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1 Introduction

On December 30, 2019, the World Health Organization (WHO) registered the first coronavirus disease
19 (COVID-19) case and the worldwide pandemic started. “Globally, as of 6:02 pm CEST, 22 April
2021, there have been 143,445,675 confirmed cases of COVID-19, including 3,051,736 deaths, reported
to WHO.”! However, there is also a ray of hope, as years of fundamental research opened the possibility
to develop novel vaccines in a very short time. “As of 22 April 2021, a total of 889,990,259 vaccine

doses have been administered.”?

The vaccine from Moderna together with the National Institute of Allergy and Infectious Diseases is
among the most important COVID-19 vaccines. This vaccine contains, inter alia, surfactants such as
PEGylated lipids to stabilize and solubilize the active pharmaceutical ingredient.? Thus, the vaccine
contains the hydrophilic synthetic polymer polyethylene glycol (PEG). This example shows that
polymers can be found everywhere in our daily life, including biomaterials. Polymers were first
described by Hermann Staudinger 101 years ago. In his paper “Uber Polymerisation” several reactions
(polymerizations) were presented.> The products were macromolecules with high molecular weight
comprising a large number of small molecules (repeating units) linked by covalent bonds. This
innovative concept covering natural and synthetic polymers was the basis for a huge set of polymeric

materials and related applications.

Especially, PEG-based materials have a long history in the development of novel biomaterials and
therefore PEG is referred as the gold standard material. Hence, PEG based materials are processed in
cosmetics and various other household products, which is why most people have been exposed to PEG.
This can lead to the production of anti-PEG antibodies in the blood.* Consequently, the administration
of PEGylated formulations during a clinical therapy can potentially cause the loss of therapeutic efficacy
and an increase in adverse effects due to an enhanced immune response. Considering this, there is a
tremendous need for the development of novel polymers with tunable physicochemical properties and a

biological safe profile.

In the attempt to find alternatives, the polymer classes of poly(2-oxazoline)s (POx) and poly(2-oxazine)s
(POzi) repeatedly come to the fore. These polymer classes offer a great chemical versatility in
combination with consistently good biological properties. As such, they have already been used in drug
delivery, surface coatings and regenerative medicine (RM). One promising POx-drug conjugate system
tackling different highly relevant diseases such as Parkinson’s disease, is currently in Phase Il clinical

trials being developed by Serina Therapeutics®.>®



Modern cell cultures try to take into account the hierarchical 3-dimensional (3D) structure of the natural
microenvironment of cells. In recent years, the idea has evolved to generate functional tissue models
and in the end implants consisting of matured autologous tissue with defined form and function using
the principles of additive manufacturing (AM). The young research field, which dedicates itself to this
challenging task, is called biofabrication. One of the biggest challenges in this research area is to develop
materials that allow precise manufacturing in combination with biological functionality in order to
obtain a functional tissue model. In this context, hydrogels have proven to be promising materials since
they can be optimized with regard to biologically important parameters such as strength and water
content and be processed with various fabrication technologies like 3D bioprinting. Hydrogels
comprising POx/POzi, however, are rarely discussed in literature, especially when it comes to

biofabrication.

In order to address specific applications, first, the underlying molecular mechanism should be
understood. Therefore, in this work, structure-property relationships of novel POx/POzi-based
hydrogels are studied in detail, thus unravelling unique gelation mechanisms. Furthermore, the
hydrogels were discussed in different approaches in the upcoming research area of biofabrication.



2 State of Knowledge

2.1 Hydrogels as Biomaterials

“The term "gel” is used so indiscriminately that it has become ambiguous.” Moreover, the “gel state [...]

is easier to recognize than to define.”

With these words, Kramer and co-workers start a very detailed and descriptive discussion on the various
definitions of a gel in 1992 (the year | was born).” In the first issue of the journal Polymer Gels and
Networks, they deal controversially with the different definitions in the literature and at the end try to

define the minimum criteria of a gel.

2.1.1 Definitions, Classifications and the 1% Generation of Hydrogels

Hydrogels are challenging to define due to the different characteristics of a gel and their use by scientists
from a wide variety of fields, including biology, physical chemistry and material science. The terms
hydrosol (liquid phase) and hydrogel (gelatinous phase) were already introduced in 1864 by Thomas
Graham, who studied the properties of silicic acid in water.® By replacing the water with alcohol, he
defined alcosols and alcogels, which are nowadays called organogels. At this time, physicochemical
methods for studying different states of matter were not yet established, which is why phenomenological
characteristics were used for definitions. Thus, a gel must contain at least two components:® a liquid,
which is water in the case of a hydrogel, and a gelator. A formed hydrogel can relieve its own weight
and reacts under mechanical stress with the phenomenon of strain (See 2.2.3.1 Rheology of Bioinks).

Later, Flory introduced that all gels have a continuous structure and defined four types of gel systems.*
() Well-ordered lamellar structures, including gel mesophases.
(1) Covalent polymeric networks, completely disordered.
(111 Polymer networks formed through physical aggregation.
(V) Particulate, disordered structures.

Compounds able to form gels defined by Flory are versatile as inorganic clays, (bio)polymers, proteins,
colloids and small organic compounds. In line with Flory, hydrogels are additionally divided into
different classes. According to their source, a distinction is made between natural and synthetic

hydrogels containing natural and synthetic polymers, respectively. Additionally, the gelling agent can



be crosslinked via covalent bonds or non-covalent interactions, resulting in chemical crosslinked (Flory
I) or physical crosslinked (Flory 1, 1l1, 1V) hydrogels. Other classifications include differences in
degradability, the method of preparation and the chemical composition, among others.

In the years 1950-1955, Wichterle stated important requirements for synthetic materials in direct contact
to living matrices, like tissue.!! An ideal material should contain no extractable impurities, have a high
permeability to nutrition, be resistant to rapid degradation and have mechanical properties that match

those of the surrounding tissue.

In the following decades, the 1% generation of A)

hydrogels was prepared, mainly by copolymerization ~hydrophilic monomer

in free radical chain-addition reactions of water- ). e

soluble monomers with a multifunctional crosslinker crosslinker

(Figure 1 A) or by crosslinking of hydrophilic B)

polymers (Figure 1 B,C). At that time, most

commonly, poly(acrylamide) (PAM), poly(2- -~ — >
hydroxyethyl methacrylate) (PHEMA), poly(vinyl hydrophilic polymer
alcohol) (PVA) and PEG based hydrogels were

prepared. A comprehensive and critical historical

C)
hydrophilic polymer
overview of the properties and biomaterial applications P

of the 1% generation hydrogels was given by Hennink '

and co-workers.2 As one of the first biomaterials, crosslinker
PAM was used to encapsulate the enzymes glucose Figure 1. 1% Generation of hydrogels via
oxidase and lactic dehydrogenase®, as well as free radical polymerization (A),
crosslinking of A hydrophilic polymer via
high-energy radiation (B) and controlled
biomedical research. Driven by his own postulated  chemical crosslinking using an appropriate
crosslinker (C).*2

microbial cells!, strategies still used in ongoing

requirements for biomaterials, Wichterle, in
collaboration with Lim, synthesized hydrogels by free
radical polymerization of HEMA and the crosslinker ethylene glycol dimethacrylate, leading to the first
soft contact lenses.™ Over the years, optimization of oxygen permeability and swelling as well as tunable
mechanical and optical properties of PHEMA based contact lenses were achieved by copolymerization
of HEMA with N-vinylpyrrolidone, substituted acrylamides, vinyl acetate and substituted
methacrylates.? Furthermore, the diffusivity was comprehensively studied and correlated with the
crosslinking density, swelling and pore sizes of the hydrogels.® In consequence, PHEMA was employed

as one of the first controlled drug releasing depots of various drugs.*”



PV A hydrogels synthesized by the methods described in Figure 1 B,C were used as swelling controlled-
hydrogels in drug delivery. The dry polymer/drug mixture released the drug upon swelling in biological
fluids.?? The crosslinking of PEG, at this time reported as a biocompatible and low protein absorbing
polymer, was achieved via high-energy radiation (Figure 1 B). Purely hydrophilic chemical crosslinked
PEG hydrogels were used early as drug depots and anti-fouling biomaterials.?® In addition to PEG
homopolymers, in particular copolymers of PEG, the so-called poloxamers, which form physical
hydrogels, were intensively investigated starting in the 1960s. As early as 1965, hydrogels containing
PEG were commercialized, for example as contraceptives®* and wound coverings?, which is why a large

market emerged very quickly and PEG became the gold standard in the field of biomaterials.

In addition to the hydrogels already presented, other polymers were of course used to generate
hydrogels. For example, hydrogel formation was observed by specific end group reactions of
methacrylate- and isocyanate- with alcohol functionalities.?® The semi-synthetic derivative of the natural

biopolymer hydroxypropyl methylcellulose was investigated very early as drug depot.?”-2°

The hydrogel properties were all controlled by parameters, such as concentration and molar ratios of the
reactants, which influence the polymerization. Therefore, after curing of the hydrogel, the control of
swelling or mechanical properties is limited. To overcome this limitations, stimuli responsive hydrogels
have been investigated. The control and change of properties through an external stimulus and/or
through environmental conditions to manipulate certain actions is continuous in the focus of current

state-of-the-art research.



2.1.2 Thermoresponsive Hydrogels

The complexity of nature is only possible because of the principle of stimulus and reaction. Material
properties such as morphology, size and appearance can change due to the impingement of energy, for
example, by light®°, temperature®., electric®? and magnetic® fields. Furthermore, changes or gradients in
salinity or pH-values can cause significant alteration of material properties.>* More specific, the
crosslinking state, -density and/or -distribution of hydrogels can be affected and lead to sol/gel
transitions, absorption (swelling) or repulsion (shrinkage) of water thereby altering mechanical
properties. Among hydrogels, thermoresponsive systems, in which a reaction (sol/gel transition, change
in swelling, or turbidity) is triggered by an increase or decrease in temperature, are probably best studied.
Thermoresponsive hydrogels are quite interesting systems, as the parameter temperature is easily
controlled. Especially, in the research areas of tissue engineering (TE), RM and biofabrication, in situ
gelling systems are of great interest. On the one hand, all required additives, such as active ingredients
or particles, can be homogeneously distributed in the sol state, and on the other hand, the processing as
asolution e.g. in injectable formulations, is often easier in comparison to a cured gel structure. However,

after gelation the properties of the gel are immediately present.

Thermoresponsive hydrogels are mostly based on biopolymers or synthetic homopolymers and block
copolymers. Describing thermoresponsive hydrogels the terms lower critical solution temperature
(LCST) and upper critical solution temperature (UCST) behavior are of great importance. In a system
with LCST behavior, the polymer and the solvent (water) form a homogeneous miscible one-phase
status (a solution) below a critical temperature.®® Above this temperature, phase separation occurs,
resulting in turbidity of the system, precipitation of the polymer or macroscopic gelation. In UCST
systems the phase separation is observed below a critical temperature.® In the literature, thermogelling
systems (thermogels) are closely associated with the term LCST-type hydrogels and inverse
thermogelling systems (inverse thermogels) with the term UCST -type hydrogels. In non-ionic polymers
LCST/UCST is often characterized by the ability to form hydrogen bonds between the polymer

functionalities such as amides and the water molecules above/below a certain temperature.

In 1968, Heskins and Guillet described the temperature dependent phase transition of poly(N-
isopropylacrylamide) (PNIPAAM) in aqueous solutions.*” Surpassing the LCST, inter- und
intramolecular hydrogen bonds between PNIPAAM chains were preferred over the entropically
unfavorable water-amide hydrogen bonds. Using light scattering and viscosimetry, the reversible phase
transition temperature was found to be at around 32 °C, e.g. between room and body temperature, which
is beneficial for the use as an injection medium.3% At high concentration, however, a pronounced
syneresis was observed, resulting in a dehydrated collapsed system with a tremendous loss of water

(approx. 90%) above the phase transition temperature.



Other thermogels are predominantly formed by amphiphilic block copolymers with varying
compositions. Some poloxamer ABA type triblock copolymers of PEG-b-poly(propylene oxide)-b-PEG
(PEG-PPO-PEG), also known as Pluronics (tradename BASF), show pronounced thermogelling
properties. Exceeding a critical gelation concentration (Cger), these polymers form hydrogels in a certain
temperature range creating a densely packed micellar network, while they are liquid at both higher and
lower temperatures. Micellization is a self-assembly process observed by amphiphilic molecules in
aqueous solutions. In most-described systems spherical micelles are obtained. However, also worm-like
micelles and vesicles depending on the volume fraction of the hydrophilic and hydrophobic blocks are
known (See 2.3.2 Aqueous Solubility and Self-Assembly). As described for Pluronics, such assemblies
can lead to hydrogel formation. For micellar hydrogels different packing mechanisms were described,
known as individual micellar packing, inter-micellar bridged packing and micellar corona collapse

packing. For a detailed overview the reader is referred to the review article by Loh and co-workers.*

As early as the 1990s, it was reported that the SOsF----l----u--'
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as hydrophobic B blocks in ABA, ABand BAB  48.
block copolymers in combination with the hydrophilic PEG (A blocks).

poly(lactic-co-glycolic  acid) (PLGA)**%

poly(e-caprolactone-co-lactide)®®%? were used

In addition to the introduction of biodegradable units and the adaptation of the mechanical properties,
the tuning of tge (critical gelation temperature) and cge Was also described, for example by adjusting the
hydrophilic/hydrophobic ratio and variations of the block lengths. Furthermore, alternating multiblock
copolymers, star-shaped and branched architectures with adjustable thermogelling properties were
reported.®%° An example of a biopolymer capable of forming thermoreversible hydrogels is
methylcellulose (MC). Below LCST, the MC chains are hydrated with hydrogen bonds between water

molecules and hydroxyl groups of the MC. Increased temperature, above the LCST, triggers the loss of



hydration and in consequence hydrophobic intra- and intermolecular hydrophobic associations of the

methyl-groups are observed leading to gelation.”

One of the most prominent examples for an inverse thermogel is the natural biopolymer gelatin. Gelatin
is derived from collagen via hydrolytic degradation. In solution, above 30 °C, gelatin is in the soluble
coil conformation. Below 30 °C, a reverse coil to helix transition takes place stabilized by hydrogen
bonds. Above a critical concentration, the helix growth induces chain association and thus the creation

of a 3D network.™

Synthetic UCST-type hydrogels are rarely discussed in the literature. This is due to the fact that the
phase transition for most polymers would take place under conditions where the solvent is no longer
liquid (below 0°C, above 100 °C).”

Nevertheless, in 2016 Fu and Zhao reported an ABA type block copolymer comprising poly(acrylamide-
co-acrylonitrile) as A block in combination with a hydrophilic poly(polyethylene glycol methyl ether
methacrylate) B block.” There, reversible inverse gelation in water was observed by adjusting the block
lengths, chemical composition and polymer concentration. At low temperatures the outer blocks of the
ABA block copolymers collapse and self-assemble into different micellar cores. In consequence, the
middle block forms inter micelle bridges, connecting the micelles, which results in the formation of a

physically crosslinked hydrogel.

Beyond that, the polymer poly(N-acryloyl glycinamide) (PNAGA), firstly reported in 19644, exhibits
dual hydrogen bond acceptors and donors and a pronounced UCST behavior.” Depending on the
concentration inverse thermogelling system are observed resulting from hydrogen bonds (hydrogen
bond acceptors and donors) between the polymer chains upon cooling. In 2014, Boustta used the inverse
thermogelling properties of PNAGA to establish a temperature responsive injectable drug delivery
system. In the sol state different model compounds were dissolved. In the gel state, sustained release of
the model compounds was verified and supported by first in vivo studies.”® Very recently, Majstorovic
and Agarwal established an interpenetrating network of PNAGA and poly(glycidyl methacrylate)
coupled with a fluorescein isocynatate to introduce UCST-type thermosensitivity to control the volume
changes and a temperature-controlled fluorescence signal, which can be used as a thermosensitive

control device.”



2.1.3 In Situ Covalent Crosslinking

In the last subchapter, mainly hydrogels resulting from physical interactions were described. But as
already shown in 2.1.1 Definitions, Classifications and the 1% Generation of Hydrogels, hydrogels
can also be built up by a covalently linked 3D network. Here, in situ gelling systems are of particular
relevance in various applications. Therefore, this section deals with tunable hydrogels from a synthesis
perspective formed by covalent crosslinking of polymers using complementary functional groups. With
respect to biomedical applications, systems that crosslink under physiological conditions without toxic
byproducts are relevant. Furthermore, the reaction should be fast, selective and efficient by controlling
the crosslinking kinetics and density. This reactions can additional be implemented in double network
hydrogels combining physical and chemical crosslinking and multi-component hydrogels (See 2.1.4
Double Network-, Multi-Component- and Composite Hydrogels). In this part, the focus is on the
various crosslinking reactions rather than the crosslinked materials. The list of reactions and examples

of in situ covalent crosslinked hydrogels is extremely long.”

Photo-activated free radical polymerization is widely used to crosslink hydrogels. Highly reactive
unsaturated vinyl-groups in (meth)acrylates or acrylamides, which can be easily introduced into
synthetic- and natural polymers, undergo a free radical chain-growth polymerization by photo
irradiation.” Only the irradiated areas are involved, which offers a great spatial control of the
crosslinking reaction. By precise illumination the formation of patterned hydrogels and non-uniform
properties can be introduced. With regard to applications in the biomedical field, the respective
photoinitiators starting the radical polymerization should be cytocompatible. Therefore, Bryant and co-
workers studied the cytocompatibility of various photoinitiators at different concentrations and light
intensities in 2000.%° To prevent uncontrolled crosslinking via visible light, ultraviolet light (UV)-
initiators, such as Irgacure 2959, are typically used.®® However, there are studies showing
deoxyribonucleic acid (DNA) damage by UV radiation.®? Furthermore, UV radiation was claimed to
induce tissue aging®® and cancer onset.® In addition, the light attenuation of initiator limits the attainable
cure depth to few millimeters. Therefore it is challenging to produce large and stable hydrogel

constructs.

One powerful chemoselective crosslinking strategy for hydrogel preparation is the use of click reactions.
The term was first introduced by Sharpless and co-workers for region specific reactions of nearly perfect
“spring-loaded” reactions.®® The most investigated reaction is the copper-catalyzed Huisgen 1,3-dipolar
cycloaddition of an alkyne and azide (Figure 3 A). However, alkyne-azide cycloadditions generally
require the use of toxic catalysts, such as copper, limiting their application in the biomedical field.
Recently, copper-free click chemistry by strain promoted precursors has been established, as well as

other copper-free examples.



Several other crosslinking reactions are employed
over the years to fabricate hydrogels, including Diels-
Alder reactions (Figure 3 B), Michael addition (Figure
3 C), imine- (Figure 3 D), oxime- (Figure 3 E) and
hydrazone formation (Figure 3 F). The selective [4+2]
cycloaddition, also known as Diels-Alder reaction,
between an electron-rich diene and an electron-poor
dienophile, which is free from side reactions and
byproducts, is often used as a one-step crosslinking
reaction.?” It requires no initiator, catalyst or coupling
agent and takes place under physiological conditions.
Michael
(Michael

phosphines and activated electrophilic olefins and

addition occurs between nucleophiles

Donor) such as amines, thiols and
alkynes (Michael acceptors) including acrylate esters,
acrylamides and maleimides, among others. The
coupling kinetics of Diels-Alder and Michael type
additions can be modulated using different
combinations of functional groups with respect to
their the maleimide

reactivity. Interestingly,
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Figure 3. Overview of crosslinking
reactions. A) 1,3-Dipolar cycloaddition. B)
Diels-Alder reaction. C) Michael addition.
Imine- (D), oxime- (E) and hydrazone
formation (F). Here, no byproducts, reaction
conditions and catalysts are shown.
Furthermore, the reaction arrow does not
reflect the type of reaction.

functionality is suitable for Diels-Alder and Michael type addition.

Schiff base (imine) formation is observed by reactions between amine and aldehyde functionalities.®®

Hydrogels formed by these reactions showed self-healing properties due to the dynamic equilibrium of

the reaction.®® Aldehydes and ketones in combination with aminooxy- or hydrazine derivatives form

oximes and hydrazones. This route is quite elegant due to the fact, that biopolymers such as proteins do

not contain aldehydes or ketones and so the reaction will not interfere with protein functionalities.

Interestingly, oximes are more stable than hydrazones, which can be used for tuning properties such as

degradation.®

This section showed a selection of frequently used in situ covalent crosslinking strategies. These

reactions can be used in a variety of ways in double network-, multi-component and composite hydrogels

to address different applications in drug delivery, TE and biofabrication.
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2.1.4 Double Network-, Multi-Component- and Composite Hydrogels

In double network hydrogels at least two individual crosslinking reactions and/or materials are
combined. Early examples include pH and temperature sensitive materials. Also, a combination of ionic
and covalent stabilization was investigated in interpenetrating networks with synergistic effects of
different hydrogel properties. In the design of novel hydrogels, physical (See 2.1.2 Thermoresponsive
Hydrogels) and in situ chemical crosslinking (See 2.1.3 In situ Covalent Crosslinking) is combined.
More specifically, thermoresponsive hydrogels combined with chemical crosslinking of radicals or
complementary groups can be used to establish dual gelling systems. In 2008, Vermonden et al.
described a methacrylated thermogelling ABA type triblock copolymer comprising poly(N-(2-
hydroxypropyl) methacrylamide lactate) as the A blocks and the hydrophilic PEG as B block.

By subsequent photopolymerization of methacrylates the mechanical properties and stability of the
hydrogel were improved. Cytocompatibility was confirmed by seeding mesenchymal stem cells onto
the hydrogel surface. In addition, first cytocompatible cell encapsulation experiments were performed.
In this study, the researchers outlined potential applications in the field of TE. Three years later the same
research group described similar hydrogels for AM, especially for bioprinting of chondrocytes (See 2.2
Bioprinting: A Technology of Biofabrication for Tissue Engineering and Regenerative
Medicine).®? Cell viability was confirmed in the printed constructs after one and three days. However,
cell proliferation and the production of extracellular matrix (ECM) by the embedded chondrocytes was
limited.

To obtain the best of two worlds - tunable material properties and bioactivity - synthetic and natural
polymers are combined. The two polymers in the multi-component system can either be physically
mixed with no chemical crosslinking points between the two species®***, or crosslinked e.g. via

complementary functional groups.*®

If further compounds are added to induce bioactivity or to tailor mechanical properties, composite
hydrogels are obtained. The addition of calcium phosphate®® and hydroxyapatite®” induced
mineralization essential for bone tissue formation. To improve mechanical and rheological properties
ceramics®, fibers e.g. PCL-based®®, carbon nanotubes!® and nanoclays'® were investigated. The
incorporation of micro-1%2 and nanoparticles'® can be used for encapsulation of different payloads, such

as small drug molecules or growth factors to modify their release behavior.
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2.2 Bioprinting: A Technology of Biofabrication for Tissue
Engineering and Regenerative Medicine

2.2.1 Definitions

The ECM is an essential part of the microenvironmental niche of every cell. The ECM provides not only
structural support to cells but also enables cell-ECM and cell-cell communication, thereby influencing
cellular processes, such as proliferation, differentiation, migration and apoptosis.'® In order to generate
tissue analogues in the fields of TE and RM, mimicking structural and functional aspects of the ECM is
therefore of great importance. In this context biomaterial-based strategies that implement the 3D
structure and the hierarchy of the native ECM have accordingly become established in cell culture
experiments. Therefore, with the rise of AM%, biofabrication has found its way into TE and RM

research.
In 2016 leading scientist of the field revised a definition of biofabrication for TE and RM as follows:

“The automated generation of biologically functional products with structural organization from
living cells, bioactive molecules, biomaterials, cell aggregates such as micro-tissues, or hybrid cell-
material constructs, through bioprinting or bioassembly and subsequent tissue maturation

processes.”%

Thus, in this research filed, biofabrication focuses on bioprinting and bioassembly technologies, that
contain cells and materials as building blocks, which are in consequence used for TE and RM

applications.

According to Guillemot et al., bioprinting uses computer-aided transfer processes by patterning and
assembling living and non-living materials in a prescribed two-dimensional or 3D organization to finally
produce bio-engineered structures.'®” In contrast, in bioassembly pre-formed cell containing fabricated
units are assembled in a 3D organization via cell-driven self-organization or bottom-up approaches.'%
In future research, in order to generate advanced and versatile bioproducts, bioprinting and bioassembly

will probably be applied partly in combination.
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2.2.2 Bioprinting Technologies

Already in 1907 it was demonstrated that
isolated tissue fragments can rearrange into a
homogenous new tissue as observed by the
coalescence  phenomena of  dissociated
sponges.'%® However, it needed several decades
and novel technologies to recognize the
potential impact of this fundamental observation

for TE.

The first work in which cells were actually part
of the manufacturing process, there called
“organ printing”, was described by Wilson and
Boland in 2003.1%°11° The work was inspired by
the flow and fusion behavior of the viscoelastic
embryonic tissues demonstrated by fusing and
morphing of isolated myocardial segments
consisting of embryonic avian heart cell
aggregates into a single and synchronized
beating heart tube overnight (Figure 4 A-
C).111112 However at this point it was unclear if
the fusion process was triggered by the
remodeling of the ECM, cell migration or cell-
cell communication and how all these events are
related to each other. In the first bioprinting
experiments an ink jet printer was used for the

fabrication process (Figure 4 D,E).

At this time, bovine aortic endothelial cells and

smooth muscle cells were printed on a substrate

Figure 4. The Idea of Bioprinting. A) Myotube
assembly and the synchronized beating after 72h
(B). Reprinted with permission from reference
111. C) Schematic representation of the assembly
of automated processed tubular constructs as one
of the first bioprinting ideas. Reprinted with
permission from reference 112. D), E) Pictures of
one of the first bioprinters with multiple nozzles.
Reprinted with permission from reference 112.
Images of fabricated cells before (F) and after cell
fusion (G). Reprinted with permission from
reference 110.

gel (Matrigel™ and collagen, respectively). Cell survival and fusion of cells were successfully
demonstrated (Figure 4 F,G), which opened a new avenue for the fabrication of living materials using
bioprinting. In the second part of the manuscript, a thermoresponsive hydrogel (PNIPAAM Gel) as a
structure supportive material (See 2.2.3.3 Materials for Bioink Development) was introduced to
establish real 3D printing in a layer-by layer approach. This work was the kick-off event for bioprinting,

and several key technologies were introduced since then.
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In general, bioprinting can be classified into three major types, depending on their underlying physical
mechanism and deposition method: Extrusion-based bioprinting (EBB), droplet-based bioprinting
(DBB) and laser-based bioprinting (LBB) (Figure 5).1** The choice of method depends on the material
to be used and the size, topology, resolution, biofunctionality, etc. of the structure to be produced.

Laser-induced forward Inkjet printing Robotic dispensing
transfer
thermal piezoelectric pneumatic piston screw
[y inlet
energy absorbing layer l 2 «/
[ laser pulse 4 :
; (d
donor-slide |
heater piezoelectric (o]
" Z actuator ”
v vapor
0 bubble

N SN N\

Figure 5. The three main bioprinting techniques. Laser-induced forward transfer as example of LBB.
Inkjet printing as example of DBB and EBB (also called robotic dispensing). Reprinted with permission
from reference 118.

In EBB an ink is deposited as a continuous filament driven by means of pneumatic or mechanical force
during the automated movement of the printhead relative to the printbed (Figure 5 right). In contrast, in
DBB an electrical, thermal or acoustic impulse is used to generate single droplets deposited in close
proximity to each other in a drop-on-demand fashion (Figure 5 middle). Laser energy is used in LBB
either for photopolymerization in stereolithography and two-photon polymerization techniques, or cell
transfer mechanisms as used in laser-induced forward transfer bioprinting to process the material and

generate the scaffold (Figure 5 left).

The majority of researchers in the bioprinting community use EBB due to its user friendliness. Using
this technology, scalable and stable constructs with clinical relevance can be produced in a relatively
short time.** However, the progress of the field is restricted to the development of suitable extrudable
materials (See 2.2.3 Bioink Development).!®3 In high throughput applications for drug screening and
disease modelling the tissue equivalents are often generated via DBB techniques with a medium
resolution.*> However, only low-viscous or diluted inks are compatible with DBB to prevent clogging
in the droplet formation system. In contrast, LBB technologies yield constructs with outstanding
resolution and well-defined complex 3D shapes in a nozzle-free approach.!*® Challenges are limitations
with respect to biocompatibility of the photo-polymerization processes, used chemicals and transfer
steps. Furthermore, it is challenging to produce structural integrated and thick constructs in a meaningful
time period. For the future, it would be useful to integrate all complementary techniques here described
into a single bioprinter in combination with a simultaneous use to overcome the limitations of each

modality, including resolution, scalability and the availability of suitable bioinks.t!
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2.2.3 Bioink Development

Without a doubt, great progress has been made in bioprinting in recent years, using natural and synthetic
hydrogels. Nevertheless, many hydrogels developed for use as inks either have problems in ensuring the
desired biological function or can only be processed with insufficient resolution and stability. In order
to print defined constructs, the hydrogel must meet certain physical properties that are often poorly
compatible with the biological requirements for good proliferation, migration and differentiation of the
embedded cells. The lack of such versatile hydrogel platforms was postulated in the community as a key

issue in the so-called biofabrication window (Figure 6).118

shape fidelity

novel fabrication
strategies

//// traditional

biofabrication
window

cell culture

polymer concentration,crosslink density, stiffness

Figure 6. The Biofabrication window. Optimal cell culture conditions are often in conflict with
material properties for fabrication with high shape fidelity. Novel strategies have to mature to expand
the traditional biofabrication window. Reprinted with permission from 118.

To ensure good printability (See 2.2.3.2 Printability of Bioinks), high solid contents and crosslinking
densities are usually required. However, cells mature best in an aqueous environment wherein migration
and formation of new ECM is not affected. The goal is to develop novel systems that combine both

worlds: high resolution printing in combination with biological functionality.

In general, a distinction is made between bioinks and biomaterial inks.!® A biomaterial ink is a printable

material, which has a certain function such as structural support or cell guidance. As the cells are not

part of the fabrication process, the physicochemical demands for a biomaterial ink are less stringent and

thus allow for a much wider window of processing parameters including high pressures, temperatures

and organic solvents. In contrast, a bioink must contain living cells. The cells are usually embedded in
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the hydrogel matrix during the complete fabrication process, which makes the design of bioinks more
challenging. Therefore, every step in the bioprinting process: pre-printing, during the printing and post-
printing, needs to be cytocompatible.

For bioprinting, in principle, liquid-phase and gel-phase bioinks are discussed in the literature (Figure
7).120

[a] Liquid-phase bioinks ] b] Gel-phase bioinks ]

filament diameter >
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viscosity  viscosity

filament diameter

nozzle diameter .
= nozzle diameter

inhomogeneous distribution homogeneous distribution

cell settling in bioink cell dispersion in bioink

Figure 7. Liquid-phase bioinks (a) and gel-phase bioinks (b). The differences and the impact on
filament diameter and cell distribution for liquid- vs gel-phase bioinks are highlighted. Reprinted with
permission from 120.

In liquid-phase bioinks the gelation is induced e.g. by UV light, addition of crosslinker or temperature
change after the printing process'?*1?2 or during the printing process in the nozzle.'?® Therefore, the
gelation must be very fast. However, the filament diameter is often greater than the nozzle diameter.
Furthermore, it is challenging to stack several layers on top of each other without layer fusion and a
collapse of the structure. In addition, in the barrel cell sedimentation is possible due to the liquid nature
of the ink, which causes inhomogeneous cell distributions alongside the final construct. The cell
sedimentation was recently studied as a function of polymer concentration in a sodium alginate (Alg)
bioink system.??* An increased sedimentation velocity of the cells was observed by decreased polymer

concentrations.

