hydrophilic poly(2-methyl-2-
oxazoline) (pMeOx) blocks A and a modestly hydrophobic poly(2-butyl-
2-oxazoline) (pBuOx) block B (Fig. 1b) exhibited high loading capa-
cities of almost 50 wt% PTX as well as a high water solubility of the
resulting formulation, corresponding to an increase of solubility of PTX
over five orders of magnitude to 50 g/L. [37,38] In vivo studies revealed
superior antitumor efficacy of the obtained POx/PTX nanoformulations
compared to commercially available formulations Taxol® or Abraxane®
with maximum tolerated doses (MTD) of 150mg/kg (c.f. 20mg/kg for
Taxol® and 90mg/kg for Abraxane®, respectively) [39]. Schulz et al.
[38], Seo et al. [37] and Jaksch et al. [40] explored some facets of the

interplay of POx and drug structure on the solubilization behavior and
micellar morphology and found marked polymer/drug specificities. In
these reports, the POx side chain was varied. However, changes in the
polymer main chain may also be used to tailor polymer-drug compat-
ibility, which makes this system even more versatile and interesting.

Poly(2-oxazine)s (POzi) can be formally derived from poly(2-ox-
azoline)s (POx) by shifting a methylene group from the polymer side
chain to the polymer main chain (Fig. 1a). Although similar in chemical
structure and discovered along with POx some decades ago [41], POzi
have been much less investigated than POx with only a handful of
papers published [42–47]. Similar to POx, POzi can be obtained via

living cationic ring-opening polymerization (LCROP) employing 6-
membered 2-substituted 2-oxazine (IUPAC: 2-R-5,6-dihydro-4H-1,3-
oxazine) monomers instead of 2-substituted 2-oxazolines (IUPAC: 2-R-
4,5-dihydrooxazole) (Fig. 1a) [44,48]. Thus, POzi and POx offer an
interesting macromolecular design space via side chain and main chain
variation, which cannot be realized in the same way by acrylate or vinyl
based polymers.

Very recently, Lübtow et al. reported that the structural variation
between POx and POzi can have a major effect with respect to drug
formulation. Pronounced drug/polymer specificities with regard to the
solubilization capacity for PTX and curcumin (CUR), were observed
[49]. While being the most effective solubilizer for paclitaxel, the tri-
block-copolymer bearing a moderately hydrophobic poly(2-butyl-2-
oxazoline) (A-pBuOx-A) core was least effective in solubilizing CUR. In
contrast, its structural isomer bearing a poly(2-propyl-2-oxazine) core
(A-pPrOzi-A, Fig. 1b) exhibited excellent solubilization for CUR even
though this polymer is even less hydrophobic.

CUR (log P=3.28 [50], solubility (H2O)= 0.6 μg/mL [51]) is a
natural yellow phenolic compound which is present in many kind of
herbs, particularly in Curcuma longa (turmeric). It is a bis-α,β-un-
saturated β-diketone which exhibits keto-enol tautomerism (Fig. 2).

Although a vast number of preclinical and clinical studies [52]
pointed out the antioxidant [53], cardioprotective [54], neuroprotec-
tive [55,56], antidiabetic [57], anti-inflammatory [58,59] and anti-
tumor [60] activities of CUR (and its related curcuminoids as well as its
natural analogues [61]), the “generally regarded as safe” compound has
not been approved as a drug for human use. As Baell and Walters [62]
pointed out, “some of the compounds that should ring the most warning
bells are toxoflavin and polyhydroxylated natural phytochemicals such
as CUR […]”. So-called pan-assay interference compounds (PAINS) can
interfere with assays, making them appear to be active even if they are
not. It is argued that eventually these compounds are condemned to
fail, sometimes only in late stage clinical trials. However, this critical
viewpoint is not unchallenged [63]. A reason for the many activities of
CUR is that it may function as a reactive chemical rather than a specific
binder for, e.g. a certain protein [64]. On the one hand, CUR is claimed

Fig. 1. a) Schematic synthesis of the structural isomers poly(2-oxazoline)s (POx) and poly(2-oxazine)s (POzi) by living cationic ring opening polymerization (LCROP)
of 2-substituted 2-oxazolines (IUPAC: 2-R-4,5-dihydrooxazole) and 2-substituted 2-oxazines (IUPAC: 2-R-5,6-dihydro-4H-1,3-oxazines); b) Schematic representation
of the amphiphilic triblock copolymers investigated in the present study.
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to modulate various signaling molecules (interleukin-1β [65]; cy-
clooxygenase-2 [66], prostaglandin E2 [67], NF-κB [68]; etc.) making it
a non-discriminating substance rather than a monotargeted therapeutic
(taking into account that CUR degradation products might also display
biological properties [69,70]). On the other hand, the chemical re-
activity causes rapid metabolism in vivo which, in combination with its
extremely low water solubility drastically reduces its bioavailability
[71].

A plethora of studies to increase the bioavailability of CUR can be
found in the literature, starting with the addition of simple adjuvants
like piperine [72], however, only with modest success. More sophisti-
cated approaches include the use of nanotechnology, but most CUR
nanoformulations suffer from mediocre drug loading (approx. 10–20wt
%) [73,74] and low overall solubility (0.3 g/L (loading capacity
(LC)= 13wt%) [75]; 0.4 g/L (LC=17wt%) [76]; 41mg/L
(LC=12%) [77]; 0.22 g/L (LC=5.2%) [78], 1.1 g/L (LC=22wt%)
[79]). Nevertheless, nanoformulated CUR [80] showed therapeutic ef-
ficacy in numerous in vitro [81,82] and in vivo [83] studies. Relying on
these promising results, formulated CUR has actually reached the
market as food supplement to increase the bioavailability of orally
administered CUR in various forms: THERACURMIN® (colloidal nano-
particles comprising gum-ghatti and glycerin; LC=10wt%; 27 fold-
increase [84,85]); Meriva® (curcumin-phospholipid [86,87];
LC=20wt% [88]; 29-fold increase [89]); BCM-95®CG (Biocurcumax™;
micronized CUR mixed with turmeric essential oils; 6.9-fold-increase
[90]). However, plasma concentrations were still significantly lower
than those required for the inhibition of most anti-inflammatory targets
of CUR (Meriva®: cmax=206.9 ± 54.9 ng/mL [89]; THERACURMIN®:
cmax=29.5 ± 12.9 ng/mL; BCM-95®CG: cmax=456.88 ng/mL). This
might be due to the still insufficient water solubility of the respective
CUR-formulations. In contrast, using A-pPrOzi-A, CUR nanoformula-
tions with an extremely high solubilization exhibiting 11.9 g/L
(32.3 mM) CUR at 10 g/L polymer in aqueous media (LC=54wt%)
was reported. This exceptional high solubility in combination with the
observation, that the bioavailability of micellar curcuminoids (for-
mulated with Tween-80; LC=7wt%) [91] was not only significantly
higher than of native curcuminoids [92], but also 11-fold higher [92]
than for curcuminoids simply mixed with solubilizing phytochemicals
(LC=33wt%) and 20 fold higher than micronized CUR [93] makes it a
promising candidate for CUR-based treatments. However, a good water
solubility of the drug is only one aspect when it comes to administra-
tion. Others which have to be considered are the physical state of the
drug (crystalline or amorphous), serum stability, size of the nano-
particles as well as shelf life and batch-to-batch reproducibility of the
formulation.

It is well-known that two-dimensional (2D) cell culture has limita-
tions regarding assessment of the therapeutic efficacy in vivo. Growing
evidence suggests that three-dimensional (3D) tumor models may be
able to reflect the complex situation in vivo more accurately. For this
reason, we evaluated and compared our ultra-high loaded CUR nano-
formulations in 2D and 3D cell culture using the triple negative breast
cancer cell line MDA-MB-231 as well as the colorectal cancer cell line
SW480 in mono- and co-culture with primary fibroblasts. The utilized
3D tumor models are based on a decellularized porcine intestinal matrix

(SISmuc, Small Intestinal Submucosa with preserved mucosa) that al-
lows 3D tumor cell growth within the former crypt structures and the
invasion into deeper parts of the tissue matrix across the basement
membrane [94–98].

2. Materials and methods

2.1. Reagents and solvents

All substances for the preparation of the polymers were purchased
from Sigma-Aldrich (Steinheim, Germany) or Acros (Geel, Belgium) and
were used as received unless otherwise stated. CUR powder from
Curcuma longa (turmeric) was purchased from Sigma-Aldrich and ana-
lyzed in-house (curcumin= 79%; demethoxycurcumin= 17%, bisde-
methoxycurcumin= 4%; determined by HPLC analysis; Fig. S22).
Deuterated solvents for NMR analysis were obtained from Deutero

GmbH (Kastellaun, Germany).
Phosphate-buffered saline (PBS) was prepared by dissolving 8.0 g

(137mmol) NaCl, 0.2 g (2.7 mmol) KCl, 1.42 g (10mmol) Na2HPO4 and
0.27 g (1.98mmol) KH2PO4 in 1.0 L of deionized water (pH 7.4 at
25 °C). If necessary, pH was adjusted to pH 7.4 with aqueous HCl or
NaOH solution.

The monomers 2-n-propyl-2-oxazine (PrOzi), 2-n-butyl-2-oxazoline
(BuOx) and 2-n-butyl-2-oxazine (BuOzi) were prepared following the
procedure by Seeliger et al. (Figs. S1–S4) [99]. All substances used for
polymerization, methyl trifluoromethylsulfonate (MeOTf), propargyl p-
toluenesulfonate, MeOx, BuOx, PrOzi, BuOzi, benzonitrile (PhCN),
sulfolane, acetonitrile, and other solvents for polymer preparation were
refluxed over CaH2 (benzonitrile (PhCN) was refluxed over P2O5) and
distilled under argon.

2.2. Polymer synthesis

The polymerizations and work-up procedures were carried out as
described previously [100]. For polymer synthesis and characterization
see Figs. S5–S19). Exemplary, the preparation of A-pPrOzi-A was per-
formed as follows:

Under dry and inert conditions, 0.37 g (1.76mmol, 1 eq) propargyl
p-toluenesulfonate and 5.19 g (61.0mmol, 35 eq) 2-methyl-2-oxazoline
(MeOx) were dissolved in 35mL dry sulfolane [101] (preheated to
37 °C) at room temperature. The mixture was stirred for 16 h at 90 °C.
After cooling to RT, the monomer for the second block, 2-n-propyl-2-
oxazine (4.41 g, 34.7 mmol, 20 eq) was added and the mixture was
stirred for 20 h at 100 °C. The procedure was repeated for the third
block with 5.19 g (61.0mmol, 35 eq) MeOx. Termination was carried
out with 0.97 g of 1-Boc-piperazine (5.23 mmol, 3 eq) at 50 °C over-
night. K2CO3 (0.24 g, 1.74mmol, 1 eq) was added and the mixture was
stirred at 50 °C overnight. Precipitates were removed by centrifugation.
The supernatant was transferred into a dialysis bag (MWCO 1 kDa) and
dialyzed against deionized water (1 L) overnight. The solution was re-
covered from the bag and lyophilized.

Fig. 2. Physical appearance and chemical structure of CUR showing the keto-enol tautomers of diferuloylmethane.
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3. Methods

3.1. Nuclear magnetic resonance spectroscopy (NMR)

NMR spectra were recorded on a Fourier 300 (1H; 300MHz), Bruker
Biospin (Rheinstetten, Germany) at 298 K. The spectra were calibrated
to the signals of residual protonated solvent signals (CDCl3: 7.26 ppm;
D2O 4.79 ppm). Multiplicities of signals are depicted as follows: s,
singlet; d, doublet; t, triplet; q, quartet; quin, quintet; dt; doublet of
triplets; m, multiplet; b, broad.

3.2. Dialysis

Dialysis was performed using Spectra/Por membranes with a mo-
lecular weight cutoff (MWCO) of 1 kDa (material: cellulose acetate)
obtained from neoLab (Heidelberg, Germany). Deionized water was
renewed after 1 h, 4 h and every 12 h subsequently, until end of dialysis.

3.3. Gel permeation chromatography

Gel permeation chromatography (GPC) was performed on an
Agilent 1260 Infinity System, Polymer Standard Service (Mainz,
Germany) with either HFIP containing 3 g/L potassium trifluoroacetate;
precolumn: 50×8mm PSS PFG linear M; 2 columns: 300×8mm PSS
PFG linear M (particle size 7 μm; pore size 0.1–1000 kDa) or DMF
containing 1 g/L LiBr; precolumn: 50× 8mm PSS GRAM; columns:
30 Å and 1000 Å 300×8mm PSS GRAM (particle size 10 μm) as
eluent. The columns were kept at 40 °C and flow rates were 1.0 mL/min
(DMF) or 0.7 mL/min (HFIP). Prior to each measurement, samples were
filtered through 0.2 μm PTFE filters, Roth (Karlsruhe, Germany).
Conventional calibration was performed with PEG standards
(0.1–1000 kg/mol) and data was processed with WinGPC software.

3.4. DSC

For DSC studies, samples were placed into flat-bottom aluminum
pans with crimped-on lids and heated/cooled on a calibrated DSC 204
F1 Phoenix equipped with a CC200 F1 Controller, (NETZSCH, Selb,
Germany). The dynamic scans were recorded in nitrogen atmosphere
with a heating rate of 5 °C/min (0°–180 °C).

3.5. XRD

X-ray diffraction (XRD) was performed on a D Advance X-ray dif-
fractometer (Bruker Axs Inc. Germany) using Cu-Kα radiation
(λ=1.54184 Å) at 40 kV voltage, 40mA current, a scanning rate of 5°/
min and a 2ϴ angle ranging from 5° to 60°.

3.6. Drug formulation

Drug-loaded polymer micelles were prepared using the thin film
method [33]. Ethanolic polymer (20 g/L–50 g/L) and CUR (5.0 g/L)
stock solutions were mixed in desired ratio. After complete removal of
the solvent at 55 °C under a mild stream of argon, the films were dried
in vacuo (≤0.2mbar) for at least 3 h (final polymer concentration: 10 g/
L) or overnight (final polymer concentration: 50 g/L). Subsequently,
preheated (37 °C) deionized H2O, PBS or aqueous serum albumin so-
lution (10 g/L) was added to obtain desired polymer and CUR con-
centrations as mentioned in the main text. To ensure complete solubi-
lization, the solutions were shaken at 55 °C for 10min at 1250 rpm
(10 g/L polymer concentration) or at least 25min (50 g/L polymer
concentration) with a Thermomixer comfort (Eppendorf AG, Hamburg,
Germany). Non-solubilized drug (if any) was removed by centrifugation
for 5min at 10.000 rpm (5.000 g) with a 3-Speed micro centrifuge,
(neoLab, Heidelberg, Germany). Solubilization experiments were per-
formed with 3 individually prepared samples and results are presented

as means ± standard deviation (SD).
CUR quantification was performed by UV–Vis absorption on a

BioTek Eon Microplate Spectrophotometer, Thermo Fisher Scientific

(MA, USA) using a calibration curve obtained with known amounts of
CUR in EtOH (Fig. S23). Samples were prepared in Rotilabo F-Type 96
well plates (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) with a
constant volume of 100 μL. Spectra were recorded from 260 to 600 nm
at a constant reading speed of 1 nm at 298 K. Curcumin absorption was
detected at 428 nm. Prior to UV–Vis absorption measurements, the
aqueous formulations were appropriately diluted using ethanol to give
a final absorbance between 0.3 and 2.5 (diluted at least 1/20 (v/v)).
The following equations were used to calculate loading capacity (LC)
(Eq. (1)) and loading efficiency (LE) (Eq. (2)):

=
+

∙LC
m

m m
100%

drug

drug excipient (1)

= ∙LE
m

m
100%

drug

drug added, (2)

where mdrug and mexcipient are the weight amounts of the solubilized
drug and polymer excipient in solution and mdrug,added is the weight
amount of the drug initially added to the dispersion. No loss of polymer
during micelles preparation was assumed.

3.7. Longterm stability studies

For longterm stability studies, formulated CUR was stored at am-
bient conditions (≈25 °C) under the exclusion of light. Before the de-
termination of the drug loading by UV/Vis absorption, all samples were
centrifuged for 5min at 10,000 rpm (5000g) with a 3-Speed micro
centrifuge (neoLab, Heidelberg, Germany). Solubilization experiments
were performed with 3 individually prepared samples and results are
presented as means± SD, quantification was carried out as described
above.

3.8. HPLC

HPLC analysis was carried out on a LC-20A Prominence HPLC
(Shimadzu, Duisburg, Germany) equipped with a system controller
CBM-20A, a solvent delivery unit LC-20 AT (double plunger), an on-line
degassing unit DGU-20A, an auto-sampler SIL-20 AC, a photo-diode
array detector SPD-M20A, a column oven CTO-20 AC, and a refractive
index detector RID-20A. As stationary phase, a ZORBAX Eclipse Plus
(Agilent, Santa Clara, CA, USA) C18 column (4.6×100mm; 3.5 μm)
was used.

Quantification of CUR, demethoxycurcumin (DMC) and bisde-
methoxycurcumin (BDMC) was performed with a stepwise gradient
(Fig. S22a, blue curve). Within the first 10 min, the ratio of H2O/ACN
was decreased from 60/40 (v/v) to 40/60 (v/v). Solvent ratio was kept
constant for 5min, prior to increasing it to the initial ratio of 60/40 (v/
v) within 0.5min. This ratio was kept for 5min. Flow rate was 1mL/
min at 40 °C. Detection was performed at 425 nm. Retention times Rt

were 8.1min (CUR), 7.3min (DMC) and 6.5 min (BDMC) (Fig. S22b).
Prior to each measurement, samples were centrifuged (10,000 rpm;
5000g) with a 3-speed-micro centrifuge (neoLab, Heidelberg, Germany)
and filtered through 0.4 μM PTFE filter (Rotilabo, Karlsruhe, Germany).

3.9. Pyrene assay – critical micelle concentration (cmc) and critical micelle

temperature (CMT)

Pyrene solutions (10 μL, 25 μM in acetone) were added to glass vials
(polypropylene based containers should be avoided!) and the solvent
was removed. Subsequently, various amounts of polymer stock solu-
tions in H2O were added and the solutions diluted with deionized water
to yield a final pyrene concentration of 5× 10−7M. The samples were
gently shaken overnight at ambient temperature (≈25 °C) under the
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exclusion of light. Pyrene fluorescence was recorded on a FP-8300
(Jasco, Gross-Umstadt, Germany) from 360 to 400 nm (λex=333 nm)
at 25 °C. The critical micelle concentration (CMC) was determined as
the concentration, at which the I1/I3 ratio increased by 10% of its initial
value. CMT was measured at two different polymer concentrations
(ρ(A-pPrOzi-A)= 1 g/L & 10 g/L) from 25 to 70 °C with steps of 5 °C
(samples were equilibrated for 20min at each temperature). CMT was
determined as the temperature, at which the I1/I3 ration decreased by
10% of its initial value.

3.10. Dynamic light scattering/zeta-potential

Dynamic light scattering (DLS) and zeta-potential were measured on
a NICOMP 380 ZLS Zeta Potential/Particle Sizer, (PSS, Santa Barbara,
California, USA) in quartz cuvettes (10mm path length (Hellma GmbH

& Co. KG, Müllheim, Germany)) at ambient temperatures (≈25 °C).
Stock solutions (ρ(polymer)= 10 g/L) were diluted right before mea-
surement (dilution 1/10). Selected samples were measured at multiple
dilutions (1/5; 1/10; 1/13; 1/20) to exclude variation due to dilution
effects. All samples were filtered through 0.45 μm regenerative cellu-
lose filters (Rotilabo, Karlsruhe) prior to measurement. Selected samples
were measured also unfiltered to exclude the loss of bigger particles by
filtration. DLS experiments were performed in triplicate using three
individually prepared samples and results are presented as means±
standard deviation (SD). For determination of the zeta-potential, a
sample containing deionized H2O only was measured as reference. Zeta
potential was measured once.

DLS measurements of samples stored for 3 years at ambient condi-
tions under the exclusion of light were performed on a Zetasizer Nano
ZSP (Malvern Panalytical GmbH, Kassel, Germany) with a 633 nm
HeNe-laser at 173°. Autocorrelations for each sample were obtained 3
times for 60 s and results are presented as mean. Prior to the mea-
surements, all samples (polymer=10 g/L) were diluted 1/10 (v/v)
with H2O and were measured unfiltered. DLS experiments were per-
formed in triplicate (except for CUR=2.7 g/L; n= 1) using three in-
dividually prepared samples and results are presented as means ±
standard deviation (SD).

3.11. Cryo-TEM

Lyophilized (freeze-dried) polymer loaded with CUR were recon-
stituted in water supported by immersion in a bath sonicator. Liquid
samples were vitrified in liquid ethane onto a 658–300-CU TEM grid
(Ted Pella, Redding, CA, USA) using a Vitrobot Mark IV (FEI Company,

Hillsboro, OR), and maintained in liquid nitrogen for the duration of
the sample analysis. The conditions utilized for the cryopreservation
were 100% humidity, blot force 1 and blotting time 3 s. Low-dose
conditions were used to acquire images on a Krios-Titan equipped at
300 KV with a Falcon II direct electron detector (FEI, Hillsboro, OR,
USA). Cryo-TEM images were collected with a defocus range of 2–4 μm.

3.12. Cell viability assay

Human dermal fibroblasts, Caco-2 and MDA-MB-231 cells
(Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH,
Braunschweig, Germany) were cultured in RPMI 1640 GlutaMax™
(Gibco, Darmstadt, Germany) supplemented with 10% fetal calf serum
(FCS). SW480 cells (American Type Culture Collection) and human
dermal fibroblasts were cultured in medium that was comprised equally
of the SW480-specific 1640 RPMI medium containing GlutaMAX (L-
alanyl-l-glutamine) as well as the fibroblast-specific DMEM containing
GlutaMAX and HEPES and supplemented with 10% FCS. For Caco-2
cells and human dermal fibroblasts, 1% non-essential amino acids and
1% sodium-pyruvate were added. For the determination of IC50, cells
were seeded in white 96 well plates with transparent bottom in tripli-
cates per condition (human dermal fibroblasts and MDA-MB-231:

6× 103 cells/well, Caco-2: 5× 103 cells/well and cultured for 1 d at
37 °C and 5% CO2, SW480 and fibroblasts in monoculture: 2× 104,
coculture: 1× 104 of each cell type and culture for 3 d at 37 °C and 5%
CO2). Subsequently, medium was removed and stock solutions of A-

pPrOzi-A (ρ=100 g/L in cell specific culture medium), nanoformu-
lated CUR (ρ(A-pPrOzi-A/CUR)= 10/11 [g/L] in H2O) or DMSO-for-
mulated CUR (11 g/L) were diluted with cell specific culture medium to
desired concentrations and applied for 24 h to Caco-2 as well as SW480,
or 72 h to human dermal fibroblasts and MDA-MB-231, including a
medium change (containing identical sample concentration) after 48 h.
After the treatment, CellTiter-Glo® Luminescent Cell Viability Assay
(Promega, Mannheim, Germany) was performed according to manu-
facturer's instructions. Briefly, medium was removed and cells were
washed with PBS(+) until supernatant was clear. Equal amounts of cell
culture medium and CellTiter-Glo® reagent were added to the wells.
After shaking for 2min and resting for 10min to achieve cell lysis,
luminescence was measured with an Infinite 200 (Tecan, Männedorf,
Switzerland) at λem=590 nm (λex=560 nm).

Cell viability was determined by Eq. (3):

=
−

−
∙

F F

F F
cell viability 100%treated medium

untreated medium (3)

where Ftreated and Funtreated are the luminescence of treated and untreated
cells and Fmedium is the luminescence of the culture medium.

As a reference, untreated MDA-MB-231 cells were incubated with
sodium dodecyl sulfate (SDS) to cause cell death. Cell viability experi-
ments were performed with 3 individual 96 well-plates containing each
sample concentration in triplicates and results are presented as
means ± SD. IC50 was determined using OriginPro 2015G software
using a logistic (CUR-nanoformulation), Boltzmann (DMSO/CUR) or
logistic 5 fit (A-pPrOzi-A).

3.12.1. Efficacy screening of DMSO- and A-pPrOzi-A-formulated CUR in

conventional 2D culture and 3D breast cancer tissue models

The efficacy of CUR formulated with DMSO or A-pPrOzi-A was
comparatively assessed in conventional 2D cultures as well as 3D tumor
tissue models of the breast cancer cell line MDA-MB-231. For 2D
testing, MDA-MB-231 cells were cultured in 12 well plate format for
4 d. 3D breast cancer models were prepared on SISmuc scaffolds as
described previously [98] and cultured for 14 d. CUR treatment (DMSO-
or A-pPrOzi-A-formulated) was applied for the last three days of cul-
ture period in indicated concentrations with a medium change (con-
taining initial sample concentration) after 48 h of treatment. Subse-
quently, one part of tissue models was fixed in 4% formaldehyde and
paraffin-embedded for histological staining. The other part of the tumor
tissue models as well as the 2D cultures were used to determine cell
viability by MTT test. Briefly, 1 g/L MTT (Serva, Heidelberg, Germany)
in cell culture medium was applied to the cells both in 2D and 3D for
3 h at 37 °C and 5% CO2. Subsequently, water-insoluble formazan
formed by metabolically active cells was repeatedly extracted with
isopropanol/0.04 N HCl and absorption of extracts was measured using
a microplate (Infinite 200, Tecan, Männedorf, Switzerland) at
λabs=570 nm and a reference wavelength of λ=630 nm. Background
correction of MTT-values was performed for treatment with 500 μM
CUR, as assay interference was observed for this concentration (Fig.
S28, Table S4). Statistical analysis was performed with the open-source
software R (Cran. The Comprehensive R Archive Network; available
from: https://cran.r-project.org/). Statistical significance was calcu-
lated by Student's t-test (with Bonferroni correction) after test for
normal distribution (Shapiro-Wilk test). Differences with a value of
p < 0.05 were considered statistically significant. All experiments
were performed four times.
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3.13. Anti-metastatic effects of CUR in a dynamic metastasis model for

colorectal cancer in a flow bioreactor and anti-tumor effects in a static 3D

co-culture model using cell crowns

For the static 3D co-culture model, SW480 cells and dermal fibro-
blasts were cultured in co- or mono-culture on the scaffold SISmuc for
14 days under static cell culture conditions in cell crowns and medium
was changed every 2–3 d [102]. On day 11 to 14, A-pPrOzi-A-for-
mulated CUR (50 μM) was applied. Tissue was then fixed in 4% for-
maldehyde, paraffin-embedded and H&E stainings as well as im-
munohistochemical stainings were performed.

For the dynamic metastasis model, the unseeded scaffold SISmuc
was inserted in a flow bioreactor [102] and 6×106 SW480 cells were
applied to the medium flask from day 3 to 6 of culture using a magnetic
stirrer for preventing cell adhesion within the medium reservoir. On
day 7 medium was changed and fresh medium supplemented with
50 μM CUR was applied. On day 14, the tissue was removed from the
bioreactor and fixed in 4% formaldehyde prior to paraffin-embedding.
Immunohistological stainings were then performed after heat-induced
epitope demasking with the following antibodies: Pan-Cytokeratin
Mouse (Sigma-Aldrich, Munich, Germany), Vimentin Rabbit (Abcam,
Cambridge, Great Britain), E-Cadherin Mouse (BD Biosciences, Hei-
delberg, Germany), ß-catenin Rabbit (Abcam, Cambridge, GRB),
Donkey Alexa Fluor 488 Anti-Mouse, Donkey Alexa Fluor 555 Anti-
Rabbit (Invitrogen by Thermo Fisher Scientific, Dreieich, Germany).
Images were taken with a digital microscope (BZ-9000, Keyence, Neu-
Isenburg, Germany).

4. Results and discussion

4.1. Polymer synthesis and characterization

The synthesized amphiphilic ABA-triblock copolymers comprising
moderately hydrophobic 2-oxazine repeating units were designed to
feature the same hydrophilic PMeOx corona as the comprehensively
studied A-pBuOx-A and will be labeled according to their hydrophobic
block A-pPrOzi-A and A-pBuOzi-A (Fig. 3). The polymers were syn-
thesized by LCROP using methyl trifluoromethylsulfonate (MeOTf) or
propargyl p-toluenesulfonate (PropOTs) as initiator. The A-pBuOx-A

were terminated with piperidine, piperazine (Pip) or N-Boc-piperazine
(BocPip), whereas A-pPrOzi-A and A-pBuOzi-A were terminated

exclusively using BocPip to facilitate end-group analysis by 1H NMR.
Previous work on A-pBuOx-A featuring different end-groups has not
revealed any considerable effect thereof on the formulation. Similarly,
we did not expect considerable effects of the end-groups on the solu-
bilization of CUR. Also, we synthesized additional polymer batches to
be able to assess the batch-to-batch reproducibility of the formulation
[103,104]. The polymers were synthesized and thoroughly character-
ized as is reported and discussed in supporting information (Fig. S5-
S19). Briefly, the formation of triblock copolymers was verified using
gel permeation chromatography (Fig. S20a) and 1H NMR corroborated
that polymer composition was as targeted (Fig. S20b).

The critical micelle concentration (CMC) and critical micelle tem-
perature (CMT) can be used as indicators for the thermodynamic sta-
bility of micelles. The lower the CMC and CMT, the more stable the
micelles [105]. Both can be determined, among other means, by
changes in the emission spectra of the hydrophobic, aromatic com-
pound pyrene which typically associates with polymeric micelles once
they form. Pyrene features an emission spectrum with five distinct
peaks between 360 and 400 nm [106]. For A-pPrOzi-A, the I1/I3 ratio
did not considerably change, suggesting no micellization at the in-
vestigated concentration range of up to 10 g/L polymer (Fig. 4a). This
corroborates the reported increased water solubility of POzi compared
to their POx based structural isomers [42]. However, at first glance the
absence of aggregation may surprise, as pPrOzi homopolymer with a
chain length of 100 was reported to exhibit a cloud point of 11 °C at 5 g/
L polymer [42]. On the other hand, Jordan et al. have reported a sig-
nificant increase in the water solubility of a thermoresponsive block by
adding even very short pMeOx blocks [107]. As a result, A-pPrOzi-A

can be considered a triple hydrophilic block copolymer similar to
pMeOx-b-pPrOx-b-pMeOx, which also shows thermoresponsive ag-
gregation behavior in water [108]. In contrast, and as expected, A-

pBuOzi-A exhibited a similar, if somewhat lower CMC (0.5 μM; 5mg/L)
compared to its POx counterpart with the same side chain A-pBuOx-A

(1 μM; 9mg/L). With the formation of micelles, pyrene partitions into
the hydrophobic core usually resulting in a decrease in I1/I3. As dis-
cussed previously [33], the observed increase in I1/I3 after encapsula-
tion is highly unusual, as pyrene is commonly considered a measure of
polarity and exhibits values between 1.6 an 1.9 in aqueous solution.
The data indicate, that the polarity inside the micellar core is greater
than H2O and even exceeds the one for DMSO or ionic liquids. Both
polymers exhibit a high density of highly polar tertiary amide moieties

Fig. 3. Reaction scheme of the one-pot four-step synthesis of the ABA-triblock copolymers A-pBuOx-A, A-pPrOzi-A and A-pBuOzi-A in multiple batches for batch-to-
batch reproducibility studies.
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within the barely hydrophobic central block. Therefore, the increase in
I1/I3 with increasing polymer concentration might be due either to
close interaction of pyrene with the amide groups or to the presence of
residual water molecules in the micellar core undergoing H-bonding
with the tertiary amides. In contrast, A-pPrOzi-A comprising a ther-
moresponsive pPrOzi core, changes in the I1/I3 ratio were observed
with increasing temperature, which is attributed to a critical micelli-
zation temperature (CMT). We found very similar CMT values (35 °C
and 36 °C at 1 g/L (0.1 mM) and 10 g/L (1.1 mM), respectively)
(Fig. 4b). The absence of micelle formation at room temperature in the
case of A-pPrOzi-A is particularly interesting considering the in-
corporation of CUR reported in a previous communication [49].

4.2. Preparation and characterization of CUR formulations

CUR was formulated using the aforementioned block copolymers A-
pPrOzi-A, A-pBuOx-A and A-pBuOzi-A via the thin-film method [33]
(Fig. S21).

The polymer A-pBuOx-A exhibited medium to high loading capa-
cities LCs up to 24.4 ± 1.1 wt% (ρ(A-pBuOx-A)= 10 g/L; ρ(CUR)
=3.2 ± 0.2 g/L) and 21.6 ± 0.7 wt% (ρ(A-pBuOx-A)= 50 g/L;
ρ(CUR)=13.7 ± 0.5 g/L) (Fig. 5a, b). Therefore, A-pBuOx-A enables
LCs similar to current CUR nanoformulations (LCs of 10–20wt%)
[73,79] but much higher overall CUR concentrations due to the

excellent water solubility of the drug-loaded micelles. Interestingly, A-
pBuOzi-A and A-pPrOzi-A, exhibited much higher drug solubility with
(CUR)=37.4 ± 0.5 g/L (ρ(A-pBuOzi-A)= 50 g/L) and 54.5 ± 0.2 g/
L (ρ(A-pPrOzi-A)= 50 g/L), respectively. Together with the previously
communicated maximum CUR loadings of 11.9 ± 0.6 g/L at ρ(A-
pPrOzi-A)= 10 g/L [49], this underscores the exceptional high solu-
bility of this formulation.

With increasing CUR content, the appearance of the A-pPrOzi-A

based formulations changed continuously from slightly yellow to dark
red (Fig. 5c). Despite the high drug loading and concentration, no sign
of precipitation or aggregation was observed in the A-pPrOzi-A/
CUR=50/55 [g/L] formulation. Upon dilution, the typical CUR colour
(also known as Natural Yellow 3) became apparent again. This apparent
solvatochromicity [109,110] within the novel nanoformulations are
currently investigated in more detail and will be reported shortly.

Apart from the significant difference in maximum LC for CUR be-
tween the POx based A-pBuOx-A and the POzi based A-pPrOzi-A and
A-pBuOzi-A, we observed a different behavior as the maximum LC was
approached. In the case of A-pBuOx-A, LC initially increased with in-
creasing CUR feed to LC=20–25wt%, but upon further increase in
CUR feed, the LC dropped to essentially zero (Fig. 5a, b). The same
effect has been observed with paclitaxel, however, only at LC > 50wt
% [38]. Interestingly, A-pPrOzi-A and A-pBuOzi-A did not display this
effect at the investigated parameters. As A-pBuOzi-A reached its

Fig. 4. a) Ratio of the I1/I3 emission of pyrene
(0.5 μM in H2O) in dependence of the polymer con-
centration after excitation at λex=333 nm. Critical
micelle concentration (CMC) was determined as the
concentration at which the I1/I3 ratio increased by
10% from its initial value; b) ratio of the I1/I3
emission of pyrene (0.5 μM) in dependence of the
temperature at two different A-pPrOzi-A con-
centrations (1 g/L and 10 g/L) after excitation at
λex=333 nm. Critical micelle temperature (CMT)
was determined as the temperature at which the I1/I3
ratio decreased to 90% of its initial value.

Fig. 5. a, b) Formulated aqueous CUR concentra-
tions (bars, left axis) and corresponding loading ca-
pacities (lines, right axis) in dependence of the CUR
feed by A-pBuOx-A (blue), A-pBuOzi-A (red) and A-

pPrOzi-A (black). Polymer concentrations were a)
10 g/L or b) 50 g/L. Data is given as means± SD
(n=3). c) Images of serial dilution of an aqueous A-
pPrOzi-A/CUR 50/55 [g/L] formulation to a final
dilution of 1/1000 (v/v). d) Dried CUR/polymer
films (polymer from left to right=A-pBuOx-A; A-
pBuOzi-A; A-pPrOzi-A) and corresponding aqueous
formulations (ρ(polymer/CUR)= 10/3 [g/L]) de-
picting the solvatochromicity of CUR depending on
the micellar core. (For interpretation of the refer-
ences to color in this figure legend, the reader is
referred to the web version of this article.)
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maximum LC of about 40 wt%, additional CUR feed did not seem to
affect the drug loading, while simply more CUR remained undissolved
as a precipitate.