In gel-phase bioinks, the precursor solution undergoes a pre-printing rapid sol/gel transition via different
mechanisms, such as thermogelation or via dynamic covalent bonds.*? The gel properties (See 2.2.3.1
Rheology of Bioinks) prevent cell sedimentation in the printing barrel. In an ideal fashion, the filament

diameter is equal to the nozzle diameter and several layers can be stacked on top of each other (See
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2.2.3.2 Printability of Bioinks). In both approaches typically a post-printing stabilization process via
additional chemical or physical crosslinking to ensure long-term stability of the construct is necessary.

2.2.3.1 Rheology of Bioinks

For all different bioprinting techniques (See 2.2.2 Bioprinting Technologies), the materials need to
fulfill distinct criteria. In this work, the focus is on EBB. In comparison to injectable hydrogel
formulations, which has been intensively studied over the past decades'?, the properties for cell-
containing hydrogels in EBB are even more stringent. Injectable formulations are applied in the sol state.
After the injection into a mold or cavity the solution gels and forms for example a drug-loaded depot.
In contrast, in bioprinting a defined structure that is based on a biological model, for example a cartilage

substitute, is aimed.

The rheological properties, which are described by the deformation and flow behavior of materials under
an applied force, are important physicochemical parameters of hydrogels and are used to characterize
bioinks and to predict printability. A rheometer working on the principle of rotation and oscillation is

therefore used.*?

The viscosity » of a material, investigated in experiments in rotational mode, is defined as the ratio of
the shear stress 7 to the shear rate y, and represents the resistance of a fluid to flow under an applied
stress.!?® In contrast, in oscillation experiments the viscoelasticity of a material is investigated.
Viscoelasticity is characterized by an elastic or solid-like component as well as viscous flow or liquid-
like behavior. With the two parameters storage (or elastic) modulus G and loss (or viscous) modulus
G”” these properties are quantified.'?® Viscoelastic materials exhibit both G” and G**, which is often
expressed by the damping factor (loss factor, loss tangent or tan(6)), the ratio of G and G”. In liquids
G” is superior to G” (G'<G""). Upon gelation, G” increases and the gelation point (sol/gel transition)

corresponding to the point at which G” crosses G”” is reached.

In the following, experiments are discussed, which are used to characterize gel materials and especially

hydrogels for gel-phase EBB.

To investigate viscoelasticity amplitude/oscillatory stress sweeps (Figure 8 A) and frequency sweeps
(Figure 8 B) are performed. In amplitude sweep, G” and G™" are recorded as a function of the applied
amplitude/z. For gel samples in the linear viscoelastic (LVE) range, both G” and G™” are linear and
independent of the 7.8 In the LVE, hydrogels exhibit almost constant low damping factors and G'>G""
(criterion 1 for a gel material). With a frequency sweep, in which G” and G”” are recorded as a function
of the angular frequency w, the time dependency of material properties can be characterized. Thus,
conclusions can be drawn about the dynamic of the system and a distinction of liquids and viscoelastic

solutions from gel materials can be conducted. In principle, a hydrogel should exhibit almost constant
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G” and G” values in a distinct frequency range with G">G™" (criterion 2 for a gel material). Gel-like
materials are generally less frequency dependent than viscoelastic fluids. In addition, the values should
be consistent in both experiments, the amplitude and frequency sweep.
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Figure 8. Important rheological experiments to characterize bioinks in oscillation mode (A-D) and
rotational mode (E-H). The yield stress is highlighted as vertical blue lines in the amplitude sweep (A)
and z ramp (F). The high and low z and y regimes are highlighted with arrows, respectively (D,H). The
figure was designed according to Cooke and Rosenzweig.*?’

Bioinks should have flow and shape retention properties at different stages of the fabrication process.
Newtonian fluids exhibit a linear relationship between z and y. Materials with decreasing or increasing
ratios are defined as non-Newtonian fluids, which can be classified into time independent (shear-
thinning and shear-thickening) and time-dependent fluids (thixotropic or rheopectic).'?® Shear-thinning
materials, in which # decreases upon increased shear forces, are used in EBB (Figure 8 E).*? However,
deformation and flow is only observed above a critical 7, which is called the yield point at a certain yield
stress t, (criterion 3 for a gel material). In oscillation experiments, the end of LVE region is defined
as the yield point.’3® At higher 7, in the subsequent yield zone, the material is deformed permanently.
The end of the yield zone is marked by the intersection of G" and G™’, the so-called flow point, at which
the material starts to flow (flow stress 7 at the flow point).'?® The yield point can also be characterized
in rotational experiments by recording y as a function of z (Figure 8 F).13! Often, at very low y, a plateau
region with nearly constant » values (= zero shear viscosity 7o) is observed. The onset of » decrease can
be defined as the yield point.
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The described material properties and rheological parameters are of great importance for the three

different steps (pre-printing, printing, post-printing) of the extrusion process (Figure 9).

o Pre-printing
At the beginning the bioink should be ideally in a free flowing liquid

state (G'<G™’, tan(o)>1) to facilitate good mixing of all components

(gelator, additives, biomolecules, living cells, among others) with low G,G" tan

shear forces. This bioink can be easily and quantitatively transferred

Viscosity
into the printing cartridge by casting or pipetting without undesired

i i i i : Shear thinni
material gradients or air bubbles occuring. Then, a cytocompatible — SRR

stimulus should induce a pre-printing stabilization of the bioink.
Therefore, stimuli responsive hydrogels are ideal candidates,

especially thermoresponsive physical hydrogels due to the easy control Yield strese

5

of the parameter temperature.**> However, several other strategies such
. . . Elastic recovery
as pH sensitive gelation®, dynamic covalent bonds!**, host-guest

interactions'®® or defined chemical pre-crosslinking*®® are also  Figure 9. Important
rheological parameters
and properties for gel-
also be characterized via rheology performing a temperature sweep in  phase bioinks at different
fabricational stages. Re-
printed with permission
cell sedimentation and nozzle bleeding. At this stage high G values  from 130.

employed. A rapid sol/gel transition, e.g. via thermogelation, which can

either oscillation (Figure 8 C) or rotational mode (Figure 8 G), prevents

(G'>G™) and 7, are favorable. In addition, a pronounced LVE region

and frequency independence are beneficial.

o Printing
The bioink, which is first in a bulk resting state in the barrel, is exposed to high shear condition while
flowing through the nozzle. Hence, physical hydrogels exhibit promising properties for bioink
development since they can fulfill the needed characteristics for EBB. During printing the applied ¢
caused e.g. by pneumatic forces has to exceed the yield point of the system to start the material flow.!
Pronounced shear-thinning properties are needed for a smooth material flow through the thin nozzle
preventing cell damage and guarantying the deposition of a well-defined filament (also termed as strand

or strut).

o Post-printing
After the printing, the material reaches a second resting state. To guarantee good printing outcomes with
high resolution, a rapid regelation (elastic recovery) of the material after being deposited is necessary.
This property is often examined with a three-step experiment (often repeated several times, e.g. 10
times). Here, a low shear/stress regime is followed by a high and then a further low shear/stress regime
recording G'/G”” (Figure 8 D) or the 5 (Figure 8 H), respectively. At the second low shear/stress regime

an immediate and full regelation reaching the initial gel values should be observed.3! Furthermore, in
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order to stack several layers on top of each other high yield points, high G™ and low tan(o) values are

needed to prevent collapse of the printing construct.

To obtain a long-term stable construct, often a post fabrication stabilization step by a second crosslinking
mechanism is necessary. In general, the strategies explained in the sections 2.1.2-2.1.4 are used. It should
be noted here, however, that so far there is no clear picture in the community as to which rheological
parameters are decisive for the printing outcome. Rather, it is important to establish and characterize
further new materials and compare as much rheological parameters as possible in a reproducible fashion.
Therefore, it is necessary to establish uniform measurement and analysis protocols for rheological

characterization of bioinks in combination with the evaluation of printability.?’
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2.2.3.2 Printability of Bioinks

When discussing a bioink, the term printability is

often used. However, the printability of a material ~ __ Bioink
cannot only be described by its rheological properties. Ocs o

. . ] o Rheological = — Cells !
So far, no straight consensus in the biofabrication requirements -
community exist to call a bioink formulation ;
“printable”. In the last t like ext ilit i ~ it
printable”. In the last years terms like extrudability, Filament ( } Extrudabilty [ =
. N C characteri- S i -
filament characterization and shape fidelity have been .. =
discussed (Figure 10).1%01%7 1 Shape <

. fidelity
Extrudability of filaments with respect to filament
formation®*®, -planar orientation and stacking can be .
VS.CAD -

characterized.'?! Starting the extrusion the formation

of a continuous filament or droplet can be Figure 10. Visualization of all aspects of
printability. Reprinted with permission

investigated.®! The filament formation is related to
from 130.

the shear-thinning and shear recovery properties of
the material.®** Further, the uniformity of single

deposited lines can be examined.!*®

The stackability, which is related to the shape fidelity, represents the integrity of single filaments stacked
on top of each other.**>!40 In an ideal bioink, there is no creeping or collapse of the structures due to
merging of filaments and layers. Merging of filaments and layers can occur when the yield point and/or
G~ of the ink is too low to counteract gravity forces and surface tension. The ability to print structures
without filament collapse along the axial direction is beneficial, especially to realize large gaps between

structural components or ink overhangs.

The ability to counter gravity forces is evaluated by printing a filament over a pillar array, bridging gaps
with increasing distances.'*! Furthermore, to test filament fusion parallel filaments with a stepwise
narrowing of the filament spacing was reported to evaluate the printing limits of fine details like small
pores with sharp angles.**! However, not only the yield stress and or G” as straightforward indicators for
stackability and filament fusion are important as also time-dependent effects can cause printing artifacts.
In addition, the shape fidelity is evaluated by measuring the filament width (x-y plane) and thickness (z-
axis) at different points alongside a single fiber, a planar or multilayered construct and comparing the

results to the original dimensions of the computer-aided design file.**

By modifying a bioink, e.g., changing composition, concentration or introducing chemical modifications

the whole workflow of printability assessment including rheological measurements should be repeated.
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In literature, there are different excellent review articles available dealing with printability of

biOinkS.130'137'142

It should be mentioned that other aspects such as printing parameters (pressure, speed, and nozzle
height), the printing equipment (e.g. nozzles), swelling/shrinkage properties of the material, degradation
processes, the cell culture conditions (static or dynamic culture), the sterilization method and the cell
lines and cell densities, among others, have significant influence on the bioprinting process. In the end,
all aspects need to be investigated to generate functional tissue models. However, not all of these aspects

can be discussed in detail in this work.

2.2.3.3 Materials for Bioink Development

A well-considered material selection is one of the most important aspects in hydrogel design and
influences the final biofunctionality and mechanical properties of the construct, which is crucial for a
good bioprinting result. In principle, all cytocompatible materials, which are suitable for hydrogel

formation and which have the ability to be extruded can be used as a bioink.

A systematic study published 2020 showed that the most common materials in EBB in declining order
are Alg, gelatin, gelatin methacryloyl (GelMA), hyaluronic acid (HA), cellulose, collagen, PEG
derivatives, agarose, chitosan and PCL.*%

In bioprinting, most researches started with established hydrogel systems. Therefore, natural hydrogels
created by Alg, agarose, collagen, gelatin, fibrin, decellularized ECM components or mixtures, HA and
silk are translated from the classical TE and RM to the field of biofabrication. Natural polymers are
known to have structural similarities to the native ECM and exhibit good cytocompatibility.??
Furthermore, hydrogels based on collagen, gelatin or fibrin exhibit inherent signaling molecules such as
cell adhesion motives. However, natural materials often lack good printability and mechanical stability.
In addition, batch-to-batch variations with respect to the rheological properties is discussed as

problematic.143

In contrast, synthetic hydrogels based on (macro)molecular building blocks as described in the previous
chapter (See 2.1.2 Thermoresponsive Hydrogels), such as PEG and Pluronic®, are less used in
bioprinting. However, these polymers can be designed with tunable mechanical properties and lower
batch-to-batch variations. But, synthetic polymers lack bioactive molecules for cell adhesion and
migration, as well as enzyme-mediated degradation and remodeling of the matrix.*® Furthermore,
synthetic hydrogels can be used e.g. to improve the printability of the bioink. In recent years, several
approaches where established to improve the outcome in bioprinting. In this context, so-called sacrificial
structures or materials were introduced (Figure 11).2** Often stimuli responsive hydrogels are used as
sacrificial ink materials as the material can be easily removed from the construct e.g. in the liquid state
of the material. For example, a sacrifial ink can be printed separately to introduce cavities and channels
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into a scaffold (Figure 11 top left). Using this approach Lewis and co-workers established a perfusable
and thick (> 1 cm) tissue mimicking construct with parenchyma-, stroma- and endothelium- like
compartments in 2016.14 The researchers used Pluronic F-127 as sacrificial biomaterial ink to print
defined channels blended with thrombin, which crosslinks the cell (human mesenchymal stem cells and
human neonatal dermal fibroblasts) containing gelatin-fibrin bioink. The sacrificial biomaterial ink was
removed and subsequently seeded with human umbilical vein endothelial cells. Furthermore, overhangs
can be temporary stabilized using a sacrificial support material. General properties of a support material
in bioprinting to support overhangs are highlighted by Chua and co-workers.* In 2018, a
methylcellulose hydrogel was introduced by Gelinsky and co-workers as support material to realize
overhangs in calcium phosphate cement ink acting as main structure.’*® Recently, other promising
approaches, such as in-gel printing (freeform reversible embedding of suspended hydrogels)**’ (Figure
11 top right) and the use of coaxial nozzles (Figure 11 bottom left) were established.481% However,

these two methods are not described in this work.

Sacrificial inks co-printed with bioinks Bioinks printed into sacrificial medium

Sacrificial material shell Sacrificial material and bioink are blended and printed, and
interior: hollow (L), bioink (R) after 3D printing, the sacrificial material is removed

Figure 11. The idea of sacrificial materials in EBB. Reprinted with permission from reference 120.

Last, sacrificial materials can be blended into a bioink formulation to tune rheological properties (Figure
11 bottom right). This means that e.g. biological materials such as Alg, which cannot be printed without
the use of a sacrificial material with good printability, can also be printed. By removing the sacrificial
material after the printing process and stabilizing step ideally only the main bioink component is present
in the stable construct. A positive effect on the porosity of the final product can also be observed as
demonstrated in 2016 for Alg/pluronic F127 bioink.*! The removal of the sacrificial material leaves
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voids, thus more space for the living cells and an increased diffusivity for the nutrition transport is

observed.

Of course, there are now other more advanced developments in the field of bioprinting. For example,
fibers and scaffolds (often PCL based) are generated by melt-extrusion®®?, electrospinning®*® and melt
electro writing (MEW)**, which subsequently fulfill a supporting or cell guiding function in the final
construct. In addition, bioreactors'®® and organ on a chip®® approaches are also being pursued. However,
like the work on the realization and investigation of bioprinting in space!?, these are not the focus of

this work.

Post-printing usually an additional crosslinking step is performed to stabilize the constructs. The most
used crosslinking strategies, ionic, temperature induced and UV-mediated, can be correlated to the three
most used materials Alg, gelatin and GelMA. Alg is predominantly crosslinked via ionic coordination
bonds. This is ensured by the addition of bivalent cations such as Ca?*.'%" In gelatin hydrogels, a
temperature triggered formation of a gel network consisting of triple helices is used as stabilizing step.*®
Chemical crosslinking using UV light is usally used for materials modified with methacrylated groups
such as GelMa, HAMA, AlgMA or PEGMA.*? In principle, all strategies highlighted in the previous
chapters (See 2.1 Hydrogels as Biomaterials, especially 2.1.2-2.1.4) for hydrogel design can be
adapted for bioink development considering the necessary material properties for bioinks, the
biofabrication window and especially the needed biological features. Both physical and chemical
crosslinked hydrogels are considered as candidates in bioink development. Often, the dynamic nature
and reversibility of physical gels is advantageous for the printing process (shear thinning properties),
but their mechanical stability after printing is often low. Chemical crosslinked hydrogels, in contrast,
are mechanically strong. However, these hydrogels based on covalently linked 3D networks usually lack
shear thinning properties, which limits printability. Therefore, often a combination of both types of
gelation mechanisms is used. This can be realized either by a one material approach, in which both
components, a physical gelation mechanism and moieties for chemical crosslinking are present in the
same (bio)polymer, or by a multimaterial blend or hybrid system of different (bio)polymers with specific
functions. For a detailed discussion on bioink materials the reader is referred to different several

excellent reviews, among others,14159-162

In the last years tremendous progress in the design of novel bioinks has been made. However, in the
literature the lack of a bigger variety of printable hydrogel systems is often discussed as one major
drawback that hampers significantly the progress of the complete field. New material combinations have
to be increasingly used in the future in conjunction with clever print design. The field is particularly
dependent on the expansion of available (bio)polymers such as stimuli-responsive polymers and their

use as printable hydrogels.

In the last decades the polymer classes of POx and POzi are discussed frequently as promising

biomaterials. Also, first hydrogels either exclusively of POx/POzi or with POx/POzi moieties or
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components were described. However, only little reports dealing with these polymer classes in
bioprinting are reported so far. Nevertheless, the overall reported good cytocompatibility in combination
with the synthetic versatility of the polymer classes, which are known for decades and are further
expanded nowadays, makes these polymers ideal candidates to study hydrogel formation and related
applications especially in the field of bioprinting.

2.3 Poly(2-oxazoline)s and Poly(2-oxazine)s

2.3.1 Synthesis

As the title of this section suggests, we are now dealing specifically with the polymer classes of poly(2-
oxazolines) (POx) and poly(2-oxazines) (POzi). The building blocks, monomers, which are strung
together by defined polymerization are cyclic imino ethers (CIEs). Besides being used as monomers,
these heterocyclic molecules are also used as protection groups®, synthetic intermediates!®*, chiral
auxiliaries'® and metal-ligands'®®. Ring sizes from five to seven atoms with the imino ether motive —
N=C-O- are known (oxazolines, oxazines and oxazepines). In this work, 2-oxazolines and 2-oxazines
with the double bond at 2-position and a further 2-substitution are described (2-substituted-2-oxazolines
= 0¥, 2-substituted-2-oxazines = Ozi). If, for example, the substituent is a methyl group, the molecules
2-methyl-2-oxazoline (MeOx) and 2-methyl-2-oxazine (MeOzi) are obtained. Ox and Ozi monomers
can be synthesized by several strategies. In the one-step Witte and Seeliger approach, a substituted nitrile
reacts with 2-aminoethanol or 3-aminopropanol, respectively, in the presence of a Lewis acid catalyst.*6®
Other commonly applied methods for monomer synthesis include the direct synthesis using non-
activated carboxylic acids'®’, the o-deprotonation route!®® and the Wenker method'®®. Thus, a large
number of different monomers with varying alkyl-, aryl-groups and other functionalities has been
realized. To get an impression of the feasible monomers, the reader is here referred to excellent review
articles already available in the literature.t”®%"* In this work, the focus was on monomers with different

alkyl- and aryl-substitutions in 2-position.

Several equimolar ring-opening reactions of Ox and Ozi using alkyl halides, acyl halides, carboxylic
acids, amines, thiols, alcohols and acrylic acids were described resulting in an isomerization of the imino
ether to an amide functionality.'” In principle, CIE can be used in three types of polymerization. By
using multifunctional CIEs and e.g. dicarboxylic acid compounds a polyaddition reaction leads to
poly(ester amide)s. Furthermore, acrylic acids and the CIEs can spontaneously polymerize, known as
spontaneous zwitterionic copolymerization, by the formation of N-acetylated poly(aminoester)s. An

overview of the synthesis and application of these types of polymers was published by Kempe in 2017.172

The well-known POx/PQOzi polymers are synthesized by cationic ring opening polymerization (CROP)

(Figure 12 A). The first reports of POx and POzi polymers were given in 1966 and 1967, respectively.!™
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17 The polymer classes are known for the versatile synthesis and favorable biological properties, making

them great candidates for use as biomaterials.

Without question, it is very difficult to present a holistic overview of all POx and POzi structures to date
in a nutshell, even if one only concentrates on the synthetic aspects and derived properties. For this
reason, this work focuses on pure POx and POzi systems with n-alkyl and aryl substituents, considering
only structures without another substituent on the aryl function. In particular, linear amphiphilic block

copolymers (Figure 12 B) and the polymer analog modifications via a hydrolysis step are discussed.

The CROP mechanism is described by an initiation, propagation and termination step and highlighted

in detail in several review articles.170-172.178.179
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Figure 12. General POx and POzi Structures. A) The polymer classes POx and PQOzi are synthesized
via cationic ring opening polymerization (CROP) of 2-substituted-2-oxazolines (Ox) and 2-substituted-
2-oxazines (Ozi) with the substitute R. B) Example of a POx/POzi based block copolymer with the chain
length n and m of the POzi and POx block, respectively. Both blocks have different sidechain
substitutions (R2 and Rs). During initiation and termination additional functionalities (R1, R4) are
introduced.

During initiation, a nucleophilic attack of the nitrogen lone pair of the Ox or Ozi onto an electrophilic
initiator creates an oxazolinium cation. Different electrophilic compounds were used as initiators,
including sulfonates, nosylates, triflates and halides, oxazolinium salts and Lewis acids, among others.1™
The initiation step can also be used to introduce specific functionalities at the alpha position of the
polymer to create semitelechelic and telechelic structures for subsequent coupling reactions, with, for
example, drugs, dyes or imaging agents.'®° In order to prevent undesirable side reactions and termination
processes during polymerization, however, no unprotected nucleophilic functionality should be present
in the initiator structure. An overview of various functional initiators and the related applications of the
polymers can be found in a review by Robin and co-workers.* In this work, all described polymers
were initiated with methyl triflate. This ensured a very fast initiation. Furthermore, properties of the

various polymers were not affected by using different types of initiators.

In the propagation a series of Ox or Ozi monomers attack the cationic oxazolinium intermediate, forming
the POx or POzi polymer backbone by a ring-opening reaction and the formation of an amide by

remaining the living oxazolinium chain-end. Ideally, no chain coupling, transfer or termination reactions
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during propagation with a first-order kinetics are observed. Fast initiation and the livingness of the
polymerization gives control over the molecular weight and a narrow molar mass distribution expressed
by the dispersity (D). In addition, different monomers can be used during propagation simultaneous or
step by step, resulting in statistical copolymers and defined block copolymers, respectively. In the
simultaneous approach, gradient copolymers can be obtained when using monomers with different
polymerization kinetics. In general, the kinetics are influenced by the initiation rate and other reaction
conditions such as concentration, temperature and solvent. Several studies were conducted comparing
reaction kinetics of POx, POzi and combinations. For a detailed overview comparing POx and POzi
kinetics in homopolymers and gradient copolymers the reader is referred to comprehensive review

articles.17817®

The termination at 5-position is carried out by a nucleophilic attack of an added termination agent (strong
nucleophile), such as deprotonated carboxylates and amines, on the living cationic chain-end.
Termination on the 2-position has also been reported for weaker nucleophiles, such as water. In addition,
functionalities can easily be introduced upon termination with high end-group fidelity yielding

semitelechelic and telechelic structures.**18

In addition to chain end functionalities, tailor made side chains can be used for polymer analogous
reactions. Repeat units with specific functionalities, such as a double bond in the case of poly(2-(3-
butenyl)-2-oxazoline) (PButenOx), can already be introduced during synthesis.*®! Functionalities that
affect the polymerization or are expected to undergo a transformation due to the polymerization
conditions are accessible through appropriate protection groups. Exemplary, Stamm and collaborators
applied monomer protection group chemistry to introduce carboxyl functionalities in a block copolymer
for a surface grafting approach.'2 They mistakenly called their polymer carboxyl terminated, although
the termination reaction was performed with the secondary amine piperidine and the carboxyl group
was introduced in the side chain. Nonetheless, they were able to successfully polymerize the monomer
2-(2-methoxycarbonylethyl)-2-oxazoline. The carboxyl functionality was subsequently obtained via

controlled ester saponification.

Another straightforward approach is the use of POx/POzi as precursor for the preparation of linear
polyethylenimine (L-PEI)/polypropylenimine (L-PPI). L-PEI is obtained via acidic or basic hydrolysis
of POx, in which the POx sidechains are removed and the tertiary amide groups are transformed into
secondary amines. In a kinetically controlled fashion only a few sidechains are removed yielding POx-

PEI copolymers (Figure 13).
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Figure 13. Schematic Overview of the hydrolysis of POx and POzi. Partial hydrolysis yields POx-
co-PEI and POzi-co-PPI copolymers. Via full hydrolysis L-PEI and L-PPI are obtained.

For a detailed elucidation of the different mechanism of POx/PQOzi hydrolysis into PEI/PPI units the

reader is referred to excellent review articles.179-183

As the alkaline hydrolysis has been reported to lead to degradation of the polymer backbone, acidic
hydrolysis is predominantly used.'® In addition, the protonated L-PEI is water soluble, while the free
base version of L-PEI is not. The water insolubility, however, can cause problems during the reaction

in basic conditions.

The first acidic hydrolysis was performed using the polymers PMeOx, poly(2-ethyl-2-oxazoline)
(PEtOx) and poly(2-phenyl-2-oxazoline) (PPheOx) and was shown to follow a pseudo-first order
kinetics.1® Due to lowest steric hindrance and best hydration, hydrolysis of PMeOx is faster compared
to PEtOx and PPheQx, as discussed by Hoogenboom and co-workers.8187 To control the hydrolysis
rate, the temperature and/or the amount of added acid (often aqueous HCI) is altered. In addition, the
hydrolysis is accelerated by the formation of seven ring like intermediates between neighboring L-PEI
groups.183188189 This |eads to the observation of block like PEI segments alongside the POXx-PEI
copolymer. Further, it was demonstrated that the degree of polymerization and polymer concentration
has no significant impact on the hydrolysis kinetics.'® In contrast, the polymer sidechain impacts the
hydrolysis kinetics. The hydrolysis of POzi polymers is by far less described. It was first described for
unsubstituted POzi via alkaline hydrolysis yielding crystalline L-PP1 by Saegusa, Nagura and Kobayashi
in 1973.1% The first acidic hydrolysis of a substituted POzi was reported in 1989 by Gunn and
collaborators for the homopolymer poly(2-phenyl-2-oxazine) (PPheOzi).’*! In 2008, York and Co-
workers used L-PPI obtained via acidic hydrolysis of PEtOzi as a polymer electrolyte PPI/lithium triflate
system.2¥2 More recently, Nahm et al. investigated the partially hydrolysis of poly(2-ethyl-2-oxazine)
(PEtOzi).1*® The polymer PMeOzi was also used in acidic hydrolysis to obtain PP1.1% The benefits of
PPI compared to PEI as absorbents for CO, capture from ultradilute streams were discussed. To my

knowledge, no hydrolysis of a POzi-based block copoylmer has been described so far. In contrast, there
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are several reports on hydrolysis of POx copolymers by selectively hydrolyzing specific polymer
sidechains. Hoogenboom and co-workers achieved a high degree of hydrolysis selectivity in PMeOxXeo-
b-PPheOxs in ethanol/water (80:20) as solvent.'®” After 240 min, the hydrophilic PMeOx block was 95
% hydrolyzed, whereas the hydrophobic PPheOx block only 10 %. The authors also highlighted the
effect of the added ethanol on the hydrolysis kinetics. In 2015, Vlassi and Pispas partially hydrolyzed a
gradient copolymer comprising the hydrophilic PMeOx and hydrophobic and aromatic PPheOx.1%
Again, preferentially the PMeOx “block” was hydrolyzed. This partially hydrolyzed copolymer self-
assembled in aqueous solution (See 2.3.2 Aqueous Solubility and Self-Assembly). Litt and Lin
observed similar selectivities in block copolymers with hydrophilic and hydrophobic moieties. First the
hydrophobic units were hydrolyzed.'* This selectivity’s can be used in the design of novel tailor made

biomaterials.

Interestingly, these secondary amine moieties of PEI/PPI can be used for post-polymerization
modification by e.g. the coupling of activated carboxylic acids and the nucleophilic PEI/PP1 amine units,
among other reactions'®, generating new tertiary amide bonds (Figure 14). This route is quite elegant
as novel functional POx/POzi copolymers can be synthesized without the need of synthesizing and

purifying new functional Ox/Ozi monomers.
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Figure 14. Schematic Overview of the carboxylic acid (R-COOH)/amine coupling. With this route
the polymers L-PEI and L-PPI are used as precursor for novel POx/POzi polymers.

This route was already described in great detail in the 1990s for the production of the first POx hydrogels
by Chujo and Co-worker. This contributions will be examined in more detail in the section 2.3.3.2

Hydrogels.

It should be mentioned here that other polymer architectures, such as polymer stars!®” and brushes!%,
besides linear POx/POzi are also feasible. In addition, mixed systems with other polymer classes as
described by Yoshinaga and co-workers for poly(tetrahydrofuran)-b-PEtOx block copolymer, can also
be synthesized.'®® However, other polymer architectures as well as mixed systems are not in the focus

of this work.
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In summary, by suitable structure design different polymer compositions with a wide range of
functionalities can be introduced in a controlled manner. In addition, the location and number of the
functionalities alongside the polymer at defined chain ends and side chains in defined polymer domains

and blocks can be controlled.

However, all these modifications and functionalities influence the polymer properties such as the water
solubility and self-assembly, which are crucial properties for different biomaterial applications. Both

properties in relation to POx/POzi copolymers will be discussed in the following section.
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2.3.2 Aqueous Solubility and Self-Assembly

In the design of biomaterials water solubility is one crucial aspect. The water solubility of POx and POzi
mainly depends on the side chain. PMeOx and PMeOQzi are water soluble due to the hydrophilic
polyamide POx and POzi backbone. The higher homologue structures PEtOXx, poly(2-n-propyl-2-
oxazoline) (PnPrOx), PEtOzi and poly(2-n-propyl-2-oxazine) (PnPrOzi) are characterized by LCST
behavior depending on the degree of polymerization, end groups and external influences such as salts
(Table 1).290.201 Exemplarily, the polymer PEtOzi is water soluble with a chain length of 50 but exhibits
a cloud point temperature (Tcp) of approximately 56 °C for a polymer with 100 repeating units.2%

Table 1. Thermoresponsive properties of POx/POzi homopolymers with n-alkyl sidechains. Values were
taken from reference [29%201].

Sidechain Ter [°C]
POx/POzi
Methyl soluble/soluble
Ethyl 94/56
Propyl 25/11
Butyl insoluble/insoluble

The Tcp was determined via turbidity measurements at a degree of polymerization of 100. An overall
water solubility and complete insolubility are characterized by the words soluble and insoluble,
respectively.

Here it must be noted that in the literature LCST behavior is often performed only at a certain
concentration. This, however, determines the Tcp. Below the LCST, the polymer is soluble at all
concentrations. However, there can be strong deviations between the LCST and the Tce at a certain

concentration.

In general, the Tcp of POzi are lower compared to the corresponding POXx derivative as described by
Bloksma et al.?%! Increasing the sidechain to poly(2-n-butyl-2-oxazoline) (PnBuOx) and poly(2-n-butyl-
2-oxazine) (PnBuOzi) leads to water insoluble structures. In addition, homopolymers with aromatic
sidechains such as PPheOx and poly(2-benzyl-2-oxazoline) (PBzOx) are water insoluble.”® The
differences in solubility can be used in gradient copolymers and block copolymers combining
hydrophilic and thermoresponsive and/or hydrophobic building blocks to tune water solubility, LCST
behavior and self-assembly above a critical concentration and/or temperature, which is the basis for
many applications (See 2.3.3 Biomaterial Applications). In principle above the LCST temperature
turbidity and precipitation can be observed. However, the thermoresponsive properties of POx/POzi
based copolymers expands the traditional LCST type behavior. Therefore, in recent years temperature-

induced self-assembly, crystallization processes and gelation was observed for POx and POzi structures
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and very recently reviewed by Zahoranova and Luxenhofer.2%? Crystallization processes are not in the
scope of the presented thesis. Here, only temperature-driven self-assembly will be discussed. POx/POzi
based gelation will be covered in the following section (See 2.3.3 Biomaterial Applications).

Self-assembly of (macro)molecules such as amphiphilic block and gradient copolymers into
supramolecular structures with a certain degree of organization is based on non-covalent physical
interactions or dynamic covalent bonds.?2% A certain degree of phase-separation caused by
incompatibility of polymer units must be present for self-assembly to arise. In aqueous solution, this is
usually ensured by a hydrophilic and a hydrophobic polymer part. Furthermore, thermoresponsive
segments can be used to introduce stimuli responsivity.?% In general, ordered structures are controlled
by a balance of two types of forces, short-range attractive forces and a long-range repulsive forces as

nicely illustrated by Forster and Konrad.?% Different morphologies, such as spherical and worm-like

micelles and vesicles, of self-assemblies exist (Figure 15).

Figure 15. Overview of self-assembled structures of poly(butadiene)-b-poly(ethylene oxide) (PB-
b-PEO) block copolymers with different block ratios and block length. The shapes of the aggregates
ranged from spherical micelles (PB2o2-b-PEOss0) via worm-like micelles (PBi2s-b-PEO:ss) to
predominantly vesicles (PBs7-b-PEOuo). Reprinted with permission from reference 208.

But what is the driving force for the generation of different morphologies?

In principle, the balance between attractive and repulsive forces of the hydrophilic and hydrophobic
compartments, which are defined by the stretching of the polymer chains, the interfacial energy between
the blocks, different interactions among corona-forming chains, the strength of interactions between the
blocks and the volume fraction of each block, are decisive for the morphology.?°22% These forces cause
the arrangement of several macromolecules in such a way that domains and interfaces are formed which
reflect the shape of the molecule.?®® These interfaces are characterized by a curvature depending on the
volume fraction of the microphase-seperated polymer blocks.?%” A highly curved interface obtained by
a small volume fraction of the hydrophobic core-forming block results in spherical micelles (Figure 15
A). A decrease of the hydrophilic/hydrophobic block ratio changes the volume fraction and as a result a
shape transition to worm-like micelles (Figure 15 B) and even vesicles (Figure 15 C) with a very less
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interfacial curvature is observed as demonstrated by Antonietti and Forster.2®® However, also other
parameters such as copolymer concentration, added (co-)solvents, ions or homopolymers and the
method of self-assembly preparation have a significant impact and leads to a various number of more
exotic morphologies such as different rods, large compound assemblies and multilamellar vesicles.?* In
addition, the formation and transformation of different morphologies can be recognized by a
macroscopic change, such as the occurance of turbidity, precipitation or gelation, in the sample.

Due to the LCST behavior of certain POx/POzi polymers temperature driven self-assembly of
copolymers can be studied. Dworak and co-workers studied the LCST behavior of gradient P(PrOx-co-
MeOX)grad copolymers in 2017.%° During cooling a hysteresis behavior was observed, which was
attributed to the formation of self-assemblies elucidated by dynamic light scattering (DLS) experiments.
However, no study was conducted to unravel the morphology of the aggregates. A comprehensive study
on the temperature driven self-assembly of a block copolymer comprising a PEtOx block and a block
consisting of a statistical copolymer of PEtOx and PnPrOx moieties (PEtOx-b-P(EtOX-co-nPrOX)stat)
was performed by Trinh et al. in 2012.2' Upon heating they observed changes in morphology
(unimers+few aggregates—aggreagtes—smaller micelle-like structures—larger compact aggregates)
and transmittance (clear—turbid—clear—turbid) evaluated via DLS, static LS and turbidity
measurements. In the study, the concentration was kept at 5 g/L. A variation, especially an increase, of
concentration would be interesting to elucidate if a second macromolecular change such as # increase
or gelation is observed upon heating. The thermoresponsive behavior of various ABA and BAB triblock
copolymers of PMeOx and PnPrOx combinations was investigated by Luxenhofer and co-workers.?'2
Different variations of the #, turbidity and particle radius as a function of temperature were observed.
Interestingly, in some cases an increase of the » with temperature (thermothickening) but no

thermogelling was observed.

In another approach hydrophobic segments in combination with the hydrophilic PMeOx or the at room
temperature soluble PEtOx are used to induce self-assembly in POx/POzi based copolymers.
Predominantly PheOx and 2-nonyl-2-oxazoline monomers were used in the past. Other studies used
poly(2-(3-ethylheptyl)-2-oxazine) and poly(2-n-nonyl-2-oxazine) and the corresponding POx
analogous.?®® Interestingly, the POx containing amphililes exhibited significant higher micellar
diameters compared to POzi. This study, is one of the first describing and comparing the self-assembly
of POx and POzi triblock copolymers in aqueous solution. Another very interesting observation was
reported by Weberskirch and co-workers in 2015.2%* The researchers characterized the micellization and
mobility of amphiphilic POx based block copolymers comprising hydrophilic PMeOx blocks and
different hydrophobic blocks (poly(2-pentyl-, heptyl-, nonyl-2-oxazoline)) at different temperature via
DLS and nuclear magnetic resonance (NMR) experiments. Temperature-dependent differences with
respect to stability and size of the aggregates were confirmed. However, in the polymer structure no

thermoresponsive block was used.
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The aforementioned hydrophobic and aromatic PPheOx has been very often studied with the hydrophilic
units PMeOx and PEtOx especially in gradient copolymers. The synthesis in a statistical
copolymerization and the micellization on surfaces via spin-coating of quasi-diblock copolymers
comprising PMeOXx or PEtOx and PPheOx were described by Schubert, Gohy and co-workers.?2% |n
2008, the same research group compared the self-assembly of block and gradient PMeOxso-PPheOxso
copolymers in different ethanol/water ratios.?’ In both cases, the block and gradient approach, worm-
like micelles were shown to be present in water. The addition of ethanol leads to the formation of
predominantly spherical micelles. Interestingly, Demetzos and co-workers investigated different ratios
of PMeOx and PPheOx units in gradient copolymers and analyzed the self-assembly in water as a
function of temperature. Depending on the “block™ ratios different sizes of aggregates were obtained.
However, the temperature had no significant impact on the self-assembly investigated via DLS.?*8 First
triblock copoylmers of PMeOx-b-PPheOx-b-PMeOx were studied by Tiller and-co-workers. They
investigated the self-assembly properties for different block ratios. However, also different degrees of
polymerizations were used. Therefore, it is difficult to analyze the observations. In summary, different
undefined structures in the range of 15 to 600 nm, very small unimolecular polymer micelles (few nm),
polymer micelles (18-44 nm) and polymerosomes (140-460 nm) were discussed.?'® In the year 2019,
Hoogenboom and co-workers presented a strategy to synthesize quasi-diblock and more gradient
copolymers using sulfolane and acetonitrile as polymerization solvent, respectively, and compared the
self-assembly properties with a control diblock copolymer.??® Increased blockiness leads to the
formation of smaller particles was the overall conclusion. One of the most comprehensive studies on the
self-assembly of such gradient copolymers was carried out by Filippov et al. using a set of powerful
scattering methods such as small-angle X-ray scattering (SAXS), small-angle neutron scattering
(SANS), SLS and DLS in combination with NMR experiments. In the end, the researchers presented a

new aggregation mechanism into “bitterball-core” micellar structures.??!

Interestingly, already 1967 Levy and Litt synthesized a PPheOzi homopolymer!’?, the POzi homologe
to the well-studied PheOx. However, no detailed contribution was performed dealing with the self-
assembly of a gradient or block copolymer comprising PPheOzi moieties so far. In addition, the higher
homologous structures poly(2-benzyl-2-oxazoline) PBzOx in was used in a PBzOx-co-PnBuOx
hydrophobic block in ABA type amphiphiles once in 2015 by Kabanov and co-workers?? for the
encapsulation of hydrophobic drugs and the poly(2-benzyl-2-oxazine) PBzOzi is also undescribed so

far.

Other very interesting POx/POzi based amphiphilic systems were described in the context of drug

encapsulation, which are presented in the following section.
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2.3.3 Biomaterial Applications

The polymer classes of POx and POzi exhibit excellent biological properties, which make them serious
alternatives to the gold standard PEG in biomaterial development. Thus, for example, it was already
demonstrated that different POx structures with different average molar masses showed only low
cytotoxicity in different cell lines even at very high polymer concentrations (up to 100 g/L).22%%%
Further, no strong inflammation triggered response of macrophages was observed in vitro.??8 In addition,
rapid renal clearance in vivo has been demonstrated for POx with sufficiently small molar masses.??®
Based on these properties, POx/POzi based polymers were used in different biomaterial applications
including the preparation of polymer-drug®°® and peptide conjugates®!, polyplexes®?, drug loaded

polymer micelles®3, hydrogels®** and anti-fouling and cell adhesion surface coatings®®.

In this subsection, first selected studies dealing with drug encapsulation are presented, which were used
as basis for the present thesis (chapter I-111). The second part of the subsection is related to POx/POzi
based hydrogels introduced with a focus on possible translation towards bioprinting to connect the
sections 2.1-2.3 of this state of knowledge part. Further, these fundamental studies were used to design
the projects of the chapters I1-1V.

2.3.3.1 Nanoformulations

As highlighted in the previous subsection, self-assembled core-shell structures, especially polymer
micelles, can be used to encapsulate drugs with limited water solubility, predominantly in the core of
the formed aggregates. Often it is believed that increasing the hydrophobic/hydrophilic contrast leads to
an increase of micellar stability and higher drug loading.?®® In 2010, Kabanov and co-workers
investigated the solubilization of the water-insoluble drug Paclitaxel (PTX) via the thin-film method
(Figure 16 C) using an ABA type triblock copolymer bearing hydrophilic PMeOx A blocks and
moderate hydrophobic PnBuOx B block (Figure 16 A).2*® The researchers achieved extraordinarily high
loading capacities of up to 45 wt.% of active drug and a high water solubility of the formulation. In
2012, the same research group used the same polymer to investigate the loading capacities for a huge
library of different anti-cancer drugs and observed first structure-property related synergistic effects.%®
Another way to study structure property relationships in drug formulations is to systematically vary the

polymer structure, particularly the hydrophobic drug-bearing block.
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Figure 16. Overview of POx based amphiphiles for drug encapsulation. A) Polymer structure of
Me-PMeOx-b-PnBuOx-b-PMeOx-Pip with different block length used for drug encapsulation.
Reprinted with permission from reference 233. B) Drug induced morphology switch from short worm-
like micelles to spherical micelles. TEM images are shown as inserts. Reprinted with permission from
reference 237. Thin-film method for the preparation of drug loaded polymer micelles. Reprinted with
permission from reference 222.

Seo and Schulz et al. investigated the influence of the hydrophobic middle block on the encapsulation
capacity and efficiency of different taxanes in 2015.222 Therefore, a series with comparable polymer
composition of linear and branched aliphatic POx based hydrophobic blocks of various chain lengths
(C4-C9) and one aromatic PBzOx derivative were used. Generally, the polymers with mildly
hydrophobic B blocks outperformed the polymers with higher or lower hydrophobicity with regard to
drug loading. In contrast, the amphiphiles with strongly hydrophobic B blocks exhibited best colloidal
stability. The aforementioned triblock PMeOx-b-PnBuOx-b-PMeOx, however, which showed the
highest drug loading, also exhibited very good colloidal stability. Interestingly, upon changing the
central block from PnBuOx to the branched PsecBuOQx, a significant reduction of loading capacity was
observed. In consequence, minor changes of the polymer can lead to significant differences in drug

loading.

It is known, that a lot of factors influence the morphology of self-assemblies. Therefore, it was assumed
that the interaction of the polymer and the loaded drug can impact the self-assembly process. The

unusual high PTX loading of the polymer PMeOx-b-PnBuOx-b-PMeOx was studied in detail by Schulz
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et al.?” A drug-induced morphology switch from short worm-like micelles to small spherical micelles
upon drug-encapsulation was investigated with different methods such as DLS, atomic force
microscopy, transmission electron microscopy (TEM) and SANS (Figure 16 B).?

The first study comparing POx and POzi amphiphiles on drug-encapsulation was performed by
Luxenhofer and co-workers in 2017. This contribution will be part of the Chapter I. In addition, no
detailed contribution was performed introducing different aromatic moieties in the polymer structure to
study the effects on drug encapsulation of different drugs with a variation of the aromatic character
(Chapter I).

In particular, the polymer classes of POx and POzi are well suited to study the influence of different
factors on self-assembly and, consequently, drug encapsulation. On the one hand, the smallest structural
changes can be made relatively easily. On the other hand, POx/POzi have different possibilities to
interact with each other and with the loaded drugs. Hydrophobic effects can be studied by introducing
hydrophobic blocks. Nevertheless, each repeating unit has a tertiary amide that can act as polar hydrogen
bonding acceptors. It is also possible, to synthesize polymers with aromatic units such as PPheOx and
PBzOx to study the impact of pi-pi interactions.
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2.3.3.2 Hydrogels

In this subsection, the principles of hydrogels as biomaterials and especially for biofabrication are
discussed for specific POx/POzi based systems, which were established until august 2018, the beginning

of the hydrogel part of this thesis.

In principle, as already demonstrated in the first section (See 2.1 Hydrogels as Biomaterials), there are
several crosslinking methods such as crosslinking during polymerization?®2%°, high energy
irradiation?*1-242 and crosslinking of polymer precursors?*. The first two methods are hardly suitable for
the application of bioprinting (See 2.2 Bioprinting: A Technology of Biofabrication for Tissue
Engineering and Regenerative Medicine), since harsh conditions (high temperatures, toxic solvents,
radiation, etc.) prevail during crosslinking and are therefore not cytocompatible. However, as already

shown, the cells should already be distributed in the system during gel formation.

In the late 1980s and early 1990s, Chujo et al. established an inspiring library of POx based hydrogels
using several crosslinking reactions. Therefore, predominantly the hydrophilic PMeOx homopolymer
was partially hydrolyzed and subsequently modified (See 2.3.1 Synthesis) with different moieties to
introduce covalent-, dynamic- and supramolecular crosslinking.?**?® However, at this time, the
hydrogels were not discussed with regard to biomedical applications. Furthermore, the predominantly
hydrophilic nature of the precursor polymers would probably not allow for precision bioprinting (See
2.2.3.1 Rheology of Bioinks).

Since the potential of the POx/POzi polymer classes is only exploited by very few research groups and
the research field of biofabrication is a very young discipline, the list of POx/POzi systems dealing with
biofabrication is very short. Therefore, selected systems for 3D cell culture, classical TE and hydrogel-

based drug delivery are also discussed here in advance.

In 2013, Farrugia and coworkers used a statistical (probably gradient) copolymer comprising the
hydrophilic PMeOx and the hydrophobic poly(2-(dec-9-enyl)-2-oxazoline) bearing a terminal alkene
functionality.?® The polymer was decorated with RGD (Arg-Gly-Asp, Arginine-Glycine-Aspartate) cell
adhesion peptide moieties via thiol-ene reaction and chemically crosslinked using dithiothreitol as
crosslinker, Irgacure 2959 as photoinitiator and UV-light. Interestingly, different cell morphologies and
orientations of the seeded cells were obtained as a function of RGD decoration. Furthermore, for this
POx-based system, cytcompatible cell encapsulation was demonstrated for the first time. Since then,
several other studies were described employing similar thiol-ene crosslinking reactions, despite the
controversial discussed UV-mediated crosslinking.?*> However, no study was conducted to characterize
the rheology of the precursor solution before crosslinking. This makes it difficult to asses whether the

system described would be useful in bioprinting.
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The synthetic POx/POzi based toolbox was also used for the binding and triggered release of DNA
alongside a hydrogel matrix. In a copolymer approach, the hydrophilic EtOx was polymerized with a
monomer bearing a protected amino functionality.?®® After polymerization, deprotection yielded free
amine groups suitable for crosslinking with epichlorohydrin and further DNA immobilization. The DNA
release from the hydrogel was triggered via polyanionic heparin addition. However, such an approach
is not suitable for bioprinting as the very reactive free amine groups can interfere with the embedded
cells and medium supplements, thus making the control of the fabrication process challenging. Similar
DNA binding studies were conducted using post-polymerization hydrolysis and polymer analogous
modification strategies (See 2.3.1 Synthesis). In these approaches, the POx polymer was hydrolyzed
yielding PEI, which was subsequently modified generating PEI-PButenOx random copolymers with the

ability to crosslink the PButenOx double bonds.?’

As already mentioned, the polymer classes of POx/POzi are rarely described in the field of
biofabrication. However, few reports dealing with solution electrospinning®? and MEW?*° exist. In
2016, Sanyal and co-workers reported multireactive POx nanofibers generated via solution
electrospinning in dimethylformamide and tetrahydrofuran (1:1).2° Further, the PButenOx containing
fibers were stabilized on the fly via thiol-ene reaction. In addition, the fibers were visualized via the
attachment of fluorescent dyes using thiol-ene and thiol-maleimide chemistry. Stubbe et al. described
the solution electrospinning of the hydrophilic polymer PEtOx in aqueous conditions. They obtained
tunable fiber thicknesses depending on the polymer concentration and polymer molar mass.?®* De Clerck
and Hoogenboom combined both approaches by establishing an in situ crosslinkable aqueous
electrospinning system based on POx. The researchers used partially hydrolyzed PEtOx to introduce
selenol moieties. Via electrospinning the formation of diselenide crosslinks was observed.?®> However,
solution electrospinning is usually a cell-free method of biomaterials. The same is true for MEW. In
addition to solution electrospinning, the deposition of a molten fiber in MEW is highly controlled.
Therefore, constructs with defined shapes in outstanding resolution are obtained. In 2014, Groll and co-
workers processed PEtOx via MEW by varying the crucial instrument parameters such as temperature,

pressure, voltage and collector distances and spinnerets sizes.?%

So far, true bioprinting, in which the cells are part of the printing process, was only reported once for

the polymer classes of POx/POzi by Lorson et al.?%4
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Figure 17. First bioprinting of a POx/POzi based hydrogel. A) Polymer structure of Me-PMeOx-b-
PnPrOzi-EIP (EIP: Ethyl isonipecotate). B) Thermogelling properties of different polymer batches from
approximately 5 to 50 °C. Inserted pictures are a low viscous solution at low temperature and a physical
hydrogel above te. C) 3D printed lattice structure. Pre-stained fibroblasts were homogenously
distributed in the lattice scaffold. Reprinted with permission from reference 264.

The researchers established a thermogelling POx/POzi based diblock copolymer comprising a
hydrophilic PMeOx block and a thermoresponsive PnPrOzi block (degree of polymerization 100 and
200, PMeOx/PnPrOzi 1:1) (Figure 17 A). Above a critical concentration (20 wt.%) an aqueous solution
undergoes a reversible sol/gel transition upon heating. A comprehensive rheological study was
performed evaluating te and recording G” and G™* as a function of temperature (Figure 17 B). In
addition, the rheological properties of the gel were analyzed with a focus on gel-phase EBB. The
hydrogel exhibited highly shear-thinning properties and fast structure recovery of G” to 4-5 kPa after
deformation was observed. Using SANS, the authors were furthermore able to describe the gelation
mechanism: Upon heating, a bicontinuous sponge-like network is formed comprising interconnected
and channeling vesicles. In the end, first EBB experiments were described whereby the cytompatibility
of the material and the fabrication process was confirmed after 24 h using fibroblasts (Figure 17 C). At
this point, no long-term cell culture was possible due to the physical nature of the crosslinking.
Concluding the manuscript, the researchers outlined the versatility of the polymer classes of POx/PQzi,
which can be applied to the described diblock copolymer to overcome certain limitations and to use the
hydrogel for further basic and applied research especially in biofabrication (Chapter 1V). This work
also showed that unusual polymer properties can be observed by synthesizing novel polymers. It shows
very nicely how these can then subsequently be used for novel applications. This approach is the basis
for the Chapters Il and I11.



3 Summary

In this work, the influence of aromatic structures on drug encapsulation, self-assembly and hydrogel
formation was investigated. The physically crosslinked gelling systems were characterized and

optimized for the use in biofabrication and applied in initial (bio)printing experiments.

Chapter I: The cytocompatible (first in vitro and in vivo studies) amphiphile PMeOx-b-PBzOx-b-
PMeOx (A-PBzOx-A) was used for the solubilization of PTX, schizandrin A (SchA), curcumin (CUR),
niraparib and HS-173.

Chapter I1: Compared to the polymers A-PPheOx-A, A-PBzOx-A and A-PBzOzi-A, only the polymer
A-PPheOzi-A showed a reversible temperature- and concentration-dependent inverse thermogelation,
which is accompanied by a morphology change from long wormlike micelles in the gel to small spherical
micelles in solution. The worm formation results from novel interactions between the hydrophilic and
hydrophobic aromatic polymer blocks. Changes in the hydrophilic block significantly alter the gel
system. Rheological properties can be optimized by concentration and temperature, which is why the

hydrogel was used to significantly improve the printability and stability of Alg in a blend system.

Chapter 111: By extending the side chain of the aromatic hydrophobic block, the inverse thermogelling
polymer A-poly(2-phenethyl-2-oxazoline)-A (A-PPhenEtOx-A) is obtained. Rapid gelation upon
cooling is achieved by inter-correlating spherical micelles. Based on ideal rheological properties, first
cytocompatible bioprinting experiments were performed in combination with Alg. The polymers A-
poly(2-benzhydryl-2-oxazoline)-A (A-PBhOx-A) and A-poly(2-benzhydryl-2-oxazine) (A-PBhOzi-A)
are characterized by two aromatic benzyl units per hydrophobic repeating unit. Only the polymer A-
PBhOzi-A exhibited inverse thermogelling behavior. Merging micelles could be observed by electron
microscopy. The system was rheologically characterized and discussed with respect to an application in

3D printing.

Chapter 1V: The thermogelling POx/POzi system, in particular the block copolymer PMeOx-b-
PnPrOzi, was used in different applications in the field of biofabrication. The introduction of maleimide
and furan units along the hydrophilic polymer part ensured additional stabilization by Diels-Alder

crosslinking after the printing process.

41



4 Zusammenfassung

In dieser Arbeit wurde der Einfluss von aromatischen Strukturen auf die Wirkstoffeinkapselung, der
Selbstassemblierung und die Hydrogelbildung untersucht. Die physikalisch vernetzten Gele wurden fiir
den Einsatz in der Biofabrikation charakterisiert und optimiert und fanden ersten (Bio)druckversuchen

Anwendung.

Kapitel I: Das zytokompatible (erste in vitro und in vivo Studien) Amphiphil PMeOx-b-PBzOx-b-
PMeOx (A-PBzOx-A) eignet sich hervorragend fur die Solubilisierung von PTX, Schizandrin A (SchA),
Curcumin (CUR), Niraparib und HS-173.

Kapitel 11: AusschlieBlich das Polymer A-PPheOzi-A zeigt im Vergleich zu den Polymeren A-PPheOx-
A, A-PBzOx-A und A-PBzOzi-A eine reversible temperatur- und konzentrationsabhangige inverse
Thermogelierung, welche durch eine Morphologie-Anderung von langen wurmartigen Mizellen im Gel
zu Kkleinen sphérischen Mizellen in Losung begleitet wird. Die Wurmbildung entsteht durch neuartige
Wechselwirkungen zwischen den hydrophilen Polymerblécken und den hydrophoben aromatischen
Polymerblécken. Veranderungen der hydrophilen Blocke verdndert signifikant das Gelsystem. Die
rheologischen Eigenschaften kénnen durch Konzentration und Temperatur optimiert werden, weshalb

in einem Blendsystem die Druckbarkeit und Stabilitat von Alginat signifikant verbessert wurde.

Kapitel 111: Durch Verlangerung der Seitenkette des aromatischen hydrophoben Blocks erhalt man das
inverse thermogelierende Polymer A-Poly(2-phenethyl-2-oxazolin)-A (A-PPhenEtOx-A). Die schnelle
Gelierung bei Abklhlung wird durch miteinander korrelierende sphérische Mizellen erzielt. Auf
Grundlage idealer rheologischer Eigenschaften, konnten erste zytokompatible Biodruckversuche in
Kombination mit Alginat durchgefiihrt werden. Die Polymere A-Poly(2-benzhydryl-2-oxazolin)-A (A-
PBhOx-A) und A-Poly(2-benzhydryl-2-oxazine) (A-PBhOzi-A) sind durch zwei aromatische Benzyl-
Einheiten pro hydrophober Wiederholungseinheit charakterisiert. Nur das Polymer A-PBhOzi-A zeigt
inverses thermogelierendes Verhalten. Durch Elektronenmikroskopie konnten verschmelzende
Mizellen beobachtet werden. Das System wurde hinsichtlich einer Anwendung im Bereich des 3D-

Drucks rheologisch charakterisiert und diskutiert.

Kapitel 1V: Das thermogelliernde POx/POzi System, insbesondere das Blockcopolymer PMeOx-b-
PnPrOzi, wurde in weiterflhrenden Studien im Bereich der Biofabrikation genutzt. Durch die
Einfihrung von Maleimide- und Furan-Einheiten entlang des hydrophilen Polymerteil konnte eine

zusatzliche Stabilisierung durch Diels-Alder-Vernetzung nach dem Druckprozess realisiert werden.
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5 Main Part

In general, the main manuscripts are included in full length. The supporting information files are not
included. They are available on the respective journal homepages (See 8 Material and Methods). For

all included full manuscripts the permission for reprinting were obtained.

For publications not presented in full length, a representative figure or the graphical abstract was
included along with the abstract, new concepts, and highlights, if any. The beginning and the end of the
copied part are marked with ***. Permission for reprinting was obtained from the respective journal.
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Chapter |

POx based ABA type amphiphiles with varying alkyl sidechains in the hydrophobic B block were used
to solubilize different taxanes. In 2017, Llbtow et al. reported the first study comparing POx and POzi
alkyl derivatives for the drug encapsulation of PTX and CUR.

*** The following abstract and graphic was reprinted with permission from Journal of the American
Chemical Society 2017, 139 (32), 10980-10983

https://doi.org/10.1021/jacs.7b05376; © 2017 American Chemical Society

Drug Specificity, Synergy and Antagonism in Ultrahigh Capacity Poly(2-oxazoline)/Poly(2-oxazine)
based Formulations

Libtow M.M., Hahn L., Haider M.S. and Luxenhofer R.
Abstract

Polymer micelles offer the possibility Paciitaxel
aclitaxe

?ﬁo
S
e,

%
i |

of the polymer amphiphile. Here, we investigated a small library of structurally similar amphiphiles
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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

based on POx and POzi with respect to their solubilization capacity for two extremely water insoluble
drugs, CUR and PTX. 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. ***

In 2018 we reported the influence of aromatic moieties in the hydrophobic B block on the drug
encapsulation. Four different amphiphiles with varying aromatic content for the solubilization of the

model compounds PTX, SchA and CUR with rising aromaticity were tested.

The following publication was reprinted with permission from Biomacromlueclues 2018, 19 (7), 3119-
3128. https://doi.org/10.1021/acs.biomac.8b00708; © 2018 American Chemical Society
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properties share one physicochemical property, namely, low water
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contain different relative amounts of aromatic moieties. In the case of
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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.

B 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." 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.” Likewise, via
high-throughput screening, new chemical entities or lead
structures are being identified and evaluated every day,” but
only a minute fraction ever ripen into an approved drug.
Obviously, a large proportion of drug candidates are poorly
water-soluble,” 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.”” Polymeric micelles have been discussed and evaluated

-4 ACS Publications  © 2018 American Chemical Society

3119

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.® 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.” 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.'’ 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.'' ™"

Polymer micelles comprising a poly(2-oxazoline) (POx)-
based amphiphilic triblock copolymer (poly(2-methyl-2-oxazo-
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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

a) ABA-type doubly amphiphilic drug carrier
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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.">™"* The drug-loaded polymer
micelles formed stable and injectable formulations and showed
significantly increased therapeutic efficacy in vivo.”””' 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.'” Testing a variety of structurally different
taxanes led to similar high drug loadings and stability of the
formulations.”” Liibtow 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 (CUR™), another well-
known natural compound featuring extremely low aqueous
solubility, bioavailability, and stability.”* The authors observed
significant and orthogonal specificities dependent on the
positioning of one methylene group in the more hydrophobic
repeat umt Thls outlines the complexity of drug/carrier
interactions.”> More recently, this CUR nanoformulation was
characterized in more detail.”®

Schisandra chinensis is widely used in traditional Chinese and
Japanese herbal medicines for a variety of pharmacological
properties.””** Dibenzo[a,c]cyclooctadiene lignan metabohtes
are thought to be responsible for the ma)orlty of these effects.”®
Many such lignans have been extracted””*’ and chromato-
graphically isolated.” ~*” 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.”® 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.’®*” The formation of
nanoparticles and nanocrystals to formulate schisantherin A, a
related dibenzo[a,c]cyclooctadiene lignan, was described by
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Cheng et al. The drug/carrier aggregates could pass the
hematoencephalic barrier and showed effects potentially useful
for the treatment of Parkinson’s disease.””*" 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.**

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 | hi §h drug loadings paired
with excellent therapeutic efficacy.””" The driving forces
considered relevant for drug incorporation are hydrophobic and
electrostatic interactions, hydrogen bonding, 7— stacking, and
van der Waals forces. The relevance of these interactions for
drug formulations is widely discussed.*® 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 #—z interaction
significantly increased the stability, loading capacity, and
therapeutic index of drug-loaded polymeric micelles.*”**
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.*’

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).

B 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
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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 CaH, 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.*° The Pt-
NHC-complex (Pt-NHC)*" and the fluorinated curcuminoid deriva-
tive (CUR-F¢)** 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.”® 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 'H, 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™ from Jasco (Gross-Umstadt, Germany). For the UV—vis
measurement, a 1 g/L ethanolic solution of SchA was filtered through
0.2 um PTEFE 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-c0-BzOx)-A, A-pBzOx-A and A-pPheOx-A were synthe-
sized by living cationic ring opening polymerization (LCROP) as
described previously."® The reactions were controlled by 'H NMR
spectroscopy. The lyophilized polymers were characterized by 'H
NMR and gel permeation chromatography (GPC). The critical
micellar concentrations (CMC) of the ABA-triblock copolymers were
determined by pyrene fluorescence measurements.’>** The I, /I, ratio
in dependence of varying polymer concentrations and the total redshift
of I; 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.

my
LC = — X 100%
mdrug + mexcipient (1)
m
LE = — ™ % 100%
mdrugadded (2)

where Mg, and Mepiene are the weight amounts of the solubilized
drug and polymer excipient in solution and Mygaq4eq 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 X 10° cells/
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cm?) and cultured for 24 h at 37 °C and 5% CO,. Subsequently,
medium was removed, and polymer stock solutions in cell specific
culture medium (p = 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 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, luminescence was measured with an
Infinite 200 (Tecan, Mannedorf, Switzerland) at A, = 590 nm (1,
560 nm).
Cell viability was determined by eq 3

Ereated - Fmedium

cell viability = X 100%

®3)
where Foeq a0d Fyipeaeq are the luminescence of treated and
untreated cells, respectively, and F gy 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.

untreated ~ *medium

B RESULTS AND DISCUSSION

Inspired by reports on benefits for drug delivery via 7—7
stacking between drug carrier and loaded API>° 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.*® 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.”” However, it is important to note that,
in this study, PTX precipitation rather than release was
quantified.””** 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."
The inclusion of an aromatic moiety (A-p(BuOx-co-BzOx)-A;
LCpryx: 36 wt %) led to significant loss of loading capacity in
comparison to A-pBuOx-A (LCprx: 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).”> 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-c0-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
"H NMR and GPC (Table 1 and Supporting Information).
All polymers exhibited CMC values in the low yM 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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Table 1. Number Average Molar Mass, Dispersity D, and
Yield of the Synthesized Triblock Copolymers

M,” M, M,° yield
polymer [kg/mol] [kg/mol] [kg/mol] p? [%]
A-pBuOx-A 8.6 8.7 5.6 1.10 88
A-p(BuOx-co- 9.0 7.8 59 1.12 91
BzOx)-A
A-pBzOx-A 8.7 10.3 52 1.25 77
A-pPheOx-A 8.5 8.5 53 Lo 92

“Theoretical value obtained by [M],/[],. bCalculated from 'H NMR
end-group and side chain analysis. “Obtained from GPC (T = 40 °C,
flow rate was set to 0.7 mL/min (HFIP) and calibrated using
poly(ethylene glycol) standards). 9Obtained from GPC (M, /M,).