In addition, we observed CUR solvatochromicity in dried films and
in solution, depending on the polymer used (Fig. 5d), indicating dif-
ferent microenvironment for the compound. At ρ(CUR)=3 g/L
(ρ(polymer)= 10 g/L), both POzi based dried films exhibited a similar
yellow colour, whereas the POx based formulations appeared reddish.
In contrast, in the case of the solvatochromic Reichhardt's dye [49] and
pyrene (Fig. 4a), the polymers with butyl side chains appeared more
similar. Judging from the similar appearance of the POzi based CUR
solid dispersions and aqueous formulations, it appears that the back-
bone has a stronger impact on the microenvironment for CUR while the
side chains seem more important in the case of Reichhardt's dye and
pyrene. Besides a low aqueous solubility, another important limitation
of CUR is its limited stability as it suffers from rapid degradation in
solution under ambient conditions. As the stability and photochemistry
of CUR, including reaction with oxygen, depend on its microenviron-
ment [111,112] this observation might also affect the stability of CUR
in the different formulations presented here.

Interestingly, irrespective of the LC, the UV–Vis absorption spectra
of CUR (recorded after dilution in ethanol) solubilized with A-pPrOzi-A

did not show any signs of degradation after 3 days in water (Fig. S24).
The spectral characteristics and λmax were found in accordance with the
literature [113]. The same was found for A-pBuOx-A and A-BuOzi-A,
showing that no degradation of the nanoformulated CUR occured in
aqueous solution over a course of three days. In contrast, the UV–Vis
spectra of formulated CUR (ρ(A-pPrOzi-A/CUR)= 10/3 [g/L])
changed immediately under harsh basic conditions (CUR/(10% KOH in
H2O)=1/1 (v/v)), which is in line with the expedited degradation at
high pH values reported in the literature (Fig. S24, dotted black line).
For more details, please refer to the supporting information (Fig. S24,
S25).

Moreover, to investigate the potential shelf-life of the formulations,
the aqueous solutions were stored at ambient conditions (≈25 °C) in
the dark for up to 3 years. Although A-pBuOx-A had the lowest loading
capacity LC of the three polymers, it exhibited excellent 1 year stability
(Fig. 6a) at LCs up to 25 wt%. This observation is reminiscent of the
situation previously observed for POx/paclitaxel formulations, when a
more hydrophobic 2-nonyl-2-oxazoline was used as the central block of
triblock copolymers. Also in this case, the drug loading was mediocre
(approx. 20 wt%) but the long-term stability was excellent [38]. Small
variations (within the standard deviation) of the drug loadings may be
attributed to a loss of solvent, variations during the UV/Vis measure-
ments and/or minimal degradation/precipitation of CUR. Important to
note, the spectral characteristics indicated no detectable degradation of
CUR even after 3 years in solution which is particularly remarkable for
CUR. At drug feeds above the maximum loading (≥5 g/L), we made an
unexpected observation (Fig. 6a). The amount of CUR solubilized in-
creased within 1 year storage from 0.10 ± 0.0 g/L (day 1) to
3.03 ± 0.02 g/L (1 year) (3000% increase @ 5 g/L CUR feed) and from
0.42 ± 0.10 to 3.33 ± 0.10 (700% increase @ 7.5 g/L CUR feed). It
should be noted that for the long-term stability studies, the formula-
tions were stored in Eppendorf tubes containing the precipitates after
centrifugation. Therefore, initially precipitated CUR/polymer ag-
gregates must have re-dissolved after some time or initially un-
formulated CUR was incorporated into A-pBuOx-A micelles present in
solution. Please note, the formulations at 5 and 7.5 g/L CUR feed have
not been analyzed by UV/Vis after 30-day storage, however, per visual
inspection, the supernatant was almost colorless, reminiscent of the
situation after 1 day storage. A similar phenomenon was observed for
POx/POzi micelles with more hydrophobic cores [114].

Formulations of A-pBuOzi-A and A-pPrOzi-A showed excellent
30 day stabilities up to very high LC of 47 wt%. Only when exceeding
50 wt%, some loss in CUR concentration was observed (Fig. 6b, c). This
loss seemed to be more pronounced for A-pBuOzi-A as compared to A-

pPrOzi-A. For the latter polymer, extraordinary high drug loadings of
8.3 ± 2.2 g/L CUR (with 10 g/L A-pPrOzi-A) and corresponding
loading capacities of 45 wt% were found even after 30 days. However,
the LC of all nanoformulations seem to converge at ≈3 g/L (LC=23wt
%) after 1-year storage (Fig. 6d, top panel) or ≈2 g/L after 3-year
storage (Fig. 6d, bottom panel). According to the “spring and para-
chute” concept [115], amphiphiles can increase drug solubility by in-
corporating them into their hydrophobic core (spring), and act as an
“parachute” to keep the drug in solution and maintain drug super-
saturation. Conceptionally, the “parachute” only slows down the ki-
netics of the crystallization of the drug. However, after a certain period
of time, the drug concentration will reach its thermodynamic equili-
brium, which normally correlates to the water solubility of the drug
itself. As all our formulations level-off at ≈ 2–3 g/L (≈ 5000-fold in-
crease in CUR solubility), it seems that the POx/POzi-based amphi-
philes not only slow down the kinetics of CUR crystallization but also
drastically shift the thermodynamic equilibrium with regard to CUR
solubility. Important to note, the size of selected CUR-loaded A-pPrOzi-

A micelles after 3-year storage was essentially monomodal (Fig. 6f)
with a narrow size distribution (Fig. 6e) as will be discussed in more
detail below.

An often employed way to increase the shelf life of formulated drugs
is to lyophilize the aqueous formulation after solubilization and redis-
perse them right before usage. POx based formulations of PTX already
displayed excellent redispersibility without the need of cryoprotectants
[33]. Here, lyophilised POx and POzi based CUR formulations displayed
a similar ability for redispersion (Fig. 7a). Redispersion with PBS con-
taining 10 g/L bovine serum albumin (BSA) was performed as a pre-
liminary study for upcoming in vitro tests, as initially stable formula-
tions can precipitate in the presence of albumin.

All formulations discussed so far have been prepared in triplicates
by the thin film method exhibiting low standard deviations. However,
deviations caused by batch to batch variation with regard to the
polymer amphiphiles were not considered so far. Reproducibility and
batch-to-batch variation is discussed as a significant problem in dif-
ferent fields, including nanomedicine [103,116]. Therefore, different
batches (n=3) of A-pPrOzi-A and A-pBuOx-A exhibiting the highest
and lowest LC for CUR, respectively, were evaluated. Even though
minor differences between that batches are observed, quantitatively the
reproducibility is excellent, highlighting the platforms potential for
further translation (Fig. 7b, c).

On a molecular level, the high loading in combination with ex-
cellent stability of the A-pPrOzi-A seems particularly surprising as the
polymer itself does not form micelles on its own. To investigate this
system further, 1H NMR was employed. The spectra of neat CUR and
lyophilized CUR nanoformulation dissolved in CDCl3 confirmed loading
and CUR stability (Fig. S26). When the lyphophilized powders were
dissolved in D2O we made an unexpected observation (Fig. 8). In the
absence of CUR, all polymer signals were clearly observed with ex-
pected intensities. This corroborates the results from the pyrene assay
showing no formation of micelles at 10 g/L (Fig. 4). In contrast, even at
the lowest drug content (ρ(A-pPrOzi-A/CUR)=10/1 [g/L]) the signals
of the propyl side chains and the POzi backbone are significantly at-
tenuated, but no 1H NMR signal that can be attributed to CUR could be
detected, presumably due to its low mobility in the core (Fig. 8a, b).
The attenuation became more pronounced with increasing CUR feed
concentration, whereas the hydrophilic corona remained largely un-
affected. Correlating the integrals of the propyl side chain and methyl
side chains to the integral of the POx backbone, it becomes clear that
the micellar core increasingly eludes NMR analysis with increasing CUR
loading (Fig. 8d).

The resolution of protons in 1H NMR-spectra depends, among other
things, on the relaxation time T2 (transverse relaxation; spin-spin re-
laxation). Short T2 causes a broadening of NMR-peaks and may lead to a
complete disappearance of certain signals. Thus, systems, which are
hindered in their mobility are destined for short T2. The disappearance
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of the 1H NMR signals of formulated CUR clearly indicates a strong
decrease in molecular mobility of CUR incorporated into the hydro-
phobic core of the polymer even at low loading, while the pPrOzi block
only gradually disappears with increasing loading. Important to note,
the 1H NMR integrals of unloaded A-pPrOzi-A were identical in CDCl3
and D2O (Fig. 8d, green encircled box) showing that neither solvents
are selective for either block. No 1H NMR signals that can be attributed
to CUR could be observed in D2O solution, neither at high nor at low
drug-loading. In contrast, solid-state NMR of freeze-dried polymer/CUR
formulations could give further insights into polymer/CUR interactions
within the micelles. In fact, we observed distinct changes in CUR signals
depending on the drug-loading in preliminary solid-state NMR experi-
ments. However, as this is an extensive study by itself, it is outside the
scope of the present contribution and will be published separately.

As suggested by 1H NMR and pyrene assay, A-pPrOzi-A does not
form micelles in the absence of CUR. This absence of micelles was also
corroborated by dynamic light scattering (DLS) at room temperature
(≈25 °C). In contrast, at ρ(CUR)= 0.9 g/L, small particles
(Rh=13.1 ± 1.4 nm) were barely detectable, indicating that only few
micelles were present in solution (Fig. 9a, b). With increasing CUR
content, light scattering intensity increased markedly, even though
micellar size decreased. Clearly, CUR not only triggered micellization
but also compaction of A-pPrOzi-A micelles. The decrease in size cor-
roborates the strong interactions between CUR and the hydrophobic

core of A-pPrOzi-A leading to loss of NMR intensity with increasing
drug loading. A similar compaction of initially loose aggregates to
compact micelles was already observed by the addition of ionic sur-
factants such as SDS to POx based block copolymers or with increasing
temperature [117] as well as in paclitaxel/A-pBuOx-A formulations
[38].

At CUR concentrations ≥6.8 g/L micellar size started to increase.
However, even at extraordinary high CUR loadings of ρ(A-pPrOzi-A/
CUR)= 10/11.9 [g/L] (LC=54.3 wt%), the drug-loaded micelles ex-
hibited relatively small hydrodynamic diameter of 48 nm. Cryogenic
transmission electron microscopy (cryo-TEM) can be used to visualize
such small entities. We investigated aqueous solutions of CUR nano-
formulations at different loading. Unfortunately, we could not obtain a
clear and unambiguous picture of the self-assemblies as sample pre-
paration seems to affect the obtained morphologies to some extent. It
appears that both at higher (≥10/8) and lower drug loading (10/3)
spherical and worm-like structures co-exist (Fig. 9c and f–h). In con-
trast, at intermediate drug loading (10/4), only very small, spherical
assemblies were found. This observation actually seems to corroborate
the data obtained by light scattering, which also gave smallest sizes for
intermediate loading (Fig. 9a). Similar worm-like micelles have been
described for A-pBuOx-A before [38]. However, in this case, worm-like
micelles were observed only in the absence of drug or low drug loading
with paclitaxel. In contrast, when co-loaded with a combination of a

Fig. 6. Solubilized [CUR] in dependence of the CUR
feed at ρ(polymer)= 10 [g/L] after 1d, 30 d and
1 year storage at ambient conditions under exclusion
of light by a) A-pBuOx-A (blue); b) A-pBuOzi-A

(red) and c) A-pPrOzi-A (black). Data is given as
means ± SD (n= 3). d) Solubilized [CUR] after 1-
year (top) and 3-year (bottom) storage in depen-
dence of the CUR feed. e) Mean diameter (intensity
weighted) and PDI as well as f) particle size dis-
tribution determined by dynamic light scattering of
selected CUR-loaded A-pPrOzi-A micelles after 3-
year storage. The samples (ρ(A-pPrOzi-A)= 10 g/L)
were centrifuged and subsequently diluted with H2O
1/10 v/v prior to measurement and measured un-
filtered. Each formulation (except CUR=2.7 g/L;
CUR feed: 3.5 g/L) was prepared three times and
data is given as means ± SD (n=3). (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

M.M. Lübtow, et al. Journal of Controlled Release 303 (2019) 162–180

170



Fig. 7. a) Aqueous CUR concentrations (CUR feed:
3.5 g/L) formulated with A-pBuOx-A, A-pBuOzi-A

or A-pPrOzi-A after redispersion of dried films in
water (blue bars), lyophilisation of the aqueous for-
mulations and redispersion in PBS (red bars) or re-
dispersion in PBS containing 10 g/L bovine serum
albumin (BSA, black bars). b, c) Aqueous CUR con-
centrations in dependence of the CUR feed for-
mulated with 3 different polymer batches
(ρ(polymer)= 10 g/L) of b) A-pPrOzi-A and c) A-

pBuOx-A. Data is given as means ± SD (n=3);
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

Fig. 8. a) 1H NMR spectra (300MHz, 298 K) of CUR (bottom red spectrum; CDCl3) and A-pPrOzi-A/CUR formulations (D2O). Concentration of A-pPrOzi-A was kept
at 10 g/L, whereas CUR feed concentration was increased from 0 to 11 g/L (2nd bottom to top spectrum). b) Enlarged section of the A-pPrOzi-A/CUR formulations
with increasing CUR content (bottom to top). c) Chemical structure and 1H NMR signal assignment of A-pPrOzi-A. d) Ratio of 1H NMR integrals (D2O; 300MHz;
298 K) of different A-pPrOzi-A/CUR formulations in dependence of the CUR feed (ρ(A-pPrOzi-A)= 10 g/L). Integrals were labeled according to Fig. 8c). The green
encircled box shows the ratio of the 1H NMR signals of A-pPrOzi-A (10 g/L; without CUR) in CDCl3 instead in D2O. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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hydrophobic cis-platin prodrug and etoposide, the worm-like micelles
were also observed at higher drug loading [118]. In the present case,
the worm-like micelles are clearly observed to co-exist with spherical
structures also at LC < 40wt%. At the investigated concentration, it
seems that the self-assemblies dynamically merge into larger structures

such as networks of worms. This is surprising, considering that even at
much higher concentrations of 50/55 [g/L] macroscopically the solu-
tions exhibit low viscosity and high colloidal stability, which would not
be expected from a cross-linked network of polymer worms. Interest-
ingly, in several images at very high drug loading (10/12) it seems that

Fig. 9. a) Particle size distribution as determined by dynamic light scattering of CUR-loaded A-pPrOzi-Amicelles in dependence of the solubilized CUR concentration
at room temperature (≈ 25 °C). The samples (ρ(A-pPrOzi-A)= 10 g/L) were diluted with H2O 1/10 (v/v) prior to measurement; b) mean diameter (intensity
weighted) of the CUR-loaded A-pPrOzi-A micelles. Each sample was prepared three times and data is given as means ± SD (n= 3). c-h) cryo-TEM images of
aqueous nanoformulations with drug loading ranging from c) ρ(A-pPrOzi-A/CUR)= 10/3 over d,e) 10/4 and f) 10/8 to g,h) 10/12 [g/L].
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spherical micelles are just to merge or separate (arrows, Fig. 9g).
Apart from the size, also the zeta-potential of the CUR nanoformu-

lations was investigated. The micellar solution of ρ(A-pPrOzi-A/
CUR)=10/3 [g/L] exhibited a neutral zeta-potential (0.07 mV), sui-
table for in vitro and in vivo applications (Fig. S27) [119]. The pro-
nounced decrease in molecular mobility (as evidenced by 1H NMR) and
micellar compaction (as evidenced by DLS) may point towards crys-
tallization of CUR within the micellar core. We therefore investigated
the lyophilized nanoformulations using differential scanning calori-
metry (Fig. 10a) and x-ray powder diffraction (Fig. 10b).

For comparison, crystallinity of neat CUR (Tm at 167.8 °C and
174.2 °C [120]) was evaluated at the first heating cycle due to the ab-
sence of recrystallization during cooling under the experimental para-
meters (Fig. 10a). However, we did observe a Tg of CUR at 86 °C during
the second heating cycle. In contrast to neat CUR, its nanoformulations
did not show any sign of melting peak in the first heating cycle, sug-
gesting fully amorphous CUR, irrespective of LC. Glass transition tem-
peratures (Tgs) of the polymer and nanoformulations were determined
using the second heating cycle (Table S2). A-pPrOzi-A exhibited a
lower Tg (50.3 °C) than its structural isomer A-pBuOx-A (62.4 °C
[121]), which can be attributed to the improved flexibility of the POzi
backbone [43,47]. Interestingly, the Tg of the nanoformulations in-
creased linearly with increasing CUR content (inset Fig. 10a). A similar
phenomenon has been observed for A-pBuOx-A/PTX formulation
[121]. It is more common to find a decrease in Tg with incorporation of
APIs in solid dispersions [122,123]. However, the observed increase in
Tg can be very well explained by the Fox-equation.

= +
w w1

T T Tg mix g g,

1

,1

2

,2 (4)

where Tg,mix=Tg of the mixture; Tg,1 and Tg,2 are the Tgs of compound
1 and 2, respectively; and w1 and w2 are the weight fractions of com-
pound 1 and 2, respectively.

Using the Tg of A-pPrOzi-A and CUR, the Fox-equation yields a Tg of
56 °C (56 °C observed experimentally) for the 10/3 (wCUR=0.23) solid
dispersion and 63 °C (67 °C observed experimentally) for the 10/10
(wCUR=0.5) solid dispersion. The fact that we observe only one Tg and
that it can be described using the Fox-equation corroborations the no-
tion that two compounds are molecularly mixed without formation of
nanoscopic domains sufficient in size what would lead to two distinct Tg

values.
Moreover, we analyzed CUR, A-pPrOzi-A copolymer, physical

blend of CUR+A-pPrOzi-A, and the CUR nanoformulation by XRD
(Fig. 10b) [60]. The XRD spectra of free CUR and CUR+A-pPrOzi-A

blend showed various peaks (in the 2ϴ range of 10–30°) corresponding
to crystalline CUR [124]. In contrast, A-pPrOzi-A only shows a broad,
amorphous halo ranging from 2ϴ=10–30°. The sharp signals in the
physical mixture of A-pPrOzi-A+CUR correlated with the CUR con-
tent, implying that the physical blending had no noticeable effect on the
crystallinity of CUR. Strikingly, no evidence of crystalline peaks could
be observed for the nanoformulation, even at extremely high drug

loadings (LC=52.4 wt%). It appears that A-pPrOzi-A micelles com-
pletely inhibited crystallization of incorporated CUR even in drug-
dominant formulations. For long-term stability studies, A-pPrOzi-A/
CUR=50/30 g/L (LC=37.5 wt%) was lyophilized and stored at am-
bient conditions (T≈ 25 °C) under the exclusion of light. Even after
30 days storage, the powder did not show any evidence for CUR crys-
tallization (Fig. 10b, top green graph).

Whether an API is present in amorphous or crystalline state is of
great importance for its bioavailability. Generally speaking, amorphous
drugs have a better bioavailability since the crystalline state exhibits
stronger interactions between the single drug molecules and requires
more energy to break [125]. Therefore, the ability of A-pPrOzi-A to
efficiently suppress CUR crystallization maybe highly relevant for fu-
ture in vivo studies.

4.3. In vitro testing of A-pPrOzi-A/CUR in comparison to DMSO-

formulated CUR

The A-pPrOzi-A/CUR nanoformulations showed very favorable
characteristics as it may be able to overcome the limitations that have
hindered CUR from reaching its therapeutic potential in vivo, but it may
also lead to undesired toxicity. To compare the effects of A-pPrOzi-A/
CUR and standard DMSO formulated CUR incubation, cell viability tests
using different cell types were performed. Both A-pPrOzi-A and DMSO-
formulated CUR clearly induced a dose-dependent cytotoxicity in all
cases (Fig. 11). IC50 values were comparable for both formulations, but
differed between the various cell types. In our experiments, Caco-2 cells
showed lowest sensitivity with an IC50, 24h of 63 and 60 μM CUR in
DMSO- or A-pPrOzi-A-formulation (Sakuma et al.: IC50, 24h≈ 40 μM
(DMSO/CUR)) [126], respectively. Medium sensitivity with an IC50, 72h

of 35 and 45 μM was determined for primary human dermal fibroblasts
(Scharstuhl et al.: IC50, 48h≈ 20 μM (DMSO/CUR)) [127]. MDA-MB-
231 were most sensitive with an IC50, 72h of 17 and 19 μM (Khosro-
panah et al.: IC50, 72h≈ 84 μM (DMSO/CUR) and 35 μM (myristic acid-
chitosan/CUR)) [128].

Interestingly, in the case of MDA-MB-231 A-pPrOzi-A alone showed
a dose-dependent cytotoxicity (IC50, 72h=1mM/10 g/L), suggesting a
cytotoxic effect of the polymer on the aggressive triple-negative breast
cancer (TNBC) cell line, albeit at rather high doses. In contrast, even at
very high concentrations of 100 g/L (10mM), no cytotoxicity was ob-
served for human dermal fibroblasts and Caco-2 cells, respectively.
Interestingly though, a mild increase in apparent cell viability was
observed in the case of fibroblasts at concentrations between 10 and
50 g/L A-pPrOzi-A. However, experimental variability was unusually
high in this case and we are not sure whether this effect might not be an
artifact.

It is well known that cancer cells grown in a 3D environment behave
very differently from those cultured on 2D plastic dishes. Often, 3D
cultured cells are more resistant to therapeutic compounds compared to
the same cell lines grown in a conventional 2D format [97]. Particularly
in the case of CUR, this aspect is important to reflect the situation in

Fig. 10. a) DSC heat flow of the first (CUR standard;
dotted line) and second heating cycle (solid lines) of
A-pPrOzi-A and lyophilized A-pPrOzi-A/CUR for-
mulations. The curves were shifted along the y-axis
for better visibility (CUR: −0.1; 10/3: +0.1; 10/10;
+0.3). Samples were heated to 180 °C at 5 °C/min.
Inset shows Tg in dependence of formulated CUR
concentration (linear fit). b) XRD analysis of neat
CUR, A-pPrOzi-A copolymer, blended A-pPrOzi-

A+CUR, lyophilized CUR/A-pPrOzi-A nanoformu-
lation (ρ(A-pPrOzi-A/CUR)= 10/2 & 10/11 [w/w])
and lyophilized CUR-loaded A-pPrOzi-A micelles
(ρ(A-pPrOzi-A/CUR)= 50/30 [w/w]) after 30 d
storage at ambient conditions (T≈ 25 °C) under the
exclusion of light.
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patients, as rather high doses are required. In 2000, a phase I clinical
trial demonstrated that the average peak serum concentration after oral
administration of 8 g/day CUR was as low as 1.77 ± 1.87 μM [129].
Notably, no treatment-related toxicity was detectable even at these very
high orally administered doses. Parenteral administration potentially
increases drug concentrations in serum, however the development of a
suitable CUR formulation has proven challenging. With low drug
loading, excipients themselves may become toxic [130].

To evaluate the antitumor efficacy of our novel CUR-nanoformula-
tions in a situation that potentially more closely resembles the situation
in vivo, we directly compared cytotoxicity in 3D tissue models (Fig. 12b)
with conventional 2D cell cultures (Fig. 12a) using MDA-MB-231. The
tissue model is composed of human cancer cell lines seeded on a scaf-
fold derived from a decellularized porcine jejunum. This matrix, termed
SISmuc (Small Intestinal Submucosa with preserved mucosa), exhibits
several characteristics that resembles actual tissue such as a maintained
architecture including the basement membrane and extracellular ma-
trix components. Extensions of this model allow vascularization with
human endothelial cells [131]. Such 3D cancer models for drug testing
have been established for colorectal cancer [132] and lung cancer
[94,98]. Notably, it was shown that lung cancer cells grown on this

matrix predict the outcome of targeted therapies more accurately than
the same cells in 2D culture [98,133]. Here, we investigate for the first
time drug evaluation in a 3D breast cancer model based on SISmuc
matrix. Importantly, we observed an increased resistance of the cancer
cells to pharmacotherapy in this 3D tissue model compared to 2D cell
culture. In 2D, reduction of viability was pronounced at CUR con-
centrations of 15 μM (Fig. 12a) according to MTT assay, corroborating
previous CellTiter Glo results (Fig. 11g,h). In contrast, CUR con-
centrations of up to 25 μM did not appreciably reduce viability and cell
numbers in the 3D tumor model (Fig. 12b, c). A reduction of tumor cell
viability in 3D was only observed at 100 and 500 μM CUR. At these
concentrations cell numbers were drastically reduced not only on top of
the scaffold, but also in the deeper layers of the tissue as indicated in
the H&E staining of the tumor models (Fig. 12c). This goes in line with
the observations that clinical trials using CUR have regularly failed
presumably due to poor bioavailability, and higher concentrations of
CUR are not possible without a suitable drug carrier [134]. It is im-
portant to note, that DMSO-formulated CUR precipitated in cell culture
medium at concentrations ≥500 μM, whereas A-pPrOzi-A formulated
CUR remained clear and seemingly unchanged (Fig. 11d, e). It should
be noted that we observed a minor interference of CUR with the MTT-

Fig. 11. Dose-dependent cytotoxicity of DMSO-formulated CUR, CUR-loaded A-pPrOzi-A micelles and A-pPrOzi-A block copolymer in (a-c) human dermal fibro-
blasts (72 h incubation); (d-f) Caco-2 (24 h incubation) and (g-i) MDA-MB-231 breast cancer cells (72 h incubation). DMSO-formulated CUR was prepared by
dissolving 11 g/L CUR in DMSO with further dilution with cell specific medium to desired CUR concentration (a; d; g). CUR-loaded A-pPrOzi-Amicelles (ρ(A-pPrOzi-

A/CUR)= 10/11 [g/L]) were prepared by “thin film method” with further dilution in cell specific medium to obtain desired CUR concentrations (b; e; h). A-pPrOzi-

A stock solution was prepared in cell specific medium (200 g/L) and further diluted to desired A-pPrOzi-A concentration (c; f; i). Data are presented as mean ± SD
(n=3×3) for every drug and polymer concentration. Cell Viability was determined by CellTiter-Glo® assay.
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assay in the case of the cell-free control and at the highest concentration
of 500 μM CUR (Table S4). This effect was more pronounced in the case
of the DMSO-formulation and may have been caused by the precipita-
tion and more pronounced adsorption of DMSO-formulated CUR to the
scaffold (Fig. S28) leading back to its classification as a pan-assay in-
terference substance. It is apparent that while the 3D tumor model leads
to an increased resistance to pharmacotherapy with CUR, there is no
difference between the nanoformulation and the DMSO control. This
shows that the nanoformulated CUR is fully bioactive. This is not sur-
prising as it has been observed repeatedly before in similar POx-based
ultra-high loaded PTX formulations [39]. However, it should also be
noted that the DMSO formulation would not be suitable for in vivo

evaluation, considering the observed precipitation.
In order to further approximate the 3D model to in vivo conditions,

we applied A-pPrOzi-A-formulated CUR to a 3D colorectal cancer
model based on the same SISmuc matrix consisting of malignant SW480
tumor cells co-cultured with fibroblasts as a tumor stroma component.
Here, fibroblasts induce invasive tumor cell growth leading to partly
destroyed and overgrown crypt structures of the matrix. Moreover, we
investigated effects of A-pPrOzi-A formulated CUR on tumor cell ad-
hesion to our SISmuc scaffold as part of the metastatic cascade [135] by
adding SW480 to the medium flow in a dynamic bioreactor setting.

Again, no cytotoxicity of the polymer A-pPrOzi-A alone was ob-
served in 2D cell culture at 10 g/L, which is in fact a factor of 102 higher

than the highest polymer concentration used for CUR loaded nano-
formulations at 500 μM. Up to 100 μM CUR, no cytotoxicity of A-

pPrOzi-A-formulated CUR on SW480 cells was observed while human
dermal fibroblasts in mono-culture and the co-culture showed minor
growth inhibition by CUR in 2D, however, variability was rather high
(Fig. 13a). It has been shown before in conventional 2D culture, that
SW480 cells are not highly sensitive to CUR [136]. In contrast, in the
more complex 3D model of co-cultured fibroblasts under static culture
conditions, we observed markedly decreased tumor cell numbers and
altered morphology not only in mono- but also in co-cultures of SW480
cells and fibroblasts after CUR treatment (50 μM, Fig. 13b, for treatment
protocol, please see supporting info Table S5). Apparently, the 3D
culture, with and without the stromal component increased the che-
mosensitivity of SW480 cells to CUR (Fig. 13b I to VI). Just as in 2D,
mono-cultured fibroblasts were affected by CUR in 3D, resulting in
morphological changes (Fig. 13b III and IV). Notably, in our co-culture
approach on the SISmuc, fibroblasts were less affected by CUR and did
not change notably their morphology in contrast to the fibroblasts in
monoculture (Fig. 13b VII and VIII).

This supports the generation of a malignant tumor stroma in our
model which is difficult to target and stresses the urgent need to de-
velop strategies to counteract the whole tumor tissue within appro-
priate models. In simple 2D co-cultures cues from the ECM and tissue
architecture are neglected. Also in mouse models it is difficult to

Fig. 12. a) Dose-dependent reduction of cell viability
upon treatment with DMSO-formulated CUR and
CUR-loaded A-pPrOzi-A micelles in MDA-MB-231
cancer cells grown in conventional 2D cell culture. b)
Decrease in cell viability upon treatment with CUR in
both formulations was achieved only for higher CUR
concentrations in a tissue-like 3D culture of MDA-
MB-231 cell line based on scaffold SISmuc according
to MTT test. Data are presented as mean ± SD
(n=4) for every drug and polymer concentration.
Cell Viability was determined by MTT assay. c) H&E
staining of the tissue models. The scaffold SISmuc is
composed of the small intestinal submucosa (SIS)
and the mucosa (Muc). Villi and crypt structures of
the mucosal part are preserved and tumor cells
(purple spots) grow on the mucosal surface and mi-
grate into the former crypts as well as into the mu-
cosal layer of the scaffold. Scale bar represents
100 μm. d,e) Precipitation of CUR occurred from
DMSO/CUR at a concentration of 500 μM in cell
specific medium while CUR nanoformulations re-
mained clear. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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represent tumor-stroma interactions, as the human stroma is often lost
after implantation of xenografts [137]. Moreover, mouse stroma is quite
different from human stroma, as exemplified by the misfit of the murine
growth factor HGF from stroma to the HGF receptor on human tumor
cells [138,139].

The cell line SW480 is known to express β-catenin partly in the
cytoplasm as well as in the nucleus, which is an important characteristic
of invasive carcinoma (Fig. 13c I and II). Furthermore, SW480 show the
adherens junction protein E-cadherin at cell boundaries when they
grow in dense clusters (Fig. 13c IV) [140]. Metastatic cells are known to
acquire mesenchymal properties by an epithelial-to-mesenchymal
transition (EMT) to start migration from the primary tumor site. After
reaching other tissues, tumor cells regain epithelial properties by the
reverse process: the mesenchymal-to-epithelial transition (MET [135])
as seen in our model. With CUR treatment in this dynamic metastasis
model only a few SW480 adhere to the matrix, and those that do have
lost β-catenin as well as E-cadherin expression (Fig. 13c III, for treat-
ment protocol, see Table S6). This points to anti-metastatic properties
of CUR which can be detected in our 3D model of metastasizing col-
orectal cancer. The effect of CUR on β-Catenin expression in SW480
cells has been noted before [136].

It will be important to critically assess chemically unstable com-
pounds such as CUR for biomedical application (e.g. as PAIN [62,64]),
instead of relying on supposedly pleiotropic effects of natural com-
pounds. It is quite remarkable that> 100 clinical studies were con-
ducted even though the oral administration of unformulated CUR
against various diseases including cancer are not very likely to result in
more than “promising results”, as even extraordinary high doses of
orally administered CUR (8 g/day) resulted in extremely low serum
concentrations (1.77 ± 1.87 μM) [129]. However, instead of refuting
any biomedical potential of this small molecule outright, we may have
to rethink the approach. Many water-insoluble drugs including one of

today's most prominent chemotherapeutics paclitaxel require appro-
priate formulation and must be administered parenterally to fully un-
fold their therapeutic potential. The reported ultra-high drug-loaded
polymer micelles may be viewed as a promising candidate for CUR-
based treatments. Needless to say, tolerability and safety need to be
critically re-evaluated, as such nanoformulated CUR might have a sig-
nificantly altered safety profile compared to its native form.

5. Conclusion

This work investigated poly(2-oxazoline) (POx) and poly(2-oxazine)
(POzi) based amphiphiles for the formulation of the non-water soluble
compound CUR. Interestingly, the triple-hydrophilic A-pPrOzi-A (Me-
pMeOx35-pPrOzi20-pMeOx35-PipBoc) enabled unrivalled high aqueous
drug solubilities of 54.5 g/L at 50 g/L polymer representing a drug-
dominant formulation with a loading capacity (LC) of 52 wt%.
Moreover, only the addition of the hydrophobic drug promoted mi-
cellization as corroborated by 1H NMR spectroscopy and DLS. The close
interactions between polymer and CUR were also noticed in solid dis-
persion, as the Tg of A-pPrOzi-A/CUR formulations increased linearly
with increasing CUR content and crystallization of CUR was prevented
even at extraordinary 52 wt% CUR.

The IC50 values of CUR formulated with DMSO or A-pPrOzi-A in
conventional 2D models using three different cell lines were similar,
showing that CUR was fully bioactive when incorporated into the
polymer micelles. Interestingly, A-pPrOzi-A showed a dose-dependent
cytotoxicity for MDA-MB-231, suggesting a cytotoxic effect of the
polymer in high doses on this very aggressive triple-negative breast
cancer cell line. This effect could not be observed for human dermal
fibroblasts and Caco-2 cells and needs further investigation. At this
point, we cannot rule out that A-pPrOzi-Amay exhibit effects similar to
the well-studied pluronics [141], with the difference that pluronics are

Fig. 13. A-pPrOzi-A-formulated CUR (50 μM) leads
to reduced SW480 cell numbers under 3D but not 2D
conditions and has anti-metastatic abilities in a me-
tastasis model of colorectal cancer. a) In 2D, CUR has
no significant effects on the viability of cells in
mono-culture of SW480 cells up to 100 μM, while the
viability of mono-cultured fibroblasts as well as the
co-cultured fibroblasts with SW480 was somewhat
diminished. b) Pan-Cytokeratin (green) / Vimentin
(red) stainings of static 3D models. CUR diminishes
tumor cell numbers in mono- and co-cultures as
shown in I and II as well as V and VI. Fibroblasts in
mono-culture are affected by CUR and changed their
morphology as shown in III and IV. In contrast, co-
cultured fibroblasts did not change their morphology
after treatment as shown in VII (untreated control)
and VIII (treatment with CUR). Fib= fibroblasts,
CC=Co-culture, Ctrl = untreated control,
CUR=A-pPrOzi-A-formulated CUR. Scale bar in
VI= 100 μm for I to VI, Scale bar in VIII= 100 μm
for VII and VIII. c) I: In a native non-invasive tumor,
E-Cadherin (green) and β-Catenin (red) are co-loca-
lized at the cell boundaries. II: In an invasive carci-
noma, β-Catenin translocates to the cytoplasm and
into the nucleus. III: SW480 cells in the flowing
medium of a flow bioreactor are hampered to adhere
after CUR treatment and express neither β-Catenin
nor E-Cadherin. IV: Untreated SW480 cells adhere to
the matrix SISmuc in a flow bioreactor displaying β-
Catenin in the cytoplasm and the nucleus as well as
E-Cadherin at the cell boundaries of the tightly
packed cells. Scale bar in II= 100 μm for I and II.
Scale bar in IV= 100 μm for III and IV. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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generally not capable to yield ultra-high drug-loaded micelles.
Compared to conventional 2D cell cultures, we observed an increase

in resistance of the cancer cells in 3D tissue models. As stability in
complex biological media was higher for A-pPrOzi-A formulated CUR
compared to DMSO/CUR at 500 μM, we can assume that the presented
nanoformulation might allow, for the first time, high-dose in vivo

therapy using parenteral CUR administration necessary for effective
therapeutic high-dose intervention. This might result in significant
benefits for the pharmacotherapy using CUR in vivo as we could pre-
viously show in the case of high-dose therapy using POx/paclitaxel
nanoformulations [39]. Moreover, in our metastasis model using a flow
bioreactor we found fewer adhering cells expressing hardly any E-
Cadherin or β-Catenin after CUR application. This points to a possible
anti-metastatic effect of CUR.