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.”” 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).

140-
1204
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801

N B O
o O O
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viability / [% to untreated control]
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10 50
polymer / [g/L]

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).

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
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this study exhibit low dispersities and CMC values in M 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)>* and
turmeric curcumin (CUR, 0.6 mg/L).”* 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 7-system at a molar mass of 368 g/mol. The ratio of
Curony the carbon atoms, which are included in the conjugated/
aromatic system, and C,y,, the total number of carbon atoms in
the hydrophobic compound, represents the aromaticity of the
three different cargos (Scheme 2).

Scheme 2. Comparison of the Hydrophobic Drugs PTX,
SchA, and CUR with Regard to Aromaticity, Solubility, and
Molecular Weight
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o Water solubility 0.4 190 0.6
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PTX [Cr/Ctotal]
-
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decrease of molecular weight

Additionally, the insoluble compounds Pt-NHC and CUR-F,
(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 CUR™
(Figure 2). Interestingly, SchA, having an intermediate relative
aromatic content, was solubilized very well but less than PTX.
As previously reported'” 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 LCcyg that
could be achieved increased significantly (Figure 2). In the case
of A-pBzOx-A, the LCpry decreased further (35.6 + 2.1 wt %),
whereas LCgy, (44.0 + 0.3 wt %) and in particular LCqp
(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 (LCpry: 40.1 + 1.5 wt %,
LCcur: 48.5 + 1.7 wt %) using A-p(2-n-butyl-2-oxazine)-A.>
Thus, with increasing aromatic character of the polymeric
solubilizer, more CUR (LCA_PBHOX_A: 244 + 1.1 wt %,
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drugso!ubilized / [g/L]

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 (LE, imum
79%) of the drugs PTX (blue), CUR (red), and SchA (green) using
the four polymers. *! were taken from ref 18; ** 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).

LCh p(uoscoBrox)-4 332 & 3.7 Wt %, LC ppyonat 41.0 & 2.1 wt
%) and less PTX (LCj,,peoxa: 47.5 £ 0.1 wt %,
LCh p(BuoxcoBrona' 368 = 1.0 Wt %, LCy pionnt 356 % 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
LCprx did decrease further (28.6 + 0.6 wt %), the
solubilizations of CUR (LCcyg: 334 = 2.3 wt %) and SchA
(LCqepat 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 T, 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.”’ In this report, the authors found
an increased PTX loading with increasing content of aromatic
comonomer, which was attributed to 7—n 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-F, 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.”” For A-pBuOx-A, we have previously observed excellent
stability of the PTX formulation without any precipitation after
several months.">'”'® 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
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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-
c0-BzOx)-A, circles: A-pBzOx-A, triangles: A-pPheOx-A, and stars: A-
pBuOx-A). Data are given as means = SD (n = 3).

observed. In the case of PTX, the variability was somewhat
higher; nevertheless, overall formulation stability was excellent.
The stability compares favorably with 7— 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."” 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.”* In the case of A-
p(BuOx-c0-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 (LCcyg: 44.6 + 4.6 wt
%) than on day 0 (LCcup: 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
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both drug and polymer are present.”” 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.'”** Here, we investigated
A-pBzOx-A for coformulation of PTX with SchA and CUR,
respectively. Both combinations could show interesting
pharmaceutical synergies.””®" 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 SO 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).
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Figure 4. (a) HPLC elugrams (4= 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).

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.'®'®
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 Sa, Figure S6¢c). In the case of A-
pBuOx-A, we found a rather broad distribution centered
around a hydrodynamic radius of R, = 25 nm. Previously, using
a different batch of the same polymer, we observed a bimodal
size distribution originating from spherical and wormlike
micelles."® 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
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Figure 5. (a) Relative intensity dependent on the unweighted
hydrodynamic radius Ry, [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 Ry, [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).

formulation with SchA exhibited three species with weighted
average mean of 23 nm (Figure Sb, 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 Sb, Figure S6e).
Obviously, such small sizes are typically considered favorable
for parenteral administration, in particular for cancer chemo-
therapy.”

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 equation® using the T, values of the
homopolymers®* ™ (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.”” Upon
cooling, we did not observe recrystallization at the chosen
experimental parameters, but a T, value was detectable. The
second heating cycle revealed a T, 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 6¢).
Only a T, of 67.5 °C could be discerned, showing that the
nanoformulation with an LC of ~30% was fully amorphous.
The fact that only one T, is observed demonstrates that no
independent domains of amorphous drug and amorphous
polymer are present but rather that the two entities are
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Figure 6. (a) DSC analysis of the triblock copolymers (A-pPheOx-A =
dark blue line, T, = 81.3 °C; A-p(BuOx-c0-BzOx)-A = dark red line,
T, = 67.5 °C; A-pBzOx-A = black line, T, = 76.7 °C). The heat flow
[W/g] dependence on the temperature [°C] is shown with the
particular glass transition T, of each polymer marked with vertical
lines. DSC analysis of SchA Eb), nanoformulation with the polymer A-
p(BuOx-co-BzOx)-A (c), and physical mixture of SchA/A-p(BuOx-
c0-BzOx)-A (d). The heat flow [W/g] dependence on the
temperature [°C] is shown for the first heating cycle (black), first
cooling cycle (red), and second heating cycle (blue). Melting points
(endothermal maximum) were determined in the first heating cycle.
The particular T, values were determined in the second heating cycle.
The scans were performed under a N, atmosphere using constant
cooling and a heating rate of 10 K/min.

intimately and molecularly intertwined.”® 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 T, at 704 °C.
Interestingly, the Fox equation predicts a much lower T, for
a mixture of 33 wt % SchA and 66 wt % A-pBzOx-A. Using the
experimentally determined T, values of both components, the
Fox equation yields an expected T, of only 52 °C. The origin of
this discrepancy is unclear at this point.

B CONCLUSIONS

We investigated the influence of incorporation of aromatic
moieties into poly(2-oxazoline)-based ABA triblock copoly-
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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 7—7 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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Due to the fact that the cytocompatible amphiphile A-PBzOx-A showed promising results in the (co)-
encapsulation of different hydrophobic drugs, it was further used in an in vivo study.

*** The following open access highlights, abstract and graphic was reprinted from Materials Today Bio,
2020, 8, 100082, https://doi.org/10.1016/j.mthio.2020.100082

Low Dose Novel PARP-PI3K Inhibition via Nanoformulation Improves Colorectal Cancer
Immunoradiotherapy

Landry M.R., DuRoss A.N., Neufeld M.J., Hahn L., Sahay G., Luxenhofer R. and Sun C.
Highlights

e A novel combination of PARP (poly-adenosine diphosphate-ribose-polymerase) and PI3K
(phophoinositide 3-kinase) inhibitors induce radiosensitization in vitro and immunogenic cell
death in vitro and in vivo.

e Encapsulation of both niraparib and HS-173 in POx micelles allows for co-delivery to colorectal
cancer tumors

e This nanoformulation combined with radiation improve CTLA-4 (cytotoxic T-lymphocyte-
associated protein 4) therapy by tumor growth delay and potentially increase the responding
population.

Abstract

Multimodal therapy is often used in oncology to overcome Immunotherapy
dosing limitations and  chemoresistance.  Recently, i
combination immunoradiotherapy has shown great promise in i g
a select subset of patients with colorectal cancer (CRC). @ ‘% &
Furthermore, molecularly targeted agents delivered in tandem
with immunotherapy regimens have been suggested to improve

treatment outcomes and expand the population of responding

%
N
patients. In this study, radiation-sensitizing small molecules "f;; -
niraparib (PARP inhibitor) and HS-173 (PI3K inhibitor) are

identified as a novel combination that synergistically enhance toxicity and induce immunogenic cell

death both in vitro and in vivo in a CRC model. These inhibitors were co-encapsulated in a polymer
micelle to overcome solubility limitations while minimizing off-target toxicity. Mice bearing syngeneic
colorectal tumors (CT26) were administered these therapeutic micelles in combination with X-ray
irradiation and anti-CTLA-4 immunotherapy. This combination led to enhanced efficacy demonstrated
by improved tumor control and increased tumor infiltrating lymphocytes. This report represents the first
investigation of DNA damage repair inhibition combined with radiation to potentiate anti-CTLA-4

immunotherapy in a CRC model. ***
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Chapter 11

In this chapter, the influence of slightly different aromatic repeating units (PPheOx, PPheOzi, PBzOx
and PBzOzi) in ABA type POx/POzi based amphiphiles was described. Only the polymer A-PPheQOzi-
A showed unusual inverse thermogelation. The hydrogel properties were investigated in the context of
biofabrication. Further, the unique gelation mechanism with the influence of the hydrophilic polymer

block was investigated.

The following publication was reprinted with permission from ACS Applied Materials and Interfaces
2020, 12 (11), 12445-12456. https://doi.org/10.1021/acsami.9b21282; © 2020 American Chemical
Society
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Inverse Thermogelation of Aqueous Triblock Copolymer Solutions
into Macroporous Shear-Thinning 3D Printable Inks
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ABSTRACT: Amphiphilic block copolymers that undergo (reversible) physical gelation in aqueous media are of great interest in
different areas including drug delivery, tissue engineering, regenerative medicine, and biofabrication. We investigated a small library
of ABA-type triblock copolymers comprising poly(2-methyl-2-oxazoline) as the hydrophilic shell A and different aromatic poly(2-
oxazoline)s and poly(2-oxazine)s cores B in an aqueous solution at different concentrations and temperatures. Interestingly, aqueous
solutions of poly(2-methyl-2-oxazoline)-block-poly(2-phenyl-2-oxazine)-block-poly(2-methyl-2-oxazoline) (PMeOx-b-PPheOzi-b-
PMeOx) undergo inverse thermogelation below a critical temperature by forming a reversible nanoscale wormlike network. The
viscoelastic properties of the resulting gel can be conveniently tailored by the concentration and the polymer composition. Storage
moduli of up to 110 kPa could be obtained while the material retains shear-thinning and rapid self-healing properties. We
demonstrate three-dimensional (3D) printing of excellently defined and shape-persistent 24-layered scaffolds at different aqueous
concentrations to highlight its application potential, e.g., in the research area of biofabrication. A macroporous microstructure, which
is stable throughout the printing process, could be confirmed via cryo-scanning electron microscopy (SEM) analysis. The absence of
cytotoxicity even at very high concentrations opens a wide range of different applications for this first-in-class material in the field of
biomaterials.

KEYWORDS: poly(2-oxazoline), dispense plotting, biomaterial ink, smart hydrogel, wormlike micelles

B INTRODUCTION bonding, or hydrophobic/aromatic interactions. Polymers with
Stimuli-responsive polymers, also referred to as smart UQST beha\-lior revers-iblly .phase separate upon -cc.)oli.ng,
polymers, undergo changes with respect to their physicochem- typically leading to precipitation. In some cases, precipitation
ical properties or morphology when they are exposed to does not occur; instead, a gel is formed. UCST-type behavior
external stimuli such as temperature, pH, and/or light.l’2 can be observed in solvent mixtures and, though much more
Thermoresponsive polymers can be primarily categorized into rarely, in water.”™" Already in 1979, Wellinghoff et al.
those that exhibit a lower critical solution temperature described a poly(styrene) and poly(dimethylphenylene

(LCST), upper critical solution temperature (UCST), or
physical gelation.” Polymers that undergo physical gelation
have gained great interest because of their potential
applications in drug delivery and release, tissue engineering
and regenerative medicine, biofabrication, cosmetics, and
smart coatings.” The gelation process is mainly defined by
the (reversible) formation and growth of supramolecular
structures yielding three-dimensionally (3D), physically cross-
linked networks. The molecular interactions defining the
network formation may be coulomb interactions, hydrogen

oxide) system, which forms gels in organic solvents upon
rapid cooling.” In 2015, a thixotropic poly(glycerol sebacate)-
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Scheme 1. (a) Schematic Illustration of Investigated ABA-Triblock Copolymers Comprising the Hydrophilic Shell Poly(2-
methyl-2-oxazoline) and Different Aromatic Hydrophobic Cores Based on Poly(2-oxazoline)s or Poly(2-oxazine)s”
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“In the case of A-pPheQzi-A, also (b) different chain lengths of the hydrophobic blocks were synthesized, and for A-pPheOzi,s-A, also various

batches with varying terminating agents Q (c) were prepared.

based supramolecular structure with UCST behavior was
reported to form a hydrogel at rather low concentrations
(5.2%) with self-healing ability with a storage modulus of 100
kPa. The clear liquid turned into a turbid gel upon cooling.'’
Theato and co-workers described polymers based on vinyl-
cyclopropane and investigated their UCST and physical
gelation behavior in ethanol and ethanol—water mixtures at
different concentrations."’ The transition-temperature hyste-
resis between the heating and the cooling phase was very large
(about 45 K). Another class of thermoreversible physically
cross-linked hydrogels formed from ABA linear triblock
copolymers was reported recently.'” The polymers feature a
hydrophilic poly(poly(ethylene glycol) methyl ether meth-
acrylate) (PPEGMMA) middle block B and flanking UCST-
type thermosensitive poly(acrylamide-co-acrylonitrile) (P-
(AAm-co-AN)) A blocks. At distinct block lengths, chemical
compositions, and polymer concentrations, aqueous solutions
of these polymers showed cooling-induced, reversible sol—gel
transitions in water.

Polymers of cyclic imino ethers, in particular poly(2-
substituted-2-oxazoline)s (POx) and poly(2-substituted-S5,6-
dihydro-4H-1,3-oxazine)s (poly(2-oxazine)s; POzi), are im-
portant classes of thermoresponsive polymers'>'* and can be
synthesized via living cationic ring—openin% polymerization to
yield different polymeric architectures'>'® and composi-
tions.'”'® Over the last few decades, POx have been intensively
studied as thermoresponsive materials,'” surface coatings,”’~>*
and in biomedical applications”>** and drug delivery.**~>’
More recently, Bloksma et al. investigated the thermores-
ponsive behavior of some POzi homopolymers.” Interestingly
though, only a few reports can be found that show
thermogelation in water for pure POx/POzi-based systems.
In fact, Zahoranova et al. investigated different triblock
copolymers mimicking Pluronic-type polymers based on the
hydrophilic poly(2-methyl-2-oxazoline) (PMeOx) and the
thermoresponsive poly(2-n-propyl-2-oxazoline) (PnPrOx),
but no thermogelling could be observed.’! In contrast, Lorson
et al. established a thermogelling (G’ ~ 4 kPa), cytocompat-

ible, and printable poly(2-oxazoline)/poly(2-oxazine) (POx/
POzi) supramolecular hydrogel.”* These diblock copolymers,
comprising a hydrophilic PMeOx block and a thermores-
ponsive PnPrOzi block of equal or similar block length,
undergo thermogelation above a defined sol—gel temperature.
Very recently, Hoogenboom and Monnery reported thermog-
elling ABA-triblock copolymers bearing thermoresponsive
PnPrOx and hydrophilic PMeOx block blocks, but block
lengths necessary for thermogelation were extremely high.**
More recently, Libtow et al. reported on a different ABA-
triblock copolymer, again with hydrophilic poly(2-methyl-2-
oxazoline) A blocks and a hydrophobic poly(2-iso-butyl-2-
oxazoline) B block, which forms thermogels, albeit rather weak
ones that are barely printable.”* Hoogenboom and co-workers
described a UCST-based thermoresponsive micellization of
random copolymers comprising poly(2-nonyl-2-oxazoline) and
poly(2-phenyl-2-oxazoline) blocks.>® Upon cooling, these
structures form micelles in different water—ethanol mixtures.
However, to the best of our knowledge, there has been no
reported case of UCST-type Pox/POzi in water, nor inverse
gelation of POx/POzi-based polymers.

In our ongoing endeavor for an enhanced understanding of
the interaction between drugs and polymeric drug delivery
systems,”***"*" we recently studied ABA triblocks featuring
aromatic hydrophobic B blocks.”” For the B blocks, we used
the well-known aromatic polymers poly(2-phenyl-2-oxazoline)
(PPheOx) and poly(2-benzyl-2-oxazoline) (PBzOx). Here, we
report on first-of-their-kind ABA-triblock copolymers featuring
the aromatic poly(2-oxazine)s, specifically poly(2-phenyl-2-
oxazine) (PPheOzi) and poly(2-benzyl-2-oxazine) (PBzOzi)
(Scheme 1). Together with their POx-based homologues
(PPheOx/PBzOx), the rheological properties of aqueous
solutions were investigated depending on concentration and
temperature. Interestingly, only one polymer, poly(2-methyl-2-
oxazoline)-block-poly(2-phenyl-2-oxazine)-block-poly(2-meth-
yl-2-oxazoline) (PMeOx-b-PPheOzi-b-PMeOx = A-PPheOzi-
A), undergoes inverse thermogelation at around room

https://dx.doi.org/10.1021/acsami.9b21282
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temperature at a concentration of S wt % and above. The
unusual gelation behavior was examined in detail.

B EXPERIMENTAL SECTION

Materials and Methods. All substances and reagents for the
monomer synthesis and polymerization were purchased from Sigma-
Aldrich (Steinheim, Germany) or TClI-chemicals (Eschborn,
Germany) and were used as received unless otherwise stated.
Deuterated solvents for NMR analysis were obtained from Deutero
GmbH (Kastellaun, Germany). All substances used for polymer-
ization, specifically methyl trifluoromethylsulfonate (MeOTf), MeOx,
PheOzi, and BuOzi, were refluxed over CaH, for several hours and
distilled prior to usage. The solvent benzonitrile (PhCN) was dried
over phosphorus pentoxide. All dried reagents were stored under dry
and inert conditions.

Refractive Index. The refractive index of synthesized monomers
was determined on an RFM 870 refractometer from Bellingham +
Stanley at 20 °C (Farnborough, England).

Gas Chromatography. The monomers were analyzed via mass
spectrometry using an Agilent 5977B MDS system coupled with a gas
chromatography (GC) system Agilent 7820A. The GC system was
equipped with an Agilent 19091S-433UI HP-Sms ultra-inert column
(30 m X 250 gm X 0.25 um). The temperature gradient was set from
40 to 300 °C with a constant heat rate of 1S °C/min and a constant
flow of 1 mL/min.

NMR. NMR was performed on a Bruker Fourier 300 ('H: 300.12
MHz) spectrometer at 298 K from Bruker BioSpin (Rheinstetten,
Germany) and calibrated using the solvent signals.

Gel Permeation Chromatography (GPC). Gel permeation
chromatography (GPC) was performed on a Polymer Standard
Service PSS (Mainz, Germany) system with the following
specifications: pump mod. 1260 infinity, MDS RI-detector mod.
1260 infinity (Agilent Technologies, Santa Clara, California),
precolumn: 50 X 8 mm PSS PFG linear M; 2 columns: 300 X 8
mm PSS PFG linear M (particle size 7 ym; pore size 0.1—1.000 kg/
mol) with hexafluoroisopropanol (HFIP, containing 3 g/L potassium
trifluoroacetate (KTFA)) as the eluent calibrated against PEG
standards with molar masses from 0.1 kg/mol to 1000 kg/mol. The
columns were held at 40 °C, and the flow rate was set to 0.7 mL/min.
Prior to each measurement, samples were dissolved in the eluent and
filtered through 0.2 um polytetrafluoroethylene (PTFE) filters
(Rotilabo, Karlsruhe, Germany) to remove particles, if any.

Dynamic Light Scattering (DLS). Dynamic light scattering (DLS)
experiments were performed on an ALV SP12S (Langen, Germany)
equipped with a He—Ne laser (22 mW, 4 = 632.8 nm) and a single
photodiode detector. Scattering angles from 30 — 150° were
measured at 2.5° angle intervals (T = 293.15 K, correlation time 60
s, average of 3—5 runs). Prior to each measurement, samples were
dissolved in methanol (10 g/L) and filtered through 0.02 ym Anotop
membrane filters from Whatman GE Healthcare followed by IC
Millex-LG 0.2 pm. After evaporation of methanol, the samples were
dissolved in prefiltered (Millex-LG 0.2 um) Millipore water
containing 2 mM NaNO;. Next, 1 g/L samples were filtered
(Millex-LG 0.2 um) into dust-free cuvettes under laminar flow. The
decay of the electric field-time autocorrelation function (ACF) was
fitted using biexponential fit functions (eq 1) with respect to
polydispersities, like used previously””

gl(t) = “1'3(_t/rl) + “z'e(_t/rz) (1)

with the amplitudes a; and the decay times 7, = 2;1)' with g being the
qYi

absolute value of the scattering vector and D being the Brownian
diffusion coefficient, which is indirectly proportional to the hydro-
dynamic radius R;, (Stokes—Einstein eq 2)

kT
"7 6D (2)

Here, kg is the Boltzmann constant and # is the viscosity of the
solvent.

In the case of polydispersity, the hydrodynamic radius is obtained
by extrapolation to zero angle and in the limit of high dilution given

by

_ 2.4
/R = =
< / h>z Zi ai'Ri_l

Transmission Electron Microscopy (TEM). For transmission
electron microscopy (TEM) investigations, the polymer was dissolved
in ultrapure water to a final concentration of 20 g/L. For the negative
stain method, 400-mesh copper-rhodium grids (maxtaform) with a
homemade carbon layer were glow-discharged in air for 1.5 min at
medium power in a Harrick PDC-002 plasma cleaner. The 20 g/L
sample was diluted (1/625), and 8 yL was incubated on the grids for
1 min before blotting (Whatman filter paper No 50). Then, the grids
were washed with water (3X) and with 2% (w/v) uranyl acetate (3x).
For cryo sample preparation, Quantifoil copper grids (400 mesh, R1/
2) were used. The undiluted sample (3.5 uL) was applied on the grids
and plunge-frozen in liquid ethane with a Vitrobot IV (FEI). The
humidity was set to 100%, and the temperature was set to 5, 25, or 40
°C. For imaging, either a single-tilt room-temperature holder
(negatively stained samples) or a Gatan 626 cryo-transfer holder
(vitrified samples) in an FEI Tecnai T12 Spirit transmission electron
microscope equipped with a LaB4 emitter at 120 kV was used. Images
were recorded with an Eagle CCD camera under low-dose conditions.
The micrographs were binned two times, resulting in a pixel size of
4.4 A/pix or 2.2 A/pix at the specimen level.

Rheology Experiments. Rheology experiments were performed
using an Anton Paar (Ostfildern, Germany) Physica MCR 301 system
utilizing a plate—plate geometry (25 mm diameter) equipped with a
solvent trap and a Peltier element for temperature adjustment. All
aqueous samples were stored after dissolution at 5 °C for 48 h. The
temperature-sweep measurement was performed in the oscillation
mode from S to 40 °C (heating rate: 0.0S °C/s), holding the
temperature for 60 s, followed by a cooling phase from 40 to S5 °C
(cooling rate: 0.05 °C/s) using a fixed amplitude of 0.1% and angular
frequency of 10 rad/s. The long-time gelation experiment was
performed at an amplitude of 0.1% and an angular frequency of 1 rad/
s for several hours. To investigate the viscoelastic properties, the linear
viscoelastic region (LVR) was determined by performing amplitude
sweeps at different concentrations (5—40 wt %) from 0.01 to 500%
strain deformation and a fixed angular frequency of 10 rad/s at 5 °C.
Subsequently, frequency sweeps from 0.1 to 100 and 500 rad/s,
respectively, were conducted at 0.1% strain deformation and $ °C. To
investigate structure recovery properties, the deformations were
alternated from 0.1 to 150% in seven consecutive cycles at a fixed
angular frequency of 10 rad/s and 5 °C, and the percentage of
structure integrity after deformation was determined after the first and
last recovery sequence. For steady shear experiments, the control
shear rate mode was used from 0.001 to 100 1/s at S °C. The
obtained viscosity 1 decrease was fitted using the power-law
expression established by Ostwald—de Waele (eq 3).

n=K@" ()

where K is the consistency index, n is the flow index, and 7 is the
applied shear rate.

To evaluate the yield stress/yield point 7, of a hydrogel system,
steady stress sweep and dynamic oscillatory stress sweep (amplitude
sweep) were performed. Using the steady stress sweep from S to 1000
Pa shear stress, the viscosity starts decreasing by several orders of
magnitude at a certain shear stress. The onset value of this decrease is
referred to as yield point 7,. Also, the data of the dynamic oscillatory
stress sweep were evaluated using onset determination. The flow
point 7g,, is determined as the crossing of storage and loss modulus
(G’ = G”) by definition. These values were taken and compared with
the steady stress sweep data.

Mechanical Compression. Mechanical compression was tested
using an electro force 5500 system (BOSE electro force systems
group, Friedrichsdorf, Germany). The experiments were performed in
the static mode using a 250 g load cell. Cylindrical samples (4
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diameter X 4 mm height) were prepared and analyzed. The cross-
linking of alginate samples was performed using a 40 mM aqueous
CaCl, solution. For the hybrid system, the 17 wt % samples (2 wt %
alginate, 15 wt % A-PPheOzi;s-A) were stored for 24 h at S °C prior
to the cross-linking step. All samples were incubated in 4 mL of
deionized water after cross-linking for 24 h at 37 °C. Six individual
samples of the hybrid system and pure alginate hydrogels were
analyzed and compared. Young’s modulus was determined using a
linear fit function in the linear material response region, typically in
the range of 0.1 — 0.2 strain deformation.

Dispense Plotting (3D Printing). Dispense plotting (3D printing)
of hydrogel scaffolds was conducted at room temperature using a
compact benchtop 3D bioprinter (Inkredible, Cellink, Sweden)
working on the principle of an extrusion-based printer following the
preparation described in Scheme S2. The printing speed was set to
600 mm/min, and different pressures were applied for different
concentrations of the hydrogel using a conical nozzle with 0.25 mm
inner diameter. In general, 24 orthogonal stacks (10 X 10 mm, 0.25
mm layer height and 1 mm strand-center-to-strand-center distance)
were printed and analyzed with a stereomicroscope SteREO
Discovery.V20 (Carl Zeiss Microscopy, Jena, Germany) equipped
with a Zeiss icc 5 color camera (5 MP, 12 bit), two lenses (0.63X and
1.5X Plan Apo), and a zoom range up to 20:1. For the alginate-A-
PPheOzi s-A hybrid ink system, 30 wt % of A-PPheOzi,s-A solution
was mixed at 37 °C with a 4 wt % alginate solution in the ratio 1/1
(v/v) and stored for several hours at S °C. The cross-linking of the
24-layered construct was conducted using 10 mM CaCl, solution.
The cross-linked hybrid scaffold was then incubated in water (Scheme
S$3) and analyzed via a stereomicroscope and rheology.

Cell Culture. Cell culture experiments of human embryonic kidney
HEK293 cells (HEK-Blue IFN-a/f, Invivogen) were cultured in a
growth medium (Dulbecco’s modified Eagle’s medium (DMEM),
10% fetal calf serum (FCS), 100 U/mL penicillin G, and 100 pg/mL
streptomycine) on 25 cm? culture flasks at 37 °C and 5% CO,. Calu-3
cells (human lung adenocarcinoma, ATCC HTB-55) were main-
tained in a growth medium (minimum essential medium (MEM),
10% FCS, 100 U/mL penicillin G, and 100 pg/mL streptomycine, 1%
nonessential amino acids (NEAs), 1 mM pyruvate, 2 mM glutamine,
and 2.88 g/L glucose) at 37 °C and 5% CO,. The experiments were
performed as described previously.’* For the measurement of
cytotoxicity of the polymer, 5000 cells/well of both Calu-3 and
HEK cells were seeded in 96-well plates in the growth medium and
incubated at 37 °C and 5% CO, for 24 h and 48 h, respectively. Final
polymer concentrations of 10, S, 1, and 0.1 wt % were prepared from a
stock solution (20 wt %) in a growth medium on ice and added to the
cells. After 24 h of cell growth, the medium was removed and replaced
by a fresh cell culture medium. Cells were incubated with the 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 from Molecular Devices (Sunny-
vale, CA).

Scanning Electron Microscopy (SEM). The polymer solutions were
frozen with liquid nitrogen (LN) in the gel state and lyophilized
afterwards. The dried powder was mounted on aluminum sample
holders with conductive carbon tape and sputtered with a 4 nm layer
of platinum in a sputter coater (Leica Microsystems ACE 400,
Wetzlar, Germany). The morphology of the samples was subsequently
analyzed using a Crossbeam 340 field emission scanning electron
microscope (Carl Zeiss Microscopy, Oberkochen, Germany) by
setting the acceleration voltage Ery to 2 kV, and detection of a
secondary electron (SE) was performed with an Everhart-Thornley
detector. To visualize the native hydrogel structure, we also
investigated a cryogenic sample preparation procedure. For this,
samples were placed between two aluminum holders (d = 3mm), both
containing a notch with a diameter of 2 mm, inclosing the sample and
rapidly frozen in slush nitrogen (SN) at —210 °C. The samples were
then transferred into the sputter coater with a Leica EM VCT100
cryo-shuttle at —140 °C (Leica Microsystems ACE 400, Wetzlar,
Germany). Here, the upper half of the sample was knocked off to
create a freshly fractured surface and freeze-etched at —85 °C for 15

min under vacuum (<1 X 107> mbar). The samples were finally
sputtered with 3 nm platinum and transferred with the cryo-shuttle
into the scanning electron microscopy (SEM) chamber. The
morphology of the fractured surfaces was imaged at —140 °C, by
detecting SE using an acceleration voltage of 2 or 8 kV.

Synthetic Procedures: Monomer Synthesis. The monomers 2-
phenyl-2-oxazine (PheOzi) and 2-benzyl-2-oxazine (BzOzi) were
synthesized following the procedure by Wittig and Seeliger (Schemes
S1-S3).*' For the reaction, 1 equiv of respective nitrile, 1.2 equiv of
3-amino-propanol, and catalytic amounts of zinc acetate dihydrate
were added to an argon-flushed flask and heated to 130 °C under
reflux for several days until the reaction mixture turned brown.
Reaction progress was controlled by "H NMR spectroscopy. After
completion, the mixture was dissolved in dichloromethane and
washed with H,O (three times). The organic phase was dried with
MgSO, and concentrated. The raw product was refluxed with CaH,
and purified via vacuum distillation under an argon atmosphere to
yield the product as a colorless liquid. The resulting compounds
PheOzi and BzOzi were characterized via the refractive index, GC-
electrospray ionization mass spectrometry (ESI-MS) analysis, and 'H
and "*C NMR spectroscopies (see the Supporting Information).

Polymer Synthesis. The polymers were synthesized following a
general procedure based on previous reports.””*® Exemplarily, the
preparation of methyl-PMeOx;;-b-PPheOzi, s-b-PMeOx;5-N-Boc-pi-
perazine (A-PPheOzi-A, B1) was performed as follows. Under dry and
inert conditions, 131 mg (0.80 mmol, 1 equiv) of MeOTf and 2.39 g
(28.1 mmol, 35 equiv) of MeOx were added to 23 mL of dry PhACN
and stirred for 4 h at 110 °C. Full monomer conversion was verified
by '"H NMR spectroscopy before adding the monomer for the second
block. The mixture was cooled to room temperature, and 2.07 g (12.8
mmol, 16 equiv) of PheOzi was added. After stirring overnight at 120
°C, 2.39 g (28.1 mmol, 35 equiv) of MeOx was added. After
completion of the third block, termination was carried out using 298
mg (1.6 mmol, 2 equiv) of N-Boc-piperazine and stirring for several
hours at 45 °C (termination with 3-(2-furyl)propionic acid was
performed with 2.4 equiv of freshly sublimated carboxylic acid and 3
equiv of dried trimethylamine at 60 °C). After cooling to room
temperature, 111 mg (0.80 mmol, 1 equiv) of potassium carbonate
was added and the mixture was stirred for 5 h. The solvent was
removed at reduced pressure, and the flask was placed in a vacuum
drying oven at 40 °C and 20 mbar for two days to remove the
remaining benzonitrile. The residue was dissolved in deionized water,
dialyzed overnight using a membrane with an MWCO of 1 kDa, and
freeze-dried (yield: 6.21 g, 88.7%).

B RESULTS AND DISCUSSION

We synthesized a small series of ABA-triblock copolymers
PMeOx;5-b-PPheOzis-b-PMeOx;5, PMeOx;5-b-PPheOzi -b-
PMeOx,; (B1, B2, B3, and B4), PMeOxss-b-PPheOzisy-b-
PMeOx;5, PMeOx;5-b-PBz0zi s-b-PMeOx;5, PMeOx;5-b-
PPheOx,s-b-PMeOx;5,”” and PMeOx;-b-PBzOx, -b-
PMeOx;s”" by living cationic ring-opening polymerization
(LCROP) and characterized the amphiphiles via 'H NMR
spectroscopy and GPC (Table 1 and Figures S1—S14). The
successful termination using different terminating agents could
be demonstrated via specific signal assignments (see the
Supporting Information). Results from 'H NMR and GPC
analyses were also compared with previously reported A-
PPheOx-A and A-PBzOx-A.”” The primary structural differ-
ence between the novel polymers is one additional methylene
group in the backbone and a variation of the degree of
polymerization of the hydrophobic block, which leads to
different physicochemical properties.

To gain insight into the differences with respect to
aggregation, multiangle dynamic light scattering experiments
for A-PPheOzi;s-A and A-PBzOzi;s-A solutions were per-
formed. A-PPheOx;s-A and A-PBzOx,;-A solutions have been
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Table 1. Number Average Molar Mass, Dispersity D, and
Yield of the Synthesized Triblock Copolymers Used in This
Study”

b d

M, M M, yield
polymer (kg/mol)  (kg/mol)  (kg/mol) b* (%)
A-PPheOx,5-A” 8.5 8.5 5.3 1.10 88
A-PPheOzije-A 87 87 37 122 89
(B1)
A-PPheOzi s-A 8.6 83 3.8 1.28 83
(B2)
A-PPheOzi s-A 8.7 9.1 2.8 123 81
(B3)
A-PPheOzi; A 87 8.9 23 130 89
(B4)
A-PPheOzis-A 7.0 6.1 4.0 1.29 70
A-PPheOzisy-A 109 9.6 40 126 79
A-PBzOx, A" 87 10.3 52 125 77
A-PBzOzi s-A 8.8 9.1 4.0 1.18 89

“The polymers A-PPheOx-A and A-PBzOx-A were previously
described in ref 27 and used herein. “Theoretical values obtained
from [M]y/[I],. “Values calculated from '"H NMR end group analysis.
9Obtained from gel permeation chromatography (T = 40 °C, 0.7 mL/
min (HFIP), poly(ethylene glycol) standards). “Obtained from GPC
by using M,,/M,.

previously analyzed similarly, and polymer micelles with
hydrodynamic radii of 8—10 nm were observed.”” The
measured autocorrelation functions were fitted by means of
biexponential fit functions, the results of which are shown in
Figure la for a scattering angle of 90° at 20 °C and a polymer
concentration of 1 g/L. By plotting the inverse hydrodynamic

a Dynamic light scattering b Dynamic light scattering

o A-PPheOzis-
A A-PBzOzijs-A

g'(t)

o A-PPheOzi A
A A-PBzOzZijsA

——Fit

——Fit

105 10° 107 108 10° 101°10™ 1072103 10™ 01 2 3 4 5 6 7
q%/ [ms/cm?] %x10"°/ [em™?]

d Transmission electron microscopy

C Transmission electron microscopy

Figure 1. Comparison of A-PPheOzis-A and A-PBzOzijs-A self-
assembly via dynamic light scattering (a, b) and transmission electron
microscopy (¢, d). (a) Autocorrelation function g'(t) depending on
g’t at polymer concentration of 1 g/L (2 mM aqueous NaNO,
solution) fitted by the biexponential fit function. (b) Inverse
hydrodynamic radii R, (nm™) as a function of the particular
scattering vector g°. Obtained data were fitted using linear fit
functions. (c) TEM image of polymer micelles formed by A-PBzOzi,s-
A (0.032 g/L). (d) TEM image of polymorph aggregation of A-
PPheOzis-A into wormlike structures and spherical micelles (0.032

g/L).

radius (1/R,) as a function of the scattering vector, A-
PPheOzi s-A showed on average three times larger aggregates
than A-PBzOi;;-A and the respective poly(2-oxazoline)
amphiphiles described previously (Figure 1b). Moreover,
whereas the DLS of A-PBzOzijs-A micelles with a hydro-
dynamic radius of 10 nm shows no angular dependency of 1/
R, (nearly monodisperse micelles), the average diffusion
coefficient 1/R, of the A-PPheOzi-A sample exhibits a
pronounced angular dependency. This can be attributed to a
pronounced polydispersity typical for, e.g., wormlike aggregates
(“unlimited” one-dimensional (1D) growth). The aggregation
into spherical polymer micelles of the polymer A-PBzOzi;s-A
could be confirmed by transmission electron microscopy
(Figure 1c). Rather homogeneous spherical micelles with
hydrodynamic radii of ca. 10 nm were observed, corroborating
DLS results. In contrast, for A-PPheOzi s-A, a completely
different and polymorph aggregation pattern was observed.
This polymer aggregates at room temperature predominantly
into wormlike structures with some residual spherical polymer
micelles (Figure 1d), again corroborating DLS data. It should
be noted that DLS and TEM experiments required different
sample preparations. Therefore, different concentrations and
sample histories could have affected polymer aggregation.

By dissolving the described amphiphiles in water (20 wt %)
and incubating the resulting solutions at S and 37 °C, we
noticed that the A-PPheOzi-A polymers formed clear hydro-
gels at different concentrations (Figures 2a,c and S15) in the

Q  20wt%5°C b s°c->a0cc C  20wt%,37°C

4 A-PPheOx-A
4 A-PBzOx-A

% A-PPheOzi-A (B1)
4 A-PBzOzi-A

-2
5 10 15 20 25 30 35 40
T/r°Cl

Figure 2. Screening for sol—gel transition of POx/POzi-based ABA-
type amphiphiles with varying aromatic cores B. (a) Images of 20 wt
% aqueous solutions of A-PPheOx-A (black triangle), A-PBzOx-A
(red triangle), A-PPheOzi-A (green triangle), and A-PBzOzi-A (blue
triangle) at S °C. Obviously, only A-PPheOzi-A forms a hydrogel
(gel); all other samples remained liquid (sol). (b) Temperature sweep
(5 = 40 °C, heat rate: 0.05 °C/s) of aqueous solutions (20 wt %) of
A-PPheOx-A (black), A-PBzOx-A (red), A-PPheOzi-A (green), and
A-PBzOzi-A (blue) at a strain of 0.1% and an angular frequency of 10
rad/s. Complex viscosity depending on the applied temperature is
shown. (c) Images of 20 wt % aqueous solutions of A-PPheOx-A, A-
PBzOx-A, A-PPheOzi-A, and A-PBzOzi-A at 37 °C. All amphiphiles
present as low-viscous liquids (sol).

cold. Therefore, we investigated the temperature-dependent
rheology properties of all polymer amphiphiles with different
hydrophobic B blocks by performing temperature sweeps (5—
40 °C) after storage for 48 h at 5 °C (Figure 2b).

Starting as a gel, the aqueous solution of A-PPheOzi-A
results in a clear liquid above a critical temperature.
Conversely, by cooling the liquid samples, a clear hydrogel is
obtained. We also tested the behavior of the polymers A-
PBzOx-A, A-PPheOx-A, and the newly synthesized A-PBzOzi-
A in aqueous solutions at 20 wt %. Neither solution underwent
thermogelation in the temperature range of 5—40 °C. We
noticed that gelation of A-PPheOzi-A does not occur
immediately upon cooling. Therefore, the gelation kinetics
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were studied in more detail (Figure 3). The storage moduli G’
at different concentrations were recorded at § and 10 °C for 8

a 5°C, 8h b 5°C->40°C->5°C

E é 10!
o =100
10"
o 0 100 200 300 400 500 10°

C 5°C t/ [min] 25 ¢

Figure 3. Gelation kinetics depending on concentration and
temperature of A-PPheOzi-A hydrogels. (a) Storage moduli of
aqueous solutions of A-PPheOzi;s-A (B1) (10 wt %, black; 15 wt
%, red; 20 wt %, blue) at 5 °C (filled symbols) and 10 °C (open
symbols) at constant strain deformation of 0.1% and 1 rad/s angular
frequency. The polymer solutions were placed on a precooled
rheometer plate and measured subsequently. (b) Temperature sweep
of the complex viscosity (5 — 40 — § °C, heat/cooling rate: 0.05 °C/
s) of the A-PPheOzi;s-A hydrogel (red, 15 wt %; black, 10 wt %). The
stable precooled hydrogels were mounted on a precooled rheometer
plate. (c) cryoTEM analysis of A-PPheOzi s-A temperature-depend-
ent aggregation in aqueous solutions (20 g/L). Samples were stored
for 24 h at respective temperatures (S, 25, 40 °C).

h (Figure 3a). At S °C, higher concentrations lead to faster
gelation. The onset temperature of gelation for a 20 wt %
aqueous solution is ~90 min. For a 15 wt % sample, gelation
started a few minutes later and ended up with lower G’ plateau
values compared to the 20 wt % sample. A significant shift
toward longer gelation time was observed for 10 wt % samples.
By increasing the temperature from S to 10 °C, the gelation
was also delayed significantly. A temperature sweep revealed
that, starting from S °C, the complex viscosities of 10 and 15
wt % aqueous solutions remain almost constant until about 30
°C, whereupon they decrease drastically by over 3—4 orders of
magnitude and the gel liquefies (Figures 3b and S16). Once
the gel is destroyed, no immediate, re-gelation is observed as
the system is cooled again.

To further corroborate that hydrogel formation is caused by
reversible worm-spherical morphology changes, cryoTEM
images were recorded on samples incubated at different
temperatures. At 5 °C, the temperature of stable hydrogel
formation, a network of interconnected worms could be
confirmed (Figure 3c). At intermediate 25 °C, the majority of
the polymer is still aggregated as wormlike micelles, but some
spherical micelles are apparent. Above the liquefaction
temperature of the hydrogel (at 40 °C), only spheres with
sizes of ca. 10 nm are visible. After this initial assessment, we
investigated the effect of polymer concentration, chain length,
and chain termini as well as the reproducibility of the
rtheological properties between different polymer batches.
Amplitude sweeps showed that at 5 wt % and S °C, the
polymer solutions of A-PPheOzi;s-A (B1) represent a weak gel
(G'~ 135 Pa). However, both storage and loss modulus could

be greatly modulated by changing the polymer concentration.
By increasing the concentration to 40 wt %, the stiffness of the
gel increased by 4 orders of magnitude (G’ (40 wt %) ~ 110
kPa), whereas the regions of linear viscoelasticity decreased
notably (Figure 4a). Frequency sweeps corroborated a strong
viscoelastic-solid behavior over a large range of frequencies and
concentrations (Figure 4b).

a Amplitude Sweeps b Frequency Sweeps C G’(5-40 wt.%)
108 105
— =
gw Qw‘
o 10%{% 2
102 W 102 SSsssscovenrnenend by
N .
: Wﬁnnxxxxxw# 10 \/,mmo 000000 -
102 107 10° 10' 10° 10° 10" 10° 10! 102 TS 10 15 20 25 30 35 40
v/ (%] o/ [rad/s] polymer ¢ / [wt.%]

Figure 4. Viscoelasticity of the A-PPheOzij;-A (B1) inverse
thermohydrogel at different concentrations. (a) Amplitude sweeps
at different concentrations (S — 40 wt % at 5 wt % steps) at 5 °C and
an angular frequency of 10 rad/s with storage moduli (G’ = B) and
loss moduli (G” = O) shown. (b) Frequency sweeps at 5 °C and an
amplitude of 0.1%. Solutions were tempered at 5 °C for 48 h prior to
measurements. (c) Exponential increase (red line) of the storage
modulus by increasing the polymer concentration (G’ yg: mean value
of storage modulus in the plateau region of the respective amplitude
sweep.).

Apart from changing the hydrophobic core with respect to
the chemical structure of the repeat unit, the amphiphilic ratio
was adjusted by varying the degree of polymerization within
the hydrophobic core, resulting in A-PPheOzis-A, A-
PPheOzis-A, and A-PPheOziy-A. In addition, several batches
of A-PPheOzi;s-A were synthesized to assess batch-to-batch
reproducibility” of the viscoelastic properties of the polymers.
The rheological properties of all four batches of A-PPheOzi;-
A are quite similar, showing a prominent gel-like character (G’
> G") at 15 wt % aqueous solutions at S °C with storage
moduli around 10 kPa (Figure Sa). Similar properties were also
found in the cell culture medium (Figure S17). Unexpectedly,
the gel strength decreased significantly when increasing the
degree of polymerization of the central hydrophobic block to
30 units with a concomitant increase of the linear viscoelastic
region (Figure Sa, black [ll; see also Figure S18). Decreasing

a Reproducibility and chain length of hydrophobic core b
10*
_ .
g 103 4
= i
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) 10
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Figure S. Investigation of reproducibility and influence of the
aromatic block chain length of hydrogel formation. (a) Storage (G’ =
M) and loss moduli (G” = O) in amplitude sweeps of different
batches of A-PPheOzi;s-A (B1 (green), B2 (blue), B3 (violet), and B4
(cyan)), A-PPheOziy;-A (black), and A-PPheOzis-A (gray) at 15 wt %
aqueous solutions, S °C, and a constant angular frequency of 10 rad/s.
(b) Corresponding frequency sweeps of A-PPheOzi;s-A (B1, B2, B3,
and B4) at 5 °C and an amplitude of 0.1% showing storage modulus
(G’ = M) and loss modulus (G” = O) as well as complex viscosity 7*
(open triangles).
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the chain length to S units of the PPheOzi-block completely
prevented gel formation in the investigated concentration
range. At 10 wt %, the gel formed by A-PPheOziy-A was
comparable to a 5 wt % gel of A-PPheOzi5-A.

For solutions of A-PPheOzi;s-A at 5 °C and 15 wt %, the
frequency had only minor effects on the viscoelastic properties
of the gel. The gel character remained unchanged within the
investigated frequency range up to 500 rad/s. This
corroborates the fact that the physical network is thoroughly
developed and surprisingly stable in the entire frequency range
investigated. On the other hand, the strongly decreasing
complex viscosity values over several orders of magnitude show
profound non-Newtonian fluid behavior. Well-defined yield-
and flow-points are beneficial properties for hydrogels when
used in the field of 3D printing and biofabrication (Figure 6).
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Figure 6. Yield- and flow-point determination using rotational and
oscillation rheology approaches. (a) Viscosity depending on the
applied shear stresses of 10 wt % (black) and 15 wt % (red) hydrogels
at 5 °C. The intersection of dashed lines marks the onset of the
viscosity decrease, which is commonly referred to as the yield point z,.
(b) Development of storage (G’) (squares) and loss (G”) (circles)
moduli with increasing shear stresses of 10 wt % (black) and 15 wt %
(red) A-PPheOzi s-A hydrogels. The systems’ flow point 7; is defined
as the crossover of G’ and G” (arrows).

In the literature, different experiments, namely, steady stress
sweep (Figure 6a) and dynamic oscillatory stress sweep
(Figure 6b), are discussed to obtain the yield- and flow-points
of a system directly from the plotted values. Here, these
methods are compared using 10 and 15 wt % A-PPheOzi;s-A
(B1) hydrogels.

In the steady stress sweep, the shear stress is increased
steadily from low (S Pa) to high (1000 Pa) values. At a certain
stress, the viscosity values decrease over several orders of
magnitude. The onset, defined by the tangential method, is
referred to as the yield point 7, of the system (7, (B1 (10 wt
%)) = S8 Pa, 7, (B1 (1S wt %)) = 180 Pa, Figure 6a).
Alternatively, an increase of G” and decrease of G’ during the
dynamic oscillatory stress sweep indicate 7, (7, (B1 (10 wt %))
=51 Pa, 7, (B1 (15 wt %)) = 190 Pa, Figure 6b). In addition,
the crossover of G’ and G” is defined as the flow point 7; of the
system (7; (B1 (10 wt %)) = 305 Pa, 7; (B1 (15 wt %)) = 826
Pa, arrows Figure 6b). The corresponding viscosity values at
the flow point can be obtained from the steady stress sweep
experiment (7 at 7; (B1 (10 wt %)) = 33 Pa-s, 7 at 7; (B1 (15
wt %)) = 74 Pa-s, arrows Figure 6a). Values for the other
batches were obtained accordingly (Figures S19—522) and are
summarized in Table 2. The obtained values of the different
batches do certainly vary but are all in the same order of
magnitude, which indicates a good batch-to-batch reproduci-
bility.

Moreover, pronounced shear thinning (Figure 7a) and rapid
structure recovery (Figure 7b) are desired and realized by the

Table 2. Summary of Rheological Data and Parameters of A-
PPheOzi,s-A Hydrogels (10 and 15 wt %) Obtained from

Steady Stress Sweep, Dynamic Oscillatory Stress Sweep, and
Steady Rate Sweep Experiments Across Different Batches”

c 7y (0sc) 1, (rot) 77 (osc) 7 at T K
(wt %) batch (Pa) Pa) (Pa) (Pas)  (Pass™) n

10 Bl S1 58 305 33 180 0.14
B2 183 148 576 S 333 0.13
B3 80 134 376 8 237 0.14
B4 59 137 393 7 230 0.14

15 Bl 190 180 826 74 538 0.12
B2 650 560 1600 nd 856 0.09
B3 300 410 1100 nd 625 0.10
B4 350 420 1050 nd 642 0.12

“The missing viscosity values could not be obtained, as in rotational
steady shear stress experiments, the limit was set to 1 kPa.
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Figure 7. Shear-thinning and structure recovery are crucial require-
ments for dispense plotting. (a) Viscosity depending on the applied
shear rate for 10 wt % (black) and 15 wt % (red) A-PPheOzi;s-A
hydrogels at S °C. (b) Strain-step experiment: complex viscosity
depending on the applied strain (0.1 — 150, 7 cycles) at 5 °C and an
angular frequency of 10 rad/s.

novel materials.*® Apart from a defined yield point, shear
thinning and fast structure recovery are very important for
printing purposes. A-PPheOzi,s-A exhibited very pronounced
shear thinning (Figure 7a) and excellently reproducible
structure recovery properties of 93% after the first recovery
step and 87% after seven recovery cycles (Figure 7b). The
steady rate sweep from 0.001 to 100 1/s was fitted using the
power-law expression described by Ostwald—de Waele to
obtain the flow index n and the consistency index K to
characterize the hydrogel.

Clearly, the novel material is highly shear thinning and
follows the power-law expression exhibiting low flow indices n
(n < 1) across all synthesized A-PPheOzis-A batches (n <
0.15) (Table 2). Notably, the gel structure of the system
recovers very rapidly (Figure 7b), which is highly favorable for
processing, like 3D printing,

To obtain first insights into the morphology and micro-
structure of the novel hydrogels, we obtained scanning electron
microscopy (SEM) images after freeze-drying. At 20 wt %, the
hydrogel of A-PPheOzi s-A exhibited a highly porous and
rather homogenously distributed microstructure with pores in
the S—10 um range (Figure S23). However, as currently
strongly discussed in the community, due to slow water
evaporation during lyophilization or ice crystal formation
during slow freezing, these features could in fact be artifacts of
sample preparation. To avoid these, we also conducted
cryogenic SEM (cryo-SEM) analysis. It has been shown that
for very small hydrogel samples mounted on a TEM grid,
liquid nitrogen (LN) as the cooling agent provides sufficient
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cooling rates despite the Leidenfrost effect;"* for bigger
samples however, more efficient cooling agents like slush
. 45 7. . 46 . . .

nltro7gen (SN),™ liquid ethane,” or high-pressure freezing in
LN*" are necessary. Here, we used SN to investigate whether
the microporous structure observed by SEM was an artifact
from freeze-drying or not (Figure 8). The result is rather

cryoSEM analysis

Figure 8. Microstructural analysis of the hydrogel structures. (a, b)
Cryo-SEM images of the S wt % A-PPheOzi,s-A hydrogel at (a) 1kx
magnification and (b) SkX magnification. (c, d) Cryo-SEM images of
the S wt % A-PPheOzis-A sol at (c) 1kX magnification and (d) Skx
magnification. Cryo-SEM images of the 15 wt % A-PPheOzi;s-A
hydrogel prior to (e) and after dispense plotting (f) (Skx

magnification).

obvious; clearly, the sample preparation affects the observed
morphology. Cryo-SEM images obtained of the gel of A-
PPheOzi;s;-A show a highly ordered porous structure with
round pores in the submicrometer to low micrometer range,
which is in agreement with the rheological data of a strong
physical network (Figure 8a). In comparison, for aqueous
solutions of A-PPheOzis-A, which does not form a hydrogel,
rather lamellae-like structures are observed (Figure 8c,d).
Therefore, it appears that even though a 3D network is formed,
it is too weak to lead to macroscopic gelation, presumably due
to a limited correlation length of the underlying physical
network. In addition, we investigated the gel morphology of 15
wt % A-PPheOzi s-A before and after dispense plotting (see
below) by cryo-SEM (Figure 8e(f). It appears that the
microstructural morphology remains unaffected, which also
corroborates the rheological data, which show rapid recovery
of the gel structure after printing,

From rheological and structural points of view, the hydrogels
of A-PPheOzi;s;-A appear well suited for (bio)printing.
Obviously, cytocompatibility represents another critical feature
for any hopeful bioink or biomaterial ink. For the present
polymers, no dose-dependent cytotoxicity (WST-1 assay) was
found for HEK and Calu-3 cell lines at concentrations of up to

10 wt % (Figure 9). In contrast, we found an increased
apparent cell viability, which has been found similarly for other
POx block copolymers.*”
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Figure 9. Dose-dependent cell viability of A-PPheOzij;-A (B1)
aqueous solutions using the WST-1 assay. Cell viability was assessed
for HEK (a) and Calu-3 (b) cell lines (n = 3) after 24 h of incubation
with polymer solutions.

Finally, the printability of the novel material was assessed
(Figure 10). We printed first scaffolds using 10, 15, and 20 wt
% of A-PPheOzi s-A and 20 wt % of A-PPheOzi;y-A hydrogels
using a 3D bioprinter equipped with a conical nozzle with 0.25
mm inner diameter (Figures 10a and $24—S26). To evaluate
printing conditions such as speed and pressure, we first printed
a four-layer 10 X 10 line wood-pile structure (Figures S24a—c;
$25b, and S26a—c). The strength of a 10 wt % A-PPheOzi, s-A
hydrogel is insufficient and strand fusion is observed, which is
in line with the low yield point of the system. Nevertheless, a
3D cube could be printed (Figure S25¢,d). Also, the 20 wt %
A-PPheOziy;-A hydrogel could be successfully printed in 24
layers, but again some strand fusion was observed and shape
fidelity was not very good (Figure S24d,e). Using the 20 wt %
(Figure 10b) and 1S wt % hydrogels of A-PPheOzi;s-A and
optimized printing parameters, 24-layer constructs of 10 X 10
lines and 1 mm strand distance could be printed (Figure
S26d,e). Excellent shape fidelity and layer integrity were clearly
evident (Figure 10c,d, top view; Figure 10e,f, side view).

To highlight the potential of the novel material as, e.g., a
sacrificial matrix material or component in a hybrid system, we
increased the temperature on the previously printed scaffolds,
upon which strand fusion and collapse of the hydrogel network
(Figure S27) were observed and the gel liquefied rapidly.
Accordingly, a mild temperature stimulus compatible with cell
culture conditions can be used to remove scaffolds printed with
A-PPheOzi,s-A. This could be very useful if used as a sacrificial
support matrix to assist in printing of materials, which by
themselves are not easily 3D printed with good shape fidelity.

Alginate as a biopolymer is an ideal candidate to test this
hypothesis, as it can be easily cross-linked by incubation with
aqueous CaCl, and is often employed in biofabrication but
usually suffers from poor printability due to poor rheological
properties.”®*” To improve the printability of alginate, often
pre-cross-linking®® or composite systems are used.”' ~>* Here,
we present an exceedingly simple alternative. We simply mixed
the liquid A-PPheOzi;s-A polymer with liquid alginate and
cooled the mixture, leading to gelation. We characterized this
hybrid system via rheology prior to the printing process
(Figure $28). A 17 wt % aqueous hybrid system (A-PPheOzi,s-
A/alginate 15:2 w/w) exhibited storage moduli of up to 11 kPa
(Figure S28a) and a pronounced shear-thinning response
favorable for extrusion-based printing (Figure S28b).
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(c)

Figure 10. Dispense plotting using A-PPheOzi,s-A hydrogels. (a) Extrusion-based printing setup (nozzle: conical; 0.25 mm inner diameter; speed:
600 mm/min; dimensions: 10 X 10 mm; 1 mm strand distance; 0.25 mm layer height). (b) Printed 24-layer scaffold of B1 (20 wt % aqueous

solution; (b) photographic image; (c, d) top view; (e, f) side view).
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Figure 11. A-PPheOzi-A hydrogels as support materials in dispense plotting of biomaterial inks. (a) Workflow for the preparation of the hybrid
material, its printing, and development. (b) Top and (c) side views of printed 24-layer scaffolds of B1/alginate hybrid 17 wt % aqueous solution
(B1/alginate 15:2) (extrusion-based bioprinter; nozzle: conical; 0.25 mm inner diameter; speed: 600 mm/min; dimensions: 10 X 10 mm; 1 mm
strand distance; 0.25 mm layer height). (d) Storage moduli as a function of temperature (T: S—40 °C; heat rate: 0.05 °C/s; strain: 0.1%; angular
frequency: 1 rad/s) of the B1/alginate hybrid prior to cross-linking (black) and after cross-linking (red) and incubation in aqueous solutions for 48

h (blue) and 72 h (green).

Accordingly, these hybrid systems could also be successfully
printed into 3D scaffolds with excellent shape fidelity (Figure
11a,b). Simple addition of CaCl,(aq) leads to alginate cross-
linking, and subsequent incubation at 37 °C results in the
dissolution of the sacrificial component A-PPheOzi s-A. The
residual alginate scaffolds stay structurally intact thereafter for
at least 4 days being incubated in a water bath without
significant shrinkage or loss of shape or stiffness in the
temperature range of 5—40 °C (Figure 11b—d). After cross-
linking, the storage modulus increases from 11 to 80 kPa,
which remained at similar levels (60—70 kPa) for several days
during incubation in the aqueous solution (Figure 11d).
Important to note, due to the removal of the A-PPheOzi s-A
during the curing and developing step, no thermoresponsive
behavior was observed for the chemical cross-linked structure.
However, the mechanical stability increased significantly. For
the hybrid system, a more than 10-fold increase of Young’s

12453

modulus (130 + 12 kPa) compared to native alginate (8 =+ 3
kPa) was obtained (Figure S29). We hypothesize that the
alginate network could be more regular due to macromolecular
crowding and microphase separation during casting and cross-
linking. However, a detailed characterization of this observa-
tion is outside the scope of the current contribution.

The described hydrogel platform offers highly beneficial
properties for a variety of applications such as a sacrificial
biomaterial, a component in hybrid systems, as well as a
support material in biofabrication, namely, temperature-
responsive physical gelation and liquefaction, tunability of
the storage modulus over several orders of magnitude,
printability, and cytocompatibility. In addition, the polymer
platform of POx/POzi offers different modification strategies
during synthesis and additional postpolymerization modifica-
tions to further utilize and modify the unique aqueous solution
properties of A-PPheOzi-A amphiphiles in different applica-
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tions in the field of biofabrication, regenerative medicine, and
tissue engineering.

B CONCLUSIONS

In this study, we investigated the influence of different
aromatic moieties on the viscoelastic properties and
thermogelation of aqueous solutions of poly(2-oxazoline)/
poly(2-oxazine)-based ABA-triblock copolymers. We intro-
duced and characterized ABA-triblock copolymers comprising
poly(2-phenyl-2-oxazine) and poly(2-benzyl-2-oxazine) as the
hydrophobic core B. Most notably, the polymers bearing
PPheOzi moieties undergo inverse and reversible thermogela-
tion at a defined temperature and rather low concentrations of
S wt %. Presumably, the polymer A-PPheOzi,s-A exhibited the
right balance of flexibility caused by the poly(2-oxazine)-based
backbone and rigidity of the phenyl side chain, as well as
amphiphilicity, to form a reversible wormlike network at lower
temperatures and a thermoresponsive transition into spherical
polymer micelles upon heating. We established important
properties for the hydrogels in the context of biofabrication,
namely, the printability, as defined by distinct yield- and flow-
points and favorable shear-thinning and structure recovery
properties, as well as cytocompatibility. By means of cryo-SEM
analysis, we obtained first insights into the structure of the
hydrogels, which exhibit macroporous features. Also, we
highlight the application as a sacrificial support material by
3D printing of excellently resolved and shape-persistent
scaffolds of alginate, which is otherwise not printable in 3D
due to its poor rheological properties.
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Abstract

Thermoresponsive hydrogel formation upon cooling in aqueous media is rarely described for synthetic
polymers in the literature. However, if the sol-gel transition occurs in the physiologically relevant range
(0-40 °C), there are many possible applications in areas such as drug delivery and biofabrication. Here,
we describe a new mechanism of a thermally induced order-order transition in polymer self-assembly
of an ABA triblock consisting of hydrophilic A blocks and a hydrophobic aromatic B block. Small-angle
X-ray scattering confirmed worm-to-sphere transition upon heating on the nanoscale level while wide-
angle X-ray scattering indicated a more uniform ordering of the macromolecular chains on the scale of
4-7 A. NMR spectroscopy showed reduced mobility of various polymer segments in the hydrogel state,
especially in the hydrophobic aromatic region. More importantly however, solution and solid-state
NMR investigations also revealed close proximity of hydrophobic and hydrophilic repeat units in the
gel state, which is less pronounced in the sol state. This interaction between the hydrophilic and
hydrophobic block is responsible for the order-order transition and —ipso facto— inverse
thermogelation. This unusual interaction is supported in silico by molecular dynamics modeling.
Changes in the structure of the hydrophilic A blocks can be used to tune the gel strength, persistence,
and gelation kinetics. This order-order transition based on unexpected and previously not described
interactions between the hydrophilic and the hydrophobic repeat units opens new avenues to control

and design macromolecular self-assembly.



Introduction

Thermoresponsive phase separation of polymer solutions upon heating is an entropic effect and widely
discussed in literature.! Polymers displaying a lower critical solution temperature (LCST) are
structurally diverse and can be found in the families of poly(ether)s, poly(acrylamide)s, poly(2-
oxazoline)s and many others. In contrast, examples of UCST (upper critical solution temperature) type
phase separation are more rarely found, especially for UCST in purely aqueous media.? 3 Such systems
are discussed for different applications as smart biomaterials if the transition takes place at or around
physiological temperatures and in physiological media. In some cases, physical hydrogel formation
(sol-gel transition) can be observed instead of precipitation (coil-globule transition) due to changing
aggregation patterns. Block copolymers with thermogelling properties are well-known in literature,*>
with Pluronic® F127 being arguably the most prominent example.® Mostly, thermogelation relies on a
thermally triggered disorder-order transition from random coils to polymer micelles forming dense
colloidal packings.” In contrast, Armes and co-workers described a thermogelling system based on an
interesting and unusual heating induced worm-to-sphere order-order transition,® which could be
tuned with respect to the critical gelation temperature.® Later, Penfold et al. described a pH- and
thermosensitive system that combined pH-responsive vesicle-to-worm transition and thermosensitive
worm-to-sphere transition.° More recently, a thermoresponsive poly(N-(2-
hydroxypropyl)methacrylamide)-poly(2-hydroxypropyl)methacrylate)  diblock  copolymer  was
described, which formed spheres (4 °C, weakly turbid free flowing fluid), worms (22 °C, turbid free

standing gel) or vesicles (50 °C, milky-white free flowing dispersion) in aqueous solution.!!