The presented, highly unusual CUR nanoformulations warrants
further investigation. Safety studies should first elucidate possible toxic
effects of high doses of CUR administered parenterally, which has not
been possible before. Thereafter, efficacy studies for the plethora of
therapeutic interventions associated with CUR could be evaluated
without the problem of CUR's poor bioavailability.
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The pharmaceutical potential of drug-loaded POzi based micelles was further evaluated in the 

treatment of very aggressive and up to date uncurable glioblastoma. Although statins are widely 

used for the treatment of hypercholesterolemia, recent research effort gives increasing evidence 

on anti-tumoral properties including activity against glioblastoma. Interestingly, especially 

hydrophobic statins such as atorvastatin (ATV), showed permeability through the blood-brain-

barrier in vitro and in vivo. Although this sounds promising at first, the very low aqueous solubility 

of ATV prevents IV administration necessary to reach sufficiently high blood concentrations. ATV 

water solubility could be strongly increased by solubilization with polymer amphiphiles. As 

observed for CUR, an amphiphile with a POzi core enabled the highest drug loading. However, at 

ATV concentrations ≥ 3 g/L (polymer = 10 g/L), large aggregates with hydrodynamic diameters > 

600 nm were formed. Nevertheless, the nanosized ATV-loaded micelles (polymer/ATV = 10/1 g/L; 

Dh = 26 nm) exhibited pronounced cytotoxicity against various mouse and human glioblastoma 

cells in 2D cell culture. This was also true for 3D spheroid models of highly aggressive and rapidly 

proliferating mouse brain tumor initiating bRiTS-G2 cells. Permeability of the POzi formulated ATV 

through an artificial blood-brain-barrier (BBB) derived from human induced pluripotent stem cells 

was not enhanced compared to DMSO/ATV. However, co-administration of agents temporarily 

permealizing the BBB could assist to increase ATV transport across the BBB.  
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ABSTRACT: Inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A 

(HMG-CoA) reductase of the family of statins have been suggested 

as therapeutic options in various tumors. Atorvastatin is a statin 

with potential to cross the blood-brain-barrier, however, the con-

centrations necessary for a cytotoxic effect against cancer cells ex-

ceeds the concentration achievable via oral administration, which 

made the development of a novel atorvastatin formulation neces-

sary. We characterized the drug loading and basic physicochemi-

cal characteristics of micellar atorvastatin formulations and tested 

their cytotoxicity against a panel of different glioblastoma cell 

lines. In addition, activity against tumor spheroids formed from 

mouse glioma and mouse cancer stem cells, respectively, was 

evaluated. Our results show good activity of atorvastatin against 

all tested cell lines. Interestingly, in the 3D models, growth inhibi-

tion was more pronounced for the micellar formulation compared 

to free atorvastatin. Finally, atorvastatin penetration across a 

blood-brain-barrier model obtained from human induced-pluripo-

tent stem cells was evaluated. Our results suggest that the pre-

sented micelles may enable much higher serum concentrations 

than possible by oral administration, however, if transport across 

the blood-brain-barrier is sufficient to reach therapeutic atorvas-

tatin concentration for the treatment of glioblastoma via intrave-

nous administration remains unclear. 

 

1. INTRODUCTION 

Glioblastoma (GBM) is the most common and most aggressive 

cancer of the central nervous system exhibiting dismal 5-year sur-

vival rates of 5 %.[1, 2] Currently, surgical resection (limited due to 

diffuse and infiltrative nature of GBM) and concomitant chemora-

diotherapy offer highest median survival rates of 14 months.[3] 

Chemotherapy of GBM is especially challenging due to the rapid 

proliferative rate of GBM cells[4], the appearance of treatment re-

sistant cell clones shortly after initial treatment[5, 6] as well as the 

limited access of systemically administered agents to the brain pa-

renchyma due to the blood-brain-barrier (BBB)[7, 8]. Despite these 

drawbacks, chemoradiotherapy greatly improves mean 3-year 

survival rates from 1.9 to 16 % compared to radiotherapy alone in 

the case of the most widely used chemotherapeutic agent for 

GBM treatment, temozolomide (TMZ).[3] However, rapid develop-

ment of TMZ resistance underline the urgent clinical need for bet-

ter treatment options, potentially by using alternative active phar-

maceutical ingredients (APIs) for GBM chemotherapy.[9]  

Statins are a family of widely used drugs for the treatment of hy-

percholesterolemia.[10] They act as inhibitors of 3-hydroxy-3-

methylglutaryl-coenzyme A (HMG-CoA) reductase thus being po-

tent inhibitors of cholesterol biosynthesis.[11] However, beyond 

their effects on serum cholesterol levels, recent research effort 

gives increasing evidence on cancer prevention and/or treatment 

properties of statins through interactions with essential cellular 

functions such as cell proliferation and differentiation.[12] Several 



 

in vitro and in vivo studies have demonstrated tumor growth inhi-

bition as well as induction of apoptosis in various melanoma[13], 

glioma[14], neuroblastoma[15], leukemia[16] as well as glioblastoma 

cell lines[17]. The underlying modes of action of statins causing (i) 

inhibition of tumor cell growth, (ii) repression of tumor metasta-

ses, (iii) inhibition of angiogenesis and (iv) induction of apoptosis 

were comprehensively reviewed by Hindler et al.[12], Pisanti et 

al.[18] and Gizzo et al.[19]  

As cell replication of GBM is highly dependent on the mevalonate 

(MVA) pathway for the synthesis of lipid moieties, their growth is 

naturally highly vulnerable to statins acting as competitive inhibi-

tors of the enzyme regulating MVA synthesis – HMG-CoA reduc-

tase.[20, 21] Furthermore, lovastatin increases the expression of the 

peroxisome proliferator-activated receptor, a transcription factor 

implicated in the control of lipid metabolism, cell growth and dif-

ferentiation thus strongly reducing glioma proliferation.[20] Real-

time PCR analysis of U87 glioma spheroids revealed that atorvas-

tatin (ATV) induced cell apoptosis by down-regulating the expres-

sion of anti-apoptotic Bcl-2 and up-regulating apoptotic caspase-3 

and caspase-8 factors.[22] Increase in caspase-3 activity in glioblas-

toma was also confirmed for other statins.[17] Investigating the Ras 

downstream cascade, it was found that the increase was due to a 

reduced phosphorylation of extracellular signal-regulated kinase 

1/2 (ERK1/2) and Akt. As the activation levels of these signal trans-

duction molecules were restored in the presence of geranylgera-

nyl-pyrophosphate (GGPP), the inhibition of ERK1/2 and Akt acti-

vation in C6 glioma cells was correlated to the inhibition of GGPP 

biosynthesis.[17] ATV also reduced the pro-tumorigenic effects of 

microglia on glioma migration and invasion by reducing the micro-

glial expression of membrane type 1 metalloproteinase (MT1-

MMP).[23] It was suggested that the down-regulation of MT1-MMP 

was controlled by a p38 MAPK pathway in microglia. Furthermore, 

ATV was suggested to decrease the expression of pro-inflamma-

tory proteins and interleukins (IL).[24] This is important, as inflam-

matory microenvironment generally promotes malignant progres-

sion[25] which is especially true for GBM[26]. Although not discussed 

in direct correlation with GBM but worth mentioning, statins have 

been reported to sensitize cells to ferroptosis and induce ferrop-

tosis in selected cell lines (however, further studies are necessary 

to confirm this).[27] Furthermore, combination therapy of te-

mozolomide and ATV in combination with radiotherapy in newly 

diagnosed GBM patients was promising (progression free survival 

(PFS) rate at 6 months: 67 % and median PFS of 9.1 months), meet-

ing criteria for continued accrual in a phase II clinical study 

(NCT02029573).[28] In addition, considerable evidence suggests 

that statins also exhibit immunomodulatory properties,[18] as e.g. 

the number and suppressive function of regulatory T cells was de-

creased by ATV in patients with rheumatoid arthritis.[29] 

Although both, hydrophilic and lipophilic statins demonstrated an-

titumor effects, hydrophobic APIs generally exhibit a higher per-

meability through the BBB by e.g. passive diffusion.[30] However, 

lipophilic substances also tend to be substrates for P-glycoprotein, 

potentially reversing this effect[31, 32]. That this general trend is also 

true for statins was confirmed by Tsuji et al.[33], observing perme-

ation of lipophilic lovastatin and simvastatin but not of hydrophilic 

pravastatin through an artificial BBB in vitro, later this was also 

confirmed in vivo[34]. Important to note, among various statins, 

ATV is the most frequently reported one for causing adverse neu-

rocognitive effects compared to less lipophilic statins which was 

associated with its increased permeability through the BBB.[35, 36] 

Therefore, we chose lipophilic ATV as potential cytotoxic API 

against various glioblastoma cell lines.  

However, besides the issue of passing the BBB, transportation of 

APIs to the BBB at sufficient high drug concentration is crucial. This 

can be especially challenging for hydrophobic APIs such as ATV 

which cannot simply be administered e.g. intravenously and oral 

bioavailability may not be sufficient to achieve concentrations 

necessary to reliably exhibit anti-tumor activity. Nanomedicine of-

fers great potential regarding intravenous administration of wa-

ter-insoluble drugs.[37, 38] A few ATV-loaded polymer micelles 

based on amphiphilic polylactic acid-b-PEG-b-polylactic acid (PLA-

PEG-PLA) triblock copolymers[39],  PEG-poly(ε-caprolactone) (PEG-

PCL) diblock copolymers[40], PEG-b-vitamin E succinate (PEG-

VES)[41], stearyl grafted chitosan (SC)[42] or ATV-loaded bovine se-

rum albumin (BSA) nanoparticles[43] can be found in the literature. 

However, to the best of our knowledge, none of these systems 

was investigated with respect to GBM treatment. Interestingly 

though, polysorbate 80 coated, ATV-loaded poly(lactic-co-glycolic 

acid)-b-PEG (PLGA-PEG) nanoparticles have been designed to in-

vestigate the influence of the coating on the transport of ATV to 

the brain.[44] Important to note, both – coated and uncoated na-

noparticles – were able to penetrate the BBB in vivo reaching max-

imum brain-concentration 1 h post-intravenous injection. Pio-

neering work by Kabanov and co-workers revealed that several 

amphiphilic polymers can facilitate transport of small molecules 

and proteins across the BBB.[45-48] 

2. MATERIALS AND METHODS 

Reagents and Solvents 

The monomers 2-n-propyl-2-oxazoline (PrOx), 2-n-propyl-2-oxa-

zine (PrOzi), 2-n-butyl-2-oxazoline (BuOx) and 2-n-butyl-2-oxazine 

(BuOzi) were synthesized according to Seeliger et al.[49] as re-

ported recently[50]. The polymers A-pPrOx-A (Me-MeOx36-PrOx20-

MeOx36-1-Boc-piperazine (PipBoc)), A-pBuOx-A (Me-MeOx35-

BuOx20-MeOx35-piperidine), A-pPrOzi-A (Me-MeOx35-PrOzi20-

MeOx35-PipBoc) and  A-pBuOzi-A (Prop-MeOx35-BuOzi20-MeOx35-

PipBoc)  were synthesized recently.[50] Pluronic® was a mixture of 

Pluronic® F127 and L61 at 8/1 (w/w) corresponding to the ratio 

reported for SP1049C®. Atorvastatin (calcium salt trihydrate) was 

purchased from Sigma-Aldrich (HPLC ≥ 98 %). Deuterated chloro-
form (CDCl3), dimethyl sulfoxide (DMSO-d6) or water (D2O) for 1H-

NMR analysis were obtained from Deutero GmbH (Kastellaun, 

Germany).  

Experiments 

   Nuclear Magnetic Resonance Spectroscopy (NMR) 

NMR spectra were recorded on a Fourier 300 (300 MHz), Bruker 

Biospin (Rheinstetten, Germany) at 298 K. The spectra were cali-

brated to the signal of residual protonated solvent signal (CDCl3: 

7.26 ppm; DMSO-d6: 2.50 ppm, D2O:  4.79 ppm).  

   ATV-loaded Polymer Micelles 

ATV-loaded polymer micelles were prepared by thin film 

method.[51] Methanolic polymer (20 g/L) and ATV (20 g/L) stock 

solutions were mixed in desired ratio. After complete removal of 

the solvent at 40 °C under a mild stream of argon, the films were 

dried in vacuo (≤ 0.2 mbar) for 20 min. Subsequently, H2O was 

added. Complete solubilization was facilitated by shaking the so-

lutions at 1250 rpm at 35 °C for 12 min with a Thermomixer com-

fort, Eppendorf AG (Hamburg, Germany). Non-solubilized drug (if 

any) was removed by centrifugation for 5 min at 9.000 rpm with a 



 

MIKRO 185 (Hettich, Tuttlingen, Germany). Solubilization experi-

ments were performed with 3 individually prepared samples and 

results are presented as mean ± standard deviation (SD).  

   ATV Quantification by HPLC 

ATV quantification was performed by HPLC on a LC-20A Promi-

nence HPLC, Shimadzu (Duisburg, Germany) equipped with a sys-

tem controller CBM-20A, a solvent delivery unit LC-20 AT (double 

plunger), an on-line degassing unit DGU-20A, an auto-sampler SIL-

20AC, and a SPD-20A UV-Vis detector. As stationary phase, a 

ZORBAX Eclipse Plus, Agilent (Santa Clara, CA, USA) C18 column 

(4.6 x 100 mm; 3.5 μm) was used. The mobile phase was a gradient 
of H2O/ACN (60 % - 40 % H2O; Figure S1a) at 40 °C and a flow rate 

of 1 mL/min. Prior to ATV quantification, all formulations were 

centrifuged to remove any precipitate, diluted with ACN/H2O = 

60/40 (v/v) and quantified at 245 nm (Figure S1b). The following 

equations were used to calculate loading capacity (LC) and loading 

efficiency (LE):  𝐿𝐶 =  𝑚𝑑𝑟𝑢𝑔𝑚𝑑𝑟𝑢𝑔 +𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟  (1) 

  𝐿𝐸 =  𝑚𝑑𝑟𝑢𝑔𝑚𝑑𝑟𝑢𝑔,𝑎𝑑𝑑𝑒𝑑   (2) 

where mdrug and mpolymer are the weight amounts of solubilized 

drug and polymer excipient in solution and mdrug,added is the weight 

amount of drug initially added to the dispersion. No loss of poly-

mer during micelle preparation was assumed. 

   Long-term Stability Studies 

For long-term stability studies, ATV-loaded polymer micelles were 

stored in Eppendorf tubes containing the precipitate (if any oc-

curred) at ambient conditions (≈ 25 °C) under the exclusion of 
light. Prior to ATV quantification, all formulations were centri-

fuged to remove any precipitate, diluted with ACN/H2O = 60/40 

(v/v) and quantified by HPLC analysis at 245 nm.  

   Dynamic Light Scattering (DLS) 

DLS measurements were performed on a Zetasizer Nano ZS (Mal-

vern Panalytical GmbH, Kassel, Germany) with a 633 nm HeNe-la-

ser at 173°. Autocorrelations for each sample were obtained 3 

times for 40 seconds and results are presented as mean. Prior to 

the measurements, all samples (polymer = 10 g/L) were diluted 

1/5 (v/v) with ultrapure H2O to polymer = 2 g/L. The samples were 

measured unfiltered in quartz cuvettes (d = 10 mm, QS, Hellma) at 

25 °C.  

 

   2D Cell Viability and Migration Studies 

Mouse glioma cells (CT-2A and GL261) as well as human glioblas-

toma cells U373, U251 and U87 were cultured in Dulbecco’s Mod-
ified Eagle’s medium (DMEM; Sigma-Aldrich, St. Louis, USA) (high 

glucose) supplemented with 10 % fetal bovine serum (FBS). In the 

case of CT-2A, U373 and GL261, 1 % penicillin/streptomycin (P/S) 

was added. For U373, Gibco® MEM non-essential amino acids 

were added as well. For the determination of IC50, cells were 

seeded at 3 x 103 cells/well in transparent flat-bottom 96 well-

plates and cultured for 1 d in humidified atmosphere of 5 % CO2 

at 37 °C. DMSO/ATV was prepared by dissolving 10 g/L ATV in 

DMSO and diluted with D-PBS(-) (PBS = phosphate buffered saline, 

FUJIFILM Wako Pure Chemicals Corporation (Osaka, Japan) to 1 

g/L ATV before further dilution with cell specific medium to de-

sired ATV concentrations. ATV-loaded A-pBuOzi-A micelles were 

prepared by thin-film method (ρ(A-pBuOzi-A/ATV) = 10/1 [g/L]) 

and diluted with cell-specific medium to desired ATV concentra-

tions. The respective solutions were applied for 24 h, 48 h and 72 

h. After treatment, Cell Counting Kit-8 (CCK8) cell proliferation/cy-

totoxicity assay was performed according to manufacturer’s in-
structions. Briefly, 10 µL of CCK-8 solution were added per well 

and the samples incubated for 2 h at 37 °C and 5 % CO2. Absorption 

was measured at λabs = 450 nm with an Infinite 200 (Tecan, Männe-

dorf, Switzerland).  

Cell viability was determined by equation 3:  

              𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  𝐹𝑡𝑟𝑒𝑎𝑡𝑒𝑑−𝐹𝑚𝑒𝑑𝑖𝑢𝑚𝐹𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑−𝐹𝑚𝑒𝑑𝑖𝑢𝑚 𝑥 100 % (4) 

where Ftreated and Funtreated correspond to the absorption of treated 

and untreated cells, respectively, and Fmedium is the absorption of 

the culture medium.  

Cell viability experiments were performed with three individual 96 

well-plates containing each sample concentration in quadrupli-

cate and results are presented as means ± SD. IC50 was determined 

with OriginPro 2019 software using a Boltzmann or biphasic dose-

response fit. 

 Human pediatric cerebellar glioblastoma multiforme 

GBM6840 cells were cultured in DMEM (high glucose) supple-

mented with 10 % FBS. Cell viability studies and IC50 determina-

tions were conducted by live/dead cell staining and flow cytomet-

ric analysis. Briefly, cells were seeded in 96 well-plates (104 

cells/well). The next day, ATV (solubilized in DMSO or formulated 

with A-pBuOzi-A) was added to the medium at a final concentra-

tion of 0 to 80 µM. The corresponding concentrations of DMSO 

and A-pBuOzi-A alone served as controls. After 48 h incubation, 

cells were rinsed with PBS, trypsinized, and resuspended in 250 µL 

PBS containing 0.5 g/L soybean trypsin inhibitor (Invitrogen, Carls-

bad, USA). Cell culture medium, wash solution and trypsinized 

cells were collected and incubated for 15 min at 22 °C with the live 

cell indicator calcein-AM (Invitrogen, Carlsbad, USA) at a final con-

centration of 10 nM. Immediately before flow cytometry, cell sus-

pensions were incubated with the dead cell indicator propidium 

iodide (1 mg/L, Invitrogen) for 1 min. Cells were analyzed on a 

FACS Calibur flow cytometer (Beckton Dickinson, Heidelberg, Ger-

many); at least 5,000 cells were analyzed per condition. Data are 

presented as means ± SEM of n=3 independent experiments. Cell 

viability was expressed as the percentage of calcein-positive cells. 

IC50 values were determined by non-linear regression (log(inhibi-

tor) vs. response – variable slope (four parameters)) using Prism 

v7.04 (GraphPad, San Diego, U.S.A.). 

   For cell migration studies, 2 x 105 GBM6840 cells were seeded in 

3 cm dishes and treated with 0, 2.5 or 5 µM ATV formulated with 

A-pBuOzi-A for 65 h. GBM6840 cells were trypsinized, resus-

pended in 1 mL DMEM containing 0.5 mg/mL soybean trypsin in-

hibitor, and washed once by centrifugation (300 × g, 5 min at RT). 

The cell suspension (2.5 x 104 cells/0.5 mL DMEM) was added to 

the upper compartment of a transwell (Falcon cell culture inserts 

for 24 well-plates, 8 µm pore size; ThermoFisher Scientific). The 

bottom side of the membrane was pre-coated with fibronectin (10 

mg/mL; Sigma-Aldrich) to assure attachment of the transmigrated 

cells; epidermal growth factor (100 ng/mL; Sigma-Aldrich) was 

used as a chemoattractant in the lower transwell compartment. 

Cells were allowed to migrate for 8 h in a humidified tissue culture 

incubator (37 °C, 5 % CO2) in the presence of 0, 2.5 or 5 µM ATV. 

Remaining cells on the upper side of the transwell membranes 

were removed with cotton swabs, and cells on the lower side of 



 

the membranes were fixed with 4 % (w/v) para-formaldehyde for 

20 min. Nuclei were stained with 4′,6-diamidine-2′-phenylindole 

(DAPI, 1 µg/mL) in PBS, and transwells were mounted on co-

verslips using Immunomount (ThermoFisher Scientific). Cell nuclei 

were visualized on a Leica SP5 confocal microscope (Leica Mi-

crosystems) equipped with a 10× objective, and four images cov-

ering ≈ 75 % of the total transwell membrane surface area were 

taken for each transwell. Cell numbers were quantified semi-au-

tomatically using ImagePro-Plus software, version 7.0 (Media Cy-

bernetics, Rockville, U.S.A.).  

   3D Spheroid studies 

CT-2A cells were cultured in DMEM supplemented with 10 % FBS 

and 1 % P/S. Mouse brain tumor initiating bRiTS-G2 cells were cul-

tured in DMEM/F12 (Wako, Osaka, Japan) supplemented with 20 

ng/mL epidermal growth factor, 20 ng/mL basic fibroblast growth 

factor (both PeproTech, Rocky Hill, NJ), B27 supplement without 

vitamin A (Invitrogen, Carlsbad, USA) and 200 ng/mL heparan sul-

fate (Sigma-Aldrich, St. Louis, USA). For spheroid studies, cells 

were seeded at 5 x 103 cells/well in all white U-bottom 96 well-

plates (PrimeSurface96U, Sumitomo Bakelite Co. Tokyo, Japan) 

and incubated for 1 d in humidified atmosphere of 5 % CO2 at 37 

°C. Within this time, 3D cell aggregates of around 400 µm diameter 

were spontaneously formed (Figure S2). Subsequently, stock solu-

tions of A-pBuOzi-A/ATV (ρ(A-pBuOzi-A/ATV) = 10/1 [g/L] in ul-

trapure H2O) or DMSO/ATV (ATV = 10 g/L) were diluted with cell 

specific culture medium to desired concentrations and applied for 

48 h and 72 h. After treatment, CellTiter-Glo® 3D Luminescent Cell 

Viability Assay (Promega, Madison, USA) was performed accord-

ing to manufacturer’s instructions. Briefly, 100 µL of CellTiterGlo® 
3D solution were added per well (100 µL) and stored for 30 min at 

ambient conditions (≈ 25 °C) under the exclusion of light. Lumines-
cence was measured with a GloMax®-Multi+ Detection System 

(Promega, Madison, USA). Spheroid studies were performed with 

three individual 96 well-plates containing each sample concentra-

tion in quadruplicate and results are presented as means ± SD.  

   2D human iPSC-BBB Studies 

Human induced-pluripotent stem cells (hiPSC; IMR90-4, WiCell Re-

search Institute, USA) were cultured in mTeSR™1 medium (Stem-

Cell Technologies, Canada). The iPSC-derived BBB model was built 

as previously described.[52] Cytotoxicity of A-pBuOzi-A/ATV or 

DMSO/ATV against hiPSC-derived endothelial cells (hiPS-ECs) was 

evaluated for three concentrations (45 µM, 90 µM and 150 µM) 

after 4 h and 24 h incubation. After treatment, CellTiter-Glo® 3D 

Luminescent Cell Viability Assay (Promega, Mannheim, Germany) 

was performed according to manufacturer’s instructions. Lumi-
nescence was measured with an Infinite M200 fluorescence 

reader (Tecan Group, Switzerland). Cytotoxicity studies were per-

formed in triplicates and three independent biological replicates 

and results are presented as means ± SEM. 

To evaluate human BBB-like characteristic, transendothelial elec-

trical resistances (TEER) were determined with a Millicell ERS-2 

voltohmmeter (Millipore, USA) equipped with a STX3 electrode 

(World Precision Instruments, Germany) prior transport assay. 

TEER measurements were performed 40 min after medium 

change. Each model was measured three times, monitoring and 

excluding a possible data drift due to temperature fluctuations 

and duplicates were used for each experiment in three independ-

ent biological replicates. To yield the TEER values [Ω*cm2] resulted 

from BBB hiPS-ECs, average TEER of empty inserts coated with col-

lagen IV/fibronectin were subtracted and values were multiplied 

by insert surface. Results are presented as means ± SEM. 

   Permeation through BBB endothelium 

Transport assays were performed in transwells (24-well format) 

on an orbital shaker (Edmund Bühler GmbH, Germany) at 100 rpm, 

37 °C, 95 % humidity, and 5 % CO2. Stock solutions of A-pBuOzi-

A/ATV or DMSO/ATV were diluted with human endothelial-SFM 

(Thermo Fisher Scientific, USA) containing 1 % platelet poor-

plasma derived serum (PPPDS; Alfa Aesar, USA) to the desired con-

centrations ([ATV] = 90 µM and 150 µM). Test concentrations of 

A-pBuOzi-A/ATV or DMSO/ATV (200 µL) were applied to the apical 

side of the BBB model. The basolateral side was supplied with 

800 µL of human endothelial-SFM containing 1 % PPPDS and the 

respective concentration of sterile water (A-pBuOzi-A) or DMSO. 

The permeation was evaluated after incubation times of 4 h and 

24 h. Apical and basolateral media were analyzed by HPLC to 

quantify the transport of A-pBuOzi-A/ATV or DMSO/ATV. As con-

trol, the substances were incubated on empty collagen IV-

/fibronectin-coated inserts to exclude major ATV adsorption on 

the membrane. All permeability studies were performed in dupli-

cates and three independent biological replicates, results are pre-

sented as means ± SD.  The level of statistical significance was set 

at p<0.05, indicated with asterisk (*). Grading in significance is in-

dicated as follows: *p<0.05, **p<0.01, ***p<0.001. 

 

3. RESULTS AND DISCUSSION 

   ATV solubilization 

As reported recently, poly(2-oxazoline) (POx) and poly(2-oxazine) 

(POzi) based ABA triblock copolymers, all comprising the same hy-

drophilic poly(2-methyl-2-oxazoline) (PMeOx) shell A and struc-

turally very similar, hydrophobic cores B exhibit different loading 

capacities for various hydrophobic drugs[50, 53-57] as well as varying 

drug/polymer interactions in dependence of the drug-loading[58, 

59]. Whereas the triblock copolymer with a barely hydrophobic 

poly(2-n-butyl-2-oxazoline) (pBuOx, = A-pBuOx-A) core enabled 

moderately high loadings of 24 wt.% of the hydrophobic com-

pound curcumin (CUR), its structural isomer with a poly(2-n-pro-

pyl-2-oxazine) (pPrOzi; = A-pPrOzi-A) core was able to yield excep-

tionally high loadings up to 54 wt.%.[53] Interestingly, in the case of 

hydrophobic paclitaxel (PTX), the situation was vice versa, A-

pBuOx-A being the best performer with PTX loadings up to 48 

wt.% compared to 25 wt.% in the case of A-pPrOzi-A. As the drug 

loading is a crucial parameter concerning the translation of drug-

loaded polymer micelles into the clinics, we investigated both pol-

ymers with regard to their solubilization capacity for the non-wa-

ter soluble drug atorvastatin (ATV; water solubility of ATV calcium 

salt trihydrate by thin film-method = 60 mg/L (0.1 mM); analyzed 

in house). Additionally, two polymers comprising either a poly(2-

n-propyl-2-oxazoline) (pPrOx; = A-pPrOx-A) or poly(2-n-butyl-2-

oxazine) (pBuOzi; = A-pBuOzi-A) core were investigated for solu-

bilization. The mixture of two Pluronics® SP1049C, which was de-

veloped by Kabanov for the interference with P-glycoprotein (P-

gp) and therefore, improved delivery of hydrophobic molecules 

across biological barriers such as the BBB overexpressing P-gp[60-

62] was included for comparison (Figure 1a). As expected, distinct 

polymer-ATV solubilization specificities were observed for the for-

mulations prepared by thin film method (Figure 1b). Whereas A-

pPrOx-A enabled ATV concentrations of only 0.7 g/L (LC = 6.4 



 

wt.%; ATV-feed = 10 g/L), its POzi counterpart with the same pro-

pyl-side chain A-pPrOzi-A solubilized up to 4.2 g/L ATV (LC = 29 

wt.%; ATV feed = 10 g/L), being outperformed only by A-pBuOzi-

A with up to 6.9 g/L ATV (LC = 41 wt.%; ATV feed = 10 g/L) (Figure 

1c). Again, the POx with the same side chain A-pBuOx-A exhibited 

lower LCs of up to 25 wt.% (3.3 g/L; ATV feed = 10 g/L). The LC of 

Pluronic® was 6 times lower with ATV = 0.7 g/L (LC = 6.4 wt.% ATV-

feed = 10 g/L), showing the same LC as A-pPrOx-A. As A-pBuOzi-A 

also exhibited the best long-term stability showing only minor loss 

in ATV-content up to ATV feed concentrations of 5 g/L within 30 d 

storage (Figure 1d; for 30 d long-term stability of all other formu-

lations, please see Figure S3) this carrier was deemed most prom-

ising for further studies. Therefore, the physicochemical proper-

ties of A-pBuOzi-A/ATV formulations were investigated in more 

detail.  

 

Figure 1: a) ABA triblock-copolymers used for ATV solubilization by b) thin-

film method; c) solubilized aqueous ATV concentrations in dependence of 

the ATV feed by A-pPrOx-A, A-pPrOzi-A, A-pBuOx-A, A-pBuOzi-A or Plu-

ronic® F127/L61 8/1 (w/w) at polymer = 10 g/L.; d) Long-term stability of 

A-pBuOzi-A/ATV formulations. Formulations were stored in Eppendorf-

tubes containing the initial precipitate at ambient conditions (T ≈ 25 °C) 

under the exclusion of light. All formulations were prepared in triplicates 

and results are presented as means ± SD; e) particle size distribution de-

termined by dynamic light scattering of A-pBuOzi-A/ATV formulations in 

dependence of the solubilized ATV concentration at room temperature (≈ 
25 °C) at 173° with a Zetasizer Nano ZS. The samples (A-pBuOzi-A = 10 g/L) 
were diluted with H2O 1/5 (v/v) and measured unfiltered; f) mean hydro-
dynamic diameter Dh (intensity weighted) of the ATV-loaded A-pBuOzi-A 

micelles. Each formulation was prepared three times and data is given as 

mean ± SD (n = 3). Inset in figure f) shows visual appearance of undiluted 

A-pBuOzi-A/ATV = 10/0.5; 10/0.8 and 10/2.8 g/L formulations. 

 

Particle sizes of the A-pBuOzi-A/ATV formulations were highly de-

pendent on the ATV-loading. At rather low loadings of 0.5 and 0.9 

g/L (polymer = 10 g/L), micelles with average hydrodynamic diam-

eters Dh of 15 nm and 26 nm were found, respectively (Figure 1e). 

The size distributions were monomodal with corresponding PDIs 

of 0.22 (Figure 1f). Increasing the ATV-loading to 2.8 and 4.0 g/L 

resulted in a dramatic increase in particle size to 609 nm and 847 

nm, respectively, accompanied by an increase in PDI to 0.31 – 

0.32. The increase in size was also apparent by visual inspection of 

the formulations (inset Figure 1f). Whereas up to A-pBuOzi-A/ATV 

= 10/0.8 g/L the formulations were completely clear, the sample 

containing 2.8 g/L ATV was opaque and emulsion-like (however 

samples for DLS were diluted 1/5 (v/v) to suppress artefacts due 

to multiple scattering etc.). Although being opaque, the samples 

did not show precipitation over extended periods of time (deter-

mined by visual inspection as well as relatively constant ATV load-

ing up to 30 d (ATV feed = 5 & 8 g/L) or 10 d (ATV feed = 10 g/L) 

storage (Figure 1d)). A more detailed analysis of these aggregates 

using, inter alia, small angle neutron scattering is ongoing. How-

ever, such large aggregates, irrespective of their nature or struc-

ture are probably not ideal for the envisioned application i.v. for 

which smaller and better-defined micelles are preferred. 

To get more insights into the ATV formulations on a molecular 

level[59], 1H-NMR spectra of neat ATV, neat polymer or ATV formu-

lations at varying A-pBuOzi-A/ATV ratio were recorded. In DMSO-

d6, all signals related to ATV were clearly visible with expected in-

tensities (Figure 2; black spectrum; for enlarged ATV and A-

pBuOzi-A spectra, the reader is referred to Figure S4 and S5, re-

spectively). In contrast, when solubilized with A-pBuOzi-A, 1H-

NMR signals of ATV were either strongly attenuated and broad-

ened (A-pBuOzi-A/ATV ≤ 10/0.9) or could not be detected any-

more (A-pBuOzi-A/ATV > 10/0.9) in D2O (Figure 2; enlarged spec-

tra). A similar disappearance of 1H-NMR signals was already ob-

served for A-pPrOzi-A/CUR formulations.[63] Systems which are 

hindered in their mobility are predestinated for short transverse 

relaxation times T2 causing a broadening or complete disappear-

ance of certain signals. Therefore, the disappearance of the 1H-

NMR signals indicates a strong decrease in molecular mobility of 

ATV incorporated into the hydrophobic core of A-pBuOzi-A even 

at low loading. Furthermore, the signals of the butyl sidechain of 

the hydrophobic block are clearly affected (Figure 2 III-V). Notably, 

the signal attributed to the methyl group in the sidechain of 

pBuOzi (signal V) splits up. Besides the initial triplet, a second, 

much broader signal was observed at lower chemical shift. Simi-

larly, but somewhat less pronounced, signals III and IV shift and 

became increasingly attenuated with increasing ATV loading. This 

decrease again is intuitive for a hindered mobility due to interac-

tions of ATV with the hydrophobic block of A-pBuOzi-A. In con-

trast, the signals related to the hydrophilic shell (Figure 2 I,II) ap-

pear entirely unaffected even at the highest investigated drug 

loading. This results in a decreased ratio of the integrals of the me-

thyl group of pBuOzi (core, signal V) with respect to the methyl 

sidechain of pMeOx (shell, signal II) with increasing ATV-loading 

(Figure S6). The more or less linear decrease of the ratio as well as 

the largely unaffected signals related to the hydrophilic shell are 

somehow surprising considering the large change in particle size 

at higher ATV-loadings observed by DLS (Figure 1e,f). Also, we pre-

viously investigated A-pPrOzi-A/CUR formulations by solution and 

solid state NMR[59] and found clear evidence for drug-polymer in-

teractions in the hydrophilic pMeOx block. The lack of interaction 

of ATV with the pMeOx may therefore be responsible for the lim-

ited LC compared to CUR[63] or PTX[51] nanoformulations which ex-

hibit LC of ≥ 50 wt.%. For reference, interactions between encap-
sulated ATV and the hydrophobic part of the polymeric drug car-

rier were observed previously for PLA-PEG-PLA-loaded ATV by FT-

IR analysis.[39]  



 

 
Figure 2: 1H-NMR spectra (300 MHz, 298 K) of ATV (bottom black spec-

trum; DMSO-d6), neat A-pBuOzi-A (middle red spectrum; D2O) as well as 

A-pBuOzi-A/ATV = 10/0.5 g/L (top golden spectrum; D2O). Inset shows en-

larged region corresponding to aromatic ATV signals (700-fold increased 

signal intensity) with increasing ATV-loading (bottom to top; labelling is re-

ferred to A-pBuOzi-A/ATV = 10/y g/L). Enlarged sections of the signals cor-

responding to the hydrophilic shell of A-pBuOzi-A (I & II) as well as the 

hydrophobic core (III – V) in dependence of the ATV-loading. Intensities of 

spectra I-V were normalized to the methyl sidechain (II) of the hydrophilic 

shell. All formulations were prepared in H2O, freeze-dried and subse-

quently redissolved in D2O at ρ(polymer) = 10 g/L.  

Although stability of the aqueous A-pBuOzi-A/ATV formulations 

up to ATV feeds of 8 g/L was reasonably good, a minor loss in ATV 

content occurred in all formulations within 30 d storage (Figure 

1d). Shelf-life of drug-loaded micelles can potentially be increased 

by freeze-drying the aqueous formulations and redispersing them 

right before usage. POx and POzi based formulations of PTX[51] or 

CUR[63] have already displayed excellent redispersibility without 

the need of cryoprotectants. Similar, freeze-dried A-pBuOzi-

A/ATV = 10/2 g/L formulations could be conveniently redispersed 

in H2O (Figure 3 blue), PBS (red) or PBS containing 40 g/L bovine 

serum albumin (BSA, green) after 7 d storage of the freeze-dried 

formulations at ambient conditions. Redispersion in PBS contain-

ing 40 g/L BSA corresponding to the albumin concentration in 

blood was performed as preliminary test for upcoming in vitro and 

potential in vivo studies, as initially stable formulations can precip-

itate in the presence of proteins. The excellent stability in the pres-

ence of serum protein suggests that this formulation may be safely 

injected i.v. 