Very recently, we described a cooling induced and reversible sphere-to-worm and concurrent sol-gel
transition in aqueous solution (Figure 1).1? A ABA-type block copolymer amphiphile poly(2-methyl-2-
oxazoline)-b-poly(2-phenyl-2-oxazine)-b-poly(2-methyl-2-oxazoline) (pMeOx-b-pPheOzi-b-pMeOx=A-
pPheOzi-A) featuring the novel aromatic PheOzi repeat unit. At 5 °C, the polymer exhibited long
interconnected worm-like aggregates, which transformed into small, uniform and spherical polymer

micelles upon heating. The temperature, at which the system liquified and its viscosity decreased



several orders of magnitude was 32 °C. While inverse thermoreversible gelation is well known for bio-
or bioderived polymers such as agarose or gelatin, there are only few synthetic systems described in
the literature.? Arguably best known is poly(N-acryloyl glycinamide) (PNAGA), already described by
Haas et al. in 1967.1* Fu and Zhao reported gels that form upon cooling of aqueous solutions of various
poly(acrylamide-co-acrylonitrile)-b-poly(poly(ethylene glycol) methyl ether methacrylate)-b-
poly(acrylamide-co-acrylonitrile) (P(AAm-co-AN)-b-PPEGMMA-b-P(AAmM-co-AN)** as well as UCST-type
nanogels.” In addition, Lele and co-workers described hydrophobically modified copolymers that
undergo inverse thermogelation.'® All these known systems have in common that intermolecular and
intramolecular hydrogen bonding between polymer repeat units can occur, which is indeed the main
driving force for the UCST phenomenon in general. In stark contrast, A-pPheOzi-A cannot undergo such
hydrogen bonding between repeat units and neither pMeOx nor pPheOzi are thermoresponsive per
se. In addition, we believe A-pPheOQzi-A is the first example of a cooling induced sphere-to-worm
transition. Therefore, the question is: what is the mechanism of this order-order and concomitant
inverse thermogelation? Using a variety of state-of-the-art analytic tools complemented by molecular
modeling, we aimed to elucidate the molecular origins of this novel gelation mechanism in detail. We
found that the order-order transition in self-assembly is based on a previously undescribed interaction
between the hydrophilic MeOx repeat units and the hydrophobic, aromatic PheOzi repeat units,
leading to a compaction of the former onto the latter, which in turn leads to the sphere-to-worm
morphology transition as the packing parameter increases. Testing this suggested mechanism,

variation of the hydrophilic repeat units could be successfully used to tune the gelation behavior.
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Figure 1| Summary of the study. The polymer amphiphile poly(2-methyl-2-oxazoline)-b-poly(2-phenyl-2-
oxazine)-b-poly(2-methyl-2-oxazoline) (pMeOx-b-pPheOzi-b-pMeOx = A-PPheOzi-A = A-B-A) showed unique
inverse thermogelling properties.? In the liquid state, the polymer self-assembled into spherical micelles. Upon
cooling an order-order transition into worm-like micelles was observed. (TEM images reprinted with permission
from reference [12]). In this study a detailed elucidation of the order-order transition is presented with the focus
on polymer interactions on a molecular level. The color code on the right is used throughout this study to
highlight the samples macroscopic state.



Materials and Methods

All chemicals and reagents were used from Sigma-Aldrich (Steinheim, Germany) or TCl-chemicals
(Eschborn, Germany) and were used as received unless otherwise mentioned. The polymer pMeOx-b-
pPheOzi-b-pMeOx (= A-pPheOzi-A) was prepared and used as described previously.?? The monomers
2-ethyl-2-oxazoline (EtOx) and 2-methyl-2-oxazine (MeOzi) were synthesized like described by Witte
and Seeliger.'” Deuterated dichloromethane (d;DCM) and D,O as NMR solvent were obtained from
Deutero GmbH (Kastellaun, Germany). Methyl trifluoromethylsulfonate (MeOTf), EtOx, MeOzi and
PheOzi were refluxed over CaH, for several hours and distilled under reduced pressure. Benzonitrile

(PhCN) was dried over phosphorus pentoxide.

Dynamic light scattering

Dynamic light scattering (DLS) experiments were performed using an ALV CGS-3 multi detection
goniometry-system (Langen, Germany) equipped with a He-Ne-laser (632.8 nm) and 8 optical
avalanche photodiodes-detector with an angular detector spacing of 16 ° (correlation time 45 s, 3
runs). Scattering angles between 20 ° and 147 ° were measured in 4 angle sets (4x8 detectors) and a
5 ° angle interval for each detector at 15 °C and 40 °C. Prior to each measurement, samples were
filtered in dust-free cuvettes using Millex-LG 0.2 um filters under laminar flow. The polymer
concentration was 0.1 g/L (2 mM aqueous NaNQs). All samples were stored at the measurement
temperature for 24 h. The decay of the electric field-time autocorrelation function (ACF) was fitted

using triexponential fit functions (equation 1) like described previously:®

t t t
T T T 1
gl(t)=a1'e( T1)+a2'e( T2)+a3-e( 7:3) (1)
with the amplitudes a; and the decay times 7; = # , Where q is the absolute value of the scattering
1A

vector. In the case of polydispersity, the translational diffusion coefficient D was obtained by

extrapolation to zero angle and in the limit of high dilution given by

Using the Stokes-Einstein equation the (apparent) hydrodynamic radius Rj, was obtained by



R, = kg-T (3)
h 6:-m-n-D

with kg being the Boltzmann constant, 7 is the viscosity of the solvent and T the temperature (15 °C

or 40 °C).
Small- and wide-angle X-ray scattering (SAXS, WAXS)

SAXS and WAXS experiments were carried out using an in-house setup, which was built by Fraunhofer
EZRT (Firth, Germany). It consists of a MicroMax-007 HF X-ray source (Rigaku, Japan) and a Eiger R 1M
detector unit (Dectris, Switzerland). The sample-detector distance can be varied between 5 cm and 3.5
m, which corresponds to possible Q-values between 0.005 and 5 A™L. The complete setup is operated
in a vacuum below 0.1 mbar to reduce air scattering. The sample solutions were placed in quartz
capillaries (inner diameter: 1 mm, wall thickness: 10 um) (Hampton Research, Aliso Viejo, California),
which were positioned perpendicularly to the X-ray beam. The presented experiments were done at
sample-detector distances of 57 mm, 565 mm and 1560 mm with an integration time of 15 min for the
shortest distance and 240 min for the two longer configurations. All distances were calibrated using a
silver behenate standard sample. For each sample, data was acquired for different temperatures
between 5 °C—50 °C. To achieve thermal equilibrium, the sample (10 wt.% aqueous solution) was kept
at the desired temperature for 15 min prior to each measurement. The SAXS data, which was obtained
at the two largest distances, was calibrated in terms of absolute intensities using glassy carbon as a
secondary calibration standard.'® 2° The scattering curves of the hydrogels were obtained by azimuthal
integration taking the samples thickness, X-ray transmission, detector accuracy, setup geometry and

solvent scattering into account following the standard procedures described in literature.?
Temperature dependent nuclear magnetic resonance (NMR) experiments in solution

All experiments in solution were performed at a Bruker Avance Ill HD 600 spectrometer (Karlsruhe,
Germany) operating at 600.4 MHz equipped with a BBFO 5 mm probe using a BCU-02 temperature
control unit. 'H NMR experiments of a 20 wt.% A-pPheOzi;s-A sample in D,O were acquired with a 30 °

flip angle and 8 or 16 scans without sample spinning. A series of variable temperature experiments



was performed in the range from 2 °C to 39.15 °Cin a step size of 3to 5 °C. The sample was kept at the
desired temperature for 10 minutes prior to each measurement. Temperature calibration was done
using 4 % MeOH in MeOD and 80 % ethylene glycol in DMSO-de. All recorded spectra were referenced
using the temperature dependent HDO signal. For quantitative characterization of the temperature
induced phase transition the fraction p was calculated with the integrals I(T) and I(T,) at the
respective temperatures T and T, using the following equation:*?

1(T) (3)
I(To)*%

p=1-
The highest signal intensity was measured at 39.15 °C (T,). Reductions of signal intensities are
indicated by p < 0. 2D H-'H nuclear Overhauser effect NMR spectroscopy (NOESY) experiments at
5 °C and 40 °C were recorded using the noesygpphpp pulse sequence (scans: 32, t; increments: 256,
relaxation delay: 2.5 s). To ensure discrimination between cross-relaxation and spin-diffusion different
mixing times (40 ps, 60 us, 80 ps, 150 us and 250 ps) were used. For better visualization of the aromatic
region, phase and baseline correction of 2D data was confined to the range of 6-8 ppm and TDeff was
set to 2867 in the f2 dimension. Additionally, 1D slices of relevant aromatic regions were extracted. *H
spin-lattice relaxation times T1 were measured with the inversion recovery pulse sequence tlirat 5 °C
and 40 °C. For measuring the T1 relaxation times of HDO a variable delay from 1-50 s in 12 steps was
used with a relaxation delay of 50.0 s. T1 relaxation times of polymer signals were recorded with a

variable delay from 0.001-5.0 s in 16 steps and a relaxation delay of 5.0 s. The normalized decay curves

for different polymer segments and the HDO signal were fitted using monoexponential fit functions.
Solid-state nuclear magnetic resonance

Solid-state NMR (ssNMR) measurements were performed using a 4 mm double-channel Bruker probe
at 9.4 T using between 3 and 5.3 kHz magic angle spinning (MAS). The hydrogel sample was cooled to
273 K prior to measurement. For the 3C CP MAS experiment, a 2 ms ramp (50 to 100 %) on the H
channel was used during the cross-polarization (CP) contact time for all samples. 3C NMR spectra with

direct excitation were recorded with short interscan delays of 1 s to probe mobile components. For



heteronuclear decoupling during acquisition, SPINAL64 was employed with a 100 kHz nutation
frequency (*H). The chemical shifts were referenced using adamantane (left signal at 38.48 ppm) by

subsequent adjustment of the magnetic field.

Raman spectroscopy

The Raman spectra were recorded on an alpha 300R* confocal Raman microscope from WITec GmbH
(Ulm, Germany) equipped with a 50x objective (NA 0.8, Epiplan Neofluar, Zeiss, Germany) and a 532
nm laser (39.4 mW). A 20 wt.% sample was measured after equilibration at 5 °C and 40 °C using a
temperature controllable Peltier stage (LTS 120, Linkam Scientific Instruments Ltd., Tadworth, UK).
Spectra are shown as average spectrum of 3 spectra at different locations on the same sample, which
were recorded with an integration time of 5 s and 10 accumulations. The resulting data were processed
with cosmic ray removal and background subtraction. The bulk water signals at 3100 cm™ - 3700 cm™?

were fitted using a Gaussian deconvolution method as described elsewhere.?> %

Fluorescence spectroscopy

The amphiphilic fluorescence probe 2-(4-(dimethylamino)styryl)-1-methylpyridinium iodide (Daspmi)
was purchased from Molecular Probes Inc., Life Technologies. The hydrophobic probe 4,4 -difluoro-4-
bora-3a,4a-diaza-s-indacene meso-substituted with para-dodecylphenyl (BPC12) was synthesized like
described in previous studies.?> Gibco™ Dulbecco's phosphate-buffered saline (DPBS) pH 7.25 was
purchased from Thermo Fisher Scientific (Massachusetts, USA). The steady-state fluorescence spectra
of Daspmi (5 pM) and BPC12 (5 uM) in aqueous sol and gel samples at a polymer concentration of 20
wt.% were recorded at different temperatures on a FLS-1000 spectrofluorometer (Edinburgh
Instruments, UK) equipped with a thermocontrolled cuvette holder (Aex(Daspmi): 460 nm,
Aexc.(BPC12): 490 nm) comparing the wavelength shift of emission maximum. Fluorescence intensity
decay curves were obtained using a time-correlated single photon counting (TCSPC) system (PicoQuant
GmbH) equipped with a temperature controlling cuvette holder using quartz cuvettes as described
earlier (Aexc.: 483 nm, cutoff filter > 490 nm).?® Monitoring wavelengths were 580 nm for Daspmi and

520 nm for BPC12. The fluorescence decays were deconvoluted with the instrumental response to give



the fluorescence lifetime with a resolution of approximately 100 ps. The obtained lifetimes were used
for calculating microviscosity values at different temperatures (5 °C, 12 °C, 22 °C and 37 °C) using

following equation:
z
_ 4
log 75 —logkr+alogn (4)

where 17 is the fluorescence lifetime of Daspmi or BPC12°* in the solution of a known viscosity 17, k,
is the radiative rate constant, and z and « are constants. The linear part of the log 75 as a function of
logn plot was taken as a calibration function to calculate microviscosity values (Figure S3). The
viscosities of different water/glycerol mixtures (80-100 wt.% of glycerol) at different temperatures
were determined using a LOVIS 2000M rolling ball microviscosimeter from Anton Paar (Graz, Austria)
with a LOVIS 1.8 capillary and a steel ball of 1.5 mm diameter. Prior to viscosity measurements, the
density of the sample at the specific temperature was recorded using a DMA 4100M density meter
from Anton Paar (Graz, Austria). For the corresponding lifetime measurements a concentration of 5

UM of Daspmi and BPC12 were used.

Micro calorimetry (UCAL)

Micro calorimetry measurements were conducted with a Malvern MicroCal PEAQ-DSC
microcalorimeter. The heat of the sample was measured relative to pure water and the enthalpy values
were normalized to the molar concentration of the aromatic repeat units. After complete dissolution,
the samples were stored in the refrigerator at 4 °C for about 48 h, degassed at 5 °C, transferred to the
instrument precooled at 2 °C or 10 °C, and kept at the temperature for different times, as indicated,
prior to heating. Each sample was heated with the rate of 1 °C/min to 100 °C, after which they were

cooled again to the starting temperature with the same rate.

Molecular modeling
We modeled a system containing eight Me-pMeOxss-b-pPheOziis-b-pMeOxss-EIP polymers (Me =

methyl group, EIP = ethyl isonipecotate), in which the hydrophobic pPheOzi blocks faced each other to



form a single inner strand along the Z axis and the hydrophilic pMeOx blocks were bent outwards. Four
individual molecules made up the strand and were subsequently duplicated and moved next to the
original polymers along the Z axis, ultimately resulting in two layers of polymers in our simulation box.
The stretched out, hydrophilic pMeOx blocks were subjected to an energy minimization and a short,
50 ps long simulation with the Noisé-Poincaré-Andersen method?” 28 (applying the Amber14:EHT force
field?> 3% with the R-field implicit solvation model®') to yield a more compact starting conformation,
while keeping the inner strand in a straight orientation. Figure S6A depicts the prepared structure. All
modeling was performed with MOE (Molecular Operating Environment 2019.01).3? The setup was
inspired by previous modeling studies regarding worm-like micelles of small molecules, in which the
generation of a continuous micelle was also achieved via initial placement of hydrophobic parts in the
inner and hydrophilic moieties in the outer regions of the threadlike structure, which was aligned along
one axis of the simulation box.333> RESP partial charges®® of single monomers used as building blocks
were derived from calculations with Gaussian 09 Rev. C.01%7 (Hartree-Fock level of theory, 6-31G* basis
set); parameters based on the Amber14ffSB% and GAFF232 force fields were assigned via antechamber
and parmchk2 of AmberTools18.3 During charge derivation monomer structures were capped with
residues of the same type (except for the terminal groups, Me-MeOx and EIP, which were capped with
a MeOx monomer). The calculated parameters were used to generate a polymer with an initial straight
conformation using tleap.®®

Subsequent solvation of the starting structure with TIP3P water?® in a simulation box with a minimum
border-to-polymer distance of 20 A in the X and Y directions resulted in a system size of approximately
16 x 18 x 10 nm? with 76,730 solvent molecules. Water molecules found inside the inner hydrophobic
strand after this initial placement were removed if the distance to the pPheOzi blocks was less than 10
A. Periodic boundary conditions with minimum image convention were applied during the simulation,
which allowed for an infinitely sized worm-like micelle along the Z axis and ensured a sufficient distance
between polymers of neighboring boxes along the X and Y dimensions. The simulation was performed
using NAMD 2.13*! with 2 fs time steps. An initial energy minimization of 10,000 steps was conducted

before slowly heating the system from 100 K to 278 K over the course of 500 ps. Harmonic constraints



were initially applied on all polymers and gradually reduced over an additional 1.6 ns, allowing a rapid
reordering of solvent molecules around the polymers. Langevin dynamics and the Nosé-Hoover
Langevin piston method (1 atm) were used for temperature and pressure control in an NPT ensemble.
After another 2 ns of equilibration, the production run was performed for 600 ns. Semi-isotropic
coupling allowed for fluctuations along the Z axis, independent from the X and Y axes. The particle
mesh Ewald method* with a cutoff of 1.2 nm was applied and coordinates were saved every 10 ps.
Subsequent analyses were performed using cpptraj** and images were generated with VMD 1.9.3%
and PyMOL 2.4.1.% Average densities for polymer groups around PheOzi monomers were retrieved as
follows: All PheOzi residues were iteratively aligned onto the same monomer. Next, binned occupancy
histograms of different moieties around the center of the aligned residue were calculated for the last
100 ns using the grid command in cpptraj. This was performed ona 1.6 x 1.6 x 1.6 nm3 grid witha 1 A
resolution. After this procedure, the obtained values around each PheOzi monomer were added up at
each grid element and divided by the number of analyzed frames (10,000) and monomers (104). Thus,
densities represent the average amount of atoms of interest found at each grid element per frame
around a single monomer. The first and last PheOzi monomer of each pPheOzi block (16 out of 120)
were excluded from this calculation, as these are always situated near the neighboring MeOx residues.
Additionally, we analyzed several distances between these PheOzi monomers and the other polymer
residues, as well as the angle w between the plane of nearby amide (N-(C=0)-C) groups and the phenyl

ring plane for every 10 ps of the last 100 ns.

Rheology

All experiments were performed using an Anton Paar (Ostfildern, Germany) Physica MCR 301 system
utilizing a plate-plate geometry (25 mm diameter) equipped with a solvent trap and Peltier element
for temperature adjustment. All aqueous 15 wt.% samples were dissolved at room temperature
stirring constantly and incubated at 5 °C for 48 h. In addition, pictures were taken to visualize the gels.

A temperature-sweep was performed in oscillation mode from 5-50 °C (heating rate: 0.05 °C/s) using



a fixed amplitude of 0.1 % and angular frequency of 10 rad/s. The long-time gelation experiment at 5

°C was performed at an amplitude of 0.1 % and an angular frequency of 10 rad/s for several hours.

Polymer synthesis

To investigate the influence of the hydrophilic block on the gelation mechanism the polymers Me-
pEtOxss-b-pPheOziis-b-pEtOxss-EIP and Me-pMeOziss-b-pPheOzi;s-b-pMeOziss-PipBoc were
synthesized as described several times using MeOTf as initiator and ethyl isonipecotate (EIP) or 1-Boc-
piperazine (PipBoc) as terminating agent, respectively.!? (Detailed characterization of the novel ABA
type amphiphiles in Sl).

For standard analytics of the synthesized polymer, NMR spectra were recorder on a Bruker Fourier 300
(*H: 300.12 MHz) spectrometer at 298 K from Bruker BioSpin (Rheinstetten, Germany) and calibrated

using the solvent signal of d,DCM.

Gel permeation chromatography

Gel permeation chromatography (GPC) was performed on a Polymer Standard Service PSS (Mainz,
Germany) system. Specifications: pump mod. 1260 infinity, MDS Rl-detector mod. 1260 infinity
(Agilent Technologies, Santa Clara, California, USA), precolumn: 50 x 8 mm PSS PFG linear M; 2
columns: 300 x 8 mm PSS PFG linear M (particle size 7 um; pore size 0.1 — 1.000 kg/mol) with
hexafluoroisopropanol (HFIP, containing 3 g/L potassium trifluoroacetate (KTFA)) as eluent calibrated
with PEG standards (molar masses from 0.1 kg/mol to 1000 kg/mol). The columns were held at 40 °C
and the flow rate was set to 0.7 mL/min. Dried polymer powders were dissolved in eluent and filtered

through 0.2 um PTFE filters (Rotilabo, Karlsruhe, Germany).

Differential Scanning Calorimetry (DSC)

All measurements were performed using aluminum crucibles on a calibrated DS 204 F1 Phoenix system

from NETZSCH (Selb, Germany) equipped with a CC200 F1 controller unit from -50 °C to 200 °C with



three heating and two cooling phases and a cooling rate of 10 °C/min. The third heating cycle was

used to analyze the glass transition temperature of dried polymer powders.
Transmission electron microscopy

For transmission electron microscopy (TEM) experiments, the polymers were dissolved in DI water to
a final concentration of 20 g L™ and stored at room temperature. 400 mesh copper—rhodium grids
(maxtaform) with a homemade carbon layer were glow discharged in air for 1.5 min at medium power
in a Harrick PDC-002 plasma cleaner. The 20 g L™! sample was diluted (1/125 or 1/625) and 8 uL were
incubated on the grids for 1 min before blotting (Whatman filter paper No. 50). The grids were washed
with water (three times) and 2% w/v uranyl acetate (three times). After the last dose of uranyl acetate
was applied, the grid was left to incubate for 5 minutes before blotting. A single-tilt room temperature
holder in an FEI Tecnai G2 Spirit TWIN transmission electron microscope equipped with a tungsten
emitter at 120 kV was used. Images were recorded with an Eagle CCD camera under low-dose
conditions. The micrographs were binned two times resulting in a pixel size of 2.2 A per pixel at

specimen level.

Results and Discussion

As previously evidenced by cryoTEM investigations, the amphiphile pMeOx-b-pPheOzi-b-pMeOx
reversibly forms worm-like micelles in agueous media upon cooling.’? However, these images were
recorded at dilute, non-gelling concentrations (cgel = 5 Wt.%). To confirm that this order-order transition
also occurs at higher concentrations, we conducted temperature dependent small-angle X-ray

scattering (SAXS) at above cgel (10 Wt.%).

The intensity | as a function of Q from the SAXS measurements was plotted for different temperatures.
In the hydrogel state (5 °C), a pronounced structure peak (supporting information, Figure 2A, blue) is
followed by two clearly defined regions with different slopes at intermediate and high Q-values, which

can be assigned to different self-assembled species. Using a power-law expression®, the different



slopes can be determined, indicating the presence of spherical micelles and worm-like micelles in the
gel state. Above Tg, the worm-like micelles disappear, confirming that the order-order transition
found at low concentration also occurs at higher concentration. In addition, the structure peak is
shifted towards higher Q-values indicating a lower particle/particle distance in the sol state due to the
formation of small spherical micelles (supporting information, Figure 2A, vertical lines). This is a logical
consequence of the disintegration of relatively few worm-micelles into much more numerous spherical
micelles. The extrapolation of the absolute intensity | to Qo (supporting information, Figure S1,
horizontal lines) was used as a measure for relative mean particle size, corroborating once more larger
particles in gel state (worm-like micelles) in comparison to the sol state (spherical micelles). The
qualitative analysis of the SAXS scattering profiles is summarized in more detail in the supporting

information (Table S1).
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Figure 2| SAXS analysis, microviscosity, and polarity change of aqueous pMeOx-b-pPheOzi-b-pMeOx solutions.
A) SAXS scattering curves at 5 °C (blue, hydrogel) and 40 °C (red, liquid) at 100 g/L. Two defined slopes regions
can be defined (triangles). Further, the position of the structure (vertical lines) and absolute intensity of Q -0
(horizontal lines) are different at 5 °C and 40 °C. B) Microviscosity values for Daspmi and BPC12 molecular rotors
in a 20 wt.% aqueous polymer sample in fluorescence lifetime experiments as a function of temperature. Bulk
viscosity of a 20 wt.% hydrogel was added for comparison using the data obtained in previous studies via
oscillatory rheology experiments.'? Wavelength shift of BPC12 (C) and Daspmi (D) fluorescence emission in
steady-state experiments as a function of temperature. In addition, the chemical structure of BPC12 and Daspmi
are shown. The color code for the temperature represents the macroscopic state of the sample as described in
Figure 1.

Additionally, temperature-dependent wide angle X-ray scattering (WAXS) (Figure S1) provides insights

into intra- and interpolymer interactions as previously described for biopolymers* and thermogelling



peptides®®. In the gel state (5 °C, blue), a rather defined peak centered around 4.2 A was observed,
which could be interpreted to hint towards ni-1t interactions of the phenyl moieties.*® With increasing
temperature, the peak position was maintained, but a noticeable broadening between 4.2 A and 7 A
indicates reduced order and increased degrees of freedom. From a self-assembly point of view, a
transition from spherical to worm-like assembly must correlate with a change in the volume fraction
of the hydrophilic to the hydrophobic compartment. Specifically, the relative volume of the hydrophilic
compartment has to decrease or the volume of the hydrophobic compartment has to increase upon
cooling for a sphere-to-worm transition to occur. If the peak in the WAXS scattering curve corresponds
to the hydrophobic compartment, it would suggest rather a decrease in volume due to denser packing.
This is a first hint that the molecular origins of the order-order transition do not lie in the hydrophobic

compartment (alone) and are not connected to -1t stacking as might be assumed.

Infrared and Raman spectroscopy can provide functional group-selective information on non-covalent
polymer interactions, conformations and self-assembly. Overall, the Raman spectra for the dried
polymer powder, polymer hydrogel (20 wt.%, 5 °C) and polymer sol (20 wt.%, 40 °C) are quite similar
(Figure S2A), but some distinct changes hint at differences in the polymer-polymer interactions
between sol and gel state. At 1464 cm?, a small but clearly distinguishable peak is exclusively observed
in the gel (Figure 2B). Unfortunately, both aromatic ring vibrations as well as CH; and CH, deformation
vibrations ubiquitous in the polymer backbone and hydrophilic sidechain appear in this region, making

an unambiguous assignment challenging.

The maximum amide band at 1608 cm™ does not shift, but the signal has a slightly higher intensity in
the gel state. In addition, the full width-half maximum decreases rather significantly by 25 % from 38
cm? to 29 cm™. Similarly, a peak at around 1580 cm™, which is attributed to the phenyl ring of the
hydrophobic repeat units shows increased intensity, becomes more defined, and in addition shifts
slightly to lower wave numbers from 1584 cm™ (sol) to 1582 cm™ (gel) (Figure 2B). Albeit in a different
system (graphene interaction with polystyrene), such a shift has been attributed to electron donation

into the aromatic system as observed in 1-t stacking.>® These observations support the observations



made in WAXS, where a more narrow peak also indicates better defined molecular interactions. In
addition, we observed one major differences in the fingerprint region of the Raman spectra. In the gel
state, a sharp and moderately intense signal is observed at 731 cm™, which is much weaker and barely
resolved in the sol state. In this spectral region, we expect C-C stretching modes, which are abundant
in our polymers. At this point, we cannot hypothesize on the assignment of this signal without further

understanding of the system, but will return later to this assignment.

A clear difference between sol and gel state is also observed in the OH region of 3100 cm™ to 3600
cm, originating from water molecules. The different types of bonding modes in water molecules can
be categorized using Gaussian deconvolution to divide the OH region into areas with different binding
strength.?> 152 Our data suggest that water is less mobile in the hydrogel compared to the sol (Figure

S2B) as indicated by the increased contribution of the peak at 3250 cm™ (Figure S2B, red line, 1).

However, arguably more interesting are the changes in macromolecular mobility with the change in
self-assembly. Viscosity sensitive fluorescent probes, namely molecular rotors such as 4,4’-difluoro-4-
bora-3a,4a-diaza-s-indacene meso-substituted with para-dodecylphenyl, BODIPY-C12 (BPC12) and 2-
(4-(dimethylamino)styryl)-1-methylpyridinium iodide, Daspmi have been used in this context.?® The
fluorescence lifetime of a molecular rotor is affected by the ability to rotate its structural segments
with respect to each other, which in turn is strongly dependent on the immediate molecular
environment. However, it has to be kept in mind that it is not always clear what this immediate
molecular environment is. Here, microviscosities in the sol and gel states were determined by
fluorescence lifetime data after appropriate calibration (Figure S3)% at four temperatures (5 °C, 12 °C,
22 °Cand 37 °C). We intended to probe the temperature-dependent microviscosity of the hydrophobic
and the hydrophilic compartment of the self-assemblies by using two different rotors, one being more
hydrophobic (BPC12) and the other being more hydrophilic/amphiphilic (Daspmi). Interestingly, in
contrast to bulk viscosity (macroviscosity) of the polymer, which is obviously higher in gel state, higher
microviscosities were obtained in the sol state and the hydrophilic probe gave almost three times

higher values than the hydrophobic one (Figure 2 D). The microviscosities decreased upon gelation and



were similar for both probes below 25 °C. This suggests, albeit indirectly, a more profound change in
the hydrophilic compartment upon gelation. Steady-state fluorescence spectroscopy complements the
picture. Fluorescence intensity and Amax shift can provide information on polarity changes of the
probe’s microenvironment.>® For both probes, a two-step bathochromic shift was observed at low
temperature, indicating an increase in the polarity of the probe microenvironment upon gelation
(Figure 2 E,F). This increase supports the suggestion that the probes can be partially expelled from
polymeric self-assemblies and become more exposed to polar aqueous solvent. Interestingly, the first
polarity change is at a temperature between 12 °C and 17 °C. Again, the change was much more
pronounced for Daspmi. Ultimately, the time-resolved and steady-state fluorescence measurements
clearly show that the microenvironment of both molecular rotors is more polar and less viscous in the
gel state, suggesting that the gelation causes a probe migration out of the condensed polymeric

assembly closer to the polymer-water interface. However, this remains indirect evidence.

NMR spectroscopy is a versatile tool to further study the underlying molecular interactions of the
order-order transition due to its more straightforward assignability of signals to specific moieties and
sensitivity to short-range order phenomena. Therefore, we recorded *H NMR spectra of a 20 wt.%
polymer sample at different temperatures between 2 °C and 39 °C (40 °C). In a first step, all signals in
the *H NMR spectra were assigned (Figure 3 A,B). Notably, the aromatic protons in the sidechain of the
hydrophobic polymer block show a broad signal at 6.6-7.6 ppm (signal 5), which differs significantly in
appearance between sol and gel state (Figure 3B). Four signal areas around 6.9 ppm, 7.2 ppm, 7.4 ppm
and 7.5 ppm (signals 5.1-5.4) can be distinguished. In the hydrogel state (2 °C - 31 °C), an overall low
signal intensity with a relatively defined peak at 7.5 ppm and a broad shoulder around 7.4 ppm is
observed. Increasing the temperature above the sol-gel transition (34 °C - 40 °C) results in significantly
increased signal intensities and reduced line widths suggesting a significant mobility increase for the
polymer chains, including the aliphatic region (backbone and CH; group of MeOx, signals 1-4). The p-
ratio (equation (3)) allows a more quantitative assessment of the relative decrease of the respective

peak areas, or the mobility of the associated polymer segments (Figure 3C).
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Figure 3| 'H NMR experiments of a 20 wt.% sample in D20 recorded at different temperatures. A) Structure of
the amphiphilic ABA type triblock copolymer pMeOx-b-pPheOzi-b-pMeOx including numbering scheme. B) *H
NMR spectra at 2 °C (blue) and 39.15 °C (red) of a pMeOx-b-pPheQOzi-b-pMeOx sample alongside signal
assignment. C) Calculated p-ratio for the intensities of different polymer protons as a function of temperature.
The color code for the temperature represents the macroscopic state of the sample as described in Figure 1.

Clearly, the aromatic protons yield the highest p-ratio in the gel-state. Upon heating and coinciding
with gel liquefaction, the p-ratio decreases drastically indicating a much more flexible and mobile
hydrophobic compartment for the spherical micelles, which is in line with the WAXS data and in clear
contrast to the fluorescence probe microviscosities. This strongly suggests that the molecular
interactions in the hydrophobic compartment change significantly at or around Tg. At lower
temperature, more pronounced hydrophobic or m-it interactions lead to an improved packing and
lower mobility. In addition, two minor steps where the p-ratio decreases are observed between 2 °C
and 15 °C as well as 25 °C and 30 °C, which will be discussed below. Overall, the hydrophilic block and
the backbone appear less affected by the transition corroborating results by Weberskirch et al. and
Cernoch et al. describing thermoresponsive POx-based homo- and copolymers.?> 5° However, also for
the MeOx units a change in p-ratio is observed at 17-25 °C, followed by a plateau region (20-30 °C),
before it drops to zero upon liquefaction. Interestingly, these steps agree with steps observed in steady
state fluorescence. Mobility information for the different moieties can also be obtained through the
comparison of *H longitudinal relaxation times T1, which were determined for the sol and gel state,
respectively (Figure S4, Table S2). The fact that all polymer segments yield the same trend of

decreasing T1-values upon increasing temperature supports the assumption that all parts of the



polymer act in concert in the aggregation process. In contrast, higher T1 values for water in the sol
state indicates more mobile water molecules compared to the gel state, corroborating Raman

spectroscopy and steady state fluorescence results discussed earlier.

To obtain more insights into the spatial proximity between different moieties in the polymer, 2D *H-1H
NOESY NMR experiments were performed in the gel (5 °C) and sol (40 °C) state (Figure 4). 1D horizontal
slices are also shown for better visibility. Stronger NOE signals are visible in the hydrogel state (Figure
4, left, blue) compared to the sol (Figure 4, right, red), which agrees with the hypothesized reduced

mobility and data from WAXS (Figure 2A).
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Figure 4| H-'H NOESY NMR experiments of a 20 wt.% sample in D20 recorded with a mixing time of 40 ps. 5 °C
(blue, gel state, worm like micelle). 40 °C (red, sol state, spherical micelle). For signal areas of interest 1D slices
were extracted and the assignment in figure 6 for the specific polymer signals was used.

Notably, in the sol and gel state, an intense NOE cross peak originating from the aromatic peak at 7.5
ppm can be correlated to the backbone and MeOx sidechain protons. However, in the gel state an
additional second cross peak of the aromatic region at 6.9 ppm with the backbone and MeOx sidechain
protons is evident despite the overall lower H signal intensity in this area compared to the sol state
(red square, Figure 4). The observation of an additional NOE signal and, therefore, increased spatial
proximity of aromatic and hydrophilic units is a first, but crucial hint at a possible molecular mechanism
to explain the unique assembly of this amphiphile into worm-like micelles at lower temperature. If the
hydrophilic blocks interact with the hydrophobic block in any significant manner upon cooling, this
could reduce the hydrophilic/hydrophobic volume ratio and lead to the observed sphere-to-worm

transition. Due to its sensitivity to subtle changes in intermolecular interactions and packing on the



molecular level, solid-state NMR is a versatile tool to improve our understanding of the potential

contacts identified so far.

Considering their nature as viscoelastic solids, hydrogels can generally characterized using solid-state
NMR experiments.*® For shear thinning hydrogels such as the present system, one has to consider the
possibility that magic angle spinning (MAS) can exert sufficient force to alter the samples properties,
e.g. causing liquefaction. Here, H NMR experiments at different MAS frequencies (3-5.3 kHz) showed
no significant differences (Figure S5). Two different *C NMR spectra were recorded either through
direct excitation (DE) with short interscan delay (1s) showing predominantly mobile carbon
environments (Figure 5A, grey spectrum), while *H-13C cross polarization (CP) MAS experiments with a
contact time of 2 ms reveal more rigid molecular entities due to their dependence on dipolar
interactions (Figure 5A, black spectrum). In the spectrum obtained through DE, only signals that can
be attributed to MeOx units were visible. No aromatic signals were observed, corroborating once more
the reduced mobility of the latter. In the *C CP MAS NMR spectrum significantly more and broader
peaks as well as spinning sidebands (Figure 5A, asterisks in grey spectrum) were observed with phenyl
moieties now clearly observable. A MAS rate of 5 kHz or higher is required to avoid substantial overlap
between the carbonyl signal of the amide group and the phenyl spinning sidebands. The broader signal
(compared to DE spectra) of the amide carbonyl is shifted slightly to smaller ppm values (orange arrow)
and additional signals are visible at higher ppm values originating from the phenyl carbonyl groups.
Most interesting, however, are two additional signals that are observed in the aliphatic region of the
spectrum (red arrows). The signal at 38 ppm is close to the other backbone signals indicating a similar
chemical environment, while another new and broad signal appears at 24 ppm adjacent to the signal
of the methyl sidechain of the hydrophilic polymer block. In other words, there are two different MeOx

populations, one quite mobile and one significantly less mobile.
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Figure 5| Solid state NMR experiments of a 20 wt.% hydrogel sample. A) Overlay of the 3C NMR spectra
recorded at 9.4 T and 5.3 kHz MAS using DE and short interscan delay of 1 s (grey) or CP MAS with 2 ms contact
time (black). Spinning sidebands are indicated by asterisks. B) *H-13C HETCOR MAS spectrum recorded at 9.4 T
and a MAS rate of 5 kHz using a contact time of 2 ms. 122 t1 FID increments were acquired using a recycle delay
of 2 s, each with 240 co-added transients. The corresponding *C NMR spectra are shown at the bottom. Direct
CH contacts are indicated by dotted grey lines.

To better understand the nature of these new signals and investigate proximities through space in
more detail, a 2D 'H-3C HETCOR experiment with a contact time of 2 ms was recorded (Figure 5B).
Due to the relatively long contact time, intra- and intermolecular proximities can be observed in the
2D spectrum as cross peaks. The H chemical shifts of the CHs groups of MeOx, the backbone, and the
two major phenyl environments are indicated by grey dotted, horizontal lines. The three signals
highlighted in Figure 5A are indicated by dotted, vertical lines. For the carbonyl signal, cross peaks both
in the aromatic and aliphatic backbone region are observed, but due to the polymer structure we
cannot know whether the proximity is intramolecular or intermolecular. Furthermore, cross peaks
between some of the backbone CH, signals and the phenyl signal at higher ppm are also visible (black
boxes). Considering the larger intramolecular distance between the backbone and the phenyl ring, this
interaction is most likely through space. For the remaining carbon signals in the aliphatic region, it is

clear that interactions must occur through space. The more rigid CHs group of MeOx at 24 ppm only



visible in the CP-MAS experiment is in a different polymer block than the phenyl moiety. Therefore,
the cross peak at 24 / 7.2 ppm can only be explained by *H-13C proximity through space (< 4 A) between
the hydrophilic and the hydrophobic block. In contrast, the more mobile CH3 group of MeOx at slightly
lower ppm values does not show any cross peaks in the 2D correlation and thus represents the
hydrated hydrophilic corona. With this, we can finally formulate a mechanism for the order-order
transition and inverse thermogelation in aqueous solutions of pMeOx-b-pPheOzi-b-pMeOx. Our
results show that this thermogelation is due to an unexpected interaction between repeat units in the
hydrophilic pMeOx blocks and those in the aromatic hydrophobic pPheOzi block. This reduces the
volume of the hydrophilic compartment allowing the order-order sphere-to-worm transition. Polymers
that show UCST-type thermotransition typically exhibit H-bonding between polymer repeat units,
however, this is not possible in the present case. When starting to investigate this mechanism our first
hypothesis was that this transition could be linked to m-m stacking within the hydrophobic
compartment, but this hypothesis had to be abandoned quickly. A look into the literature yields two
other, we believe more probable candidates, the overlap of the lone electron pairs of the amide
carbonyl and the aromatic LUMO: nam—>Tt*ar Or interactions of the m-orbitals of the amide and phenyl
ring: Tame®®e®Ta. In general, non-covalent n—>m* interactions have been described to contribute to the
thermostability of the proline-rich protein collagen.”” Interestingly, proline is the only proteinogenic
amino acid that forms tertiary amides akin to the amide groups in POx and POzi. In addition, and even
more closely related to the present system, n>1t* interactions have been described to contribute to

the structure formation in peptoids®®, which also contain tertiary amides.

The analytically rather elusive n—>m*ar interactions are typically verified by crystallographic data or
computational modeling. While the former can be ruled out for our system, we performed an all-atom
molecular dynamics (MD) simulation of a single worm-like micelle consisting of full length pMeOxss-b-
pPheOziis-b-pMeOxss amphiphiles at 5 °C (Figure S7A). We modeled the pPheOzi blocks as a central
inner strand, which is surrounded by the corresponding pMeOx blocks stretching out into the solvent

(water). Throughout the 600 ns simulation a single worm-like strand of pPheOzi blocks is preserved.



More interestingly however, the peripheral MeOx repeat units approach the initially solvent-exposed

hydrophobic repeat units (Figure 6 A,B), clearly corroborating our model of a hydrophilic shell

condensing onto the hydrophobic core.

Figure 6] Results of molecular modeling of a worm-like micelle comprising pMeOx-b-pPheOzi-b-pMeOx
amphiphiles. A) Simulation snapshots showing PheOzi monomers as red and MeOx monomers as blue VDW
spheres. The simulation box and about half of each neighboring image along the Z axis are illustrated, without
solvent molecules depicted. B) Same illustration as seen in A) from an orthogonal perspective (along the Z axis).
C) Occupancy density analysis around aligned PheOzi residues (white sticks), showing hotspots for different
polymer structures as meshes from two different perspectives. In C-1/2 the violet density represents PheOzi
sidechains and the grey density PheOzi backbone atoms (isovalues: 0.08). The two structures on the right in C-
3/4 depict densities (isovalues: 0.03) for MeOx backbone atoms (green) and sidechain atoms (orange) from two
different perspectives. D) Two example snapshots D-1 and D-2, in which residues at the surface of the micelle
overlap with occupancy hot spots depicted in C). pMeOx residues are shown with blue carbon atoms, pPheOzi
residues with magenta carbon atoms and the aligned monomer of interest is highlighted in yellow. Densities are
shown analogously to C).

Consequently, the radius of gyration of the self-assemblies decreases quickly and reaches a narrow
fluctuation range after about 40 ns (Figure S7B, left). While the overall structure becomes clearly more
compact, not all pMeOx repeat units come into close contact with pPheOzi residues in silico, which in
turn are also not completely shielded from the solvent at the end of the simulation, corroborating the
observations made in solution NMR spectroscopy. In silico, about 53 % of all pMeOx repeat units keep
a minimum average distance of more than 5 A to the pPheOzi blocks over the last 100 ns (including

hydrogen atoms for calculation). These would be attributed to the pMeOx repeat units, which were



found more mobile in the 3C DE MAS NMR spectra and which did not show cross peaks with the
aromatic rings of pPheOzi in the *H-13C HETCOR spectrum. We analyzed the solvent-accessible surface
area of all pPheOzi units and noticed that this value is mostly decreasing early in the simulation for the
aromatic sidechains, indicating that pMeOx monomers are preferably shielding these moieties against
water molecules (Figure S7B, middle). The amount of water within 5 A around polymer residues also

decreases quickly, especially for the pMeOx monomers (Figure S7B, right).

3.5

g o
34
33 g ]
z
8 3. g s |
2 3.2 § §
Z . 8
o 341
8 v a2t B W
30 - D1,' LS angle between
8 0D planes 1 and 2
29 o ©
e A(\N/\)’\
6 20 4h éO 8‘0 0 20 40 6‘0 80 0
Angle w [°] Angle w [°]
- D1 | % D2 % D3
41 A 4.7A 4.7A
§ 1 148496 § 1 78971 § 1 64934
I I I
8- 8" 8"
L Al L . _all
2 3 4 5 6 2 3 4 5 6 2 3 4 5 6
Distance D1 [A] Distance D2 [A] Distance D3 [A]
= D4 % D5 — § D6
51A 51A 49A
§ 1 61410 § | 3375 N § | 36633 -
g g g
L 8" &<
" 3 4 5 sz 3 s 5 sz 3 4 5 s
Distance D4 [A] Distance D5 [A] Distance D6 [A]

Figure 7| Distribution of computationally derived distances and angles between the amide group and the
pheny ring centroid. Histograms for all distances up to 6 A between PheOzi moieties and the nearest polymer
atoms (excluding hydrogen atoms). An illustration describing the distances and the angle w is given in the top
right. Plots show the total amount of occurrences for all snapshots of all 104 pPheOzi residues which were used
for density calculation. Numbers in the top left of each histogram illustrate the maximum bin value below 6 A
(bin size: 0.2 A), as well as the sum of all occurrences between 0 and 4 A. Additionally, the plot in the top left



shows measurements of the angle w for all pMeOx carbonyl oxygen atoms which are located nearer than 3.8 A
to the ring centroid (corresponding to distance D3). A histogram for this angle is depicted in the middle of the
top row, with a 5 ° bin size.

An illustration of the average occupancy densities of polymer moieties around pPheOzi moieties
supports this observation (Figure 6B). The methyl sidechains (of the hydrophilic pMeOx repeat units)
are predominantly located close to the aromatic ring of PheOzi sidechains in close proximity to the
PheOzi carbonyl group. In contrast, aromatic rings can be found below or above other PheOzi amide
groups and near the phenyl ring in the volume which is turned away from the carbonyl group. The
pPheOzi backbone atoms are mainly surrounded by other PheOzi residues, only a small fraction of the
aromatic repeat units remains solvent-exposed: 17 out of 120 pPheOzi repeat units show an average
minimum distance of over 3 A to any pMeOx in the last 100 ns (taking hydrogen atoms into account).
These could be interpreted as sticky patches, which help to mechanically connect different worm-like
micelles, adding to the remarkably high storage modulus of the gels.? The evidence of such sticky
contacts in worm-like micelles was recently discussed by Thurn and Hoffmann.>® However, we cannot
completely rule out that these patches result (in part) from an insufficient number of polymers in our
model, as the exact composition of the micelle was not available as input a priori from experimental
data. For the PheOzi residues analyzed during density calculation, we measured distances to the
nearest polymer moieties, as well as the angle w between the planes of nearby N-(C=0)-C amide
groups and the aromatic ring (Figure 7). Distances D1 — D4 reflect the orange and green densities in
Figure 6C. A notable number of distances D1 — D3 below 4 A can be found, highlighting potential
interactions between the MeOx sidechains and the phenyl ring. Overall, distances show distributions
similar to the results of our WAXS experiments. The distance to the ring centroid is the lowest for the
methyl group, while the backbone is situated further away. These measurements support hydrophobic
interactions between the phenyl rings of pPheOzi and the methyl sidechain of MeOx repeat units as
seen in NMR experiments. With regard to the MeOx carbonyl groups, Nam=>Tt*ar Or Tlam®®e®Ttar
interactions may be hypothesized. While it should be mentioned that the existence of specific

interactions between lone pairs and aromatic systems was recently challenged® and that the ability of



classical force fields for capturing these can certainly be questioned, occurrences of an angle w <90 °
in combination with a distance lower than 3.8 A of the carbonyl oxygen to the ring centroid are in
accordance with previously published measurements for potential nam—=>m*ar interactions, e.g. in
peptoids.®® ®© We retrieved very low values for w with a median of about 19 ° with the above
mentioned distance cutoff, indicating suitable conformations for nam=>1t*ar Or TTam® ® ®TT4, interactions.
Exemplary simulation snapshots which overlap with the described densities illustrate the interactions
between MeOx and PheOzi sidechains (Figure 6D). While some MeOx carbonyl groups showed
conformations perpendicular to the ring plane (example D-1), in most cases the amide moiety is placed
nearly parallel to the phenyl ring (example D-2). Accordingly, the additional stretching mode at 731
cm™ in the Raman spectra in the gel state should correspond to a C-C bond which is weakened
compared to the sol state. We believe that this could be attributed to the C-C bond in the MeOx side
chain, which, as the amide interacts with the phenyl ring is weakened, leads to an increased Raman

shift.

In summary, the MD simulation conclusively supports our extensive analytical data, in particular those
obtained by WAXS and NMR spectroscopy, and the formulated mechanism of the hydrophilic MeOx
interacting with the hydrophobic repeat units. This results in a notable condensation of the hydrophilic
corona and, thus, enables the worm-to-sphere transition upon cooling. This process may be driven by
pMeOx sidechains mainly interacting with aromatic systems of the pPheOzi blocks via hydrophobic, as

well as possible tam® ® ®Ttar and Nnam—>T1*ar interactions.

We know from previous studies that small changes in the hydrophobic core prevent worm formation
and thermogelation. Specifically, when pPheOzi is exchanged with poly(2-phenyl-2-oxazoline), poly(2-
phenyl-2-oxazine) or poly(2-benzyl-2-oxazoline), the resulting ABA triblock copolymers form only
spherical micelles and low viscous liquids in water irrespective of the temperature.’? In contrast, ABA
triblock featuring poly(2-phenethyl-2-oxazoline) or poly(2-benzhydryl-2-oxazoline)s from gels but do
not undergo any order-order transition but remain spherical micelles.®® ©2 Having derived this novel

mechanism behind the order-order transition, we should expect that different hydrophilic blocks affect



the order-order transition and thermogelation. To do so, ABA triblocks featuring slightly different
hydrophilic blocks A, poly(2-methyl-2-oxazine) (pMeOzi) and poly(2-ethyl-2-oxazoline) (pEtOx) were

prepared (see Table S3, Figure S7).
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Figure 8| Modified ABA-type amphiphiles with varying hydrophilic A blocks and the aromatic pPheOzi B block
and their thermogelation. A),B) Gel properties of 15 wt.% aqueous sol-gels of the polymers pMeOx-b-pPheOzi-
b-pMeOx (dark blue), pEtOx-b-pPheOzi-b-pEtOx (light blue), pMeOzi-b-pPheOzi-b-pMeOzi (green). A)
Temperature sweeps of the complex viscosity from 5-50 °C (heat rate: 0.05 °C). B) Gelation kinetics for 180 min.
The gelation process was monitored at 5 °C by adding liquid samples at t=0 minutes. C)-H) Micro-DSC
thermograms of 10 g/L solutions of C),F) pMeOx-b-pPheOzi-b-pMeOx, D),G) pEtOx-b-pPheOzi-b-pEtOx and E),H)
pMeOzi-b-pPheOzi-b-pMeOzi. Solutions where held at 2 °C (C,D,E) and 10 °C (F,G,H) for time indicated prior to
the thermoscan.

In aqueous solution, both novel polymers undergo inverse thermogelation (Figure 8 A,B and Figure S8)
and form worm-like micelles in the cold as evidenced by TEM investigations (Figure S9). Dynamic light
scattering at 5 and 40 °C confirmed a significant difference in self-assembly for all polymers (Figure
S10, Table S4), similar as observed pMeOx-b-pPheOzi-b-pMeOx. Accordingly, the thermogelation

again coincides with an order-order transition after exchanging the hydrophilic blocks.

However, significant differences in the complex viscosity at 5 °C (i.e. the gel strength), the T upon
heating (liquefaction temperature or gel persistence) and gelation kinetics (speed) were obtained in a
temperature ramp experiment from 5 °C to 50 °C (polymer gels were stored at 5 °C for 48 h) and in a
time sweep experiment for 180 minutes (pre-heated polymer solutions were transferred on a pre-
cooled 5 °C plate and subsequently measured). In all three “disciplines” pMeOx-b-pPheOQzi-b-pMeOx,

showed the best performance. It exhibits an approximately 7-fold higher complex viscosity value at 5



°C compared to pEtOx-b-pPheOzi-b-pEtOx and pMeOzi-b-pPheOzi-b-pMeOzi. With respect to gel
strength and persistence, only little differences were observed for the other two polymers. Only
minutely higher gel strength (40 Pa*s) and slightly lower persistence (1-2 °C lower Tge) was observed
for the polymer pEtOx-b-pPheOzi-b-pEtOx in comparison to pMeOzi-b-pPheOzi-b-pMeOzi. In terms of
gelation kinetics, pMeOx-b-pPheOzi-b-pMeOx undergoes a significant viscosity increase after 15
minutes. In contrast, the gelation kinetics of pEtOx-b-pPheOzi-b-pEtOx and pMeOzi-b-pPheOzi-b-

pMeOzi are significantly delayed (approx. 5 to 8 times).

Finally, micro-DSC gives us an insight into the thermodynamics of the order-order transition in aqueous
media. Thermograms were obtained after cooling to 2 °C or 10 °C for different time intervals (Figure 8
D-1). When hydrogels were incubated at 2 °C, the most prominent peak coincides for all three polymers
with the sol-gel transition (Figure 8 D-F). The longer samples were cooled, the larger the signal, the
maximum of which shifts to slightly larger temperature with longer incubation times. Interestingly, for
both pMeOx-b-pPheOzi-b-pMeOx and pEtOx-b-pPheOzi-b-pEtOx, a smaller secondary peak starts at
10 °C—-13 °C and has a maximum at 15 °C after short incubation times, which shifts notably to higher
temperature with longer incubation. This transition coincides with the step between 12 °C and 15 °C
observed in the microviscosity (Figure 2 C,D). In comparison to pMeOx-b-pPheOzi-b-pMeOx, the
transition at lower temperature is shifted to slightly higher temperatures in the case of pEtOx-b-
pPheOzi-b-pEtOx while the larger transition at higher temperature is observed at lower temperatures,
leading to a more pronounced overlap of both transitions. In the case of pMeOzi-b-pPheOzi-b-pMeOzi,
only one major transition is observed upon liquefaction of the gel with only a shoulder (at 15-20 °C)
emerging after cooling the sample 6 h or more. Interestingly, if the samples are cooled only to 10 °C
instead of 2 °C, the secondary transitions at lower temperature are not observed at all (Figure 8 G-I).
In addition while the height and integral of the main signal is attenuated by 20 % in the case of pMeOx-
b-pPheOzi-b-pMeOx, the attenuation for both pEtOx-b-pPheOzi-b-pEtOx and pMeOzi-b-pPheOzi-b-

pMeOzi is much more profound (70 % and 86 %, respectively).



This strong influence of the hydrophilic blocks on the gelation kinetics and thermodynamics as well as
macroscopic gel properties clearly give a synthetic proof that the hydrophilic blocks play a crucial role
in the gelation mechanism as shown before using a variety of advanced analytical tools. This
mechanism described here is rather unusual, as the dehydration of (highly hydrophilic) MeOx units
occurs in favor of inter- and intramolecular interaction with hydrophobic repeat units, which is
unexpected. Also, this is clearly not simply a hydrophobic effect, as this would then be stronger for the
less hydrophilic EtOx and MeOzi. We believe this discovery of a novel self-assembly mechanism opens
up new possibilities to design stimulus responsive materials and will generally help to improve our

understanding of the complex interactions of polymers in solutions.

Conclusion

Using a wide selection of complementary analytical tools, we gained a detailed picture of a novel and
unusual order-order transition in conjunction with an inverse thermogelation of aqueous solutions of
a special group of amphiphilic block copolymers. SAXS analysis confirmed the previously described
reversible worm-to-sphere transition upon heating. WAXS experiments elucidated small changes
during sol-gel transitions at 4-7 A. Advanced NMR spectroscopic studies, supplemented by Raman and
fluorescence spectroscopy at different temperatures revealed novel and unexpected
polymer/polymer interactions between the hydrophilic pMeOx blocks and the hydrophobic aromatic
pPheOzi moieties in the hydrogel state. Comparison with similar, tertiary amide containing systems in
the literature and in silico molecular dynamics modeling led us to propose Nam—>T1*ar and/or Tam® ® ®7ta,
interactions between the carbonyl moieties in the hydrophilic pMeOx block and the aromatic rings in
the hydrophobic pPheOzi block to be responsible for the order-order transition and inverse
thermogelation, likely in conjunction with more standard mar® e et hydrophobic interactions. To the
best of our knowledge, the described system is the only example of a sphere-to-worm order-order
transition that leads to inverse thermogelling, and it is also the first example in which non-ionic, non

H-bonding interactions between the hydrophilic and hydrophobic compartment are critically affecting



the self-assembly in synthetic polymer amphiphiles. This mechanistic elucidation allowed us a tuning
of this unusual system by changing the hydrophilic blocks leading to significant differences with respect

to gel properties (strength and kinetics).
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Chapter 111

In this chapter, the polymer library of aromatic POx/POzi structures was further expanded. Therefore,
ABA type amphiphiles with changing aromatic B blocks (PPhenEtOX, poly(2-phenethyl-2-oxazine)
(PPhenEtOzi), PBhOx, PBhOzi) were studied. In the case of PPhenEt-structures, the POx derivative
exhibited inverse thermogelation. However, the gel properties and gelation mechanism differed from
the described amphiphiles of Chapter Il. The polymer A-PPhenEtOzi-A was not in the scope of the
manuscript as it did not gel. Therefore, a separate figure was included here showing aqueous solutions
at 20 wt.% of A-PPhenEtOzi-A and A-PPhenEtOx-A after equilibration at 5 °C.

A-PPhenEtOzi-A A-PPhenEtOx-A

Figure M1. Comparison of A-PPhenEtOzi-A and A-PPhenEtOx-A aqueous samples at 20 wt.%
equilibrated at 5 °C. Only A-PPhenEtOx-A showed inverse thermogelation.

The polymer structure and the self-assembly in aqueous solution of A-PPhenEtOzi-A was characterized
in detail via NMR, gel permeation chromatography, differential scanning calorimetry and DLS during

the master thesis of Matthias Maier (Supervisor: Prof. Dr. Robert Luxenhofer).

The fast and reversible sol/gel transition of A-PPhenEtOx-A samples were used in first cytocompatible

bioprinting experiments.

The following publication was reprinted with permission from Biomacromolecules 2021, 22 (7), 3017-
3027. https://doi.org/10.1021/acs.biomac.1c00427; © 2021 The Authors. Published by American
Chemical Society
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ABSTRACT: Hydrogels are key components in several biomedical research areas such as drug
delivery, tissue engineering, and biofabrication. Here, a novel ABA-type triblock copolymer
comprising poly(2-methyl-2-oxazoline) as the hydrophilic A blocks and poly(2-phenethyl-2-
oxazoline) as the aromatic and hydrophobic B block is introduced. Above the critical micelle
concentration, the polymer self-assembles into small spherical polymer micelles with a
hydrodynamic radius of approx 8—8.5 nm. Interestingly, this specific combination of hydrophilic
and hydrophobic aromatic moieties leads to rapid thermoresponsive inverse gelation at polymer
concentrations above a critical gelation concentration (20 wt %) into a macroporous hydrogel of densely packed micelles. This
hydrogel exhibited pronounced viscoelastic solid-like properties, as well as extensive shear-thinning, rapid structure recovery, and
good strain resistance properties. Excellent 3D-printability of the hydrogel at lower temperature opens a wide range of different
applications, for example, in the field of biofabrication. In preliminary bioprinting experiments using NIH 3T3 cells, excellent cell
viabilities of more than 95% were achieved. The particularly interesting feature of this novel material is that it can be used as a
printing support in hybrid bioink systems and sacrificial bioink due to rapid dissolution at physiological conditions.

B INTRODUCTION this system in smart 3D cell culture was discussed. In 2016, an
inverse thermogelling ABA-type block copolymer comprising a
poly(poly(ethylene glycol) methyl ether methacrylate) middle
block and thermosensitive poly(acrylamide-co-acrylonitrile)
(P(AAm-co-AN)) outer blocks was described.”" The temper-
ature-dependent sol/gel properties were investigated in the
temperature range of 8—80 °C and low polymer concentrations
of 3 and S wt %. At 8 °C, a clear hydrogel was obtained. The sol/
gel transition could be modulated by the polymer composition.
By modifying a high molecular weight precursor copolymer
comprising N,N-dimethylacrylamide and acrylic acid with
hydrophobic moieties of n-dodecyl amine, an inverse
thermogelling hydrogel could be realized.”* At 0 °C, a viscosity
of approx. 1 kPas was obtained by varying the sol/gel
temperature with different polymer concentrations. However,
no defined application as biomaterials has been described here
either. Inspired by the water transfer of natural mimosa, Chen
and co-workers established a thermoresponsive bilayer system in
2018.”* One part of the system was an inverse thermogelling
hydrogel formed by poly(acrylic acid-co-acrylamide) (PAAc-co-
PAAm) layers. The system was discussed as an actuator for the

Thermosensitive water-soluble polymers undergo phase sepa-
ration due to temperature changes. Phase separation upon
heating is characterized by a lower critical solution temperature
(LCST)." In contrast, in a polymer, which exhibits an upper
critical solution temperature (UCST), phase separation takes
place upon cooling.”~” Exemplarily, Seuring et al. reported and
characterized the UCST-type phase separation properties of a
nonionic homopolymer poly(N-acryloyl glycinamide) in pure
water.® In a more recent study poly(acrylic acid) was
copolymerized with acrylonitrile resulting in an UCST-type
copolymer combining the driving forces of hydrogen bonding
and hydrophobic interactions.” In some cases hydrogel
formation instead of phase separation/precipitation is observed.
Opver the last decades, most described systems in the literature
are based on synthetic or natural water-soluble polymers
exhibiting thermosensitive gelation upon heating.'~'® By
introducing thermoresponsive units into the polymer structure,
gelation can be induced at room or elevated temperatures as was
described many times.'®"” Only a few examples can be found in
the literature where the gelation occurred upon cooling the
sample below a critical temperature (inverse gelation).
Particularly prominent examples are natural biopolymers like
gelatin, agarose, and pectin/chitosan systems.'®'" In 1998
Yoshioka et al. reported a gelatin-g-poly(N-isopropylacryla-
mide) graft copolymer which undergoes thermogelation (above
34°C) and inverse thermogelation (below 10 °C) at $ wt %.” In
addition to rheological investigations, the hypothetical use of
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Scheme 1. Synthesis Route”
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%(A) Synthesis of PhenEtOx (B) adapted from Witte and Seeliger.*' (B) Synthesis of the ABA-type amphiphile by living cationic ring-opening
polymerization of the hydrophilic MeOx (A) and the hydrophobic and aromatic PhenEtOx (B) using methyl triflate (MeOTf) as an initiator. To
introduce the terminal Y-functionality, BOC-Pip (P1) and EIP (P2) were used as terminating reagents, respectively.

fabrication of intelligent soft materials for bioinspired
applications. Nevertheless, the embedding of living cells seems
to be challenging as the cells sediment before polymerization
and the actual hydrogel formation is performed at S0 °C under
ultraviolet light (UV) exposure. The combination of such
conditions can be expected to cause significant cytotoxicity. In
2019, Hua et al. reported a multi-thermoresponsive hydrogel
system, which offers the possibility of 3D shape transition upon
cooling in water and oil systems.”* In the last years, the interest
in biofabrication, especially for tissue engineering and
regenerative medicine has been rapidly growing into a promising
interdisciplinary research field in its own right.”> One major
additive manufacturinég technique used in the field is extrusion-
printing of bioinks.”® Often a hydrogel formulation, which
enables printability and cell survival during the printing process,
is preferentially used.”” To date, most commonly, hydrogels
based on natural biopolymers, such as gelatin, alginate, and
hyaluronic acid, are used due to their generally good
cytocompatibility.”® However, such systems based on biopol-
ymers can also have limitations such as less-than-ideal
printability and often considerable batch-to-batch variations,
especially with respect to rheological properties. The synthetic
polymer platform formed by cyclic imino ethers, in particular
poly(2-substituted-2-oxazoline)s (POx) and poly(2-substi-
tuted-5,6-dihydro-4H-1,3-oxazine)s (poly(2-oxazine)s, POzi),
was investigated for decades as biomaterials in different
applications due to good cytocompatibility and chemical
versatility.”” > POx/POzi-based systems were investigated as
thermoresponsive materials®> for biomedical applications®>**
and drug delivery’® approaches. However, surprisingly few
reports can be found that show thermogelation of pure POx/
POzi polymers in water. In 2017, Lorson et al. established a
thermogelling cytocompatible and printable supramolecular
hydrogel based on POx/POzi diblock copolymers.*® The system
comprised a hydrophilic poly(2-methyl-2-oxazoline) (PMeOx)
block and a thermoresponsive poly(2-n-propyl-2-oxazine)
(PnPrOzi) block of similar block length. Another thermogelling
hydrogel was described by Hoogenboom and Monnery.”” A
BAB triblock copolymer bearing poly(2-n-propyl-2-oxazoline)
(PnPrOx) (B) and hydrophilic poly(2-ethyl-2-oxazoline) blocks
(A) showed sol/gel transitions upon heating, but extremely high
degrees of polymerization were required. In 2019, Liibtow et al.
described a different, much shorter ABA triblock copolymer,
which forms stable, but relatively weak and barely printable,
thermogelling hydrogels.”® Very recently, the first inverse
thermogelling hydrogel formed by POx/POzi-based block
copolymers was described.” Here, the ABA triblock copolymer
comprising the hydrophilic PMeOx (A) and aromatic hydro-
phobic poly(2-phenyl-2-oxazine) (PPheOzi, B) blocks under-
goes gelation at lower temperatures. The stable hydrogel was
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formed by entangled self-assembled wormlike micelles, which
form from spherical micelles upon cooling, leading to gelation. A
potential application of such system as a biomaterial ink was
mentioned. The limiting factor for using this system as a
component in a bioink formulation is its gelation kinetics. Upon
cooling, it takes about 1 h to form a hydrogel suitable for
printing, which is a rather long time if viable cells are to be
embedded. Very recently, a novel gelation mechanism driven by
interactions between the hydrophilic PMeOx blocks and the
aromatic PPheOzi blocks was suggested for this system.”” Due
to this interaction, the volume fraction of the hydrophilic to
hydrophobic domain changes, leading to the morphology
switch. Interestingly, polymers containing very similar 2-phenyl-
and 2-benzyl-2-oxazoline and 2-benzyl-2-oxazine did not
undergo this gelation. Here, a further structural variation and
a new ABA triblock copolymer containing aromatic poly(2-
phenethyl-2-oxazoline) (PPhenEtOx, B) is described, which can
be seen as a higher homologue or structural isomer of previously
studied polymers, and it again undergoes inverse thermogelation
in aqueous solution. In contrast to previously studied material, a
rapid thermoresponsive sol/gel transition was observed, which
facilitates its use as a bioink component, as was demonstrated.
The additional two CH,-groups in the sidechain as well as the
different backbones compared to the previously described
inverse hydrogel platform, leads to distinct differences in the
gelation mechanism as in the present case, the size and
morphology of the polymer self-assemblies do not change with
temperature.