 

Figure 3: Residual aqueous ATV concentrations after redispersion of 

freeze-dried A-pBuOzi-A/ATV = 10/2 (g/L) formulations in H2O (blue), PBS 

(red) or PBS containing 40 g/L bovine serum albumin (green). Loading [%] 

is referred to initial ATV concentration before freeze-drying. Prior to redis-

persion, the freeze-dried samples were stored for 7 d at ambient condi-

tions (T ≈ 25 °C) under the exclusion of light; b) corresponding HPLC 

elugrams at λabs = 245 nm.  

   2D in vitro studies 

Cytotoxicity of A-pBuOzi-A/ATV or ATV dissolved in DMSO against 

mouse glioma cells GL261 and CT-2A or human glioblastoma cells 

U87, U251 and U373 was evaluated after 24 h, 48 h and 72 h incu-

bation (Figure 4). To the best of our knowledge, a potential growth 

inhibition or cytotoxicity of ATV against GL261, CT-2A and U373 

has not previously been investigated. Except for CT-2A, cytotoxi-

city after 24 h incubation was moderate with half maximal inhibi-

tory concentrations (IC50) of 97 µM and higher. A similar low cyto-

toxicity of ATV after 24 h incubation (no decrease in proliferation 

up to [ATV] = 50 µM) compared to 48 h and 72 h was observed for 

human leukemic natural killer cells YT-INDY.[64] Furthermore, ab-

sence of cytotoxicity against U87 after 24 h incubation at [ATV] ≤ 

100 µM was also observed by Yongjun et al.[23] In contrast, ATV 

exhibits a pronounced dose-dependent cytotoxicity after 48 h and 

72 h incubation. The IC50 values for A-pBuOzi-A/ATV and 

DMSO/ATV were either comparable (U87 (72 h); U373 (48 and 72 

h)) or slightly lower for A-pBuOzi-A/ATV. Generally, cytotoxicity 

increased from 48 h to 72 h incubation. Only for CT-2A, an unex-

pected increase in cell viability with IC50 values increasing from 33 

µM (48 h) to 98 µM (72 h) occurred for DMSO/ATV. Furthermore, 

biphasic dose-response curves occurred in selected cases for 

DMSO/ATV (GL261) as well as A-pBuOzi-A/ATV (U251). Such mul-

tiphasic features are well known in cancer pharmacology[65] due to 

the presence of combined agonist (stimulatory or hormetic[66]) 

and antagonist effects as well as purely inhibitory features. Never-

theless, that with the same drug (ATV) both, sigmoidal and bipha-

sic dose-responses occurred for a certain cell-line depending on 

the kind of formulation (DMSO or A-pBuOzi-A) is somehow sur-

prising and needs to be evaluated further. Important to note, IC50 

of DMSO/ATV for U87 (≈ 8 µM (48 h)[67] or ≈ 1.6 µM (48 h)[68]) or 

U251 (≈ 10 µM; 48 h[67]) cells reported in the literature were some-

what lower than the presently reported ones. However, different 

experimental setups (# cell passage, number of cells seeded, uti-

lized assays) might have unintentionally caused such minor devia-

tions. Important to note, inhibitory effects of ATV on growth and 

survival of U251 glioblastoma cells were attributed to decreased 

active Ras levels due to prenylation inhibition by ATV.[67] In the 

same study, 5 µM ATV inhibited proliferation of four different gli-

oblastoma cell lines slightly stronger than temozolomide at 10 µM. 

In combination with the presented cytotoxicity of ATV on various 

glioblastoma cell lines this strongly supports the rationale to use 

ATV for glioblastoma chemotherapy.  



 

 
Figure 4: Concentration-dependent cell viability of A-pBuOzi-A/ATV (left 

column) or DMSO/ATV (right column) against mouse glioma cells GL261 

(a,b) and CT-2A (c,d), or human glioblastoma cells U87 (e,f), U251 (g,h) and 

U373 (i,j). DMSO/ATV was prepared by dissolving 10 g/L (18 mM) ATV in 

DMSO upon dilution with PBS(-) to 1 g/L (1.8 mM) ATV and further dilution 

with cell specific medium to desired ATV concentrations. ATV-loaded A-

pBuOzi-A micelles were prepared by thin-film method (ρ(A-pBuOzi-

A/ATV) = 10/1 [g/L]) and diluted with cell-specific medium to desired ATV 

concentrations. Cell viability was determined (CCK-8 assay) after 24 h 

(black), 48 h (red) and 72 h (blue) ATV treatment. IC50 was determined per 

Boltzmann or biphasic dose-response fit using OriginPro 2019® and values 

for 24 h (black), 48 h (red) and 72 h (blue) are given in [µM] ATV in bottom 

left corner of each graph. Data are presented as mean ± SD (n = 3 (individ-

ual 96 well-plates) x 4 (wells per 96 plate)).  

The dismal prognosis of glioblastomas is not only attributed to 

rapid tumor growth (and poor responses to chemo- and radiother-

apy), but also to the diffuse intracerebral spread of migrating tu-

mor cells.[69, 70] We therefore examined the effects of ATV on the 

viability and cell migration of GBM6840 cells. This human cell line 

has been derived from a highly aggressive pediatric cerebellar gli-

oblastoma multiforme[71], and is characterized by rapid cell prolif-

eration and –migration in vitro and in vivo[72]. The GBM6840 cells 

were highly sensitive to ATV with an IC50 value of ~8 µM after 48 h 

treatment, irrespective of whether ATV was dissolved in DMSO or 

formulated with A-pBuOzi-A (Figure 5a; for representative exam-

ples of the original FACS results, the reader is referred to Figure 

S7). Importantly, neat A-pBuOzi-A did not cause cytotoxicity (via-

bility > 80 %) up to high polymer concentrations of 10 g/L (Figure 

S8; for comparison: [A-pBuOzi-A] = 50 mg/L @ IC50(A-pBuOzi-

A/ATV), Figure 5a). We did not observe an effect of low ATV con-

centrations (2.5 or 5 µM) on the transwell-migration of GBM6840 

cells towards epidermal growth factor (a prototypical chemoat-

tractant for glioblastoma cells) even after 73 h of ATV treatment 

(Figure 5b).  These ATV concentrations were chosen because they 

did not cause a substantial loss of cell viability (Figure S9). Thus, 

ATV appears to primarily affect GBM6840 cell viability, but not 

mobility. 

 

Figure 5: a) Concentration-dependent effect of A-pBuOzi-A/ATV (red) or 

DMSO/ATV (blue) on GBM6840 human glioblastoma cell viability after 48 

h treatment. ATV was formulated or solubilized as described in the legend 

of Fig. 4. IC50 values were determined by non-linear regression (log(inhibi-

tor) vs. response – variable slope (four parameters)) using GraphPad Prism 

v7.04. Data are means ± SEM of n=3 independent experiments. b) Effect of 

A-pBuOzi-A/ATV on the epidermal growth factor-induced migration of 

GBM6840 cells through transwells. In total, eight (control and 2.5 µM ATV) 

or four (5 µM ATV) transwells were analyzed. Data are means ± SEM of n=2 

independent experiments. 

 

   Spheroid cell cultures 

So far, we could show that ATV was able to efficiently decrease 

cell-viability of various glioblastoma cell-lines in conventional 2D 

cell culture. However, cancer cells grown in 3D cell-clusters such 

as spheroids can behave significantly different from their mono-

layer counterparts[73] and we have recently reported differences 

in tumor spheroids depending whether the API was administered 

in polymer micelles or added as a ethanolic solution.[57] The multi-

cellular structures resemble actual tissues better in terms of struc-

tural and functional properties and often exhibit an enhanced re-

sistance against therapeutic compounds.[74] CT-2A cells were cho-

sen due to their ability to form spheroids without the need of spe-

cialized devices or additives. Furthermore, the difference in cyto-

toxicity between A-pBuOzi-A (Figure 4c) and DMSO (Figure 4d) 

formulated ATV was most pronounced in this cell line. Spheroids 

were obtained by simply seeding the cells (5 x 103 cells/well) in U-

bottom shaped 96 well-plates. Similar to conventional 2D-cell cul-

ture, both ATV formulations strongly decreased CT-2A cell viability 

in a concentration-dependent manner (Figure 6a,b). Here, A-

pBuOzi-A/ATV again was clearly more effective than DMSO/ATV. 

Similar to conventional 2D cell culture (Figure 4d), cell viability in 

the spheroid model increased from 48 h (50 %) to 72 h (55 %) 

treatment with 8 µM DMSO/ATV. Unexpectedly, cytotoxicity of A-

pBuOzi-A/ATV was higher in the spheroid model (Figure 6a,b) than 

in conventional 2D cell-culture (Figure 4c). A similarly high activity 

of ATV in 3D cell-culture was also observed for U87 glioma sphe-

roids incorporated into a fibrin gel with IC50 (48 h) ≈ 10 µM.[73] Be-

sides induction of apoptosis, migration and invasion of the U87 

cells were inhibited in a dose-dependent manner in this case.  



 

To further challenge ATV as potential chemotherapeutic agent 

against glioblastoma, its activity against spheroids composed of 

mouse-derived, glioblastoma cancer-stem cells (CSCs) was evalu-

ated (Figure 6c,d). CSCs are cancer cells found within tumors with 

the ability of self-renewal, generation of daughter cells of various 

phenotypes and differentiation into phenotypically diverse popu-

lations of cells.[75]  Therefore, small populations of CSCs present 

after treatment can cause rapid cancer relapse as well as metas-

tasis. Unfortunately this is favored by an increased resistance of 

CSCs to various otherwise unfavorable conditions[76] including in-

creased resistance against radiotherapy[77] and chemotherapy[78]. 

To the best of our knowledge, the cytotoxicity of ATV against glio-

blastoma stem cells or cancer stem cells in general has not been 

investigated before. However, for another statin, pitavastatin, au-

tophagy induction in patient-derived stem cell-like primary GBM 

(as well as delayed U87 GBM tumor growth in vivo) was ob-

served.[21] Similar to CT-2A, the bRiTS-G2 brain tumor initiating 

cells rapidly formed spheroids when placed in U-bottom shaped 

96 wells. Surprisingly, A-pBuOzi-A/ATV and to a lesser extent 

DMSO/ATV were highly active against the tumor spheres after 48 

h and 72 h incubation (Figure 6c,d). Interestingly, a recently re-

ported micellar mitotane nanoformulation of A-pBuOx-A was also 

slightly more active than mitotane simply dissolved in EtOH 

against adrenocortical NCI-H295R cells in a 3D tumor spheroid 

model (IC50,48h = 43 µM & 47 µM for nanoformulated & EtOH-dis-

solved mitotane, respectively).[57] Important to note, the pro-

nounced cytotoxicity of A-pBuOzi-A/ATV after 72 h treatment de-

termined by CellTiterGlo®-3D luminescence assay was confirmed 

when quantifying the cell-viability by the intrinsic fluorescence of 

the GFP expressing bRiTS-G2 cells (inset Figure 6d). Although the 

absolute values slightly differed, both measurement techniques 

gave comparable results.  

 

Figure 6: Concentration-dependent cytotoxicity of A-pBuOzi-A/ATV (blue) 

or DMSO/ATV (yellow) against spheroids of mouse glioma cells CT-2A after 

a) 48 h or b) 72 h treatment or against spheroids of mouse brain tumor 

initiating bRiTS-G2 cells after c) 48 h or d) 72 h treatment. DMSO/ATV was 

prepared by dissolving 10 g/L ATV in DMSO upon dilution with PBS(-) to 1 

g/L ATV and further dilution with cell specific medium to desired ATV con-

centrations. ATV-loaded A-pBuOzi-A micelles were prepared by thin-film 

method (ρ(A-pBuOzi-A/ATV) = 10/1 [g/L]) and diluted with cell-specific 

medium to desired ATV concentrations. Spheroids were obtained by seed-

ing the cells in U-bottom shaped 96 well-plates at 5 x 103 cells/well. Cell 

viability was determined by CellTiter-Glo® 3D assay. Data are presented as 

mean ± SD (n = 3 (individual 96 well-plates) x 4 (wells per 96 plate)). As a 

control, cell viability of bRiTS-G2 spheroids treated with A-pBuOzi-A for-

mulated ATV was determined by intrinsic fluorescence of GFP-expressing 

bRiTS-G2 cells (inset Figure d). Date are presented as mean ± SD (n = 2 

(individual 96 well-plates) x 4 (wells per 96 plate)).  

   ATV permeability through artificial blood-brain barrier 

The pronounced cytotoxicity of ATV against glioblastoma in 2D cell 

culture (Figure 4, 5) as well as 3D spheroid models (Figure 6) sug-

gests its potential for GBM chemotherapy. However, in order to 

unfold its therapeutic potential in vivo, ATV needs to reach tumor 

site first. This includes permeation through the BBB after e.g. par-

enteral administration.[79] Several sophisticated in vitro BBB mod-

els were developed in recent years to resemble the situation in 

vivo.[80, 81] One promising approach are models based on  human 

induced pluripotent stem cells (hiPSCs) derived BBB endothelial 

cells.[52, 82]  Using such a hiPSC-derived model, physiological char-

acteristics like high transendothelial electrical resistances (TEER) 

up to 2,500 Ω∙cm2, distinct upregulation of typical BBB genes as 

well as the formation of an in vivo-like tight junction (TJ) network 

could be achieved.[52] The hiPSC-derived BBB endothelial cells 

were seeded on top of a transwell insert and subsequently the 

permeability of ATV from the apical to the basolateral compart-

ment was investigated (Figure 7a). A ratio of A-pBuOzi-A/ATV = 

10/1 g/L was chosen due to the small size of the respective ATV-

loaded micelles (Figure 1e,f) potentially facilitating transcellular 

permeability, assuming integrity of the drug loaded micelles. The 

latter is not necessarily given due to e.g. potential transfer of in-

corporated ATV to proteins[83] present in solution as observed for 

A-pBuOx-A/PTX in vitro and in vivo[84]. ATV was either solubilized 

with A-pBuOzi-A or dissolved in DMSO and applied at 90 µM (50 

mg/L) as well as 150 µM (83 mg/L). For comparison, oral admin-

istration of 40 mg ATV in hypercholesterolaemic haemodialysis pa-

tients resulted in ATV peak plasma concentrations of 28.6 ± 15.2 

µg/L (51 nM; reached 1-2 hours after initial administration), to-

gether with the active metabolites o- and p-OH ATV (8.1 and 0.6 

µg/L) as well as inactive 3-lactone metabolites (44.2 µg/L).[85] This 

clearly shows the need of ATV-formulation to achieve necessary 

ATV concentrations potentially suitable for glioblastoma therapy. 

At both concentrations, no pronounced cytotoxic effects of ATV 

on the endothelial cells of the artificial BBB were observed after 4 

h incubation, ensuring the integrity of the monolayer during the 

course of the experiment (Figure S10a). After 24 h incubation, 

again no cytotoxicity up to ATV = 90 µM occurred (Figure S10b). 

Only at ATV = 150 µM, cell viability decreased to 41 % and 49 % 

for DMSO/ATV and A-pBuOzi-A/ATV, respectively. ATV was quan-

tified in the apical and basolateral chamber after 4 h and 24 h in-

cubation. To ensure the permeability analysis of A-pBuOzi-A/ATV 

and DMSO/ATV through the BBB endothelial cell layer itself, 

transwells without cells were always included to correct the per-

meation values for the barrier formed by the membrane support. 

In all cases, a higher ATV concentration occurred on the basolat-

eral side of the latter compared to wells containing cells (Figure 

S11). Furthermore, diffusion through the blank membrane was 

more or less the same for A-pBuOzi-A/ATV and DMSO/ATV there-

fore excluding variances due to different diffusion profiles. With 

respect to the wells without cells, the ATV transport through the 

BBB was less efficient at apical ATV feed of 150 µM, compared to 

90 µM (Figure 7b). Nevertheless, absolute basolateral ATV con-

centrations increased from 4 h to 24 h incubation and from [AT-

Vfeed] = 90 µM to 150 µM in all samples (Figure S11). For both ATV 

concentrations and time-points, ATV permeability was slightly 

higher for A-pBuOzi-A/ATV than for DMSO/ATV, however, the dif-



 

ferences were within the standard deviations (Figure 7b). This sug-

gests that our nanoformulation does not alter the permeation pro-

file of ATV through this BBB in vitro model significantly. Whether 

this is due to a rapid release of ATV from the micelles to e.g. pro-

teins present in medium or e.g. the disintegration of the ATV-

loaded micelles at the cell-membrane – not further improving en-

docytosis or transcellular delivery – remains to be elucidated. 

However, rapid disintegration of drug-loaded micelles within the 

blood stream is not necessarily detrimental regarding therapeutic 

efficacy, as evidenced by POx/PTX nanoformulations, which ex-

hibit an excellent therapeutic efficacy in vivo.[84] Interestingly, the 

proportional basolateral ATV concentration with respect to the 

wells without cells increased from 4 h to 24 h incubation for both, 

DMSO/ATV and A-pBuOzi-A/ATV (Figure 7b). Taking a closer look 

at the TEER values showed a decrease in resistance after 24 h at 

both ATV feed concentrations of 90 and 150 µM (Figure 7c,d). 

Even though we observed no ATV cytotoxicity up to 90 µM (Figure 

S10), the integrity of the BBB is apparently affected, probably 

through a loosening of the tight junctions. This may be an early 

indication of cytotoxic effects. Although the transport across the 

BBB is not significantly improved, the presented novel POzi/ATV 

formulation may allow much higher ATV serum concentrations, 

compared to oral administration or alternative drug delivery sys-

tems, as much higher ATV concentrations can potentially be ad-

ministered. Therefore, therapeutic doses may be reached, even 

without improved transport across the BBB. Furthermore, co-ad-

ministration with agents temporarily permealizing the BBB could 

help to increase the ATV concentration across the BBB. Such agent 

could be SP1049C or small molecules known to permealize the 

BBB. Possibly, such agent could be coformulated with ATV and 

therefore improve co-delivery of both APIs. 

 

Figure 7: a) Setup to investigate the permeability of ATV through hiPSC-

derived in vitro models of the human blood-brain barrier (BBB) in a 

transwell setup (image adapted from Appelt-Menzel et al.[52]); b) A-

pBuOzi-A/ATV = 10/1 [g/L] (blue) or DMSO/ATV (yellow) were diluted with 

cell specific medium to desired ATV concentrations of 90 µM or 150 µM 

and applied to the apical side of the transwells. Subsequently, basolateral 

ATV concentrations were quantified after 4 h and 24 h incubation with re-

spect to the permeability through wells without cells (= control). Permea-

tion was determined in three individual transwell-plates each containing 

the respective samples in duplicates. Data are presented as mean ± SD; n 

= 3; TEER values of non-treated BBB as well as treatment with c) 

DMSO/ATV or d) A-pBuOzi-A/ATV for either 4 h (solid bars) or 24 h (dashed 

bars). TEER values are presented with respect to TEER values measured 

prior to the transport assay (=control). TEER values were determined in 

three positions of three individual transwell-plates each containing the re-

spective samples in duplicates. Data are presented as mean ± SEM (n = 3, 

*p<0.05, **p<0.01, ***p<0.001). 

   CONCLUSION 

We presented a novel nanoformulation of atorvastatin (ATV), a 

statin with potential in the treatment of various tumors, including 

glioblastoma. A moderate increase in the apparent aqueous solu-

bility of ATV by a factor of 100 was achieved, but the sizes of the 

formed particles are too large for intravenous administration at 

the highest drug loading. Only at low drug loading < 10 wt.%, 

nanoformulations (Dh < 50 nm) were obtained while at higher 

loading, large submicron particles were formed. The encapsulated 

ATV was fully bioactive and exhibited IC50 values in the low to me-

dium micromolar range in a panel of different glioblastoma cell 

lines with no systematic difference between free, DMSO solubil-

ized ATV and ATV solubilized using polymer micelles. In contrast, 

in tumor spheroids prepared from CT-2A mouse glioma and bRiTS-

G2 mouse glioma cancer stem cells, the micellar formulation was 

consistently more active. Very interestingly, we found particularly 

high activity against bRiTS-G2 with minimal cell survival even at 

low micromolar ATV concentrations. Finally, transport through a 

blood-brain-barrier in vitro model based on differentiated human 

induced pluripotent stem cells was tested and revealed similar 

transport of micellar ATV and ATV dissolved by DMSO. However, 

as our novel micellar ATV formulations may enable much higher 

serum concentration of ATV, therapeutic doses may still be possi-

ble. Especially by combination with other active agents, micellar 

ATV may have potential for the treatment of glioblastoma.  
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4.5 Drug-Loaded Hydrogels 

To expand the way of administration, the drug-loaded micelles were incorporated into a hydrogel 

matrix possibly finding application as (sub)cutaneous drug depot from which the drug is released 

in a locally concentrated and sustained manner. Before incorporation of the micelles, the 

properties of the hydrogel itself will be discussed. Interestingly, the thermogelling diblock 

copolymer consists of the same POx and POzi building blocks as the triblock copolymer enabling 

one of the highest LC for CUR, however with higher degrees of polymerization. The thermally 

induced gelation was dependent on the individual block lengths, with gelation temperatures 

between room and body temperature associated with high mechanical strengths up to 4 kPa. 

SANS revealed a bicontinuous, sponge-like morphology, strongly deviating from e.g. widely used 

Pluronic gels. Due to its shear thinning properties and excellent recovery behavior, the hydrogel 

was 3D printed via extrusion-based bioprinting, possessing sufficient shape fidelity (shape 

integrity while printing multiple layers needs to be evaluated further). The diblock copolymer 

exhibited excellent cytocompatibility for murine NIH 3T3 fibroblasts even in the gel state (87 % 

metabolically active cells). Moreover, no sedimentation of the cells occurred, and printability was 

not influenced by the latter (1x106 cells/mL). Most interestingly, the printing process seemed to 

have no effect on the cell viability.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The following publication was reprinted with permission from Biomacromolecules, 2017, 18, 2161-2171 

https://doi.org/10.1021/acs.biomac.7b00481; © 2017 American Chemical Society



A Thermogelling Supramolecular Hydrogel with Sponge-Like
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ABSTRACT: Biocompatible polymers that form thermoreversible supramolecular hydrogels have gained great interest in
biomaterials research and tissue engineering. When favorable rheological properties are achieved at the same time, they are
particularly promising candidates as material that allow for the printing of cells, so-called bioinks. We synthesized a novel
thermogelling block copolymer and investigated the rheological properties of its aqueous solution by viscosimetry and rheology.
The polymers undergo thermogelation between room temperature and body temperature, form transparent hydrogels of
surprisingly high strength (G′ > 1000 Pa) and show rapid and complete shear recovery after stress. Small angle neutron
scattering suggests an unusual bicontinuous sponge-like gel network. Excellent cytocompatibility was demonstrated with NIH
3T3 fibroblasts, which were incorporated and bioplotted into predefined 3D hydrogel structures without significant loss of
viability. The developed materials fulfill all criteria for future use as bioink for biofabrication.

■ INTRODUCTION

Thermogelling polymers find application in food and
pharmaceutical technology, biology and medicine.1,2 Apart
from well-known biological polymers that show thermogelling
properties, such as collagen,3−5 gelatin,3−5 agarose3−5 and
others,4,6 also a few synthetic polymer systems exhibit this
property. In this context, frequently used material include
poly(N-isopropylacrylamide) (pNIPAAm)7−9 or two members
of the family of Pluronics,10 F127 and P123. In recent years
these systems have been investigated extensively for biomedical
applications,11 but limitations in respect to cytocompatibility
have been reported.12 The gelation mechanism of F127 was
examined in detail by various techniques, including small angle
neutron scattering (SANS).13 Increasing the temperature
beyond the critical temperature (cloud point temperature,
Tcp) leads to aggregation into spherical micelles. At
concentrations of ≥5 wt %, those micelles arrange in a cubic
lattice.13

Another important class of thermoresponsive polymers is
based on cyclic imino ethers, particularly poly(2-substituted-2-
oxazoline)s (POx) and poly(2-substituted-5,6-dihydro-4H-1,3-
oxazine)s (in short, poly(2-oxazine)s; POzi). These polymers
are accessible via living cationic ring-opening polymerization
(Scheme S1)14 and can exhibit Tcp in aqueous solution where
the transition temperature can be tuned over a large
temperature range (0 to above 100 °C).15−18 In the past
decade, POx were intensely investigated not only as
thermoresponsive materials,19−22 but also in biomedical
applications23−35 including covalently cross-linked hydro-
gels36−41 and as printable thermoplasts.42 While thermores-
ponsive POx are well-known, thermogelling polymers solely
based on POx have so far hardly been explored. We have
recently attempted to prepare thermogelling POx-based
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triblock copolymers based on the hydrophilic poly(2-methly-2-
oxazoline) (PMeOx) and the thermoresponsive poly(2-n-
propyl-2-oxazoline) (PnPrOx), but were unable to identify
compositions that led to thermogelation.43

In contrast to POx, POzi have received very little attention44

with one report from Bloksma et al. referring to the
thermoresponsive behavior of POzi homopolymers,18 but
block copolymers of POx and POzi can only be found in a
single report by Kobayashi et al. dealing with surfactants.44,45

Thermogelling polymers have recently raised great interest as
bioinks for three-dimensional (3D) cell culture and biofabri-
cation.46−49 In this upcoming and rapidly growing research
field, to date, the shortage of suitable and versatile bioinks
represents a major limitation. Due to the diverse requirements,
an ideal bioink must be available in a consistent quality,
sufficient quantity, and with tunable physical and biological
properties.4,50,51 In this study, we present the synthesis of a
series of block copolymers comprising hydrophilic poly(2-
methyl-2-oxazoline) and thermoresponsive poly(2-n-propyl-2-
oxazine) (nPrOzi). The rheological properties of aqueous
solutions were investigated in dependence of concentration and
temperature. Small angle neutron scattering was used to study
the gel network morphology at 20 wt %. Cytocompatibility was
tested and finally, the thermoresponsive, shear-thinning and
cell-laden hydrogels were printed.

■ EXPERIMENTAL SECTION

Materials and Methods. All substances for the preparation of
monomers and polymers were purchased from Sigma-Aldrich
(Steinheim, Germany), Acros (Geel, Belgium), or Fluka (Steinheim,
Germany) and were used as received unless otherwise stated.
Dulbecco’s Modified Eagle Medium (DMEM), fluorescein diacetate
(FDA), and propidium iodide (PI) were purchased from Sigma-
Aldrich (Schnelldorf, Germany). Penicillin G and streptomycin
solution were purchased from Biochrom AG (Berlin, Germany).
Fetal bovine serum (FBS) was from Gibco (Darmstadt, Germany). 8-
well LabTek chamber slides were from Nunc (Thermo Fisher
Scientific, Schwerte, Germany). 96-well plates and 100 mm culture
dishes were from Greiner Bio One (Frickenhausen, Germany). Water-
soluble tetrazolium (WST-1) was from Roche (Basel, Switzerland).
Methyl trifluoromethylsulfonate (MeOTf), 2-methyl-2-oxazoline
(MeOx), 2-n-propyl-2-oxazine (nPrOzi), benzonitrile (PhCN) and
other solvents were dried by refluxing over CaH2 under dry argon
atmosphere and subsequent distillation prior to use. Afterward, all
chemicals were stored under dry and inert conditions in a MBRAUN
(Garching, Germany) LABmaster130 glovebox.
NMR spectra were recorded on a Bruker Fourier 300 (1H 300.12

MHz) at 298 K, Bruker BioSpin (Rheinstetten, Germany). The spectra
were calibrated using the solvent signals (MeOD 3.31 ppm). Gel
permeation chromatography (GPC) was performed on a Polymer
Standard Service (PSS, Mainz, Germany) system (pump mod. 1260
infinity, RI-detector mod. 1260 infinity, precolumn GRAM 10 μm (50
× 8 mm), 30 Å PSS GRAM 10 μm (300 × 8 mm) and 1000 Å PSS
GRAM 10 μm (300 × 8 mm)), with N,N-dimethylformamide (DMF)
(1 g/L LiBr, 313 K, 1 mL/min) as eluent and calibrated against PEG
standards. Prior to each measurement, the samples were filtered
through a 0.2 μm Teflon filter (Thermo Scientific) to remove particles.
IR spectra were recorded on a Jasco (Groß-Umstadt, Germany) FT/
IR-4100 equipped with an ATR-unit. Rheology experiments were
performed using an Anton Paar (Ostfildern, Germany) Physica MCR
301 utilizing a plate−plate geometry (diameter 25 mm). The
rheometer was equipped with a Peltier element. All polymer solutions
used for rheology were prepared just before the measurement and
were kept in the fridge at approximately 8 °C. At the beginning of
every measurement, the sample was allowed to equilibrate at 5 °C for
5 min. Then the temperature was raised linearly with 0.66 K/min from
5 °C up to 50 °C. The used frequency was 1 Hz and the strain 3%.

Dynamic viscosity was measured on an Anton Paar (Graz, Austria)
Microviscometer LOVIS 2000 M using capillary LOVIS 1.8 equipped
with a steel ball (Mat. No. 73109, diameter 1.5 mm, steel 1.4125).
Prior to this, density was determined using an Anton Paar (Graz,
Austria) Density Meter DMA 4100 M. Dialysis was performed using
Spectra/Por membranes with a molecular weight cutoff (MWCO) of 1
and 4 kDa obtained from neoLab (Heidelberg, Germany).

The SANS measurements were performed at the KWS-1 instrument
at the Jülich Centre for Neutron Science (JCNS) at Heinz Maier-
Leibnitz Zentrum (MLZ) in Garching, Germany.52 In all cases, a
wavelength of λ = 7 Å was used. The sample detector distances (SDD)
of 1.61, 7.61, and 19.61 m were used to cover the complete q range

( π λ=
θ( )q 4 sin /
2

is the momentum transfer with θ the scattering

angle). The wavelength resolution was set to Δλ/λ = 10%.
In KWS-1, the detector is a 6Li-glass detector with an active area of

60 × 60 cm2. The exposure times were 5, 15, and 35 min for the SDDs
of 1.61, 7.61, and 19.61 m, respectively. The sample was poured into a
Hellma cuvette with a path length of 1 mm. This cuvette was placed
into a temperature controlled oven. Dark current correction was
carried out using boron carbide. The scattering of the empty cell was
subtracted from the sample scattering, taking the transmissions into
account. Poly(methyl methacrylate) was used to bring the data to
absolute scale and to determine the detector sensitivity. The resulting
intensities were azimuthally averaged. Good agreement was found in
the overlap regions of the curves measured at different SDDs. All data
reduction steps were performed with the software QtiKWS provided
by JCNS. Subsequent data treatment was carried out with the NIST
NCNR SANS package for IGOR Pro53 and procedures written by the
authors.

Synthetic Procedures. Monomer Synthesis. The monomer
nPrOzi was synthesized by an adapted standard procedure.54

Zincacetate dihydrate (catalyst) was dissolved in butyronitrile and 3-
amino-1-propanol was added dropwise at room temperature. The
reaction mixture was stirred under reflux conditions for at least 24 h.
Progression of the reaction was monitored by IR-spectroscopy. After
total nitrile consumption, the monomer was purified by fractional
distillation under inert argon atmosphere at 10 mbar and 40 °C to
obtain a clear colorless liquid (yield: 303.09 g, 42.1%). 1H NMR (300
MHz, δ in ppm, CDCl3): 4.09 (t, J = 5.5 Hz, 2H; CH2O), 3.31 (t, J =
5.9 Hz, 2H; CH2N), 2.05 (t, J = 7.8 Hz, 2H; OCCH2−CH2), 1.80
(quintet, J = 5.7 Hz, 2H; OCH2CH2), 1.53 (sextet, J = 7.4 Hz, 2H;
CCH2CH2), 0.89 (t, J = 7.4 Hz, 3H; CH3).

Polymerizations. The polymerizations and workup procedures
were carried out following a general procedure based on previous
reports.29,55 Exemplarily, the preparation of methyl-P[nPrOzi50-b-
MeOx50]-piperidine-4-carboxylic acid ethyl ester (50_A) was
performed as follows. (Scheme S1) Under dry and inert conditions
(glovebox), 276 mg (1.68 mmol, 1 equiv) MeOTf and 10.7 g (84.1
mmol, 50 equiv) of nPrOzi were added to 17.4 mL dry PhCN in a
flame-dried flask at room temperature and polymerized at 120 °C for 4
h. The full monomer conversion was verified by IR-spectroscopy
before addition of the monomer for the second block. The mixture
was cooled to room temperature, and 7.15 g MeOx (84.0 mmol, 50
equiv) dissolved in 21 mL dry PhCN was added. After stirring at 100
°C for 4 h, the mixture was cooled to 0 °C and 850 mg (5.41 mmol,
3.2 equiv) ethyl isonipecotate were added and the mixture was stirred
overnight at 40 °C. After cooling to room temperature, potassium
carbonate (232 mg, 1.68 mmol, 1 equiv) were added and the mixture
was stirred for 5 h. The solvent was removed at reduced pressure from
the supernatant after centrifugation and the flask was placed in a
vacuum drying oven at 40 °C and 20 mbar for 2 days. The product was
dissolved in deionized water, dialyzed overnight using a membrane
with a MWCO of 4kD and freeze-dried (yield: 14.3 g, 79%).

Cell Culture. Murine NIH 3T3 fibroblasts (ATCC-Number CRL-
1658, ATCC, Manassas, VA) were maintained in 100 mm culture
dishes in growth medium (DMEM containing 10% heat inactivated
FBS, 100 U/mL penicillin G and 100 μg/μL streptomycin) at 37 °C
and 5% CO2.
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Cell Viability. The lyophilized polymer was dissolved in growth
medium at 30 wt %. 20 000 NIH 3T3 fibroblasts dispersed in media
were incorporated into the polymer stock-solution by gentile mixing
with an Eppendorf pipet on ice to yield a 100 μL solution, in which the
final polymer concentration was 25 wt %. The solution was
subsequently added to one well of a preheated (37 °C) 8-well
LabTek chambers slide. After incubation for 24 h at 37 °C and 5%
CO2, cells were suspended with ice-cold PBS and equally divided in
two parts for staining with either 0.01 μg/100 cells FDA or 0.003 μg/
100 cells PI dissolved in PBS for 3 min at room temperature as
described before.56 FDA as nonfluorescent substrate is a viability
marker for enzymatic activity and cell-membrane integrity after active
conversion to fluorescein (λex= 492 nm λem= 517 nm) by intracellular
esterases in living cells. By contrast, PI (λex= 540 nm λem= 608 nm)
does not penetrate intact membranes and intercalates stoichiometri-
cally with nucleic acids in dead cells.57−59 The cells were subsequently
analyzed by flow cytometry on a FACS Calibur system. For detection,
a 488 nm laser was chosen with the emission channel FL2 (585 nm/ ±
21 nm) for PI or the emission channel FL1 (530 nm/ ± 15 nm) for
FDA, respectively. A total number of 5000 events were counted with
BD CellQuest Pro, and the geometric mean fluorescence intensity was
determined for each condition using Flowing Software (version 2.5.1;
Turku Bioimaging).
Distribution of NIH-3T3 Cells. To visualize cells within the

thermoreversible gel, the cell pellet of NIH 3T3 fibroblasts was
FDA-stained and 20000 cells were incorporated into a 25 wt %
polymer solution and added into 37 °C preheated 8-well LabTek
chambers slides as described above. FDA stained cells were
subsequently analyzed with a Zeiss Observer Z1 epi-fluorescence
microscope (Zeiss, Oberkochen, Germany) equipped with a 37 °C
incubation chamber. 3D stacks with 1 μm z-stack intervals were taken.
Acquired 3D stacks were analyzed with the ZEN Imaging Software
(Zeiss, Oberkochen, Germany).

WST-1 Proliferation Assay. 2000 NIH 3T3 fibroblasts were seeded
in growth medium in a 96-well-format and incubated overnight at 37
°C and 5% CO2. Dilution concentrations of the 30 wt % polymer stock
solution were prepared (final polymer concentrations: 10, 5, 1, and
0.02 wt %) in growth medium on ice and added to the cells. Cell
growth was stimulated for 48 h at 37 °C and 5% CO2. Before analysis,
the cell medium was carefully exchanged and replaced by fresh growth
medium. The cells were incubated with WST-1 for 3 h at 37 °C
according to the manufacturer’s instructions. The absorbance of the
soluble formazan product was determined at 570 nm using a
Spectramax 250 microplate reader from Molecular Devices (Sunny-
vale, CA).

3D Bioprinting and Bioink Preparation. For printing a 3D
bioprinter (3DDiscovery, regenHU, Switzerland) working on the
principle of an extrusion-based printer was used. It was equipped with
a pneumatic driven print head (syringe dispenser, DD-135N) and a
0.25 mm inner diameter precision needle (precision tip, Nordson
EFD, Germany) was used as nozzle. The pressure was set to 1.2 bar
and a print speed of 20 mm/min was applied for printing. Printing was
performed at room temperature. In the case of cell-laden inks, the NIH
3T3 fibroblasts were stained with Hoechst and FDA (as described for
the cell viability tests) and gently mixed with the cold 100_B 20 wt %
gel at 4 °C). A final concentration of 1.0 million cells/mL was
prepared and the ink was transferred to a 3 cm3 barrel (Nordson EFD,
Germany). The barrel was placed in an incubator at 37 °C to prevent
sedimentation of cells. Before printing, the ink was cooled to room
temperature and processed.

Confocal Laser Scanning Microscopy of Printed Constructs. The
stained and printed cell-laden constructs were analyzed with a confocal
laser scanning microscope (TCS SP8, Leica, Germany). The
motorized stage in combination with the LASX software enabled 3D
reconstruction of the constructs via tiles and z-stacks.

Figure 1. (a) Chemical structure of the investigated polymer, (b) GPC traces of the block copolymers with n = 50, (c) GPC traces of the block
copolymers with n = 100, (d) temperature-dependent rheology of block copolymers with n = 50 with storage modulus (G′) and loss modulus (G″)
(20 wt %), and (e) temperature-dependent rheology of block copolymers with n = 100 with storage modulus (G′) and loss modulus (G″) (20 wt %).
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Quantification of Cell Survival. To quantify whether cells survive
the printing process, cell-loaded bioinks were prepared, stained, and
dispensed as described in the 3D Bioprinting and Bioink Preparation
section. Instead of printing constructs, the material leaving the nozzle
was collected in 24-well plates. The same settings as for printing were
applied (0.25 mm needle, 1.2 bar). Afterward, the polymer was
dissolved, and the viability was analyzed by FACS as described above.

■ RESULTS AND DISCUSSION

We synthesized a POzi-b-POx block copolymer comprising a
thermoresponsive POzi block (from nPrOzi, lower critical
solution temperature (LCST) approximately 12 °C18) and a
hydrophilic POx block (MeOx) (Figure 1a).
As we were preparing a highly concentrated aqueous polymer

solution for freeze-drying, we noticed that this solution, while
liquid at 4 °C, solidified at the elevated temperature (>25 °C)
in our laboratory. To the best of our knowledge, this is the first
case of thermogelling polymers comprising solely poly(cyclic
imino ethers). During the course of this study, we synthesized
several batches (50_A−50_E) of poly(nPrOzi)-b-poly(MeOx)
with a degree of polymerization of 50 for each block. These
polymers were analyzed using 1H NMR and GPC (Table 1).

The elugrams obtained by GPC (Figure 1b) appear, with the
exception of the first batch, 50_A, essentially monomodal with
only minor tailing to lower molar masses. Batch 50_A exhibits a
significant shoulder at higher molar masses, and, accordingly,
dispersity is highest in this sample (Đ = 1.49). NMR spectra
were in good agreement with the targeted polymer composition
(Figure S1, Table 1).
Additionally, we wanted to investigate the influence of the

chain length on the physicochemical properties of these novel
block copolymers. Therefore, four batches (100_A−100_D)
with a degree of polymerization of 100 for each block were
synthesized and analyzed (Figure S1, Table 1). GPC-elugrams
(Figure 1c) also appear essentially monomodal with only minor
tailing to lower molar masses.
Rheological properties of aqueous solutions were inves-

tigated of 50_A (20 wt %) in dependence of the temperature
(Figure 1d) in the linear viscoelastic range (Figure S2). A
relatively sharp sol−gel transition at approximately 27 °C was
observed. It is noteworthy that G′ increases by 4 orders of
magnitude within a narrow temperature window. Notably, G″
starts to increase at much lower temperature than G′
(approximately 13 °C), which corresponds with the TCP of

PnPrOzi as homopolymer.18 After gelation, G′ reaches a
plateau at about 4 kPa. Therefore, these gels are surprisingly
strong compared to many other thermogelling polymers, for
which values <1 kPa are more commonly found in the
literature.60,61 A prominent exception are hydrogels of F127 at
20 wt % (approximately 10 kPa).62 Increasing the chain length
to 100 monomer units for each block does not significantly
influence the values of G′, which remain around 4 kPa in the gel
condition (Figure 1e). However, G″ with values around 0.2 kPa
is lower compared to all samples comprising only 50 monomer
units of each block (0.7 kPa−1.2 kPa). Consequently, the
damping factor is lower, which indicates that the elastic
character is more pronounced for polymers 100_A−100_D.
Moreover, a distinct decrease of the gelation temperature to 17
°C for 100_D and 20 °C for 100_C is observed.
Comparing the different batches, we found that at 20 wt %

only 50_A, 50_B, and 50_E formed gels with a more elastic
character (G″/G′ = tan δ ≈ 0.2). In contrast, even though
50_C and 50_D formed gels as evidenced by G′ > G″, these are
more viscous in character (tan δ ≈ 1; G′ < 0.1 kPa). This was
surprising as all batches, in particular 50_B−50_E, appeared
very similar from NMR and GPC analysis. 50_C and 50_D
only showed a somewhat more pronounced low-molecular
tailing in the GPC elugrams (Figure 1b). Comparing all batches
with respect to GPC elugrams and rheology, molar mass
appeared to be a dominant factor for G′ of the resulting gels.
While a higher molar mass did not negatively influence G′
(50_A), even a slightly higher content of lower molar mass
components resulted in the formation of significantly weaker
gels (50_C and 50_D). This data underlines the importance of
studying batch-to-batch variations in the context of biomaterials
research.63

Based on this rheological characterization, we hypothesized
polymers 50_A, 50_B, 50_E, and 100_A−100_D to appear
suitable for bioprinting. Thus, we investigated shear thinning
for 50_B and 100_B at 20 wt % and 37 °C, a crucial bioink
parameter.64 The viscosity decreased from 4 kPa*s and 12
kPa*s, respectively, to 1 Pa*s with increasing shear rate from
0.01 s−1 to 100 s−1 (Figure 2a).
Moreover, we measured temperature- and concentration-

dependent viscosity of aqueous solutions of 50_B (Figure 2b).
Below the Tcp of PnPrOzi, a transparent solution of relatively
low viscosity was observed at all concentrations. Interestingly,
at 5 wt % and above Tcp of nPrOzi, the solution became turbid,
which was also observed for the longer block copolymers
(100_series). The viscosity remained very low and decreased
monotonously with temperature (Figure 2b). By contrast, in
the case of 50_series, between approximately 10 and 20 wt %,
the solutions remained clear and liquid over the entire
temperature range investigated (5−50 °C), while the
100_series turned turbid (Figure 2c). The increase of viscosity
started consistently around Tcp while the maximum of the
viscosity goes through a plateau, the maximum of which shifts
to higher temperatures with increasing polymer concentration.
At concentrations of 20 wt % and above, the solutions of all
presented polymers gel (Figure 1d, Figure 2c). In this behavior
these thermogelling polymers are quite distinct from F127 and
P123, which also form gels at elevated temperature and/or
concentration and are commonly used for gel plotting in
biofabrication.6 Important for the prospective use as injectable
hydrogel or as bioink, the viscosity of our material is relatively
low at low temperature, in particular compared to the viscosity
of Pluronic block copolymers (compare 700 mPa*s (F127) vs 7

Table 1. Degree of Polymerization (DP) and Molar Masses
(kg/mol) obtained by NMR and GPC of 50_A−50_E and
100_A−100_D

DP theo DP expa
MN
theo MN

a MN
b MW

b
Đ
b

50_A 52/52 42/44 11.2 9.3 10.0 14.9 1.49

50_B 50/50 57/55 10.8 12.0 7.3 8.5 1.17

50_C 50/50 51/51 10.8 10.9 6.3 8.1 1.29

50_D 50/58 55/50 11.5 11.2 6.4 8.2 1.28

50_E 51/49 44/45 10.8 9.6 6.5 7.8 1.22

100_A 98/97 93/94* 20.9 20.0 9.3 12.2 1.31

100_B 99/100 94/94 21.3 20.1 10.1 13.4 1.34

100_C 100/99 88/98 21.3 20.1 10.4 14.3 1.38

100_D 75/97 77/105 18.9 20.1 9.9 12.2 1.24
aDetermined by end-group analysis (1H NMR spectroscopy in
MeOD-d4 or CDCl3* (300 MHz, 298 K)). bDetermined from GPC
in DMF with LiBr (1 g/L) at 313 K.
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mPa*s (50_B) at 10 wt % and 10 °C). Even at 30 wt %, a
solution of 50_B at 10 °C has a lower viscosity (approximately
half) than a 10 wt % solution of F127 (Figure 2b), which does
not form a gel at this concentration.
Trying to simulate the large shear deformation during the

printing process, we investigated shear recovery of 50_B
(Figure 2d) and 100_B (Figure 2e) at 37 °C using an
oscillatory approach with an angular frequency of 10 rad/s. In
detail, we first applied a low amplitude strain of 0.5% for 150 s
followed by a large amplitude strain of 150% for 150 s. The
storage modulus of 50_B (Figure 2d) drops from 3.6 kPa to
3.85 Pa. Upon returning to the low amplitude strain, the sample
recovered immediately to essentially prestrain values. Sub-
sequently, G′ increased further to about 125% (within 600 s) of
the initial value (4.5 kPa), which may indicate a ripening of the
network over time. Similarly, the storage modulus of 100_B
(Figure 2e) drops from 4.1 kPa to 147 Pa. Again, at low
amplitude strain, G′ recovered immediately to essentially initial
values. In addition, structure-recovery of 100_B at 23 °C
(Figure 2f) was examined using a rotational measurement.
Applying a high shear rate of 100 s−1 results in viscosity values
of 1.5 Pa·s. Immediately after decreasing the shear rate to 0.5
s−1, the viscosity increased within seconds to 240 Pa·s, which

shows rapid recovery of the investigated hydrogel after high
shear. This result corroborates the results from the shear-
thinning experiment conducted at 37 °C (Figure 2a). In
summary, the rheological properties of the polymer show two
aspects that are interesting for bioinks: pronounced isothermal
shear-thinning and rapid recovery after shear stress.
As previously remarked, the viscosity profile of our polymers

was different compared to Pluronic F127 and others as
reported in the literature. This is likely to be linked to the
structure of polymer self-assemblies in water. For many, if not
most thermogelling polymers, the gelation is explained through
an aggregation of spherical micelles into a cubic lattice. We
studied one of our hydrogels (50_A, 20 wt %) using SANS
(Figure 3a).
We chose to use SANS as it offers a good contrast between

solvent and polymer (SLD polymer: 0.834 × 10−6 Å−2; SLD
D2O: 6.393 × 10−6 Å−2), while there is very little contrast in the
case of X-ray scattering (SLD polymer 9.58 × 10−6 Å−2 ; SLD
H2O: 9.46 × 10−6 Å−2). Between the single blocks there is also
insufficient contrast to allow a detailed analysis (SLD nPrOzi:
0.346 × 10−6 Å−2; SLD MeOx: 0.757 × 10−6 Å−2). This
shortcoming may be alleviated in future experiments where one

Figure 2. (a) Flow curve of 50_B and 100_B at 37 °C, (b) temperature- and concentration-dependent viscosity of 50_B at various concentrations
compared with F127 at 10 wt %, (c) photographs of 100_ B at different concentrations and temperature, (d,e) shear recovery at 37 °C and 10 rad/s
(20 wt %) of 50_B and 100_B (low strain: 0,5%, high strain: 150%), and (f) structure recovery at 23 °C with viscosity (black curve) and applied
shear rate (blue curve).
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of the two blocks can be deuterated to improve contrast
conditions.
For all temperatures, we observed a peak around q = 0.03

Å−1 with a plateau before the peak and a sharp decay afterward.
We were unable to fit this data assuming a cubic lattice of
spherical micelles, unless employing a dispersity of 1, which
appears to be physically nonsensical (Figure S4).13 Instead, we
tested a model of a bicontinuous sponge-like structure as
described by Teubner et al.65 The expression they found is
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+ +
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where d is the characteristic domain size (periodicity).

This model allowed us to fit the SANS data very well (Figure
3b, Figure S3) and yielded characteristic domain sizes and
correlation lengths between 50 and 350 Å, depending on the
temperature (Figure 3c). Important to note, the correlation
length is a cutoff length, above which correlations are no longer
noticeable in the system. At higher temperatures, an increase in
the domain size as well as in the correlation length was
observed, the latter eventually exceeding the former (at
approximately 18 °C, Figure 3c). As this is well below the
gelation temperature of this particular system, the correlation
length apparently needs to exceed the characteristic distance
considerably for a macroscopic rheological response from the
system to occur. At temperatures just below 30 °C, the increase
of the correlation length levels off, which coincides with
macroscopic gelation observed at ≈27 °C (Figure 1d). Both
SANS and rheology confirmed that the structure of our
hydrogels was very distinct from the commonly used Pluronic
gels and may open up new avenues for their use as biomaterials,
even though more detailed investigations seem warranted.
The shoulder that becomes visible at temperatures of 28 °C

and above at approximately q = 0.06 Å−1 is indicative of an
additional phase besides the bicontinuous hydrogel in the
sample. Unfortunately, as the features of that curve are hidden
by the predominant scattering of the bicontinuous phase, only
rough estimates concerning the properties of that phase are
possible. Fits with a superposition of spherical particles together

Figure 3. (a) SANS scattering data, (b) representative fits for a bicontinuous sponge-like structure for lowest (at 6.9 °C, dots) and highest (39.7 °C,
triangles) temperature, and (c) resulting correlation length ξ (empty triangles) and characteristic domain size d (circles) of 50_B. Please note, the
SANS scattering data at 39.7 °C and its respective fit was y-shifted using ×64 for better visibility.
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with the form factor described in eq 1 were attempted but
proved to be extremely unstable as probably the region of the
primary maximum is dominated by the bicontinuous peak.
Using the scaling constant C from eq 1, the volume fraction of
the bicontinuous gel could be estimated to be 87.5 ± 2% at 42
°C. Assuming a spherical particle and supposing this maximum
is the first maximum of a corresponding scattering curve the
volume fraction of this secondary phase of particles is on the
order of 1% (1% scattering contribution to the main maximum
of the curve). A gauss fit to find the maximum of the shoulder
rendered q = 0.057 Å−1 at 42 °C, which, with the assumption of
being the first maximum, renders a radius of approximately 100
Å. Due to the previously described limitations imposed by the
low volume fraction, we did not perform a more detailed
analysis of this phase, as any free running fit rendered

unphysical results. Also the position of the peak in the flank
of the main peak makes the exact positioning a function of the
respective intensities and therefore extremely imprecise, given
the unequal distribution of relative intensity.
Comparing these data with previously published material of

comparable systems, it is possible to hypothesize that the
additional structure giving rise to the additional peak can
actually be part of a larger lattice as described by Angelov et
al.;66 however, the experimental data are not conclusive in
either direction as the scattering contribution is too weak for
detailed analysis. The possibility of layer formation and thus the
resulting Bragg peaks as described by Angelov at al.67,68 and
Angelova et al.69 was considered; however, the resulting fits did
not describe the data as accurately as the bicontinuous model.
Any further structure analysis of the present hydrogels will

Figure 4. (a) Cell viability of NIH 3T3 fibroblasts and (b) z-stack image of FDA stained cells after incorporation into the bioink (25 wt %) after 24 h
at 37 °C of 50_B. The total volume in panel b comprises 559.54 μm (x) × 419.25 (y) μm × 355 μm (z) with 1 μm z-interval.

Figure 5. (a) Light microscope image of a printed constructs composed of orthogonal stacks of hydrogel strands with a base area of 12 × 12 mm2

and a strand-center to strand-center distance of 3 mm, (b) cell-loaded constructs, (c) detailed view showing cell nucleus stained with Hoechst dye
(top left), FDA stained cells (top right), and an overlay image (bottom left), and (d) results of FACS analysis on the influence of the printing process
on the viability of NIH 3T3 fibroblasts. While the untreated control represents cells in medium, the control represents cells that were redispersed in
the bioink but not printed.
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require more experiments, which are currently being planned.
However, such detailed SANS analysis, possibly in combination
with small-angle X-ray scattering, is outside the scope of the
present contribution.
POx have been often described as biocompatible,28−30,70−74

while corresponding reports regarding the cyto- or biocompat-
ibility of poly(2-oxazine)s could not be found. We investigated
nongelling concentrations of up to 100 g/L and found no
marked dose-dependent cytotoxicity in murine NIH 3T3
fibroblasts (Figure S5). This is remarkable, as Schubert and
co-workers found cytotoxicity well below this concentration for
POx homopolymers.34,74 At even higher concentrations, the
polymer solutions undergo gelation below 37 °C, also in cell
culture media. Therefore, cells were suspended in cell culture
media supplemented with 25 wt % 50_B and incubated for 24 h
at 37 °C. Subsequently, the temperature was reduced, which
resulted into gel liquefaction, and the cells were easily retrieved
for analysis via flow cytometry. Also under these conditions, the
polymers/gels exhibited very good cytocompatibility. Although
a small fraction (11.2 ± 3.2%) was positive for PI staining
(Figure 4a and Figure S6a), the vast majority (87.1 ± 2.9%) of
cells were metabolically active (Figure 4a and Figure S6b). A
particularly attractive feature of the new bioink is that cells did
not sediment as evidenced by a z-stack analysis of the cell
loaded hydrogel (Figure 4b). Important to note, at this point,
the bioink does not contain bioinstructive cues such as peptide
or sugar moieties or chemical cross-links; however, these can
easily be introduced using the rich polymer analogue
modifications available for POx and POzi.39,55,75,76

Due to its shear thinning properties and its recovery
behavior, our hydrogels seemed suitable for printing via
extrusion-based bioprinting. To be able to work at room
temperature without risking ink liquefaction, we conducted our
first experiments using a 20 wt % concentration of batch
100_B. The pronounced shear thinning of the material enabled
processing it at room temperature with a pressure of 1.2 bar
using 0.25 mm inner diameter needles. With these settings, it
was possible to generate defined constructs composed of
orthogonal stacks of hydrogel strands with a base area of 12 ×

12 mm2 and a strand-center to strand-center distance of 3 mm
(Figure 5a).
Furthermore, by mixing 1.0 million/mL NIH-3T3 fibroblasts

into this ink, cell-loaded constructs could be generated (Figure
5b). The cells did not influence the printability of the material,
and the same setting as for cell-free inks could be applied to
process the bioinks. The cell distribution within the constructs
was homogeneous throughout the entire constructs (Figure 5c,
Video S1 and Video S2). The homogeneous cell distribution
was facilitated due to the thermoresponsive properties of the
material. At low temperatures (ice bath), the ink has a very low
viscosity and cells are readily distributed within the material via
repeated mixing by pipetting. Once taken off the ice, the
immediate, temperature-driven viscosity increase preserved the
homogeneous cell distribution within the ink until the material
was dispensed. As noted by Malda et al., it can be challenging to
homogeneously distribute cells in highly viscous bioinks due to
various issues (air bubbles, difficult pipetting/handling).77 To
analyze whether dispensing had a negative effect on cell
viability, NIH-3T3 cells included in biofabricated scaffolds were
further investigated via flow cytometry (Figure 5d). This
revealed similar levels of cytocompatibility (91.5% ± 0.8%)
compared to cells incorporated into the material without
further processing (92.8% ± 1.7%) and untreated control cells

(98.9% ± 0.18%). Therefore, the printing process seems to
have no effect on the cell viability when using our bioink.

■ CONCLUSION

In summary, we report on a series of thermogelling synthetic
block copolymers comprising hydrophilic PMeOx and
thermoresponsive PnPrOzi as excellent bioink candidates.
The material is highly cytocompatible, and yields stable
hydrogels with unusually high mechanical strength (G′ ≈ 4
kPa) for a thermogelling material. At the same time, this
material exhibits an unusual temperature−viscosity profile and
pronounced shear thinning. SANS analysis revealed an unusual
bicontinuous sponge-like structure. The formed hydrogels are
optically clear, making them ideally accessible for light
microscopy. In particular, in biofabrication, thermoresponsive
gels are currently heavily investigated, but new materials that
allow the tuning of the response temperature and the
rheological properties are urgently needed. We found that
our bioink was readily loaded with cells and subsequently
printed with no negative effects upon the cell viability.
Considering the rich chemistry available for POx and POzi,
this contribution opens many new avenues for further basic and
applied research.
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Although not further discussed in the context of drug-loaded hydrogels, another thermogelling 

polymer was discovered during the formulation studies using 18 different triblock copolymers. 

Interestingly, the copolymer with a modestly hydrophobic poly(2-iso-butyl-2-oxazoline) core was 

(by visual inspection) the only triblock copolymer exhibiting pronounced thermogelling 

properties. In contrast to the above discussed diblock copolymer, mechanical strength after 

gelation was lower with maximum 1 kPa and shear recovery from high strain deformations (shear 

thinning) to full strength took approximately 2 min, even though return to the gel state appeared 

immediate. Again, cytocompatibility for Calu-3 human lung adenocarcinoma and human 

embryonic kidney HEK293 cells was excellent even at highest investigated polymer concentrations 

of 10 wt.% (liquid state). Preliminary printing experiments showed reasonably good shape 

integrity up to strand distances of 1 mm (smaller distances caused merging of the individual 

strands). Although shape fidelity of a two-layer printed construct was reasonably good, merging 

of the construct occurred at 4-layers, inhibiting 3D printing at that point. Nevertheless, it is 

interesting how minute changes in the chemical structure of the hydrophobic block not only affect 

formulation, but also gelation properties. This becomes evident by the negligible-thermogelling 

behavior of the structural isomers comprising a poly(2-n-butyl-2-oxazoline) or a poly(2-n-propyl-

2-oxazine) core, as discussed in the following publication.  
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Abstract: The synthesis and characterization of an ABA triblock copolymer based on
hydrophilic poly(2-methyl-2-oxazoline) (pMeOx) blocks A and a modestly hydrophobic
poly(2-iso-butyl-2-oxazoline) (piBuOx) block B is described. Aqueous polymer solutions were prepared
at different concentrations (1–20 wt %) and their thermogelling capability using visual observation
was investigated at different temperatures ranging from 5 to 80 ◦C. As only a 20 wt % solution was
found to undergo thermogelation, this concentration was investigated in more detail regarding its
temperature-dependent viscoelastic profile utilizing various modes (strain or temperature sweep).
The prepared hydrogels from this particular ABA triblock copolymer have interesting rheological
and viscoelastic properties, such as reversible thermogelling and shear thinning, and may be used as
bioink, which was supported by its very low cytotoxicity and initial printing experiments using the
hydrogels. However, the soft character and low yield stress of the gels do not allow real 3D printing
at this point.

Keywords: amphiphilic block copolymer; poly(2-oxazoline); viscoelasticity; thermoresponsive
hydrogel; cytocompatibility

1. Introduction

Thermoresponsive polymers are a type of “smart” material which change their appearance and
physical properties upon a change in temperature [1]. Such materials can serve as functional
biomaterials, for example, as bioinks [2]. The thermoresponsive character can manifest in
various manners. First and most commonly, at a critical temperature, a clear polymer solution
may become turbid as the polymer forms mesoglobules with strongly increased light scattering.
This temperature is called the “cloud point”, and it may depend on the solvent quality and
polymer concentration. The lowest cloud point with respect to the polymer concentration is
called the lower critical solution temperature (LCST) and is often accompanied by a decrease in
viscosity. This phenomenon is typically reversible but may show some hysteresis [3–6]. Second,
thermoresponsive polymer solutions may undergo thermogelling, which can be described as a
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significant change in agglomeration/aggregation and which significantly increases the viscosity upon
thermal stimulation [7–9]. In most cases, the transition from solution to gel takes place when the
temperature increases [10–12]; however, there are also materials which show a gel-to-solution transition
with increasing temperature, called “inverse gelation” [13]. One very prominent thermogelling
polymer is Pluronic®F127, an ABA triblock copolymer bearing hydrophilic poly(ethylene glycol)
as the A blocks and thermoresponsive poly(propylene glycol) as the B block. Another family of
polymers which has a rich and versatile thermoresponsive profile and has received a lot of attention
in recent years due to their applicability in various biomedical contexts are poly(2-oxazoline)s
(POx) [3,14–17] These structural isomers of polypeptides are accessible via living cationic ring-opening
polymerization (LCROP) of 5-membered cyclic imino ethers, the 2-oxazolines [18]. Besides the
use of POx in, e.g., protein/drug conjugates [14,19–25], non-covalent drug delivery systems [26–35],
and anti-fouling modifications/surfaces [36–42], a plethora of POx-based hydrogels as soft biomaterials
have been developed [43–46]. The emergence of the latter was supported by the low cytotoxicity/high
biocompatibility of POx-based hydrogels [43], enabling their application as, e.g., bioink [46].

In a recent study [47], a small library of POx-based ABA triblock copolymers were synthesized
based on 2-n-propyl-2-oxazoline and 2-methyl-2-oxazoline with the aim to mimic the behavior of
Pluronic®F127. However, these polymers did not show any gelation, even at higher concentration
(20–30 wt %) even though the materials exhibit cloud points depending on the ratio between individual
blocks. In contrast, Monnery and Hoogenboom very recently reported that a BAB triblock copolymer
with an inner block of poly(2-ethyl-2-oxazoline) and outer blocks of poly(2-n-propyl-2-oxazoline)
showed irreversible thermal gelation at 20 wt % upon heating if the central block showed an
extremely high degree of polymerization of 900 [48]. Contrary to this, diblock copolymers bearing
poly(2-n-propyl-2-oxazine) and poly(2-methyl-2-oxazoline) blocks showed reproducible thermal
gelation at concentrations above 20 wt % at much lower total degrees of polymerization [46].
The obtained storage modulus for this system, containing 100 monomeric units of each block,
was found to be 4 kPa.

Here, we investigated the viscoelastic properties of aqueous solutions of a POx-based, amphiphilic
ABA triblock copolymer comprising two hydrophilic poly(2-methyl-2-oxazoline) (pMeOx) blocks A and
a modestly hydrophobic poly(2-iso-butyl-2-oxazoline) (piBuOx) block B (A-piBuOx-A). A copolymer
with the same structure (but with slightly different chain lengths and a different end group) was
previously investigated as a drug-delivery system for non-water-soluble drugs such as taxanes [49],
curcumin, efavirenz, and others [50]. However, in this study, thermogelling behavior was not observed.

2. Materials and Methods

2.1. Materials

All substances for the preparation of the polymer were purchased from Sigma-Aldrich (Steinheim,
Germany) or Acros (Geel, Belgium) and were used as received unless otherwise stated. The monomer
2-iso-butyl-2-oxazoline (iBuOx) was prepared as previously described [49]. Deuterated chloroform for
NMR analysis was obtained from Deutero GmbH (Kastellaun, Germany). The substances used for
polymerization, specifically methyl trifluoromethylsulfonate (MeOTf), 2-methyl-2-oxazoline (MeOx),
and 2-iso-butyl-2-oxazoline (iBuOx), were refluxed over CaH2, distilled, and stored under argon.
Benzonitrile (PhCN) was refluxed over phosphorus pentoxide, distilled, and stored under argon. For a
detailed description of iBuOx synthesis and characterization, the reader is referred to Figure S1 in the
supporting information.

2.2. Polymer Synthesis

The polymerization and work-up procedures were carried out as described previously [26].
For polymer synthesis and characterization, see Figures S2 and S3. Briefly, initiator was added
to a dried and nitrogen-flushed flask and dissolved in PhCN. The monomer 2-methyl-2-oxazoline
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(MeOx) was added, and the reaction mixture was heated to 100 ◦C for approximately 4 h. Reaction
progress and monomer consumption was controlled by FTIR and 1H-NMR spectroscopy. After
complete consumption of MeOx, the mixture was cooled to RT, and 2-iso-butyl-2-oxazoline was added.
The reaction mixture was heated to 100 ◦C overnight. The procedure was repeated for the third block,
MeOx, and after monomer consumption was confirmed, termination was carried out by addition of
1-tert-butyl piperazine 1-carboxylate (PipBoc) at 50 ◦C for 4 h. Subsequently, K2CO3 was added and
the mixture was stirred at 50 ◦C for 4 h. Precipitates were removed by centrifugation and the solvent
removed under reduced pressure. The supernatant was transferred into a dialysis bag (molecular
weight cut-off (MWCO) 1 kDa, cellulose acetate) and dialyzed against deionized water overnight.
The solution was recovered from the bag and lyophilized.

3. Methods

3.1. Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectra were recorded on a Fourier 300 (1H: 300.12 MHz), Bruker Biospin (Rheinstetten,
Germany) at 298 K. The spectra were calibrated to the signal of residual protonated solvent (CDCl3 at
7.26 ppm).

3.2. Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC) was performed on an Agilent 1260 Infinity System
(Polymer Standards Service (PSS), Mainz, Germany) with hexafluoroisopropanol (HFIP) containing
3 g/L potassium trifluoroacetate as eluent; precolumn: 50 × 8 mm PSS PFG linear M; two columns:
300 × 8 mm PSS PFG linear M (particle size 7 µm; pore size 0.1–1000 kg/mol). The columns were kept
at 40 ◦C and the flow rate was 0.7 mL/min. Prior to each measurement, samples were filtered through
0.2 µm PTFE filters (Roth, Karlsruhe, Germany). Conventional calibration was performed with PEG
standards (0.1–1000 kg/mol), and data were processed using WinGPC software.

3.3. Characterization of the Hydrogel

The polymer solution was prepared by dissolving A-piBuOx-A at 20 wt % in deionized water For
complete dissolution, the solution was shaken at 4 ◦C overnight.

3.4. Rheological Investigations

Rheological and viscoelastic properties were investigated using the Rheometer Physica MCR-301
(Anton Paar, Graz, Austria). Measurements were performed using a stainless steel parallel plate
geometry with 25 mm (PP 25) in diameter and a 300 µm gap between the upper and lower plates in
all investigations. For steady shear experiments, the control shear rate mode was used to investigate
the rheological behavior from 1 s−1 to 500 s−1, and 6 points per decade were used with a logarithmic
increase and at various temperatures (5 ◦C, 25 ◦C, and 37 ◦C). In order to investigate the reversibility
of the gelation created in the system upon elevated temperatures, the viscosity data were obtained
at a shear rate of 1 s−1, and a discrete, stepwise increase of temperatures from 5 ◦C to 25 ◦C to 37 ◦C
and back was performed three times. For equilibration, the system was given a one-minute waiting
time to reach the desired temperature for both the heating and cooling regimes. The steady shear
rheological data, namely, the dependence of the shear stress on the shear rate, were plotted using the
Vocadlo model shown in Equation (1) [51], and parameters of the model were calculated using a least
square method:
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where τ is the shear stress, K is the consistency index, n is the power law index [51] or flow index [52],
·

γ is the shear rate, and τ0 is the yield stress as a measure of the internal structural integrity developed
upon elevated temperature.

According to the literature, the Herschel–Bulkley (H-B) model is recommended for investigation
of the yield stress for hydrogel structures [52]. The H-B model is described in Equation (2), and the
parameters have the same meaning as was described for the Vocadlo model previously:

τ = τ0 + K·
·

γ
n
. (2)

For the investigation of the viscoelastic properties, all measurements were performed in the linear
viscoelastic range (LVR). This range was obtained from the amplitude sweep where the storage G′

and loss moduli G” were measured against the strain deformation from 0.01% to 10% for A-piBuOx-A
at 5 ◦C and from 0.01% to 100% at 25 ◦C and 37 ◦C. From these experiments, the yield stress was
also determined by plotting the dependency of storage G′ and loss moduli G” on the applied shear
stress. The onset of G′ decrease was defined as the yield point. Then, the frequency sweep from 0.1 Hz
up to 100 Hz was measured at the obtained deformation from LVR, namely 2% for 5 ◦C, 0.2% for
25 ◦C, and 0.3% for 37 ◦C. Moreover, the viscoelastic behavior was investigated at 25 ◦C and 37 ◦C
at a frequency of 1 Hz, and deformations were alternated from 0.1% to 10%. Here, five cycles were
measured. This measurement was not performed at 5 ◦C due to the liquid-like behaviour of the
sample; thus, just small differences would be expected due to the nearly Newtonian behavior. Finally,
the temperature sweep from 5 ◦C to 45 ◦C was measured at a strain of 1% and a frequency of 1 Hz in
order to prove the reversible sol-gel transition upon temperature sweep measurement.

3.5. Microscopic Investigations

Microscopic examination was performed on a Crossbeam 340 scanning electron microscope (Zeiss,
Oberkochen, Germany). Aqueous polymer solution (20 wt %) was heated to 40 ◦C (gel state), shock
frozen in liquid nitrogen, and freeze-dried. Prior to the measurement, the freeze-dried sample was
sputter coated with 20 Å of platinum using an EM ACE 600 sputter coater (Leica, Wetzlar, Germany).

3.6. Printing

Hydrogel scaffolds of a 20 wt % aqueous solution were printed at 30 ◦C using a compact bench-top
3D bioprinter (Incredible, Cellink, Gothenburg, Sweden) working on the principle of a pneumatic
extrusion-based printer. The printing speed was set to 600 mm/min, and a pressure of 50 kPa was
applied using a 0.2 mm (27 GA) diameter nozzle (8 mm length) (Nordson EFD, Oberhaching, Germany).
First, the printability was established by printing one layer with different strand distances varying
over 0.75 mm, 1 mm, 1.25 mm, and 1.5 mm. Two- and four-layered constructs of 12 × 12 mm with four
strands and a layer height of 0.3 mm were printed.

3.7. Cell Culture

Human embryonic kidney HEK293 cells (HEK-BlueTM IFN-α/β, Invivogen) were cultured in
growth medium (DMEM 10% fetal calf serum (FCS), 100 U/mL penicillin G, and 100µg/mL streptomycin)
on 25 cm2 culture flasks at 37 ◦C and 5% CO2. Calu-3 cells (human lung adenocarcinoma, ATCC
HTB-55) were maintained in growth medium (MEM 10% FCS, 100 U/mL penicillin G, 100 µg/mL
streptomycin, 1% non-essential amino acids (NEA), 1 mM pyruvate, 2 mM glutamine, and 2.88 g/L
glucose) at 37 ◦C and 5% CO2.

3.8. WST-1 Proliferation Assay

For the measurement of the cytotoxicity of the polymer, 5000 cells/well of both Calu-3 and HEK
cells were seeded in 96-well plates in growth medium and incubated at 37 ◦C and 5% CO2 for 24 h
and 48 h, respectively. Final polymer concentrations of 10%, 5%, 1%, and 0.1% were prepared from a
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stock solution (20 wt %) in growth medium on ice and added to the cells. After 24 h of cell growth,
the medium was removed and replaced by fresh cell culture medium. Cells were incubated with WST-1
reagent for 1–4 h at 37 ◦C according to the manufacturer′s manual. The formation of formazan was
monitored at 450 and 630 nm using a Spectramax 250 microplate reader (Molecular Devices, San Jose,
CA, USA). Results were normalized using cells incubated with polymer-free cell culture medium.

4. Results and Discussions

Previously, A-piBuOx-A was utilized for the solubilization of hydrophobic molecules at a
concentration of 10 g/L. Its critical micelle concentration, however, lies much lower, at around 12
mg/L [50]. Inspired by the ongoing search for novel bioinks for utilization in biofabrication [53]
and by our previous work on thermoresponsive di- and triblocks based on poly(2-oxazoline)s and
poly(2-oxazine)s [46,47], we tested the visual appearance of higher concentrations of aqueous solutions
of A-piBuOx-A up to 20 wt % (Figure 1) at different temperatures ranging from 5 ◦C to 80 ◦C. At all
concentrations and temperatures, the solutions were turbid, more so with increasing concentration,
indicating the presence of larger self-assemblies or mesoglobules scattering light. At 5 ◦C, all samples
were clearly liquids of rather low viscosity that flowed freely. At higher temperatures, the viscosity of
the 20 wt % solution visibly increased until a turbid gel was formed at 20 ◦C. The visual impression
remained unchanged for all samples up to 80 ◦C. It is important to note that neither of the blocks of the
triblock copolymer exhibited an LCST at around 20 ◦C. While piBuOx is essentially water-insoluble
even at around 0 ◦C, pMeOx is excellently water-soluble even at temperatures approaching 100 ◦C.
Therefore, the gelation cannot be attributed to an LCST of either block, but is a property of the triblock,
similar to the situations observed for other thermogelling triblock copolymers [54].

 

 

Figure 1. Visual appearance and flow properties of A-piBuOx-A dissolved in H2O at 1, 5, 10, and 20 wt %
(left to right vials) at 5–80 ◦C. Only at 20 wt %, a turbid, non-flowing gel was formed at T > 20 ◦C
(highly viscous sol at T = 15 ◦C).

A first impression of the microscopic structure of the hydrogel was obtained by scanning electron
microscopy of freeze-dried samples. The structure of the prepared hydrogel is crucial from the point of
view of its potential applicability, since the porosity and network structure of the hydrogel influence its
mechanical properties. It can be seen that the sample exhibited a porous structure with open pores
and a pore size in the range of several micrometers (Figure 2). Such big pores are not necessarily
expected for physical hydrogels at such high concentrations, and we cannot rule out at this point that
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the observed structure may in part be an artefact from sample preparation (freeze-drying). In particular,
some features such as the sharp, teeth-like protrusions (Figure 2, right-hand image) are likely to have
originated from sample preparation.

 

 

∙ ∙
∙

∙

′

Figure 2. SEM images of the freeze-dried hydrogel (20 wt %) at different magnifications displaying a
porous surface and a 3D-interconnected interior.

In order to investigate the reversibility and repeatability of the internal structure formation due to
physical cross-linking, the viscosity profiles of the 20 wt % sample were repeatedly recorded during
three heating and cooling cycles at 5 ◦C, 25 ◦C, and 37 ◦C (Figure 3a). At 5 ◦C, viscosities of only 2 Pa·s
were obtained. Changing the temperature to 25 ◦C, a rapid increase in viscosity to 35 Pa·s occurred,
further increasing to 60 Pa·s at 37 ◦C. This pronounced increase in viscosity highlights the material’s
tunable properties upon various temperature profiles. Most importantly, this behavior was reversible,
as cooling down the samples from 37 ◦C to 25 ◦C decreased the viscosity again. However, a small
hysteresis was observed for the cooling step to 25 ◦C, as slightly higher viscosities were obtained than
at the initial heating stage at 25 ◦C. In contrast, the initial values of 2 Pa·s were immediately reached
upon cooling to 5 ◦C. During the three cycles, the viscosity profiles upon temperature change were
essentially identical.

To determine the reproducibility of the liquefaction and gelation upon continuous temperature
change, the viscoelastic properties of the polymer gel were investigated in eight heating/cooling cycles
between 5 ◦C and 45 ◦C (Figure 3b) in oscillation mode. Again, the results were highly reproducible.
The gel points determined as the crossover point of the storage and loss moduli always occurred at
approximately 22 ◦C. Furthermore, the liquefaction process was also very similar during all cycles.
Only a minor increase in the storage moduli at low temperatures occurred with progressing cycles,
which might be due to minor dehydration of the samples at higher temperatures (45 ◦C). However,
such an increase in G′ was not observed at higher temperatures, which does not corroborate significant
dehydration. Clearly, the gelation and liquefaction process was highly reproducible and reversible for
this hydrogel; this is in contrast to recently published hydrogels based on POx BAB triblock copolymers,
which exhibited higher values of the storage modulus but showed irreversible crosslinking (gelation)
in consecutive heating/cooling cycles [48].
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Figure 3. (a) Viscosity measurement under steady shear conditions over time for 20 wt % polymer
solution at different temperatures (5 ◦C, 25 ◦C, and 37 ◦C) and a constant shear rate, g, of 1 s−1.
(b) Dependence of the storage, G′, (solid symbols) and loss modulus, G”, (open symbols) on time at
simultaneously increasing and decreasing temperature (5 ◦C and 37 ◦C) using eight heating/cooling
cycles with a rate of 3 ◦C min−1 at 1% strain deformation and frequency 1 Hz. (c) First two cycles from
Figure 3b to more clearly show the difference between the storage and loss moduli during cycling.

In order to investigate the gelation process in more detail, the viscoelastic properties were
determined. At 5 ◦C, no relevant data at low strain deformations of <0.4% could be obtained due to the
low viscosity (Figure 4a). At strain deformations between 0.4% and 10%, the liquid-like behavior of the
polymer solution was confirmed, as the loss modulus G” exceeded the storage modulus G′. Increasing
the temperature to 25 ◦C led to markedly altered viscoelastic properties. At low deformations,
the storage modulus dominated, indicating that physical cross-linking was already present. With
increasing strain deformation, shear thinning occurred, resulting in liquid-like properties above 1%
deformation. A further increase in temperature to 37 ◦C strengthened the physical cross-links. This was
represented by higher initial G′-values as well as longer-lasting solid-like behavior up to deformations
of 3%. Similarly, as for 25 ◦C, significant recovery upon deformation was observed, which will be
investigated in more detail below.
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The frequency dependence of the viscoelastic moduli exhibited a marked temperature dependence,
as the initial liquid-like behavior of the sample at 5 ◦C vanished with increasing frequency, resulting
in solid-like properties at frequencies of >2.5 Hz (Figure 4b). Such behavior is common for similar
types of polymer solutions [54]. However, at 25 ◦C and 37 ◦C, the frequency had only a minor effect on
the viscoelastic properties of the gel. The solid-like behavior remained during the whole frequency
range up to 100 Hz. At 25 ◦C, the underlying physical cross-linking network was still affected by
the frequency, as noticeable fluctuation of the storage modulus occurred. At 37 ◦C, it appears that
well-developed physical cross-links with storage moduli around 700 Pa were stable in the whole
frequency range.

To obtain the values of the yield stress, the viscoelastic moduli were plotted against the shear
stress (Figure 4c). The yield stress was evaluated by tangent analysis of the drop of the storage modulus
from the linear region. It can be seen that the sample measured at 5 ◦C had quite scattered data
due to the low viscosity, similar to that seen in Figure 4a, and was not evaluated. Increasing the
temperature to 25 ◦C yielded somewhat better data; however, the storage modulus was not entirely
constant at low shear stress and decreased more gradually. Nevertheless, a tentative yield stress of 2 Pa
could be obtained. The more pronounced physical cross-linking at 37 ◦C allowed better analysis and
resulted in an enhanced value for the yield stress of 20 Pa. These findings are in good agreement with
investigations of the yield stress from steady shear measurements, which are described in the following.

 

 

′ ″

  

Figure 4. Dependence of the storage G′ (solid symbols) and loss modulus G” (open symbols) on the
strain deformation (a), frequency (b), and shear stress (c) for 20 wt % polymer solution at various
temperatures (�, 5 ◦C; N, 25 ◦C; �, 37 ◦C).

For an alternative determination of the yield point, steady shear measurements were performed.
At 5 ◦C, the viscosity decreased very slowly with increasing shear rate indicating mostly Newtonian
or slightly pseudo-plastic behavior (Figure 5a). Increasing the temperature to 25 ◦C increased the
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viscosity by over one order of magnitude, again indicating internal structure formation. Furthermore,
more pseudo-plastic behavior was observed, as the decrease in viscosity with increasing shear rate
was more pronounced at elevated temperature. Finally, increasing the temperature to 37 ◦C further
increased the viscosity, corroborating intensified physical cross-linking and strengthening of the gel
structure while retaining a pronounced shear thinning character.

 

  

 

Figure 5. Dependence of the viscosity (a) and shear stress (b) on the shear rate at various temperatures
(black square �, 5 ◦C; blue triangle N, 25 ◦C; and red circle �, 37 ◦C). Orange solid lines in Figure 5b
represent the Vocadlo model fit and black dashed lines represent the Herschel–Bulkley (H-B) model fit.

The viscosity decreased by more than two orders of magnitude at high shear rates. Such behavior
can be advantageous from a practical point of view, as the material can be, e.g., injected quite easily,
but it might provide sufficiently high viscosity for local embolization.

In order to quantify the yield stress of the polymer gel formed at elevated temperatures,
the experimental data (Figure 5b) were fitted according to the Vocadlo Equation (1) and Herschel–Bulkley
model to calculate the yield stress, consistency index, and index of non-Newtonian behavior (Table 1).

Table 1. Summarized parameters obtained from the calculation of the Vocadlo and
Herschel–Bulkley models.

Temperature [◦C] τ0, Yield Stress [Pa] K, Consistency [Pa·s]
n, Non-NEWTONIAN

Index [-]

Vocadlo model parameters

5 ◦C 0.05 0.16 0.89
25 ◦C 70 0.20 0.70
37 ◦C 117 0.22 0.69

Herschel–Bulkley model parameters

5 ◦C 0.05 2.8 0.77
25 ◦C 22 18 0.39
37 ◦C 36 28 0.34

At 5 ◦C, both fits provided a very low yield stress and a power law index n close to 1, indicating
only slightly pseudo-plastic behavior of the polymer solution. In contrast, much higher yield stresses
were obtained at 25 ◦C and 37 ◦C. The fit using the Vocadlo model did not provide reasonable values
for the power law indices and consistency indices for samples measured at 25 ◦C and 37 ◦C. In contrast,
the Herschel–Bulkley model provided values for the consistency index, power law index, and yield
stress that appear more reasonable. The power law index decreased with increasing temperatures,
confirming the transition from liquid-like to solid-like state and pronounced shear thinning behavior.
Moreover, the consistency index increased, as did the yield stress, as a result of the created physical
cross-links in the material at elevated temperature, which is in agreement with the evaluated values
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during the dynamic oscillation stress/strain sweeps. The obtained yield stress of 36 Pa at 37 ◦C is
rather low in comparison to common hydrogels mentioned in a review article by Townsend et al. [52];
however, it is still higher than values reported for other materials elsewhere [55–57].

The experimentally determined value of the yield stress for the hydrogel measured at 37 ◦C
(Figure 4c) is in the same order of magnitude but slightly lower compared to the calculated yield stress
from the H-B model. This difference is tentatively attributed to wall slippage present between the
hydrogel and stainless steel geometry.

In order to investigate the shear thinning and structure recovery properties in more depth,
the viscoelastic moduli where collected over time at two regimes with either 0.1% or 10% strain
deformation (Figure 6). For this, the sample at 5 ◦C was omitted due to the negligible change between
these two strain deformations. At low deformation, both samples measured at 25 ◦C and 37 ◦C exhibited
strong, solid-like behavior, as the storage modulus significantly dominated over the loss modulus.

 

∙

 

′ ″
Figure 6. Dependence of the storage, G′ (solid symbols), and loss modulus, G” (open symbols), on time
at various strain deformation regimes (0.1% and 10%) for 20 wt % polymer solution. Samples were
measured at 25 ◦C (blue triangles) and 37 ◦C (red circles) and at frequency 1 Hz. Solid lines represent
the values of tan δ for hydrogel samples measured at 25 ◦C (blue solid line) and 37 ◦C (red solid line).
The black dashed line represents tan δ = 1 as a guide for the eye to differentiate between the solid-like
and liquid-like states at various strain deformations.

However, at 10% strain deformation, both samples dramatically changed to liquid-like behavior
with a dominating loss modulus, similarly to what was observed for a hydrogel based on hyaluronic
acid, albeit at much higher strain deformation (500%) [58]. This change was also confirmed by tan δ
visualization at various deformation regimes: at low deformations (0.1%) the samples exhibited
tan δ = 0.25 and 0.18, while for high deformations (10%) they exhibited tan δ = 1.5 and 1.8 (for 25 ◦C
and 37 ◦C, respectively). Moreover, this change in viscoelastic properties was fully reversible during
five deformation cycles. However, after the high strain regime, the return to full strength took a
significant amount of time (approximately 2 min) even though return to the gel state appeared to
be immediate. This observation stands in stark contrast to the rapid recovery to full strength of a
previously described POx-based bioink [44]. This again is a good foundation for possible injection of the
polymer gel into the body as, e.g., an embolization agent or drug depot, since upon small deformations,
solid-like behavior occurred. However, the slow recovery of the gel strength in combination with the
low yield stress might prove problematic with respect to shape fidelity in 3D printing.

Cytocompatibility is an important property regarding applications, e.g., as bioink [46] or drug
depots. Therefore, we investigated the cytotoxicity of different non-gelling concentrations ranging
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from 0.1 to 10 wt % and observed no dose-dependent cytotoxicity in either HEK293 and human Calu-3
cells after 24 h of incubation (Figure 7). However, we did see an increase in the apparent cell viability.
This has been observed before for POx-based polymers in select cases but not as pronounced in the
case of Calu-3 cells observed here [35]. This phenomenon requires further and detailed investigations;
these are, however, outside the scope of the present contribution.

 

Figure 7. Relative cell viability of Calu-3 (a) and HEK cells (b) at different block copolymer concentrations
after 24 h incubation at 37 ◦C, normalized to the cell viability of Calu-3 and HEK cells cultured without
polymer. Values are presented as means ± standard deviations (n = 3).

For the presented physically cross-linked hydrogel, one potential application could be as a
functional printable ink. Therefore, hydrogel scaffolds of a 20 wt % aqueous solution were printed at
30 ◦C using a compact extrusion-based bench-top 3D bioprinter with a printing speed of 600 mm/min
utilizing 50 kPa constant pressure. First, the printability was tested by printing one layer with different
strand distances (Figure 8a). It is apparent that at the largest distance tested (1.5 mm), some strand
separation can be observed, while at the lowest distance (0.75 mm), the printed strands merged into one
homogenous layer. However, the layer deposition is rather exact and deposited strands remained well
in position (Figure 8b). Subsequently, two- and four-layered constructs of 12 × 12 mm with four strands
(3 mm layer distances) and a layer height of 0.3 mm were printed. It is clearly evident that layers
printed on top of each other merge, so real 3D printing is not possible at this point with this material.
This can also readily be explained by the comparably low viscosity and storage moduli values in the
gel state in conjunction with the low yield stress of the material. While in the case of the two-layered
print, the overall 4 × 4 grid remains reasonably well resolved (Figure 8c), the strands fuse significantly
when four strands are printed on top of each other, showing that the material is obviously not able
to hold its own weight—a fundamental prerequisite for real 3D printing. However, future work will
address whether modifications in the polymer structure or additives such as laponite may be useful to
improve the printing properties of the presented hydrogel, as has been previously reported by Peak et
al. [59] and others. It is important to note that if the shape fidelity can be improved, cytocompatibility
must again be assessed and conditions relevant for printing will also have to be tested.
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Figure S1: 1H-NMR characterization of the monomer 2- -butyl-2-
oxazoline; Figure S2: 1H-NMR characterization of the polymer A-p BuOx-A; Figure S3: GPC elugrams of A-
p BuOx-A and its intermediate products.

5 mm 

Figure 8. Photographic images of printing experiments using 20 wt % A-piBuOx-A aqueous solution.
(a) Using variable strand distances (0.75 mm–1.5 mm in 0.25 mm steps), merging of adjacent strands
can be assessed. (b) Strand placement is reasonably exact and placed strands stay in place well.
Photographic images of (c) two- and (d) four-layered printed constructs of 12 × 12 mm with four
strands and a layer height of 0.3 mm.

5. Conclusions

In this study, an ABA triblock copolymer based on poly(2-methyl-2-oxazoline) and
poly(2-iso-butyl-2-oxazoline) was synthesized and characterized by 1H-NMR and GPC. Visual
inspection of polymer solutions at various concentrations and temperatures revealed thermal gelation
at concentrations of at least 20 wt % of the ABA triblock copolymer in water. Steady shear experiments
at various temperatures confirmed the transition from solution to a gel-like structure. The viscoelastic
investigation showed a soft hydrogel forming above 25 ◦C exhibiting an elastic modulus of 150 Pa,
while at 37 ◦C it showed an elastic modulus of almost 600 Pa. Furthermore, shear thinning behavior
was confirmed to be highly reversible, as the elastic moduli measured at 37 ◦C changed from 600 Pa to
20 Pa for 0.1% and 10% strain deformation, respectively. Finally, the reproducibility of the thermal
gelation was confirmed using eight cycles with transition from 5 ◦C to 37 ◦C. The material exhibited
low cytotoxicity in both Calu-3 and HEK cells at all investigated polymer concentrations after 24 h at
37 ◦C. The results of the presented rheological, viscoelastic, and printing investigations suggest that
the fabricated hydrogel may be used as a functional printable bioink, but further modifications will be
necessary to improve shape fidelity. This could include light-induced curing of polymers modified
with cross-linking functionalities, addition of viscoelastic modifiers such as laponite or further tuning
of the polymer structure.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4983/10/3/36/s1.
Synthetic procedures for monomer and polymer preparation; Figure S1: 1H-NMR characterization of the monomer
2-iso-butyl-2-oxazoline; Figure S2: 1H-NMR characterization of the polymer A-piBuOx-A; Figure S3: GPC elugrams
of A-piBuOx-A and its intermediate products.
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Although the extraordinary high loading capacities and pronounced cytotoxicity in conventional 

2D cell culture as well as 3D bioreactor systems against various cancer cell lines of POx/POzi based 

CUR-formulation are promising, its IV administration might be strongly hampered due to limited 

stability in vivo and therefore low concentration at site of action. For certain diseases, the 

administration of hydrogel-based drug depot formulations circumvents the latter problems, due 

to a locally concentrated drug release over prolonged periods of time. The incorporation of CUR 

into the thermogelling POx/POzi diblock copolymer can be realized directly, or in the form of CUR-

loaded micelles. To investigate this systematically, either neat CUR or one of three different 

polymer amphiphiles incorporating CUR at various polymer/CUR ratios were incorporated at 

different overall CUR concentrations. Although bearing the same building blocks as a triblock 

copolymer exhibiting LCs up to 54 wt.%, the maximum CUR loading of the thermogelling diblock-

copolymer was much lower with LC = 10 wt.%. The CUR-loaded micelles could be conveniently 

solubilized with the hydrogel matrix in the form of freeze-dried powder. Interestingly, the 

presence of neat CUR strongly decreased mechanical strength of the hydrogel, which could be 

somehow reversed by the pre-formulation of CUR with the triblock-copolymers. Important to 

note, the incorporation of the empty triblock copolymers affected thermogelling properties very 

differently, depending on the polymer structure. These deviations were much less pronounced in 

the case of the CUR-loaded micelles, suggesting the integrity of the latter after incorporation into 

the hydrogel. Apart from that, all CUR-loaded hydrogels (w/ or w/o pre-incorporation into 

polymer amphiphiles) exhibited excellent shelf-life with no sign of CUR-degradation or 

precipitation even after 22 months storage in aqueous solution at 5 °C. In accordance with the 

lower mechanical strength of the hydrogel directly incorporating CUR, the CUR-release of the 

latter after injection in a collagen matrix was faster compared to the hydrogels incorporating the 

CUR-loaded micelles at same CUR concentration. With the latter, a sustained and essentially 

quantitative CUR-release up to 70 days could be realized. Most interestingly, injecting micellar 

CUR at same CUR concentration into the collagen matrix without incorporation into the hydrogel 

caused premature CUR precipitation strongly decreasing maximum released CUR to 36% and 72%. 

Therefore, the incorporation of CUR into the hydrogel matrix not only prolonged cargo-release 

but might also provide sufficient stability after e.g. subcutaneous injections.  
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1. Introduction

Once administered into the human body, 
a drug faces various challenges before 
reaching its target location. Drug delivery 
systems such as liposomes or polymer 
nano particles/micelles are utilized to pro-
tect the drug but any circulating system 
is also challenged to a certain degree by 
excretion and/or biotransformation in 
the human body.[1] Control of pharma-
cokinetics and pharmacodynamics is par-
ticularly important and challenging when 
administering readily metabolized com-
pounds. Another important aspect for 
drug delivery systems is the drug release 
kinetics. As intrinsically dynamic systems, 
drug-loaded polymer micelles often face 
the challenge of rapid drug release, which 
then associates with proteins present in the 
blood stream[2,3]; is excreted, or taken up in 
tissue other than desired one, which may 
be detrimental for the therapeutic effi-
cacy.[4] To enable a more sustained release, 
active pharmaceutical ingredients (API) 
can be embedded in drug depots from 

which the drug is released continuously, maintaining a high local 
drug concentration in the surrounding tissue over an extended 
period of time.[5–7] Ideally, the depot formulation not only pro-
longs drug release, but also protects the incorporated compound 
from premature degradation. Besides micro fabricated devices,[8] 
metallic implants,[9] organogels[10] or electrospun fibers,[11] 
hydrogels[12] are considered promising drug depot matrices. 
Hydrogels are three-dimensionally cross-linked networks of 
water-soluble polymers.[13,14] Due to their high water content, 
hydrogels are generally regarded as highly biocompatible.[15,16] 
Drug-loaded hydrogels as depot formulations showed great 
therapeutic potential in various scenarios in vitro[17–21] as well as 
in vivo.[22–29] In situ forming or injectable hydrogels are of par-
ticular interest due to their ease of application without surgical 
needs.[30–33] In this context, physically crosslinked thermogelling 
hydrogels based on hydrophobic interactions are advantageous, 
as they can be injected in the cold, liquid state to solidify at body 
temperature without the addition of crosslinkers or any other 
external trigger.[34,35] Various compounds including PTX,[36] 
interleukin-2,[37] topotecan,[38] doxorubicin,[25] or fluorouracil[39] 
have been incorporated into thermogelling hydrogels to prolong 
drug release as well as enhance retention at tumor site.

Hydrogel-based drug depot formulations are of great interest for therapeutic 

applications. While the biological activity of such drug depots is often charac-

terized well, the influence of incorporated drug or drug-loaded micelles on the 

gelation properties of the hydrogel matrix is less investigated. However, the 

latter is of great importance from fundamental and application points of view 

as it informs on the physicochemical interactions of drugs and water-swollen 

polymer networks and it determines injectability, depot stability, as well as 

drug-release kinetics. Here, the impact of incorporated drug, neat polymer 

micelles, and drug-loaded micelles on the viscoelastic properties of a cyto-

compatible hydrogel is investigated systematically. To challenge the hydrogel 

with regard to the desired application as injectable drug depot, curcumin 

(CUR) is chosen as a model compound due to its very low-water solubility 

and limited stability. CUR is either directly solubilized by the hydrogel or 

pre-incorporated into polymer micelles. Interference of CUR with the temper-

ature-induced gelation process can be suppressed by pre-incorporation into 

polymer micelles forming a binary drug delivery system. Drug release from 

a collagen matrix is studied in a trans-well setup. Compared to direct injec-

tion of drug formulations, the hydrogel-based systems show improved and 

extended drug release over 10 weeks.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.
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A compound which is particularly challenging to formu-
late—in form of hydrogels or otherwise—is curcumin (CUR). 
A plethora of preclinical studies pointed out the antioxidative,[40] 
cardioprotective,[41] or antitumor[42] activities of the “generally 
recognized as safe” (GRAS; evaluated by United States Food 
and Drug Administration (FDA))[43] compound. Despite a large 
number of clinical trials, it has not been approved as drug for 
human use. Besides potentially troublesome evaluation of pre-
clinical data,[44–47] this is most likely associated with the extremely 
low water solubility of 0.6 mg L−1 (1.6 µM)[48] of CUR as well as 
the molecules’ high susceptibility to degradation, not only in 
water,[49,50] but also to biomedical transformations such as carbon 
chain cleavage, reduction, conjugation with glucuronic acid or 
sulfate in biological media in vitro[51] and in vivo.[52] These issues 
make CUR an interesting model compound to challenge hydro-
gels with respect to their desired application as injectable drug 
depot. Previously, poly(2-oxazoline) (POx) and poly(2-oxazine) 
(POzi)-based drug-delivery vehicles with interesting structure–
property relationships with respect to drug loading and potential 
for parenteral administration of CUR were reported.[53–58] The 
loading capacities (LCs) for CUR in ABA triblock-copolymers 
comprising the same hydrophilic poly(2-methyl-2-oxazoline) 
(PMeOx) corona (= A) and either poly(2-n-butyl-2-oxazoline) 
(PBuOx) (= A-BuOx-A) or (poly(2-n-propyl-2-oxazine) (PPrOzi) 
(= A-PrOzi-A) as hydrophobic blocks ranged from 21.6 wt% to 
54.5 wt%.[53] Although benefits with respect to therapeutic effi-
cacy of intravenously administered, ultra-high loaded A-BuOx-A/
paclitaxel formulations (LC = 45 wt%) and combination formu-
lations of hydrophobic cis-platin prodrug and etoposide or PTX 
have been observed in vivo,[59–63] this might not be true for CUR 
due to its susceptibility to degradation or toxicity at high concen-
trations (not achievable orally). Inspired by CUR-loaded hydro-
gels for cutaneous wound repair[28] or intranasal drug delivery 
to the brain,[64] we wondered, if we could incorporate CUR in a 
recently reported, cytocompatible PMeOx-b-PPrOzi copolymer-
based hydrogel,[65] for subcutaneous or intratumoral injection 
in order to avoid systemic circulation and/or allow prolonged 
release. From a more fundamental and practical point of view, it 
was also interesting to investigate the influence of hydrophobic 
CUR on the viscoelastic properties of a hydrogel that is formed 
based on dynamic hydrophobic interactions. Furthermore, the 
effect of nanoformulated CUR incorporated into the hydrogel 
matrix is of interest. Although drug-loaded poly mer micelles 
incorporated into hydrogel matrices are readily found in the liter-
ature,[17,28,29,66] such systematic investigations of the viscoelastic 
properties of hydrogels containing nanoformulated hydrophobic 
drugs are rare. In addition, to assess the potential as an inject-
able thermogelling drug depot, the CUR-loaded hydrogels were 
injected into a collagen matrix and CUR release quantified.

2. Experimental Section

2.1. Reagents and Solvents

All substances used for the preparation of polymers were pur-
chased from Sigma-Aldrich (Steinheim, Germany) or Acros 
(Geel, Belgium) and were used as received unless otherwise 
stated. Curcumin powder from Curcuma longa (turmeric) 

was purchased from Sigma-Aldrich and analyzed in-house 
(curcumin = 79%; demethoxycurcumin = 17%, bisdemethoxy-
curcumin = 4%; determined by HPLC analysis; Figure S18, 
Supporting Information). Deuterated chloroform (CDCl3) or 
methanol (MeOD) for NMR analysis was obtained from Deu-
tero GmbH (Kastellaun, Germany).

The monomers 2-n-propyl-2-oxazine (nPrOzi), 2-n-butyl-
2-oxazoline (nBuOx) and 2-n-butyl-2-oxazine (nBuOzi) were 
synthesized according to Seeliger et al.[67] (Figures S1–S4, Sup-
porting Information). All substances used for polymerization, 
namely methyl trifluoromethylsulfonate (MeOTf), propargyl 
p-toluenesulfonate, benzonitrile (PhCN), sulfolane and all mon-
omers were refluxed over CaH2 (PhCN was refluxed over P2O5) 
and distilled under argon.

2.2. Polymer Synthesis

The polymerizations and work-up procedures of the ABA tri-
block-copolymers[54] as well as the AB diblock-copolymers[65] 
were described recently and can be found in Figures S5–S16, 
Supporting Information. Briefly, the preparation of block-
copolymers was performed as follows: initiator was added to a 
dried and nitrogen flushed flask and dissolved in the respective 
amount of solvent. The monomer for the first block was added 
and the reaction mixture was heated to 100 °C (2-R-2-oxazoline) 
or 120 °C (2-R-2-oxazine). Reaction progress was controlled by 
FTIR- and 1H-NMR-spectroscopy. After complete monomer con-
sumption, the mixture was cooled to RT and the monomer for 
the second block was added. After complete monomer consump-
tion, the procedure was repeated for the third block in the case of 
ABA triblock-copolymers. After monomer consumption was con-
firmed for the last block, termination was carried out by addition 
of a secondary amine at 50 °C for 4 h. Subsequently, K2CO3 was 
added and the mixture was stirred at 50 °C for 4 h. Precipitates 
were removed by centrifugation and the solvent was removed 
under reduced pressure. The supernatant was transferred into a 
dialysis bag and dialyzed against Millipore water overnight. The 
solution was recovered from the bag and lyophilized.

2.3. Nuclear Magnetic Resonance Spectroscopy

1H-NMR spectra were recorded on a Fourier 300 (300 MHz), 
Bruker Biospin (Rheinstetten, Germany) at 298 K. The spectra 
were calibrated to the signal of residual protonated solvent 
signal (CDCl3: 7.26 ppm). Multiplicities of signals are depicted 
as follows: s, singlet; d, doublet; t, triplet; q, quartet; quin, 
quintet; dt; doublet of triplets; m, multiplet; b, broad.

2.4. Dialysis

Dialysis was performed using Spectra/Por membranes with 
a molecular weight cutoff of 1 kDa (ABA-triblock copoly-
mers) or 8 kD (AB-diblock copolymers) (material: cellulose 
acetate) obtained from neoLab (Heidelberg, Germany). Water 
(Millipore) was renewed after 1 and 4 h, and every 12 h subse-
quently, until end of dialysis.
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2.5. Gel Permeation Chromatography

Gel permeation chromatography (GPC) was performed on 
an Agilent 1260 Infinity System, Polymer Standard Service 
(Mainz, Germany) with either HFIP containing 3 g L−1 potas-
sium trifluoroacetate; precolumn: 50 × 8 mm PSS PFG linear 
M; 2 columns: 300 × 8 mm PSS PFG linear M (particle size 
7 µm) or DMF containing 1 g L−1 LiBr; precolumn: 50 × 8 mm 
PSS GRAM; columns: 30 and 1000 Å 300 × 8 mm PSS GRAM 
(particle size 10 µm) as eluent. The columns were kept at 
40 °C and flow rates were 1.0 mL min−1 (DMF) or 0.7 mL 
min−1 (HFIP). Prior to each measurement, samples were fil-
tered through 0.2 µm PTFE filters, Roth (Karlsruhe, Germany). 
Conventional calibration was performed with PEG standards 
(0.1–1000 kg mol−1) and data were processed with WinGPC 
software.

2.6. CUR-Loaded Polymer Micelles

CUR-loaded polymer micelles were prepared by thin film 
method.[59] Ethanolic polymer (20 g L−1) and CUR (5.0 g L−1) 
stock solutions were mixed in desired ratio. After complete 
removal of the solvent at 50 °C under a mild stream of 
argon, the films were dried in vacuo (≤ 0.2 mbar) for 20 min. 
Subsequently, preheated (37 °C) H2O was added. Complete 
solubilization was facilitated by shaking the solutions at 
1250 rpm at 55 °C for 12 min with a Thermomixer comfort, 
Eppendorf AG (Hamburg, Germany). Non-solubilized drug 
(if any) was removed by centrifugation for 5 min at 9.000 rpm 
with a MIKRO 185 (Hettich, Tuttlingen, Germany). Solubiliza-
tion experiments were performed with three individually pre-
pared samples and results are presented as mean ± standard 
deviation (SD).

CUR quantification was performed by UV–vis absorption 
on a BioTek Eon Microplate Spectrophotometer, Thermo 
Fisher Scientific (MA, USA) using a calibration curve 
obtained with known amounts of CUR (Figure S19, Sup-
porting Information). Samples were prepared in Rotilabo 
F-Type 96 well plates, Carl Roth GmbH & Co. KG (Karlsruhe, 
Germany) at a constant volume of 100 µL. Spectra were 
recorded from 300–600 nm at 25 °C and CUR was quanti-
fied at 428 nm. Prior to UV–vis absorption measurements, 
the aqueous formulations were appropriately diluted with 
ethanol. The following equations were used to calculate LC 
and loading efficiency (LE): 

LE drug

drug, added

m

m
=  (1)

LC drug

drug polymer

m

m m
=

+

 (2)

where mdrug and mpolymer are the weight amounts of solubi-
lized drug and polymer excipient in solution and mdrug,added 
is the weight amount of drug initially added to the disper-
sion. No loss of polymer during micelles preparation was 
assumed.

2.7. CUR-Loaded Hydrogels

CUR-loaded hydrogels were prepared using a modified thin 
film method. Dried CUR/polymer films were dissolved in pre-
cooled (5 °C) H2O (Millipore) and shaken at 1200 rpm at 8 °C 
with a Thermomixer comfort, Eppendorf AG (Hamburg, Ger-
many) until no solids were detectable anymore by visual inspec-
tion (≈6 h). The clear, viscous solutions were used without 
further purification. For CUR quantification, small amounts of 
CUR-loaded hydrogels were sampled and dissolved in ethanol. 
Drug content was determined by UV–vis absorption according 
to Equation (3):

CUR(mg/g) drug

hydrogel ,wet

m

m
=  (3)

where mdrug is the weight amount of solubilized drug and 
mhydrogel,wet is the weight of CUR-loaded hydrogel in the 
wet state. Loading capacity LC was determined according to 
Equation (2). For the determination, three samples were taken 
from the respective hydrogel and measured individually. How-
ever, each hydrogel was prepared once.

2.8. Incorporation of CUR-Loaded Polymer Micelles into 
Hydrogel

Respective amounts of freeze-dried, CUR-loaded polymeric 
micelles were added to a precooled (≈8 °C) aqueous solution 
of the respective hydrogel (20 wt%). The dispersion was gently 
shaken at ≈8 °C until the freeze-dried micelles were completely 
dissolved in the hydrogel solution (≈2 days). The drug contents of 
the clear, highly viscous solutions were determined according to 
Equation (8) and LC was determined according to Equation (2).

2.9. Rheology

Rheological analysis was performed on a Physica MCR 301, 
Anton Paar (Ostfildern, Germany) utilizing a plate–plate geom-
etry (diameter 25 mm). The rheometer was equipped with a 
Peltier element. Prior to temperature-sweep measurements, the 
samples were allowed to equilibrate on the rheometer at 5 °C 
for 3 min. Following this, the temperature was raised linearly 
from 5 to 60 °C at 5 °C min−1. Frequency was 1 Hz and the 
amplitude was 0.5% at 0.5 mm plate–plate distance. Within 
these conditions, the hydrogels (20 wt% in deionized H2O) 
were within their linear viscoelastic region[65] and CUR-loaded 
hydrogels were assumed to be as well.

2.10. HPLC Measurements

CUR-loaded hydrogels were analyzed on a LC-20A Promi-
nence HPLC, Shimadzu (Duisburg, Germany) equipped with 
a system controller CBM-20A, a solvent delivery unit LC-20 AT 
(double plunger), an online degassing unit DGU-20A, an auto-
sampler SIL-20AC, and a SPD-20A UV–vis detector. As sta-
tionary phase, a ZORBAX Eclipse Plus, Agilent (Santa Clara, 
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CA, USA) C18 column (4.6 × 100 mm; 3.5 µm) was used. The 
mobile phase was a gradient of H2O/ACN (Figure S18a, Sup-
porting Information) at 40 °C and a flow rate of 1 mL min−1. 
CUR was quantified at 427 nm. Possible degradation products 
were investigated at 220 nm.

2.11. Long-Term Stability Studies

For long-term stability studies, CUR-loaded hydrogels were 
stored in the freezer (≈8 °C). For CUR quantification, small 
amounts of CUR-loaded hydrogels were sampled and dissolved 
in ethanol. Drug content was determined by UV–vis absorption 
at 428 nm. To confirm CUR integrity, small amounts of CUR-
loaded hydrogels were sampled and diluted with ACN/H2O 
= 60/40 (v/v) and characterized by HPLC analysis at 220 and 
427 nm.

2.12. CUR-Release Studies

For CUR-release studies, CUR-loaded hydrogels were injected 
into trans-well inserts (24-well plate, BRANDplates insert 
system, BRAND GmbH & Co. KG, Wertheim, Germany) filled 
with collagen hydrogels at a final concentration of 6 g L−1 as 
reported previously[68] with a Hamilton syringe (injection 
volume: 10 µL). For every sample, three injection of the same 
batch of formulation were placed in individual wells. To ensure 
constant injection depth and position, a 3D-printed scaffold 
was utilized as guidance for the syringe. Prior to injection, 
the CUR-loaded hydrogel filled Hamilton syringe was cooled 
in the freezer (≈8 °C) to ensure liquidity of respective hydro-
gels. Basolateral chamber was filled with 1500 µL PBS and col-
lagen matrix in the apical side was covered with 100 µL PBS. 
At specific time-points mentioned in main text, the solution of 
the basolateral side was removed, freeze-dried and dissolved 
in ethanol. Ethanolic solutions were centrifuged for 10 min at 
9000 rpm in order to avoid scattering from undissolved salts 
from PBS. CUR content of the supernatant was quantified by 
UV–vis absorption at 428 nm and CUR integrity confirmed by 
HPLC analysis at 220 and 427 nm.

3. Results and Discussion

3.1. CUR Solubilization

Whereas A-BuOx-A nanoformulations exhibit CUR LCs compa-
rable to those found in the literature for other polymer amphi-
philes (LC ≈20 wt%[69]), its structural isomer A-PrOzi-A enables 
very high CUR-loadings >50 wt%.[54] The drug formulations 
with these ABA-triblock copolymers are designed for intra-
venous (IV) administration; however, rapid clearance of APIs 
in highly dynamic polymer micelles has been observed.[60] In 
contrast, steady serum concentrations, which can be crucial in 
many applications, could be achieved through the use of sub-
cutaneous depots.[70] In 2017, Lorson et al. reported a POx/
POzi-based reversibly thermogelling hydrogel as cytocompat-
ible bioink.[65] As this polymer comprises the same building 

blocks as A-PrOzi-A but has a different architecture (AB diblock 
vs ABA triblock) and monomer ratio, the effects of solubilized 
CUR on the hydrogel properties (gel temperature, storage/loss 
modulus) are of interest. Hence, CUR was incorporated into 
aqueous solutions of PPrOzi50-b-PMeOx50 (H50) and PPrOzi100-
b-PMeOx99 (H100) (Table 1; for polymer synthesis and charac-
terization, the reader is referred to Figures S12–S16, Supporting 
Information). Such, the influence of the degree of polymeriza-
tion (DP) of both blocks on the solubilization capacity for CUR 
can be assessed.

Although exhibiting the same building blocks as A-PrOzi-
A, both diblocks exhibited much lower LCs for CUR than the 
former as well as compared to A-BuOzi-A and A-BuOx-A. At 
10 g L−1 polymer, only 0.87 g L−1 (LC = 8 wt%) or 0.91 g L−1 
(8.4 wt%) CUR could be solubilized using H50 or H100, respec-
tively (Figure 1a). Increasing the polymer concentration to 
50 g L−1 somehow increased CUR loadings up to 15 wt% 
(CUR = 8.8 g L−1) in the case of H50. Similar shortcoming of 
AB diblock-copolymers compared to the corresponding ABA 
triblock-copolymers with respect to their solubilization capacity 
has been observed before. Whereas A-BuOx-A exhibits LCs up 
to 49 wt% for the water-insoluble drug paclitaxel (PTX), the cor-
responding diblock only enabled PTX-loadings of 17 wt%.[71] 
However, in this case, the DP of the respective blocks were 
similar while in the present case the thermoresponsive block 
has a much higher DP in the diblocks compared to the triblock. 
At ≤50 g L−1, neither H50 nor H100 forms a gel, but apparently, 
the self-assemblies formed -presumably polymersomes-[72] are 
not well suited for CUR solubilization.[65]

The polymer concentrations of 10 and 50 g L−1 were chosen 
to compare the solubilization behavior of H50 or H100 with 
those of the previously reported A-BuOx-A, A-PrOzi-A, and 
A-BuOzi-A. The latter were designed as drug vehicles for intra-
venous administration, for which those moderate polymer 
concentrations are most suitable. In contrast, drug-loaded 
hydrogels find applications often at much higher polymer con-
centrations. Therefore, LC of H100 was also investigated at 
polymer concentrations of 20 wt% at which gelation occurs. 
As H100 already forms a gel <20 °C at this concentration the 
dried drug/polymer films were re-dispersed with water at 
5 °C until no solid particles were detectable anymore by visual 
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Table 1. Analytical data of investigated block copolymers including the 
yield, molar mass Mn and dispersity Ð.

Compositiona) Polymer ID Yield  

[%]

Mn
a) Mn

b) Mn
c) Ðc)

[kg mol−1]

PMeOx35-b-PPrOzi20-b-PMeOx35 A-PrOzi-A 67 8.7 9.8* 6.1 1.16

PMeOx35-b-PBuOx20-b-PMeOx35 A-BuOx-A 82 8.6 7.0* 7.2 1.18

PMeOx35-b-PBuOzi20-b-PMeOx35 A-BuOzi-A 67 9.0 9.4* 5.6 1.20

PPrOzi50-b-PMeOx50 H50 75 10.8 10.4** 7.3 1.17

PPrOzi100-b-PMeOx99 H100 89 21.3 20.2** 10.4 1.38

a)According to [M]0/[I]0; 
b)Obtained by 1H-NMR (*CDCl3; **MeOD); evaluated as 

mean of all relevant signals; c)Obtained by GPC (eluent: DMF, calibrated with PEG 

standards); deviations in molar mass determination between NMR end-group 

analysis and GPC standard calibration can be attributed to the use of PEG-stand-

ards for calibration.[55] Synthesis and characterization of the triblock-[54] as well as 

diblock-copolymers[65] was previously reported.
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inspection (≈6 h). The obtained clear solutions were moderately 
viscous at T ≤ 5 °C and showed an increasing viscosity with 
increasing CUR loading, as per visual inspection. As defined 
volumes could not be easily sampled from the viscous solu-
tions even at T ≤ 5 °C, small amounts of the CUR-loaded hydro-
gels were weighed, and the CUR loading will be defined as the 
ratio of solubilized CUR (mg) with respect to the total weight 
of the hydrogel in the hydrated state (g) (Equation (3)). Loading 

efficiencies (LE) between 75% and 83% and rather high aqueous 
CUR concentrations of up to 23.6 ± 0.5 mg/g (LC = 10.6 wt%) at 
mass concentration of ρ(H100) = 20 wt% (Figure 2a) could be 
obtained. The fact that those high CUR concentrations were fea-
sible using H100 and because H50 only gelled at elevated tem-
perature with (Tgel > 57 °C) or without (Tgel = 40 °C) the addition 
of triblock copolymers (Figure S20, Supporting Information), 
H50 was not investigated further in the present work. It should 
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Figure 1. Solubilized aqueous CUR concentrations (bars, left axis) and corresponding loading capacities (lines, right axis) in dependence of the CUR 
feed by H50 (black) or H100 (gray) at polymer concentrations of a) 10 or b) 50 g L−1. Data are given as means ± SD (n = 3).

Figure 2. a) Solubilized aqueous CUR concentrations (bars, left axis) and corresponding loading capacities (line, right axis) in dependence of the CUR 
feed by H100 at 20 wt% in H2O. Data are given as means ± SD (n = 3); b) solubilized aqueous CUR concentrations (bars, left axis) and corresponding 
loading capacities (lines, right axis) in dependence of the CUR feed by H100 (20 wt% in H2O) after incorporation of freeze-dried, CUR-loaded micelles 
of either A-BuOx-A (blue), A-BuOzi-A (red), or A-PrOzi-A (black). Amount of polymer within the CUR-loaded micelles was either 25 mg/ghydrogel,wet 
or 50 mg/ghydrogel,wet (green). Each hydrogel was prepared once; however, CUR concentration was quantified with three withdrawn samples each to 
confirm homogeneous CUR distribution and absence of precipitation; c) images of the incorporation of freeze-dried, CUR-loaded micelles (A-PrOzi-A/
CUR = 50/30 g/g) into H100 (20 wt% in H2O). The amounts of A-PrOzi-A and CUR were 50 and 15 mg/g, respectively. Samples were gently shaken 
at 5 °C for 2 days. Illustration of CUR-loaded micelles and (CUR-loaded) gels, are given as a very rough visualization and should not be confused with 
the actual structure of the respective solutions.
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be noted that reproducibility of Tgel of H50 is generally more 
susceptible to batch-to-batch variations compared to H100.[65]

In addition to direct solubilization of CUR with H100, 
freeze-dried CUR nanoformulation of either A-BuOx-A 
(Figure 2b, blue), A-BuOzi-A (red) or A-PrOzi-A (black) were 
incorporated at same CUR feed concentrations of 7.5, 15, and 
30 mg/g. To obtain more detailed insights into the influence of 
the ABA-triblock copolymers, two different triblock concentra-
tions (25 and 50 mg/g) were investigated. Due to the limited 
LC of A-BuOx-A for CUR, highly loaded micelles were only fea-
sible using A-BuOzi-A or A-PrOzi-A. The aqueous solutions of 
H100 (20 wt% in H2O) were precooled to 5 °C and the respec-
tive amount of lyophilized, CUR nanoformulation was added. 
The mixture was shaken at 5 °C for 2–4 days (depending on 
the used polymer and CUR concentration) until a completely 
clear and viscous solution was formed (Figure 2c). Similar to 
the solubilization of neat CUR (Figure 2a), the hydrogels incor-
porating CUR-loaded micelles exhibited excellent LEs >95% 
(Figure 2b) with no visible sign of precipitation.

The CUR-loaded hydrogels showed even higher stability 
than the CUR nanoformulations of, for example, A-PrOzi-
A[54] and drastically prolonged shelf-life with no apparent 
loss of CUR-content even after 22 months of storage in the 
sol-state at 8 °C under the exclusion of light (Figure 3a). 

This is remarkable, as 90% of CUR was reported elsewhere 
to be degraded in water (pH = 7.2; 37 °C) after 30 min.[49,50] 
Although exhibiting high polymer concentrations up to 
25 wt% (H100 = 20 wt% + ABA triblock copolymer = 5 wt%), 
the major component of the CUR-loaded hydrogels remains 
water. Important to note, the prolongation of the aqueous 
CUR solubility was observed irrespective whether CUR was 
directly solubilized by H100 (Figure 3a, gray bars) or incorpo-
rated as nanoformulation (blue, red, black bars). Furthermore, 
this remarkable long-term stability was found irrespective of 
the chemical structure of the triblock copolymers. Similarly, 
an extraordinary suppression of crystallization was previously 
observed in nanoformulations of paclitaxel using A-BuOx-
A.[71] HPLC analysis suggests that no CUR degradation 
occurred as the ratio between the curcuminoids bisdemeth-
oxycurcumin (BDMC), demethoxycurcumin (DMC) and CUR 
remained constant during 22 months storage (Figure 3b,c) 
which reportedly shifts during degradation processes.[73] 
Hennink and co-workers previously reported that polymer 
micelles can stabilize CUR in water by several orders of mag-
nitude, but they still clearly observed degradation within a few 
days.[69] As all samples showed comparable loading and long-
term stabilities, the rheological properties of all CUR loaded 
hydrogels were determined as described in the following.
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Figure 3. a) Solubilized aqueous CUR concentrations in dependence of the CUR feed (x-axis) by H100 (20 wt% in H2O) after preparation (full bars) 
or 22 months storage at 8 °C under the exclusion of light (hollow bars). CUR was either directly solubilized by H100 (gray) or pre-incorporated into 
polymer micelles of A-BuOx-A (blue), A-BuOzi-A (red), or A-PrOzi-A (black). Concentration of the ABA triblock-copolymers is given by purple num-
bers (mg/ghydrogel,wet); b) corresponding HPLC elugrams after 22 months storage at λabs = 220 nm to exclude CUR degradation. Elugrams of neat 
H100 (bottom, gray) and CUR (2nd bottom, orange) are given for comparison. Numbers left of the elugrams correspond to amount of ABA triblock-
copoly mer/CUR (mg/ghydrogel,wet); c) detailed view of the HPLC elugrams at λabs = 427 nm as well as d) corresponding ratio of BDMC, DMC, and CUR.
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3.2. Rheological Properties

3.2.1. CUR-Loaded Hydrogels

Addition of hydrophobic CUR strongly affected the thermore-
sponsive and viscoelastic properties of H100-based hydrogels 
(Figure 4). Especially at low CUR feed concentrations of 7.5 or 
15 mg/g, Tgel significantly increased from 20 °C (neat H100; 
20 wt%) to 45 and 42 °C, respectively. Accordingly, the storage 
modulus (G′) at 37 °C strongly decreased several magnitudes 
from 3.4 kPa (0 mg/g CUR) to 24 Pa (7.5 mg/g) and 39 Pa 
(15 mg/g). Clearly, incorporation of CUR significantly weak-
ened the gel structure at same strain. Arguably, both trends are 
disadvantageous for the intended use as injectable drug depot, 
as Tgel should be below body temperature forming a gel with 
sufficient strength to prevent rapid dissolution/dispersion of 
the depot. A decrease in G′ to 253 Pa (37 °C) was also observed 
at 30 mg/g CUR feed, whereas Tgel decreased to 16 °C. How-
ever, this gel remained rather weak with pronounced viscous 
character as the loss factor (tan δ = G″/G′) remained close to 
unity. In any case, CUR clearly interferes significantly with the 
formation of a physically crosslinked polymer network neces-
sary for gelation.

Similar trends of decreasing gel stiffness with increasing 
drug-content were also observed for other hydrogels such 
as poly-(D,L-lactic acid-co-glycolic acid) (PLGA)-poly ethylene 
glycol (PEG)-PLGA.[27] In this report, G′max (T ≈ 35 °C) 
decreased from 520 to 280 and 250 Pa by incorporation of 
0, 4, and 8 g L−1 docetaxel (DTX), respectively. It should be 
mentioned that a dramatic decrease of G′ to essentially 0 Pa 
at T > 37 °C occurred for both, the neat as well as the DTX-
loaded hydrogel. Nevertheless, a single intratumoral injec-
tion of DTX-containing hydrogel was as efficient as three IV 
injections of DTX. In a different report, a decrease in max-
imum viscosity (ηmax, 37 °C) with increasing drug content for 

doxorubicin (0.6 g L−1 DOX)[25] as well as PTX (2 g L−1 PTX)[26] 
loaded PEG-b-polycaprolactone (PEG-PCL)-based hydro-
gels was observed. In another report, the gelation of PLGA-
PEG-PLGA was completely prevented by the incorporation 
of 1.6 g L−1 rapamycin. Interestingly, this strong interfer-
ence could be suppressed by co-solubilization of two other 
hydrophobic drugs, paclitaxel and tanespimycin (17-AAG).[22] 
While the incorporation of hydrophobic drugs in various 
hydrogels consistently decreased gel stiffness, the influence 
on Tgel appeared to be rather small without a trend, as Tgel 
sometimes slightly increased,[19,25,26] and sometimes slightly 
decreased.[27]

However, we wondered if CUR addition in form of CUR 
nanoformulations[54] could prevent the detrimental interference 
with the gel, retaining the initial viscoelastic properties of H100.

3.2.2. Incorporation of ABA Triblock Copolymers into 
Hydrogel Matrix

Prior to the incorporation of CUR nanoformulations, the influ-
ence of the ABA triblock copolymers alone on the gelation 
properties of H100 is of interest. At low polymer concentrations 
of 25 mg/g hydrogel, only minor changes of the thermogelling 
properties of H100 occurred (Figure 5a). In the case of A-BuOzi-
A and A-PrOzi-A, Tgel slightly increased to 23 and 25 °C respec-
tively, whereas it remained constant in the case of A-BuOx-A. 
In case of A-PrOzi-A, the storage modulus (G′) was reduced 
somewhat throughout the investigated temperature range 
(G′ = 2.2 kPa (37 °C)), whereas it increased slightly through 
the incorporation of polymers bearing butyl side chains. The 
increase was most pronounced for A-BuOx-A with G′ = 4.7 kPa 
(37 °C). The trend of decreasing Tgel and increasing gel stiff-
ness became more prominent with increasing A-BuOx-A con-
centration. At A-BuOx-A = 50 mg/g, G′ increased by a factor 
of two to 6.8 kPa (37 °C) (Figure 5b). Tgel decreased further 
to 17 °C, whereas G′ kept increasing to 7.8 kPa (37 °C) when 
100 mg/g A-BuOx-A were added (Figure 5c). At this point, the 
total polymer concentration was 27 wt%. However, the decrease 
in Tgel and increase of G′ was not simply due to an increase in 
solids content, as shown in the case of A-BuOzi-A and A-PrOzi-
A. At both, 50 and 100 mg/g triblock copolymer concentration, 
A-BuOzi-A as well as A-PrOzi-A increased Tgel and decreased 
gel stiffness (Figure 5b,c). This was most pronounced for 
A-PrOzi-A. As the latter comprises the same building blocks as 
H100, it seems reasonable that A-PrOzi-A interfered most with 
the gelation of H100. As both, hydrophilic and hydrophobic 
block are identical and the degree of polymerization does 
not differ very much, these two polymers should be expected 
to mix freely. Since the self-assembly of block copolymers 
does strongly depend on the block volume ratio, this must be 
expected to affect the self-assembly and thus, thermogelation 
of H100. A-BuOzi-A, sharing the same backbone but bearing a 
more hydrophobic central B block still interferes significantly, 
albeit somewhat less with the gelation of H100. Even though 
being intermediate with respect to hydrophobicity, A-BuOx-A 
exhibits an entirely different influence on the thermogelation of 
H100. At this point, we can only assume that the different back-
bone (POx vs POzi) of the hydrophobic block reduces mixing, 
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Figure 4. Temperature dependent rheological analysis of H100 (20 wt%) 
before (gray) and after solubilization of 7.5 (orange), 15 (pink) or 30 
(brown) mg/g CUR. Samples were heated from 5 to 60 °C at 5 °C min−1. 
Frequency was 1 Hz at 0.5% amplitude. Tgel is defined as the crossover 
of storage G′ (lines with symbols) and loss modulus G″ (lines without 
symbols).
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and therefore, does not influence network formation of H100 
as much. The lower Tgel and higher G′ may be explained by 
macromolecular crowding and competition for water molecules 
for hydration. Similarly, Tgel of thermoresponsive Pluronic F127 
gel (18 wt%) also decreased from 27.4 to 25.8 and 23.1 °C when 
incorporating 0.21%, 0.42%, and 1.24% w/v phospholipid-
based liposomes, respectively.[17] This was attributed to dehy-
dration of F127 micellar cores due to entrapment of water in 
the inner hydrophilic core of the liposomes leading to a greater 
extend of dehydration and lower Tgel.

Important to note, A-BuOx-A, being the only polymer 
to decrease Tgel and increase G′, was also the only ABA tri-
block copolymer exhibiting a thermogelling behavior on its 
own, albeit only at 20 wt%, and rather high temperatures 
Tgel = 41 °C. Also, the resulting gel was very weak with a low 
G′ (G′50 °C = 180 Pa) (Figure S21, Supporting Information). As 
a control to test the macromolecular crowding hypothesis, we 
also investigated the influence of PMeOx homopolymer with a 
DP of 100, approximately corresponding to the overall length 
of the ABA block copolymers. PMeOx was incorporated into 
H100 at the same concentrations as it is present incorporating 
the respective triblock copolymers at 25, 50, and 100 mg/g 
(Figure 5d). Interestingly, the PMeOx exhibited a weakening 
effect very similar to the one of A-PrOzi-A, yielding comparable 
temperature-dependent rheological profiles, sol–gel transition 
temperatures as well as gel stiffnesses. This, in combination 
with the difference between PMeOx and, for example, A-BuOx-
A once more highlights the influence of the hydrophobic block 

of the respective triblock copolymers. Next, it was interesting 
to investigate how the incorporation of CUR nanoformulations 
of the different triblock copolymers affect the thermoresponsive 
behavior of H100.

3.2.3. Incorporation of CUR Nanoformulations of ABA Triblock 
Copolymers into Hydrogel Matrix

In contrast to neat CUR or neat polymers, the incorporation of 
CUR and polymer in form of nanoformulations of A-BuOx-A, 
A-BuOzi-A, or A-PrOzi-A affected the viscoelastic properties to 
a lesser extent (Figure 6). Overall, Tgel was either comparable 
or lower than that of neat H100 (20 wt%). This suggests that 
the CUR nanoformulations remain largely intact during their 
dissolution in H100. Having a distinct core–shell structure in 
mind, all CUR loaded micelles present the same hydrophilic 
PMeOx corona, somehow masking the influence of the dif-
ferent hydrophobic cores (Figure 5a–c).

That such core–shell structure is probably not a fully accu-
rate representation of the actual micellar morphology becomes 
evident when considering the remaining small differences 
between the hydrogels incorporating different CUR nanofor-
mulations suggesting a small but noticeable effect of the hydro-
phobic block on the hydrogel properties. We recently reported 
that in fact the hydrophilic corona is involved in the binding of 
CUR in this system.[74] Similar to the incorporation of the neat 
triblock copolymers, A-BuOx-A/CUR exhibited the highest gel 
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Figure 5. Temperature dependent rheological analysis of H100 (20 wt%) before (gray) and after addition of a) 25; b) 50; or c) 100 mg/g of A-BuOx-A 
(blue), A-BuOzi-A (red), or A-PrOzi-A (black); d) incorporation of PMeOx homopolymer (DP = 30) at the same polymer concentration as it would be 
present by the incorporation of ABA triblock-copolymers at 25, 50, and 100 mg/g. Samples were heated from 5 to 60 °C at 5 °C min−1. Frequency was 
1 Hz at 0.5% amplitude. Tgel is defined as the intersection of storage G′ (lines with symbols) and loss modulus G″ (lines without symbols).



www.advancedsciencenews.com www.mcp-journal.de

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900341 (9 of 13)

stiffness at a given temperature, whereas G′ of A-PrOzi-A/CUR 
was still below that of neat H100.

To verify the reproducibility of our observations, we synthe-
sized a second batch of H100 and investigated its rheological 
properties (Figure S22a, Supporting Information). More impor-
tantly, also the influence of A-PrOzi-A/CUR at both, the lowest 
(25/7.5 mg/gH100,wet; Figure S22b, Supporting Information) and 
highest solids content (50/30 mg/gH100,wet, Figure S22c, Sup-
porting Information), was highly reproducible using the dif-
ferent batch of H100. A-PrOzi-A/CUR was either added as dry 
powder to 20 wt% H100 (as employed above) or added as highly 
concentrated aqueous solution (A-PrOzi-A/CUR = 150/90 or 
75/22.5 g/L) to 30 wt% H100 to yield the same final polymer, 
CUR and hydrogel concentrations. Although the latter prepara-
tion method is faster, aqueous polymer/drug concentrations of 
150/90 g/L may not be generally feasible with most systems.

The differences between the various nanoformulations were 
also apparent by the flow properties of the respective hydrogels, 
as H100 + A-BuOx-A/CUR exhibited shape integrity already at 
15 °C, whereas A-BuOzi-A/CUR or A-PrOzi-A/CUR were free-
flowing sols under the same conditions (Figure 7a), despite 
rheological analysis might suggest otherwise (G′ < G″ for all 
samples at 15 °C, Figure 7b). Nevertheless, all hydrogels incor-
porating CUR nanoformulations exhibited sol–gel transitions 
well below body temperature as well as sufficient stability at 
37 °C, making them promising candidates as injectable drug 
depots. Therefore, the CUR release of selected hydrogels was 
investigated in the next step.

3.2.4. CUR Release from Hydrogels Embedded in Collagen

To investigate the CUR release under conditions related to the 
desired application as injectable, subcutaneous drug depot, 
the CUR-loaded hydrogels were injected into a collagen matrix 
embedded on the apical side of trans-well inserts and subse-
quently the CUR release determined on the basolateral side. 
Collagen was chosen since it reflects the composition and 
structure of human connective tissue to which drug-loaded 
hydrogels might be applied in a future clinical setting. In pre-
liminary experiments, we noticed major variabilities in the 
drug release profile, which we attributed to variation of the 
positioning of the hydrogel depot within the collagen matrix. To 
reduce such variations, the syringes containing the CUR-loaded 
hydrogels were guided using a 3D-printed scaffold to ensure 
reproducible injection depth (0.25 cm at 0.5 cm height of col-
lagen) as well as injection position (Figure 8a). Before injection, 
the syringes loaded with the respective hydrogels were cooled 
for 20 min at 8 °C to ensure liquidity of the respective sols. 
CUR was either neatly incorporated into the hydrogel (20 wt% 
H100 + 15 mg/g CUR) or in the form of A-PrOzi-A (polymer/
CUR = 50/30 mg/g) or A-BuOx-A (polymer/CUR = 50/15 mg/g) 
nanoformulations, both at maximum CUR-loadings. These 
hydrogels were selected due to their different gel properties. 
Whereas H100 directly incorporating CUR exhibited a sol–gel 
transition above body-temperature (Tgel = 42 °C; G′37°C = 37 Pa; 
Figure 4), both hydrogels incorporating triblock-copolymers are 
solid gels at the investigated 37 °C (Figure 6c,d). Interestingly, 

Macromol. Chem.  Phys. 2019, 1900341

Figure 6. Temperature dependent rheological analysis of H100 (20 wt%) before (gray) and after incorporation of CUR-loaded polymer micelles of 
A-BuOx-A (blue), A-BuOzi-A (red), or A-PrOzi-A (black). Concentration of polymer/CUR added was either a) 25/7.5; b) 25/15; c) 50/15; or d) 50/30 mg/
gH100,wet. Samples were heated from 5 to 60 °C at 5 °C min−1. Frequency was 1 Hz at 0.5% amplitude. Tgel is defined as the intersection of storage G′ 
(lines with symbols) and loss modulus G″ (lines without symbols).
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Figure 7. a) Flow properties of H100 (20 wt% in H2O) incorporating CUR-loaded polymeric micelles (polymer/CUR = 50/15 mg/g) at either 15 (top) 
or 25 °C (bottom); b) corresponding rheological properties of respective hydrogels.

Figure 8. a) Setup for CUR release studies from CUR-loaded hydrogels or CUR-loaded polymer micelles injected into a collagen matrix. Hydrogel was 
added in a Hamilton syringe, cooled to 8 °C and subsequently injected (10 µL) into a transwell containing collagen. To ensure same injection depths 
and positions within the collagen matrix, the syringe was guided with a 3D printed scaffold (right picture); b) long-term CUR release of CUR directly 
incorporated into H100 (20 wt%; red curve) or pre-incorporated into either A-BuOx-A (polymer/CUR = 50/15 mg/g; blue curve) or A-PrOzi-A (polymer/
CUR = 50/30 mg/g, black curve). A-PrOzi-A/CUR at either polymer/CUR = 250/30 mg/g (green) or 50/30 mg/g (pink) without H100 for comparison; 
c) appearance of collagen matrix before (left) and 2 h (middle) or 2 days (right) after injection of H100/A-PrOzi-A/CUR (representative for all hydrogel 
containing samples); d) appearance of collagen containing H100/A-PrOzi-A/CUR (left) or A-PrOzi-A/CUR = 250/30 mg/g (right) after 26 days incuba-
tion in PBS; e) collagen matrix initially containing H100/A-PrOzi-A/CUR after release experiment (d 69); f) aqueous CUR concentration in basolatoral 
chamber released per day; g) concentration of released CUR with respect to CUR aqueous solubility (= oversaturation) at day of quantification. All 
CUR-loaded samples were prepared once and injected in three individual trans-wells containing collagen. Results are presented as mean ± SD (n = 3).
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H100/CUR exhibited the fastest CUR-release of all samples 
(Figure 8b, red curve). Nevertheless, a sustained release was 
obtained with 50% CUR release after approximately 15 days 
(t50%). H100 incorporating A-BuOx-A/CUR at the same CUR 
concentration of 15 mg/g (blue curve) exhibited a slower 
release profile, with t50% = 19 days. This may be attributed to 
the much stronger network, as evidenced by their rheological 
properties (G′37°C(H100/CUR) = 37 Pa; G′37°C(H100/A-BuOx-A/
CUR) = 5.7 kPa). The slower release in the presence of A-BuOx-
A could also be due to altered pore sizes of the respective 
hydrogel which might to some extent correlate with the gel 
stiffness. To investigate this hypothesis, more detailed inves-
tigations utilizing, for example, fluorescence recovery after 
photo bleaching would be necessary, which are outside the 
scope of the current contribution.

A more sustained release of acetylsalicylic acid (AS) pre-
incorporated into lipid nanoparticles compared to directly sol-
ubilized AS also occurred for κ-carrageenan-based hydrogels 
within the first 2 h after immersing the respective hydrogels 
in water.[66] However in contrast to the presently reported find-
ings, the cumulative release within 40 h of directly solubilized 
AS was much lower than that of formulated one reaching a 
plateau already after 15 h (= incomplete overall drug release). 
Unfortunately, the influence of the nanoformulation on gela-
tion properties was not further investigated in this report. 
Similarly, Nie et al.[17] observed a prolonged release of PTX pre-
incorporated into liposomes compared to solubilization of neat 
PTX with Pluronic F127 at both, the dialysis method (20% vs 
40% release after 8 h) as well as when immersing the gels in 
water (60% vs 90% release after 8 h).

H100 incorporating A-PrOzi-A/CUR (Figure 8b, black curve) 
exhibited the longest release profile with 50% release after 
approximately 23 days and 80% release after 36 days. As the dif-
ferences between H100 incorporating either A-PrOzi-A/CUR or 
A-BuOx-A/CUR became evident only at later stage of 19 days 
and after, the longer release of the former is probably due to the 
higher CUR concentration in the case of A-PrOzi-A/CUR rather 
than the viscoelastic properties of the hydrogel (G′37°C(H100/A-
PrOzi-A/CUR) = 2.0 kPa). A similar faster cumulative release 
at lower drug-loading was also observed for PEG-PCL-PEG-
based hydrogels when immersed at 37 °C in PBS.[75] At 1 g L−1 
honokiol, 45% drug was released after 8 days, whereas only 
35% were released at 2 g L−1 in the same time period. Cumu-
lative release of honokiol reached a plateau already at day 8 
with little less than 50% overall release after 14 days, hinting 
toward drug crystallization/precipitation preventing further 
release. However, the release studies in this report were only 
performed once and conclusions should be regarded with great 
care. In accordance with the previous observations, a slower 
drug release also occurred for PLGA-PEG-PLGA-based hydro-
gels incorporating increasing amounts of DTX.[27] Cumula-
tive drug release after 3 weeks at 37 °C were 92% and 85% at 
2 and 8 g L−1 DTX, respectively. Similarly, cumulative release 
from PEG-PCL hydrogel was slower at 2 g L−1 PTX (30% after 
30 days) than at 1 g L−1 (40% after 30 days).[26]

Important to note, the CUR release from the drug-loaded 
hydrogels was essentially quantitative with overall CUR 
releases of ≥98%. In contrast, when injecting neat A-PrOzi-A/
CUR nanoformulations into collagen without incorporation 

into H100 at either the same nanoformulation concentra-
tion as present in H100 hydrogel (50/30 mg/g; pink curve) 
or at the same total polymer concentration (hydrogel + nano-
formulation, 250/30 mg/g; green curve), a strikingly different 
release profile occurred. At the latter, CUR release was fastest 
with half-life of 10 days. The slower CUR release at lower 
A-PrOzi-A concentration of 50 mg/g (pink curve) may be attrib-
uted to a non-homogenous distribution in the collagen matrix 
or a smaller excess of polymer carrier. Whereas A-PrOzi-A/
CUR = 250/30 mg/g enabled a decent overall release of 72%, 
only 36% of total added CUR was released from A-PrOzi-A/
CUR = 50/30 mg/g. Visual inspection of the respective col-
lagen samples revealed the reason for this incomplete release 
in the absence of H100. Immediately after injection, a more 
or less spherical depot is discernable at the injection site 
(Figure 8c, 1 h). After day 1, the yellow color of CUR distrib-
uted homogenously throughout the whole collagen matrix 
(Figure 8c, 2 days). This homogeneity remained throughout 
the whole release experiment in all samples containing H100. 
In contrast, without H100, precipitation of CUR occurred at 
a later stage (Figure 8d, right sample) correlating with the 
incomplete CUR release (Figure 8b, green and pink curves). 
This is quite interesting, as the nanoformulation A-PrOzi-A/
CUR itself exhibits excellent stability in aqueous media.[54] 
This suggests that the collagen matrix somehow destabilizes 
the nanoformulations while this was apparently not the case 
when using H100/CUR depots. This is of great importance 
regarding the desired application as injectable drug depot, as 
it enables sustained and complete release over long periods of 
time. Important to note, after the release experiments, as sug-
gested by the quantitative analysis, all collagen matrices ini-
tially containing H100 were completely colorless showing no 
sign of retained CUR (Figure 8e).

Important to note, only the CUR release of A-pPrOzi-A/
CUR directly incorporated into collagen without H100 showed 
a linear release profile at early timepoints (followed by plateau 
region) when plotted against square root of time (Figure S23b, 
Supporting Information). A linear trend is typical of the Fickian 
diffusion mechanism.[76] In contrast, when incorporated into 
H100, a sigmoidal CUR release was observed (Figure S23a, 
Supporting Information). The deviation from the often 
observed linear square root release kinetic of small compounds 
incorporated into hydrogel matrices might be due to the dual 
hydrogel system, that is, incorporation of drug-loaded hydrogel 
(H100) into another hydrogel (collagen). In case of the neat 
nanoformulations, the maximum CUR concentrations released 
per day were already reached at day 4 (Figure 8f). In contrast, 
employing H100 depots, released CUR concentration gradu-
ally increased up to day 8 (H100/CUR; H100/A-PrOzi-A/CUR) 
or day 11 (H100/A-BuOx-A/CUR), respectively, before they 
started to decrease. This can be attributed to the reduced dif-
fusivity in H100, prolonging the homogenous distribution of 
the respective gels in the collagen matrix. CUR concentrations 
well above CUR aqueous solubility of 1.6 µM (0.6 mg L−1[48]) 
were reached in all samples in the recipient chamber. There-
fore, we must assume that CUR was not released as free drug, 
but in solubilized form, presumably in the form of drug-loaded 
polymer micelles. In the case of the hydrogel incorporating 
A-PrOzi-A/CUR, a pronounced oversaturation with respect to 
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CUR aqueous solubility was achieved at day 11 ([CUR] = 47 µM, 
29-fold, Figure 8g, black curve) and the oversaturation extended 
for several weeks (e.g., 18-fold at day 36) suggesting the long-
term integrity of CUR nanoformulations in the collagen matrix. 
Important to note, the increase in CUR oversaturation from 
day 19 to day 36 is due to longer time intervals between sam-
pling of the basolateral solution (Figure 8g, black and blue 
curves). In terms of controlled release, the drug depot featuring 
the A-BuOx-A/CUR showed arguably the most promising per-
formance. The early-time concentration spike was less pro-
nounced and quite steady release was observed over the course 
of 30 days.

4. Conclusion

CUR was incorporated into a cytocompatible hydrogel either 
directly or in form of a nanoformulation for a prospective 
injectable drug depot. Solubilization of neat CUR strongly 
interfered with the gelation of the hydrogel while incorpora-
tion of neat polymer used in nanoformulations resulted in two 
opposing trends. The purely POx-based triblock copolymer 
increased gel stiffness as well as decreased Tgel, whereas poly-
mers bearing POzi-based hydrophobic cores similar or same to 
the one present in the hydrogel impeded the gelation process. 
Interestingly the influence of both, CUR and the neat poly-
mers, was strongly attenuated by incorporating both into the 
hydrogel matrix in form of CUR nanoformulations suggesting 
that the drug-loaded polymer micelles remain largely intact 
within the POx-based hydrogel. After injection into a collagen 
matrix used as a simple model for subcutaneous administra-
tion, all POx-based systems exhibited essentially quantitative 
CUR-release. Interestingly, CUR directly incorporated into 
the hydrogel showed the fastest cumulative release, whereas 
the CUR nanoformulations exhibit markedly prolonged drug 
release. This is in accordance with their viscoelastic proper-
ties. Even after 50 days, the concentration of released CUR 
was above the inherent CUR water solubility, illustrating the 
release of CUR in a solubilized form from this novel combined 
drug depot and delivery systems. Most interestingly, CUR-
loaded polymer micelles injected without hydrogel showed 
CUR precipitation in the collagen matrix. In contrast, col-
lagen containing CUR-loaded POx hydrogels showed no sign 
of CUR precipitation during 69 days of release experiment. 
These findings together with the extraordinary shelf life of the 
CUR-loaded hydrogels with no loss of CUR-content even after 
22 months make them an interesting platform as a combined 
drug depot and delivery system for, for example, subcutaneous 
or intraocular injections. As the presently investigated hydrogel 
has been demonstrated to be suitable as a bioink for 3D cell 
printing, we envision the combination of 3D cell bioprinting 
with 3D printed drug depots with extended release as potential 
future development.
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Although poly(2-oxazoline) (POx) based drug carriers enabled extraordinary high LCs for non-

water soluble drugs in selected cases, the formulation of other hydrophobic compounds has 

failed. However, due to their chemical versatility, drug loading of the latter could be increased by 

some extent by alterations in the hydrophilic/lipophilic balance induced by sidechain variation 

within the hydrophobic core of triblock copolymers.  

Within this thesis, the chemical versatility of the drug carriers was further expanded by 

introducing an additional methylene unit in the polymer mainchain to obtain the so far scarcely 

investigated polymer class of poly(2-oxazine)s (POzi). Emphasize was put on the impact of the 

hydrophobic core of ABA triblock copolymers on solubilization properties. Therefore, unless 

otherwise stated, the hydrophilic A blocks will be kept constant (A = poly(2-methyl-2-oxazoline), 

whereas the hydrophobic block B will be varied. Backbone modification was already expected to 

have a stronger influence on polymer properties, as shown in the generally stronger dependency 

of POx/POzi water solubility as well as flexibility (in solid state) on mainchain, than on sidechain 

variation. In accordance with the latter, LC for hydrophobic CUR was more strongly dependent on 

the polymer backbone within the hydrophobic core of the polymer amphiphile than on the 

polymer sidechain. Generally, LC for CUR was higher for POzi based hydrophobic cores than for 

corresponding POx with either the same, or structurally similar alkyl sidechains enabling extremely 

high CUR loadings up to 54 wt.% as well as unrivalled high aqueous CUR solubilities of 55 g/L 

(90,000-fold increase in water-solubility) with 50 g/L polymer. However, a generalization of this 

trend is not possible, as LC for PTX was more dependent on the polymer sidechain, than the 

polymer mainchain, whereas LC for efavirenz was more or less independent of both. Similar to 

POx, sidechain alterations also strongly influenced formulation properties of POzi as observed for 

barely hydrophobic C3 and C4, strongly hydrophobic C9 as well as aromatic phenyl and benzyl 

sidechains. Important to note, solubilization properties of the amphiphiles cannot be derived from 

the stability of the empty polymer micelles, as the presence of hydrophobic compounds can 

induce micellization in triblock copolymers with an amphiphilic contrast not pronounced enough 
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to form micelles on their own (up to polymer = 10 g/L; room temperature) resulting in excellent 

LCs and shelf-life of the latter combinations in selected cases.  

Although the drug loading of POzi based amphiphiles was almost in all cases superior to their POx 

counterparts (except for PTX), the formulation of dexamethasone or tanshinone IIa (T2A) failed 

for both with aqueous drug concentrations < 1 g/L. Interestingly this was in accordance with the 

solubility profile of T2A, being soluble only in solvents without hydrogen-bond acceptors (31 

solvents tested). Conversely, POx and POzi being polyamides comprise a high density of H-bond 

acceptors. Unfortunately, the polymer-drug compatibilities of 18 different polymer amphiphiles 

and five hydrophobic, structurally versatile drugs could not be predicted with widely applied group 

contribution methods such as Hildebrand or Hansen solubility parameters. Although certain 

trends regarding good and poor solubilizers could be estimated, the influence of small changes in 

the chemical structure such as branching or cyclization in the polymer sidechain was out of range. 

This was true for purely calculated as well as empirically determined solubility parameters.  

The unpredictable nature of polymer-drug compatibility can be partly explained by the 

observation that stronger polymer-drug interactions not necessarily correlate with higher drug 

loadings. Although polymer-CUR interactions where more pronounced for a POx based 

amphiphile than for its structural POzi isomer, the latter (POzi) enabled LCs surpassing 50 wt.%, 

whereas the former (POx) already collapsed at CUR loadings > 25 wt.%. The stronger host-guest 

interactions where expressed in more closely embedded CUR molecules in the POx matrix causing 

a decrease in CUR molecular mobility as well as suppression of conformational changes, observed 

by (temperature dependent) steady state spectroscopy as well as fluorescence upconversion.  

The highly unusual LCs > 50 wt.% were further investigated using solid state NMR. In accordance 

with fluorescence upconversion, increasing CUR loading (17, 38 and 52 wt.%) led to an increasing 

resemblance with the NMR spectrum of non-formulated, quench-cooled amorphous CUR. This 

corresponds to a more diverse, i.e. less ordered molecular microenvironment for CUR. Mainly the 

aromatic OCH3 and OH moieties of CUR interacted with the polymer amphiphile, whereas CUR 

enol moiety seemed to be mostly involved in intramolecular interactions. Most interestingly, with 

increasing CUR content, the occurrence of additional carbonyl signals indicated that not only the 

amide groups of the hydrophobic core, but also of the hydrophilic shell interacted with CUR. 

Therefore, as the interaction sites within the core become saturated with increasing CUR loading, 

an increasing proportion of the hydrophilic block stabilized the solubilized cargo. Conversely, the 

hydrophilic corona gets more and more physically crosslinked, finally causing colloidal instabilities 

and precipitation.  
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The latter was confirmed by small angle neutron scattering (SANS), showing a transition of the 

drug-loaded micelles from a core-shell, to a core-shell-shell morphology at CUR ≥ 3 g/L (polymer 

= 10 g/L). The second, inner shell is in good agreement with the participation of the hydrophilic 

polymer block in the stabilization of solubilized CUR at higher CUR loadings, investigated by solid 

state NMR. 

Furthermore, increasing CUR loading caused a dehydration of the initially hydrated core, as well 

as inner shell due to increasing amounts of CUR in the respective layers. The ever more parts of 

CUR in the hydrophilic shell causes a dehydration of the micelle as a whole, finally causing 

agglomeration and precipitation. This is in accordance with the precipitation of not only CUR, but 

polymer/CUR at high CUR loading observed by liquid NMR. Furthermore, physical crosslinking of 

the hydrophilic shell was also expressed in decreasing dissolution rates of the freeze-dried CUR-

loaded micelles with increasing CUR loading. The influence of the hydrophilic shell on formulation 

properties was further elucidated by replacing the hydrophilic poly(2-methyl-2-oxazoline) 

(PMeOx) shell of the ABA triblock copolymers (A = hydrophilic block; B = hydrophobic block) either 

partly (A-B-A*) or completely (A*-B-A*) with similarly water-soluble poly(2-ethyl-2-oxazoline) 

(PEtOx). A significant drop in the LC of all amphiphiles comprising PEtOx occurred, although the 

specificity pattern with respect to the hydrophobic core was largely preserved. Interestingly, the 

interaction between the PEtOx shell and the incorporated hydrophobic small molecules was more 

pronounced than for its PMeOx counterparts, reducing colloidal stability of the respective drug-

loaded micelles at much lower drug loading. These findings once more demonstrate that a simple 

core-shell architecture, in which the core incorporates the hydrophobic drug and the corona 

facilitates micellar water solubility, is an oversimplification. Although main emphasize of this 

thesis was put on the impact of the micellar hydrophobic core on polymer-drug compatibility, the 

influence of the hydrophilic shell should be investigated further. This becomes clear, when 

considering the generally limited LC of polymer micelles of 20 wt.% and below, in which the 

hydrophilic corona of the vast majority of described systems is composed of polyethylene glycol.  

From a more pharmaceutical point of view, the CUR-loaded micelles exhibited pronounced 

cytotoxicity in conventional 2D cell culture against human dermal fibroblasts (IC50,72h = 45 µM), 

Caco-2 (IC50,24h = 60 µM) as well as MDA-MB231 triple negative breast cancer cells (IC50,72h = 19 

µM). Those IC50 values were comparable to those of CUR simply dissolved in DMSO, showing that 

polymer solubilized CUR was completely active even at very high drug loadings of polymer/CUR = 

10/11 g/L. Interestingly, CUR-loaded micelles also inhibited tumor growth in a more sophisticated 

3D tissue model composed of MDA-MB231 cells seeded onto a decellularized porcine intestine. 

As the tumor cells exhibited an increased resistance against CUR therapy in the 3D model and as 
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serum stability of polymer/CUR was higher than for DMSO/CUR, the former might be able to allow 

high dose in vivo therapy necessary to reach sufficient CUR concentrations at the site of action. 

However, this is highly challenging due to the chemical instability of CUR and needs to be 

evaluated further. Apart from that, nanoformulated CUR also suppressed the adherence of 

malignant SW480 cells to a collagen scaffold in a flow bioreactor, suggesting anti-metastatic 

potential of CUR.  

The pharmaceutical potential of drug-loaded POzi based micelles was further evaluated in the 

treatment of very aggressive and up to date uncurable glioblastoma. Water solubility of the statin 

atorvastatin (ATV) could be strongly increased by solubilization with an POzi based amphiphile up 

to ATV = 7 g/L (polymer = 10 g/L). However, in contrast to polymer/CUR, large aggregates with 

hydrodynamic diameters > 600 nm were formed at ATV concentrations ≥ 3 g/L. The nanosized 

ATV-loaded micelles (polymer/ATV = 10/1 g/L; Dh = 26 nm) exhibited pronounced cytotoxicity 

against various mouse and human glioblastoma cells in 2D cell culture (IC50 values between 5 and 

32 µM). This was also true for 3D spheroid models of highly aggressive and rapidly proliferating 

mouse brain tumor initiating bRiTS-G2 cells. Permeability of the POzi formulated ATV through an 

artificial blood-brain-barrier (BBB) derived from human induced pluripotent stem cells was not 

enhanced compared to DMSO/ATV.  

To expand the way of administration, the drug-loaded micelles were incorporated into a 

cytocompatible POx/POzi based hydrogel matrix possibly finding application as (sub)cutaneous 

drug depot from which the drug is released in a locally concentrated and sustained manner. 

Interestingly, the presence of neat CUR strongly decreased mechanical strength of the hydrogel, 

which could be somehow reversed by incorporation of triblock copolymer-formulated CUR at 

same CUR concentrations. Important to note, the incorporation of the empty triblock copolymers 

affected thermogelling properties very differently, depending on their chemical structure. These 

deviations were much less pronounced in the case of the CUR-loaded micelles, suggesting the 

integrity of the latter after incorporation into the hydrogel. Apart from that, all CUR-loaded 

hydrogels (w/ or w/o pre-incorporation into polymer amphiphiles) exhibited excellent shelf-life 

with no sign of CUR-degradation or precipitation even after 22 months storage in the sol state at 

5 °C. In accordance with the lower mechanical strength of the hydrogel solubilizing neat CUR, the 

CUR-release of the latter after injection in a collagen matrix (to simulate subcutaneous injection) 

was faster compared to the hydrogels incorporating the CUR-loaded micelles at same CUR 

concentration. With the latter, a sustained and essentially quantitative CUR-release up to 70 days 

could be realized. Most interestingly, injecting micellar CUR at same CUR concentration into the 

collagen matrix without incorporation into the hydrogel caused premature CUR precipitation 
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strongly decreasing maximum released CUR to 36% and 72%. Therefore, the incorporation of CUR 

into the hydrogel matrix not only prolonged cargo-release but might also provide sufficient 

stability after e.g. subcutaneous injections.  

The here reported findings strongly encourage the use and further evaluation of POzi based drug-

formulations for various pharmaceutical applications. Furthermore, it became evident how small 

changes in the chemical structure of the individual components, or their concentrations can have 

a large impact on crucial formulation characteristics. Although polymer-drug interactions seem to 

be unpredictable to a certain extent, extensive research effort including thorough characterization 

of the (nano)materials will help to further optimize formulation characteristics and therefore 

increase patient convenience as well as maximize treatment outcomes.  

Especially cheminformatics driven simulations will help more and more to precisely adjust medical 

properties in a targeted manner. This was already demonstrated by Kabanov and coworkers [Sci. 

Adv. 2019, 5, eaav9784], being able to predict the LE and LC for 6 out of 8 drugs reasonably good, 

by taking into account formulation conditions such as the drug-feed concentration. The scope of 

such computer assisted approaches is further illustrated in the predictive power of artificial 

intelligence (AI) driven retrosynthetic analysis, optimization of reaction conditions and even the 

identification of new chemistry in synthetic organic chemistry [Nat. Rev. Chem. 2019, 3, 589-604]. 

To generate such productive AI, access to high-quality data in generous amounts is necessary. 

Advantageously, large data collections are not only available for synthetic chemistry (e.g. via 

SciFinder or Reaxys), but also for polymer based drug formulations. For the latter, the biggest 

challenge might be the extraction of relevant information from the plethora of publications due 

to non-standardized formulation descriptions and characterizations, not to mention uncertainties 

regarding the characterization of the polymeric drug carriers themselves.  

From a more pharmaceutical point of view, the treatment of up to date uncurable pancreatic 

ductal adenocarcinoma is of greatest interest. Due to an overexpressed extracellular matrix, the 

drug penetration into the tumor is strongly hampered associated with poor survival prognosis. 

Very recently, we and cooperation partners demonstrated that a pretreatment based on a 

proteolytic-enzyme nanoparticle disassembles the dense collagen matrix. This led to an increased 

penetration of a POx based PTX formulation into the pancreatic tumor in vivo, strongly increasing 

anti-tumor efficacy compared to non-pretreatment [ACS Nano 2019, 13, 11008-11021]. In this 

study, the proteolytic enzyme and chemotherapeutic PTX were in different nanoparticular 

systems. However, co-formulating the latter in the same micellar system might even increase 
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treatment efficacy, due to the immediate entry of PTX into the tumor site as soon as the integrity 

of the tumor stroma is not given anymore.  

Such immediate treatment is especially important for pancreatic cancer, as the degradation of the 

extracellular matrix can cause an increase of circulating tumor cells or metastasis [Cancers 2018, 

10, 316]. A “fast” treatment might not be possible by separately administered formulations due 

to different pharmaco-dynamics and -kinetics of the individual systems. Non-covalent protein 

delivery strategies, in which the cargo is delivered as part of a supramolecular complex, are often 

based on the interaction of a protein with short, mostly cationic peptide structures (so called 

protein transduction domains (PTDs)) of a polymeric carrier system. Tew and coworkers 

developed amphiphilic block copolymers composed of synthetic PTD mimics with cationic as well 

as hydrophobic domains for the delivery of various enzymes [Polym. Chem. 2016, 7, 7514-7521]. 

The hydrophobic domains have been employed to improve cell penetration. Although only 

investigated for protein delivery, such amphiphilic polymers might also be able to solubilize and 

deliver both, enzymes as well as hydrophobic drugs. Due to their chemical and structural 

versatility, POx and POzi based drug carriers are ideal candidates to adjust individual block lengths 

as well as overall composition (e.g. gradient copolymer vs. block copolymer) in order to maximize 

cargo loading, particle stability, as well as cellular uptake.
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6 Zusammenfassung und Ausblick 

 

Obwohl Poly(2-Oxazolin) (POx) basierte Wirkstoffträgersysteme außergewöhnlich hohe 

Beladungskapazitäten (BK) für wasserunlösliche Wirkstoffe in bestimmten Fällen aufwiesen, 

schlug die Formulierung anderer hydrophober Verbindungen fehl. Aufgrund ihrer chemischen 

Vielseitigkeit konnte die Wirkstoffbeladung mit letzteren Verbindungen jedoch erhöht werden 

indem die hydrophile/lipophile Balance durch Variationen in der Polymerseitenkette innerhalb 

des hydrophoben Kerns von Triblockcopolymeren optimiert wurde.  

Innerhalb dieser Dissertation wurde die chemische Vielseitigkeit der Wirkstoffträger weiter 

erhöht, indem eine zusätzliche Methylengruppe in die Polymerhauptkette eingeführt wurde. 

Dadurch erhält man die bisher kaum untersuchte Polymerklasse der Poly(2-Oxazin)e (POzi). 

Hauptaugenmerk wurde auf den Einfluss des hydrophoben Blocks von ABA Triblockcopolymeren 

auf Solublisierungseigenschaften gelegt. Falls nicht anders erwähnt, basierten die hydrophilen A 

Blöcke auf Poly(2-methyl-2-oxazolin), wohingegen der hydrophobe Block B variiert wurde. Es 

wurde bereits vermutet, dass Änderungen in der Polymerhauptkette einen starken Einfluss auf 

die Polymereigenschaften haben, da die Wasserlöslichkeit als auch die Flexibilität (im Festkörper) 

von POx und POzi stärker durch Veränderungen in der Polymerhauptkette, als in der Seitenkette 

beeinflusst werden. Damit übereinstimmend war die BK für das hydrophobe Molekül Curcumin 

(CUR) stärker von der Struktur der Polymerhaupt-, als der Polymerseitenkette beeinflusst. 

Generell war die BK für CUR höher für POzi basierte hydrophobe Kerne, als für die entsprechenden 

POx basierten Systeme sowohl mit derselben, als auch strukturell ähnlichen, Alkyl-basierten 

Seitenketten. Erstere ermöglichten extrem hohe CUR-Beladungen von bis zu 54 Gew.% wie auch 

unübertroffen hohe CUR Konzentrationen in Wasser von bis zu 55 g/L (90.000-fache Erhöhung der 

Wasserlöslichkeit) bei einer Polymerkonzentration von 50 g/L. Eine Verallgemeinerung dieses 

Trends ist jedoch nicht möglich, da die BK für Paclitaxel (PTX) stärker von der Polymerseiten-, als 

der Hauptkette abhing. Im Gegensatz dazu war die BK für Efavirenz mehr oder weniger 

unbeeinflusst von beidem. Davon abgesehen waren in den meisten Fällen die 

Formulierungseigenschaften von POzi stark abhängig von der Polymerseitenkette, wie etwa kaum 

hydrophober C3 und C4, stark hydrophober C9 wie auch aromatischer Phenyl oder Benzyl 

Seitenketten.  
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Die Solubilisierungseigenschaften besagter Amphiphile konnten nicht von der Stabilität der 

unbeladenen Polymermizellen abgeleitet werden, da die Hinzugabe hydrophober Moleküle eine 

Mizellarisierung in Triblockcopolymeren hervorrufen kann, dessen amphiphiler Kontrast 

ansonsten nicht stark genug ist um selbst Mizellen zu bilden (bis zu Polymerkonzentrationen von 

10 g/L bei Raumtemperatur). In ausgewählten Fällen ermöglichte die Kombination von letzteren 

Polymeren mit bestimmten hydrophoben Wirkstoffen sogar ausgesprochen hohe BK sowie 

Lagerbeständigkeit in wässriger Lösung.  

Obwohl die Wirkstoffbeladung von POzi basierten Amphiphilen in fast allen Fällen höher war als 

für die entsprechenden POx mit ähnlicher Seitenkette (außer für PTX), konnte mit keinem der 

besagten Wirkstoffträgersysteme Dexamethason oder Tanshinon IIa (T2A) erfolgreich formuliert 

werden (wässrige Wirkstoffkonzentrationen < 1 g/L). Interessanterweise stimmte das mit dem 

Löslichkeitsprofil von T2A überein, da dieses nur in Lösungsmitteln ohne 

Wasserstoffbrückenakzeptoren löslich war (insgesamt 31 getestete Lösungsmittel). POx und POzi 

als Polyamide weißen hingegen eine sehr hohe Dichte an H-Brücken Akzeptoren auf. Die 

Kompatibilität zwischen Polymer und Wirkstoff von 18 verschiedenen amphiphilen Polymeren 

und 5 hydrophoben, strukturell unterschiedlichen Wirkstoffen konnte nicht mit den oftmals 

verwendeten Gruppenbeitragsmethoden wie Hildebrand oder Hansen Löslichkeitsparametern 

hervorgesagt werden. Obwohl bestimmte Trends in Bezug auf guter oder schlechter 

Löslichkeitsvermittler abgeschätzt werden konnten, konnte der Einfluss kleiner Änderungen in der 

chemischen Struktur der polymeren Trägerstoffe wie etwa Verzweigungen oder Zyklisierungen in 

der Seitenkette nicht bestimmt werden. Dies war sowohl für rein berechnete als auch empirisch 

bestimmte Löslichkeitsparameter der Fall.  

Die Unvorhersagbarkeit der Polymer-Wirkstoff Kompatibilität kann zum Teil dadurch erklärt 

werden, dass stärkere Polymer-Wirkstoff Wechselwirkungen nicht immer mit höheren 

Wirkstoffbeladungen korrelieren. Obwohl Polymer-CUR Wechselwirkungen stärker für ein POx 

basiertes Amphiphil als für dessen POzi Strukturisomer ausgeprägt waren, wies letzteres (POzi) BK 

über 50 Gew.% auf, wohingegen ersteres (POx) bereits bei BK > 25 Gew.% begann auszufallen. Die 

stärkeren Wirt-Gast Wechselwirkungen zeigten sich durch stärker eingebettete CUR Moleküle in 

der POx Matrix, was zu einer Reduktion der molekularen Mobilität wie auch der Unterdrückung 

von Änderungen in der Konformation von CUR führte (beobachtet durch (Temperatur abhängige) 

Steady-State Spektroskopie wie auch Fluoreszenz-Hochkonversion).  
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Die ungewöhnlich hohen BK > 50 Gew.% wurden des Weiteren mit Festkörper-NMR untersucht. 

In Übereinstimmung mit Fluoreszenz-Hochkonversion, näherten sich die NMR Spektren mit 

Erhöhung der CUR-Beladung (17, 38 und 52 Gew.%) denen von nicht-formuliertem, 

schockgefrorenen amorphen CUR an. Dies entspricht einer weniger geordneten, molekularen 

Mikroumgebung von CUR. Interessanterweise wechselwirkten vor allem die aromatischen OCH3 

und OH Gruppen von CUR mit dem polymeren Amphiphil, wohingegen die zentrale Enol-Gruppe 

hauptsächlich intramolekular interagierte. Mit zunehmendem CUR-Anteil tauchten zusätzliche 

Carbonyl-Signale im NMR-Spektrum auf, welche auf die Wechselwirkung von nicht nur den Amid-

Gruppen des hydrophoben Kerns, sondern auch den der hydrophilen Schale mit CUR hindeuteten. 

Dies bedeutet, dass mit zunehmender CUR-Beladung die Bindungsstellen innerhalb des Kerns 

immer stärker abgesättigt werden, wodurch ein immer größerer Anteil des hydrophilen Blocks die 

gelösten, hydrophoben Moleküle stabilisiert. Im Gegenzug wird dadurch die hydrophile Korona 

immer stärker physikalisch-quervernetzt, was zu kolloidalen Instabilitäten und somit zum Ausfall 

(Niederschlag) der Formulierung führt.  

Letzteres wurde mithilfe von Kleinwinkelneutronenstreuung (SANS; engl.: small angle neutron 

scattering) bestätigt, bei dem ein Übergang der wirkstoffbeladenen Mizellen von einer Kern-

Schale, zu einer Kern-Schale-Schale Morphologie bei CUR Konzentrationen über 3 g/L (Polymer = 

10 g/L) beobachtet wurde. Die zweite, innere Schale stimmt gut mit der Beteiligung des 

hydrophilen Polymerblocks in der Stabilisierung von solubilisiertem CUR bei höheren CUR-

Beladungen (beobachtet mit Festkörper-NMR) überein. Des Weiteren führte eine Erhöhung der 

CUR-Beladung zu einer Dehydratisierung des Kerns wie auch der inneren Schale, was eine 

Dehydratisierung der gesamten Mizelle bewirkt, und letzten Endes zur Agglomeration und zum 

Ausfall führt. Dies stimmt mit der Beobachtung von Flüssig-NMR überein, dass nicht nur CUR, 

sondern Polymer/CUR bei hohen CUR-Beladungen ausfällt. Die zunehmende physikalische-

Quervernetzung der hydrophilen Schale zeigte sich ebenfalls in geringeren Auflösungsraten von 

gefriergetrockneten, CUR-beladenen Mizellen mit steigender CUR-Beladung.  

Der Einfluss der hydrophilen Schale auf Formulierungseigenschaften wurde ebenfalls deutlich 

indem der hydrophile Poly(2-Methyl-2-Oxazolin) (PMeOx) Block der ABA Triblock Copolymere (A 

= hydrophiler Block; B = hydrophober Block) entweder teilweise (A-B-A*) oder komplett (A*-B-A*) 

mit ähnlich wasserlöslichem Poly(2-Ethyl-2-Oxazolin) (PEtOx) ausgetauscht wurde. Die BK von 

allen Amphiphilen mit PEtOx war deutlich geringer als für die entsprechenden Polymere mit 

PMeOx. Abgesehen von der geringeren BK blieben die Polymer-Wirkstoff Spezifitäten in Bezug auf 

den hydrophoben Kern jedoch weitestgehend erhalten. Interessanterweise waren die 

Wechselwirkungen zwischen der PEtOx Schale und den eingelagerten, hydrophoben Wirkstoffen 
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laut Flüssig-NMR stärker ausgeprägt als für die PMeOx Schale, was zu einer Verringerung der 

kolloidalen Stabilität der wirkstoffbeladenen Mizellen bereits bei geringen Wirkstoffbeladungen 

führte. Dies zeigt erneut, dass eine ausgeprägte Kern-Schale Morphologie, in welcher der 

hydrophobe Kern den hydrophoben Wirkstoff und die hydrophile Korona die Wasserlöslichkeit 

gewährleistet, eine starke Vereinfachung darstellt. Obwohl Hauptaugenmerk dieser Dissertation 

auf den Einfluss des hydrophoben Kerns auf die Polymer-Wirkstoff Kompatibilität gelegt wurde, 

sollte der Einfluss der hydrophilen Schale weiter untersucht werden. Dies wird insbesondere 

deutlich, wenn man bedenkt dass die meisten Polymer basierten Mizellen eine begrenzte BK von 

unter 20 Gew.% aufweisen, und die verschiedenen polymeren Systeme meist eine hydrophile 

Korona aus Polyethylenglycol besitzen. 

Aus pharmazeutischer Sicht wiesen die CUR-beladenen Polymermizellen eine ausgeprägte 

Zytotoxizität in konventioneller 2D Zellkultur gegen human-dermale Fibroblasten (IC50,72h = 45 

µM), Caco-2 (IC50,24h = 60 µM) wie auch MDA-MB231 Brustkrebszellen (IC50,72h = 19 µM) auf. Die 

IC50 Werte waren vergleichbar mit denen von in DMSO gelöstem CUR, was verdeutlichte, dass 

Polymer-formuliertes CUR selbst bei sehr hohen Wirkstoffbeladungen von Polymer/CUR = 10/11 

g/L vollständig aktiv und verfügbar war. Interessanterweise unterdrückten die CUR-beladenen 

Mizellen das Tumorwachstum ebenfalls in anspruchsvolleren 3D Gewebemodellen, in welchen die 

MDA-MB231 Zellen auf einem dezellularisierten Schweinedarm angesiedelt wurden. Da die 

Tumorzellen resistenter in dem 3D Model waren und die Serum Stabilität von Polymer/CUR höher 

war als für DMSO/CUR, könnte erstere hochdosierte in vivo Therapien ermöglichen, in welchen 

die nötigen CUR Konzentrationen am Tumor erreicht werden könnten. Trotz der positiven in vitro 

Ergebnisse ist dies jedoch aufgrund der chemischen Instabilität von CUR hochfragwürdig. 

Abgesehen davon unterdrückte nanoformuliertes CUR die Anlagerung von malignen SW480 

kolorektalen Karzinomen an eine Kollagenmatrix in einem Durchfluss-Bioreaktor, was auf ein anti-

metastatisches Potential von CUR hinweist.  

Das pharmazeutische Anwendungspotential von wirkstoffbeladenen POzi Mizellen wurde des 

Weiteren in der Behandlung von aggressiven und bis zum jetzigen Zeitpunkt unheilbaren 

Glioblastomen getestet. Die Wasserlöslichkeit des Statins Atorvastatin (ATV) konnte durch die 

Formulierung mit POzi basierten Amphiphilen bis zu ATV = 7 g/L (Polymer = 10 g/L) stark erhöht 

werden. Jedoch im Gegensatz zu POzi/CUR bildeten sich bei ATV Konzentrationen über 3 g/L 

größere Aggregate mit hydrodynamischen Durchmessern über 600 nm. Nanoformuliertes ATV 

(Polymer/ATV = 10/1 g/L; Dh = 26 nm) wies eine ausgeprägte Zytotoxizität gegen verschiedene 

Maus wie auch humane Glioblastom Zelllinien in 2D Zellkulturen auf (IC50 Werte zwischen 5 und 

32 µM) . Polymer/ATV war ebenfalls zytotoxisch in 3D Spheroid Modellen von hochaggressiven 
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und schnell proliferierenden Maus-Gehirntumor initiierenden bRiTS-G2 Zellen. Die Permeabilität 

von POzi formuliertem ATV über eine künstliche Blut-Hirn-Schranke basierend auf human-

induzierten, pluripotenten Stammzellen war jedoch nicht höher als für DMSO/ATV.  

Um das Einsatzgebiet von den Polymer-basierten Formulierungen zu erweitern, wurden die 

wirkstoffbeladenen Mizellen in ein zellkompatibles, POx/POzi basiertes Hydrogel eingearbeitet, 

um so als (sub)kutan verabreichtes Wirkstoffdepot, von welchem der Wirkstoff in lokal 

konzentrierter und länger anhaltenden Weise freigesetzt wird, Anwendung finden zu können. 

Wohingegen die direkte Einlagerung von CUR die mechanische Festigkeit des Hydrogels stark 

herabsetzte, wirkte sich die Einlagerung von CUR-beladenen Triblockcopolymeren weit weniger 

auf die rheologischen Eigenschaften aus (bei gleichen CUR Konzentrationen im Hydrogel). 

Interessanterweise wurden die thermogellierenden Eigenschaften des Gels bei Einlagerung der 

reinen Blockcopolymere (ohne CUR) in Abhängigkeit deren chemischen Struktur stark 

unterschiedlich beeinflusst. Für die verschiedenen CUR-beladenen Mizellen waren diese 

Unterschiede weitaus weniger ausgeprägt, was auf die Integrität der Mizellen bei Einlagerung in 

das Hydrogel hindeutete (alle Mizellen präsentieren nach außen die gleiche hydrophile Corona). 

Abgesehen davon wiesen alle CUR-beladenen Hydrogele (mit oder ohne vorherige Formulierung 

von CUR mit Triblockcopolymeren) eine exzellente Lagerstabilität auf, so dass selbst nach 22-

monatiger Lagerung im Sol Zustand bei 5 °C keine Anzeichen einer Zersetzung von CUR zu 

erkennen waren. In Übereinstimmung mit der geringeren mechanischen Festigkeit der Hydrogele 

in welche CUR direkt aufgenommen wurde, erfolgte die Wirkstofffreisetzung aus letzteren nach 

Injektion in eine Kollagenmatrix (als Modell für eine subkutane Injektion) schneller als für die 

entsprechenden Hydrogele mit Triblockcopolymer-formuliertem CUR (bei gleichen CUR 

Konzentrationen im Gel). Mit letzteren konnte eine langanhaltende und im wesentlichen 

quantitative CUR-Freisetzung über 70 Tage lang realisiert werden. Interessanterweise führte die 

Injektion von mizellarem CUR bei gleichen CUR Konzentrationen in die Kollagenmatrix ohne 

vorherige Einlagerung in das POx/POzi Hydrogel zu einem vorzeitigen Ausfall von CUR, wodurch 

die maximale Menge an freigesetztem CUR auf 36 % und 72 % stark reduziert wurde. Aus diesem 

Grund verlängerte die Einlagerung von CUR in die Hydrogelmatrix nicht nur die 

Wirkstofffreisetzung, sondern könnte möglicherweise auch die nötige Stabilität nach subkutaner 

Injektion ermöglichen. 

Die hier beschrieben Ergebnisse bestärken die Verwendung und weitere Untersuchung von POzi 

basierten Wirkstoffformulierungen für diverse pharmazeutische Anwendungen. Des Weiteren 

wurde deutlich wie kleine Änderungen in der chemischen Struktur der unterschiedlichen 

Bestandteile oder deren Konzentrationen sich stark auf entscheidende 
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Formulierungscharakteristika auswirken können. Obwohl Polymer-Wirkstoff Wechselwirkungen 

und Kompatibilitäten zu einem bestimmten Teil unvorhersehbar erscheinen, wird die ausführliche 

Untersuchung und Charakterisierung derartiger (Nano)Materialien helfen um 

Formulierungseigenschaften weiter zu optimieren um dadurch die Patientenverträglichkeit sowie 

die Wirksamkeit der Therapien verbessern zu können.  

Besonders Chemoinformatik basierte Simulationen werden in Zukunft immer stärker dazu 

beitragen bestimmte medizinische Eigenschaften präzise und vor allem gezielt einstellen zu 

können. Dies wurde bereits teilweise von Kabanov und Mitarbeitern demonstriert [Sci. Adv. 2019, 

5, eaav9784], in dem Sie die BK von 6 von insgesamt 8 Wirkstoffen unter Einbezug bestimmter 

Formulierungsparameter wie etwa der Menge an hinzugegebenem Wirkstoff zuverlässig 

vorhersagten. Die Möglichkeiten derartiger, Informatik basierter Techniken zeigt sich des 

Weiteren in der Vorhersagekraft von künstlicher Intelligenz (KI) für die retrosynthetische Analyse, 

der Optimierung von Reaktionsbedingungen wie auch der Identifizierung von gänzlich neuer 

Chemie in synthetischer, organischer Chemie [Nat. Rev. Chem. 2019, 3, 589-604]. Um derartige KI 

basierte Vorhersagen treffen zu können, ist der Zugang zu qualitativ hochwertigen 

Datensammlungen in großen Mengen erforderlich. Vorteilhafterweise sind derartige 

Datenmengen nicht nur für die synthetische Chemie (bspw. via SciFinder oder Reaxys), sondern 

auch für Polymer-basierte Wirkstoffformulierungen zugänglich. Das größte Problem hierbei 

könnte jedoch die Gewinnung relevanter Information aus der Vielzahl an Publikationen sein 

aufgrund von nicht-standardisierten Durchführungsprotokollen und Charakterisierungen von 

Formulierungen, ganz abgesehen von der Ungewissheit in Bezug auf die Charakterisierung der 

polymeren Wirkstoffträger selbst.  

Aus pharmazeutischer Sicht ist die Behandlung von bis zum jetzigen Zeitpunkt unheilbaren 

Bauchspeicheldrüsenkrebs von größtem Interesse. Aufgrund einer überexprimierten 

extrazellulären Matrix ist die Wirkstoffpenetration in den Tumor stark behindert was zu einer 

niedrigen Überlebensrate beiträgt. Vor kurzem haben wir in Zusammenarbeit mit 

Kooperationspartnern zeigen können, dass eine Vorbehandlung mit Nanopartikeln, welche ein 

proteolytisches Enzym in sich tragen, die dichte Kollagenmatrix abbauen kann. Dies führte zu einer 

erhöhten Penetration einer POx basierten PTX Formulierung in den Tumor in vivo, was zu einer 

stark erhöhten anti-tumor Effektivität verglichen zu nicht-vorbehandelten Tiermodellen führte 

[ACS Nano 2019, 13, 11008-11021]. In dieser Studie waren das proteolytische Enzym und das 

Chemotherapeutikum PTX in verschiedenen, nanopartikulären Systemen eingekapselt. Eine 

Koformulierung in einer Mizelle könnte die Behandlungseffektivität jedoch weiter steigern, 

aufgrund des sofortigen Eintritts von PTX in den Krebsherd sobald die Integrität des umgebenden 
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Tumorstroma nicht mehr gewährleistet ist. Solch eine unmittelbare Behandlung ist insbesondere 

für Bauchspeicheldrüsenkrebs von Bedeutung, da der Abbau der extrazellulären Matrix zu einer 

Erhöhung der zirkulierenden Tumorzellen, bzw. Metastasen führen kann [Cancers 2018, 10, 316]. 

Eine derartige „schnelle“ Behandlung könnte bei separat verabreichten Formulierungen (für 

Enzym und PTX) aufgrund unterschiedlicher Pharmakodynamiken, wie auch Kinetiken der 

einzelnen Systeme nicht möglich sein. Nicht-kovalente Proteintransportstrategien basieren häufig 

auf den Wechselwirkungen eines Enzyms mit kurzen, meist kationischen Peptidstrukturen 

(sogenannte protein transduction domains (PTDs)) eines polymeren Trägersystems. Tew und 

Mitarbeiter entwickelten amphiphile Blockcopolymere für den Transport von Enzymen, welche 

aus synthetischen PTDs mit kationischen als auch hydrophoben Domänen aufgebaut sind [Polym. 

Chem. 2016, 7, 7514-7521]. Die hydrophoben Domänen führten zu einer Erhöhung der zellulären 

Aufnahme. Obwohl nur im Kontext von Proteinsolubilisierung und Transport diskutiert, könnten 

derartige amphiphile Polymere in der Lage sein beides einzukapseln – Enzyme als auch 

hydrophobe Wirkstoffe. Aufgrund ihrer chemischen sowie strukturellen Vielfältigkeit sind POx und 

POzi basierte Wirkstoffträger ideal um bspw. die einzelnen Blocklängen sowie die insgesamte 

Zusammensetzung (Gradientcopolymer vs. Blockcopolymer) gezielt einzustellen, um die 

Beladungskapazität, Partikelstabilität, wie auch zelluläre Aufnahme zu maximieren. 
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Thermogravimetrie 3     3 

Kritische Mizellbildungskonzentration 3     3 

Mikrokalorimetrie   3   3 

Diffusion NMR & NOESY    5  5 

Verfassen der Veröffentlichung 7 2  2 11 22 

Koordination der Veröffentlichung 6.5 2.5   9 18 

Summe 60.2 9.8 3 7 20 100% 
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