B EXPERIMENTAL SECTION

In general, all substances and reagents for the monomer synthesis and
polymerization were purchased from Sigma-Aldrich (Steinheim,
Germany) and TCl-chemicals (Eschborn, Germany) and were used
as-received without further purification unless otherwise stated. For
polymerization, all substances were refluxed over CaH, for several
hours and distilled prior usage. The solvent benzonitrile (PhCN) was
dried over phosphorus pentoxide.

The monomer synthesis of 2-phenethyl-2-oxazoline (Schemes 1A
and S1) was carried out as described by Witte and Seeliger.*’ For the
reaction, 1 equiv of 3-phenylpropionitrile, 1.2 equiv of amino-ethanol,
and catalytic amounts of zinc acetate dihydrate were added to a argon-
flushed flask and heated to 130 °C under reflux for several days until the
color of the reaction mixture turned brown. Reaction progress was
controlled by 'H NMR spectroscopy. After completion, the mixture
was dissolved in dichloromethane and washed three times with H,0.
The organic phase was dried with MgSO, and concentrated. The raw
product was refluxed with CaH, and purified via vacuum distillation
under an argon atmosphere yielding a colorless liquid. The resulting
compound 2-phenethyl-2-oxazoline was characterized via refractive
index, gas chromatography-electrospray ionization-mass spectrometry
(GC-ESI-MS) analysis, and 'H and "*C nuclear magnetic resonance
(NMR) spectroscopy (see the Supporting Information).
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Refractive index measurements of the synthesized monomer 2-
phenethyl-2-oxazoline was performed on a REM 870 refractometer
from Bellingham + Stanley at 20 °C (Farnborough, England).

The monomer was further analyzed via mass spectrometry using an
Agilent 5977B MDS system coupled with a gas chromatography system
Agilent 7820A. The GC system was equipped with an Agilent 19091S-
433U1 HP-S ms ultrainert column (30 m X 250 gm X 0.25 um). The
temperature gradient was set from 40 to 300 °C with a constant heat
rate of 15 °C/min and a constant flow of 1 mL/min.

The ABA-type copolymers were synthesized following a general
procedure based on previous reports (detailed description in the
Supporting Information).*>*

NMR was performed on a Bruker Fourier 300 ('H: 300.12 MHz)
spectrometer at 298 K from Bruker BioSpin (Rheinstetten, Germany)
and calibrated using the residual protonated solvent signal.

Gel permeation chromatography (GPC) was performed on a
Polymer Standard Service PSS (Mainz, Germany) SECurity system
with the following specifications: pump mod. 1260 infinity, MDS RI-
detector mod. 1260 infinity (Agilent Technologies, Santa Clara,
California, USA), precolumn: 50 X 8 mm PSS PFG linear M, and 2
columns: 300 X 8 mm PSS PFG linear M (particle size 7 yum; pore size
0.1-1.000 kg/ mol) with hexafluoroisopropanol (HFIP, containing 3 g/
L potassium trifluoroacetate (KTFA)) as eluent calibrated against PEG
standards with molar masses from 0.1 to 1000 kg/mol. The columns
were held at 40 °C and the flow rate was set to 0.7 mL/min. Prior to
each measurement, samples were dissolved in the eluent and filtered
through 0.2 ym PTEE filters (Rotilabo, Karlsruhe, Germany) to remove
particles, if any.

Rolling ball viscosity experiments were performed on a LOVIS 2000
M microviscometer from Anton Paar (Graz, Austria) usinga LOVIS 1.8
capillary and a steel ball of 1.5 mm diameter. Prior to viscosity
measurements the density was determined at S and 40 °C using a DMA
4100 M density meter from Anton Paar (Graz, Austria). A temperature
scan from 5 °C — 40 °C and 40 °C — 5 °C of a 10, 15, and 20 wt %
aqueous sample was performed in an automated angle mode with 3 min
of temperature equilibration to establish the temperature-dependent
dynamic viscosity.

For pyrene fluorescence assay, 40 uL pyrene solution (25 uM) in
acetone was added to glass vials. The solvent was evaporated and 3 mL
of polymer solutions of different concentrations in deionized water
were added to yield final polymer concentrations of 1 X 1077 — § X
1075 M and a fixed pyrene concentration of 5 X 10”7 M. The pyrene
fluorescence emission spectra (Aeyaion: 330 nm at 25 °C) were
recorded on a FP-8300 spectrofluorometer system from Jasco (Gross-
Umstadt, Germany) between 360 and 400 nm. To determine the
critical micelle concentration (CMC), the I,/I; ratios as a function of
polymer concentration were fitted using the Boltzmann fit function,
which is given by

AI_AZ

y= (x—xq)/ Ax

= + A,
1+4+e

(1)

where A, and A, are the upper and lower limits of the sigmoid, x, is the
center of the sigmoid, and Ax is directly related to the range where the
abrupt change of the sigmoid occurs. The onset of an abrupt decrease is
defined as the CMC and can be determined via eq 2, which is given by

)

Rheology investigations were recorded on an Anton Paar
(Ostfildern, Germany) Physica MCR 301 system utilizing a plate—
plate geometry (25 mm diameter) equipped with a solvent trap and
Peltier element for temperature control. All aqueous samples were
measured after complete dissolution in Millipore water and a
concentration of 20 wt % at S °C. A temperature sweep from 5 to 40
°C followed by a cooling sequence to 5 °C was carried out in an
oscillation mode (angular frequency 10 rad/s and amplitude 0.1%) and
a constant heating or cooling rate of 0.1 °C/s. For investigations of
viscoelastic behavior, the linear viscoelastic region (LVE) was
determined by performing an amplitude sweep (0.02% — 500%)
using a fixed angular frequency of 10 rad/s. Subsequently, a frequency

x(CAC) = x5 — 2Ax
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sweep (0.1 rad/s — 100 rad/s) was performed at a fixed strain
deformation of 0.1%. For dispense plotting, rheological preconditions
of the hydrogel are shear-thinning properties, defined force resistance
profile, and fast structure recovery after deformation. For steady shear
experiments, the control shear rate mode was used (0.001 1/s = 1000
1/s). The pronounced viscosity 7 decrease was fitted using the power
law expression (eq 3)

n=K@"! 3)

where K is the consistency index, n is the flow index, and 7 is the applied
shear rate.

During a steady stress sweep (S Pa — 1500 Pa) the onset value of
viscosity decrease is referred as the yield point of the hydrogel system.
To investigate the structure recovery properties, two different recovery
testing experiments were performed. During the ORO (oscillation-
rotational-oscillation) experiment, a low strain deformation of 0.5% is
followed by a high shear rate of 100 1/s. In the ROR (rotational-
oscillation-rotational) experiment, a low shear rate region of 0.1 1/s is
followed by a high strain of 100%.

Dynamic light scattering (DLS) experiments were performed on an
ALV SP12S (Langen, Germany) equipped with a He-Ne laser (22 mW,
A =632.8 nm) and a single optical avalanche photodiode detector or an
ALV CGS-3 multidetection goniometry system (Langen, Germany)
equipped with a He-Ne laser (632.8 nm) and eight optical avalanche
photodiode detectors with a detector angle distance of 16°. Scattering
angles from 30 to 125° were measured with a 5° angle interval for
aqueous samples (15, 20, 25, and 40°) and 30 to 70° for a methanol
sample (20 °C, correlation time 60 s, average of 3—5 runs). Prior to
each measurement, samples were dissolved in methanol (10 g/L) and
filtered through 0.02 ym Anotop membrane filters from Whatman GE
Healthcare followed by Millex-LG 0.2 pm. After evaporation of
methanol, the samples were dissolved in prefiltered (Millex-LG 0.2 ym)
Millipore water (containing 2 mM NaNOj;) or methanol. Samples (1 g/
L) were filtered (Millex-LG 0.2 pm) into dust-free cuvettes under
laminar flow. The decay of the electric field-time autocorrelation
function (ACF) was fitted using biexponential fit functions (eq 4) with
respect to polydispersities:

(=t/m) 4 az,e(*t/fz)

80 = ave (@

with the amplitudes a; and the decay time 7, = %D , q being the absolute
D,

value of the scattering vector and D the translational diffusion
coefficient which is indirectly proportional to the hydrodynamic radius
R, (Stokes—Einstein equation):

kT
a 6:-n-D

R
' (s)
with Boltzmann constant kg and the viscosity of the solvent 7.

For transmission electron microscopy (TEM) investigations, the
polymer was dissolved in ultrapure water to a final concentration of 20
g/L. For the negative stain method, 400 mesh copper—rhodium grids
(maxtaform) with a homemade carbon layer were glow-discharged in
air for 1.5 min at medium power in a Harrick PDC-002 plasma cleaner.
The 20 g/L sample was diluted (1/125) and 8 L was incubated on the
grids for 1 min before blotting (Whatman filter paper No 50).
Subsequently, the grids were washed with water (3x) and with 2% (w/
v) uranyl acetate (3X). For imaging, a single-tilt room temperature
holder in a FEI Tecnai T12 Spirit transmission electron microscope
equipped with a LaB4 emitter at 120 kV was used. Images were recorded
with an Eagle CCD camera under low-dose conditions. The
micrographs were binned two times resulting in a pixel size of 4.4 A/
pix at the specimen level.

The temperature-dependent 'H NMR analysis was performed on a
Bruker Avance III HD 600 spectrometer (Karlsruhe, Germany)
operating at 6004 MHz with a BBFO 5 mm probe. 'H NMR
experiments at different temperatures (5—40 °C) of a 20 wt % hydrogel
sample in D,0/H,0 (1:1) were performed without sample spinning
and 16 scans. The sample was kept for 10 min at the desired
temperature prior to each measurement. Temperature calibration was

https://doi.org/10.1021/acs.biomac.1c00427
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done using 4% MeOH in MeOD and 80% ethylene glycol in DMSO-d,.
All recorded spectra were referenced using the temperature-dependent
HDO signal. For a more quantitative characterization of the
temperature-induced phase transition, the fraction p was calculated
with the integrals I(T) and I(T)) at the respective temperatures T and
T, using the following equation:**

1(T)

T,

(T)*3 (6)

The highest signal intensity was measured at 40 °C, which was
chosen to be T,. Reductions of signal intensity caused by inhibited
molecular mobility due to gelation and viscosity increase were
quantified by values of p < 0.

For small-angle X-ray scattering (SAXS) experiments, an in-house
setup at the Chair of X-ray Microscopy at the University of Wiirzburg
was used, which was built by Fraunhofer EZRT (Fiirth, Germany). It
consists of a MicroMax-007 HF X-ray source (Rigaku, Japan) and an
EIGER R IM detector unit (Dectris, Switzerland). The sample-
detector distance can be varied between 5 ¢cm and 3.5 m, which
corresponds to possible Q-values between 0.005 and 5 A™'. The
complete setup is operated in a vacuum below 0.1 mbar to reduce air
scattering. The sample solution (20 wt %) was placed in quartz
capillaries (inner diameter: 1 mm, wall thickness: 10 gm) (Hampton
Research, Aliso Viejo, California), which were positioned perpendic-
ularly to the X-ray beam. The presented experiments were done at
sample-detector distances of 57, 565, and 1560 mm with an integration
time of 15 min for the shortest distance and 240 min for the two longer
configurations. All distances were calibrated using a silver behenate
standard sample. Data were acquired for different temperatures
between S and 40 °C. To achieve thermal equilibrium, the sample
was kept at the desired temperature for 15 min prior to each
measurement. The SAXS data, which were obtained at the two largest
distances, were calibrated in terms of absolute intensities using glassy
carbon as a secondary calibration standard.*>*® The scattering curves of
the hydrogel were obtained by azimuthal integration and corrections
taking the sample thickness, X-ray transmission, detector accuracy,
setup geometry, and solvent scattering into account, by following the
standard procedures described in the literature.*” A detailed description
of the fitting procedure using a hard sphere model can be found in the
Supporting Information.

For scanning electron microscopy (SEM) of the native hydrogel
structure, we investigated a cryogenic sample preparation procedure.
For this, hydrogel samples were placed between two aluminum holders
(d =3 mm), both containing a notch with a diameter of 2 mm, enclosing
the sample and rapidly frozen in slush nitrogen (SN) at —210 °C. The
samples were then transferred into a sputter coater with a Leica EM
VCT100 cryo-shuttle at —140 °C (Leica Microsystems ACE 400,
Wetzlar, Germany). Here, the upper half of the sample was knocked off
to create a fresh fractured surface and freeze-etched at —85 °C for 15
min under vacuum (<1 X 107> mbar). The samples were finally
sputtered with 3 nm platinum and transferred with the cryo-shuttle into
the SEM chamber. The morphology of the fractured surfaces was
imaged at —140 °C, by detecting SE using acceleration voltages of 2 or 8
kv.

To investigate the printability of 20 wt % hydrogel samples, a
compact bench-top 3D bioprinter (BioX, Cellink, Sweden) working on
the principle of an extrusion-based technology was used. The printhead
and the print bed were cooled to 8 °C prior to each fabrication process.
The printing speed was set to 10 mm/s and a pressure of 120—160 kPa
was applied (nozzle: 25 G, stainless steel, length of 6.35 mm). First, the
printing resolution was investigated by increasing the strand-center to
strand-center distance stepwise from 0.5 mm — 0.75 mm — 1 mm —
1.5 mm — 2 mm (layer height 0.25 mm). To investigate the steadiness
of the hydrogel, a strand collapse test was investigated as described by
Ribeiro et al.*® The distance between the two edition points increased
from 0.1 = 0.2 = 0.4 — 0.9 — 1.7 cm. Finally, real 3D-printing was
performed by printing a 20-layered tubular construct of 5 mm total
height and 5 mm diameter using the parameters already described.
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To evaluate the cytocompatibility of POx/alginate (20:1 wt %)
bioinks, the viability of embedded NIH 3T3 cells (ATCC, Germany, 1
Mio/mL) was investigated. As a reference, sodium alginate (VIVA
Pharm, PH176, 1 wt %) was used. After homogenous cell distribution at
37 °C a simple one-layered square structure (Figure S6) was printed at
10 °C with a printing pressure of 50 kPa and a printing speed of S mm/s.
Stabilization after printing was performed using a 0.1 M CaCl, aqueous
solution (10 min). The cross-linked scaffolds were incubated for 24 h at
37 °C in cell culture medium (DMEM high glucose (Gibco from
Sigma-Aldrich)) supplemented with 1% pen/strep, 2% glutamine
(Thermo Fisher), and 10% bovine calf serum from Corning under
controlled conditions (5% CO,, 95% relative humidity). To assess the
cell viability, printed NIH 3T3 cells were stained inside the scaffolds
using Calcein AM (Invitrogen, Thermo Fisher) after 24 h of cultivation,
whereas blue nuclei acid stain (DAPI) (Thermo Fisher) was used to
visualize nuclei of all embedded cells. ImageJ software was used to
determine the cell viability using automatic cell counting in three
fluorescence images (1 = 3) of three different samples (n = 3) obtained
with an epifluorescence microscope (Zeiss Observer, Germany) using
the following equation:

[number of living cells]

cell viability =

[number of cell nuclei]

(7)

B RESULTS AND DISCUSSION

Two batches of an ABA-triblock copolymer PMeOx;s-b-
PPhenEtOx,s-b-PMeOx;; (=A-PPhenEtOx-A) (Scheme 1B)
were synthesized by living cationic ring-opening polymerization
(LCROP) and characterized by '"H NMR spectroscopy (Figures
S2 and SS) and GPC (Figures S1 and S4). The successful
termination using different terminating agents (P1: 1-Boc-
piperazine (BOC-Pip), P2: ethyl isonipecotate (EIP)), the
comparable degree of polymerization of approx 90 repeating
units, and a ratio of PMeOx/PPhenEtOx of 4 were verified by
the corresponding signal intensities in "H NMR spectra.

Via GPC, the number average molar mass M, and the
dispersity B (M,,/M,) of both batches were compared after
completion of every single block and purification of the final
polymer product. Both batches show reasonably narrow molar
mass size distributions (P (P1) = 1.12, P (P2) = 1.17) and an
increase in the number average molar mass during the
polymerization reaction, indicative of the living polymerization.
The primary structural difference between these novel polymers
in comparison to the previously described aromatic amphiphiles
is one additional methylene group in the sidechains of every
repeat unit in the central B block, which leads to significantly
altered physicochemical properties. Very similar to previously
described ABA-type amphiphiles, the novel polymers form
stable nanoscale micelles in aqueous solutions above the
CMC.” * % The investigated A-PPhenEtOx-A polymer
exhibited a rather low CMC of 0.3 uM as determined by pyrene
fluorescence measurement in dependency of the polymer
concentration (Figure 1A,B). The hydrodynamic radius of
these nanoscale aggregates was determined via DLS at different
scattering angles (Figure 1C,D). In the nonselective solvent,
methanol, the hydrodynamic radius of an individual polymer
chain was determined as ca. 2.4 nm. In contrast, in the selective
solvent water, the polymers self-assemble into micelles with a
hydrodynamic radius of ca. 8 nm. The low dependence on the
scattering angle (30 — 125°) suggests spherical micelles of low
polydispersity (Figure 1D). The spherical morphology of the
micelles could be further corroborated by means of TEM
(Figure 1E).

Inspired by our previous finding for a similar ABA
triblock,”** we investigated the thermoresponsive properties.

https://doi.org/10.1021/acs.biomac.1c00427
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Figure 1. Self-assembly of A-PPhenEtOx-A at low polymer
concentration in aqueous solution. (A) Characteristic pyrene emission
spectra at 25 °C and polymer concentrations of 10~ M (red) and 10~
M (blue). (B) I,/1; intensity ratio of the pyrene signal at different
polymer concentrations fitted with the Boltzmann fit function (R* :
0.99707). (C) Autocorrelation functions of DLS experiments of 1 g/L
aqueous polymer solution containing 2 mM NaNO; at 20 °C and
different scattering angles (30 — 125° in 5° steps). (D) Inverse
hydrodynamic radius in dependency of the scattering vector q* of 1 g/L
aqueous polymer solution containing 2 mM NaNO; (circle) compared
to 1 g/L polymer solutions in methanol as nonselective solvent
(square). (E) TEM image from aqueous polymer solution stained with
uranyl acetate showing spherical micelles.

Indeed it was observed that when the concentration exceeded 20
wt %, a hydrogel was formed at low temperature (Figure 2A,B
(P2), Figure S3 (P1)). However, investigating this phenomenon
in more detail, crucial differences in gel strength, critical
concentration, and temperature compared to the previously
described material (PMeOx;-b-PPheOzi,s-b-PMeOxy;) were
found. The thermoresponsive behavior was evaluated by rolling
ball viscosimetry at different concentrations (10, 15, and 20 wt
%) combined with a heating (5 °C — 40 °C) and cooling (40 °C
— 5 °C) ramp. At 10 and 15 wt %, the viscosity decreases
steadily with increasing temperature (75 -c(10 wt %) = 9 mPas
— 740 oc(10 Wt %) = 3 mPas, 75 oc(15 wt %) = 50 mPas —
M40 °«c(10 wt %) = 11 mPas) without any notable features. The
cooling and heating ramps yield very similar values. In contrast,
at 20 wt % the viscosity increases very fast below a critical
temperature of approx. 22 °C eventually trapping the ball,
whereupon no further values are obtained (Figure 2C).
Increasing the temperature, the polymer solution again flows
freely forming a moderately viscous solution with dynamic
viscosity values of approx. 70 mPas at 40 °C. A notable hysteresis
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Figure 2. Increasing concentration of A-PPhenEtOx-A leads to
hydrogel formation. (A) Pictures of aqueous solutions at 5 °C and
different polymer concentrations (10 — 15 — 20 wt %). (B)
Photographic images of aqueous solution at 40 °C and a polymer
concentration of 20 wt %. (C) Temperature-dependent viscosity
measurements (rolling ball system) at different polymer concentrations
(blue and filled symbols: cooling, red and open symbols: heating).

of approximately 3 °C was observed in this experiment. In
addition, we characterized the inverse gelation by rheology
(Figure S7). Again, a hysteresis of the gel temperature Ty (G’ =
G") between heating (T = 25 °C) and cooling (T = 22 °C)
can be seen. The gelation is fully reversible and a stable hydrogel
(G’ > > G”) below T,y was observed.

Compared to the recently described ABA triblocks featuring a
PPheOzi hydrophobic B block, there are notable differences in
the present system. First, a significantly higher concentration is
needed (cg [A-PPheOzi-A] = S wt % vs ¢ [A-PPhenEtOx-A]
=20 wt %). Second, the critical temperature is lower (Ty [A-
PPheOzi-A] = 32 °C*” vs T, [A-PPhenEtOx-A] = 22—-25 °C).
Third, the gelation kinetics is much faster compared to the
previous system (slow gelation®” <—> rapid gelation).

To investigate the thermoresponsive aggregation on a
molecular level, temperature-dependent 'H NMR experiments
were conducted (Figure 3A,B). At § °C, the signals attributed to
the polymer backbone (3.45 ppm) and CHj-sidechain (2.00
ppm) of the hydrophilic building blocks are visible, albeit broad
and featureless. In the aromatic region (6.92 ppm) of the
spectrum, no signals are visible at 5 °C. This can be readily
explained by very short transversal relaxation times T,* of the
moieties in the hydrophobic micellar core, which are densely
packed and apparently less hydrated so that efficient spin—spin
relaxation can occur. As previously discussed, a gradual increase
of the temperature from 5 to 40 °C causes liquefaction, and the
signals of the hydrophilic as well as the hydrophobic part
become narrower and more defined (Figure 3A,B) as molecular
mobility increases. Most interestingly, this is particularly visible
in the aromatic region of the spectrum. An increasing, albeit still
featureless signal is visible with increasing temperature, which is
caused by more flexible units of the hydrophobic core. Likewise,
the reversibility of aggregation could be demonstrated by a
subsequent cooling sequence, whereby the initial aggregation is
achieved (Figure 3B). A more quantitative insight was obtained
by comparing the integrated NMR intensities of different
polymer signals as a function of temperature (Figure 3C). A p-
value (eq 6) of zero indicates the highest mobility in the liquid
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Figure 3. Temperature-dependent aggregation by means of 'H-NMR
spectroscopy and SAXS experiments. "H NMR spectra of a 20 wt %
hydrogel sample (H,0/D,0, 1:1) at different temperatures (A) S °C
— 40°C, (B) 40 °C — § °C. (C) p-Values for different polymer signals
as a function of temperature. (D) SAXS of a 20 wt % aqueous hydrogel
sample at different temperatures (S, 15, 20, 25, 30, and 40 °C). After the
initial measurement, the sample was cooled again to S °C (E). (F)
Correlation length £ as a function of temperature obtained from the
scattering curves (error bars: numerical error).

state (40 °C). The aromatic CH-protons are most strongly
influenced yielding high p-values (close to 1 = little signal
intensity left) in the gel state. Liquification due to increased
temperature caused an increasing signal resulting in a steady p-
value decrease up to 40 °C for the hydrophobic signals. The
previously described slow gelling system based on A-PPheOzi-

A showed a constant p-value in the gel state and a rapid p-value
decrease upon liquefaction. The hydrophilic shell and the
backbone are affected to a much lesser extent, similar to previous
reports on the aggregation behavior of thermoresponsive phase
separation of different POx-based polymers.”* In contrast to
DLS, the polymer sol/gel could be investigated at concen-
trations needed for hydrogel formation (20 wt %) using SAXS.
The scattering curves suggest a feature size of 16—18 nm with
only small changes with changing the temperature (Figure 3D).
However, the small changes observed proved to be fully
reversible as evidenced by scattering curves at 5 °C being
superimposable after a heating/cooling cycle to 40 °C (Figure
3E). To characterize the scattering curves in more detail, hard-
sphere model fit functions were employed (detailed information
in the Supporting Information and Table S1). In particular, we
focused to obtain the correlation length &, the distance in which
neighboring micelles correlate with each other. Interestingly, &
increased with decreasing temperature with a strong increase in
particular between 15 and 5 °C. An increased correlation length
means that the micelles interact over a greater distance.
Interestingly, on comparing the temperature-dependent rheol-
ogy and correlation length it, becomes apparent that the
correlation is not completely straightforward.

In fact, the correlation length only increases strongly below
the Ty, at 15 °C and below, while gelation (G’ > G”) occurs
already at 22 °C. Interestingly, below 15 °C, the p-value for the
pMeOx shows a marked increase, indicating reduced mobility.
Looking more closely at the temperature-dependent rheology,
the longer correlation lengths coincide with the formation of a
plateau for both G" and G'. In contrast, the values for G’ and G’
at Ty are about three orders of magnitudes lower than at this
plateau. It appears at this point that the hydrogel formation of A-
PPhenEtOx-A is caused by densely packed spherical micelles
with reduced mobility at low temperature due to increased
intermicelle correlation, somewhat resembling the aggregation
behavior of Pluronic F127. However, Pluronic F127 forms a
hydrogel upon heating because of a thermoresponsive poly-
(propylene glycol) block whereas A-PPhenEtOx-A does so upon
cooling and does not contain a polymer block which is
thermoresponsive in itself. Accordingly, it appears obvious
that on the molecular level, the thermogelation of A-
PPhenEtOx-A and Pluronic F127 is not related. Also, comparin%
to the wormlike hydrogel system comprising A-PPheOzi-A*

Scheme 2. Self-Assembly of the ABA-Type Triblock Copolymer and Inverse Thermogelation”
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“(A) At very low polymer concentration single polymer chains are present. The aqueous polymer solution has a low viscosity. Above the CMC, the
amphiphile self-assembles into spherical micelles. (B) Increase in concentration above Ty leads to a micellar solution with moderate viscosity and
macromolecular mobility. Decrease in temperature below T, leads to an increase in the intermicelle correlation, physical network formation, and a
macroscopic gelation. (C) Schematic illustration of the different correlation lengths at different temperatures. Upon cooling, the correlation of

individual micelles increases.
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Figure 4. Rheological characterization for dispense plotting applications and cryoSEM analysis of the A-PPhenEtOx-A hydrogel at § °C. (A) Amplitude
sweep of the 20 wt % hydrogel at S °C and an angular frequency of 10 rad/s with storage moduli (G’ = square), loss moduli (G” = circle), and damping
factor (filled square) is shown. (B) Frequency sweep with a fixed amplitude of 0.1%. (C) Viscosity (triangle) and shear stress (filled square) in
dependency of the applied shear rate for a 20 wt % hydrogel. (D) Viscosity (triangle) and shear rate (filled square) as a function of the applied shear
stress in the steady shear stress experiment. (E) ORO recovery test of the hydrogel. (F) ROR three-step recovery. (G—1I) CryoSEM images of the 20 wt

% hydrogel at 1 k X, 2 k X and 10 k X magnification.

with different slope regions in the SAXS pattern, significant
differences were obtained. To summarize, the amphiphile self-
assembles into spherical micelles (R;, (15 °C) = 8.5 £ 0.1 nm, R,
(25°C) = 8.4 + 0.1 nm, and Ry, (40 °C) = 8.5 + 0.2 nm) at all
investigated temperatures above the CMC (0.3 uM). In
comparison, the previously described inverse gelling system
with PheOzi instead of PhenEtOx as hydrophobic repeat units
showed a pronounced temperature dependency of the apparent
Ry, (Ry(15 °C) > 100 nm) connected to a change in micellar
morphology from spherical to worm.” Here, the increased
concentration leads to the formation of highly concentrated
dispersion of spherical micelles, similar to the situation well
known for Pluronic F127. However, in contrast to the present
system, Pluronic F127 only forms micelles above the critical
temperature of the poly(propylene glycol) blocks. Decreasing
the temperature resulted in reduced micellar mobility which was
observed due to an increasing correlation length between
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neighboring micelles, consequently leading to the inverse
gelation (Scheme 2).

As previously mentioned, stimuli-responsive hydrogels have
been utilized in different biomaterial applications.”’ Recently,
different approaches were established to overcome limitations in
the so-called biofabrication window, especially in bioprinting.>*
One approach is to improve printability by support materials
and sacrificial materials, while retaining cell viability by utilizing
biological components, cell-friendly cross-linking, and mild
printing conditions. The search for suitable hydrogel platforms
is an ongoing challenge due to multiple specific and sometimes
contradictive requirements. Appropriate gelation kinetics, good
printability, and cytocompatibility are key requirements for
hydrogels during bioink design. Therefore, the viscoelastic
properties of the present inverse thermogelling platform were
thoroughly investigated via rheology. In the pronounced
viscoelastic region (LVE, end of LVE and flow point (G’ =
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Figure S. Extrusion printing of a A-PPhenEtOx-A 20 wt % hydrogel (A—D) and a hydrogel blend of A-PPhenEtOx-A and alginate (E—H) at 8 °C
(nozzle 25 G, speed: 10 mm/s). (A, E) Filament fusion test to visualize printing resolution. (B, F) Filament collapse test by printing bridges of
increasing distances. (C, D, G, H) Printed 20 layer (5 X S mm cylindrical tube structures) constructs (top and side view).
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Figure 6. Cytocompatible bioprinting of POx/alginate-based bioinks using NIH 3T3 cells (A). (B, C) Single and merged fluorescence images of
embedded NIH 3T3 cells in POx/alginate (upper row) and alginate (bottom row) stained with DAPI (blue) and Calcein AM (green) after printing,
stabilization with CaCl,, and 24 h of incubation. (D) Cell viability of NIH 3T3 cells in three different printed scaffolds of alginate and POx/alginate

hydrogel blend.

G") marked with red lines), a constant storage modulus G’ of
14.8 + 0.3 kPa was obtained with a low damping factor of 0.3 +
0.02, which suggest a stable viscoelastic hydrogel (Figure 4A).
Interestingly, the hydrogel exhibits a profound dependency on
the frequency (Figure 4B). Increasing the frequency leads to
increased G’ and decreased G” values, ie. the solid-like
character is amplified with the dampening factor reaching values
<0.03 at 500 s~". To utilize a hydrogel as 3D-printable ink in
different printing applications, three major rheological consid-
erations must be addressed, namely, pronounced shear-thinning,
defined force resistance, and fast structure recovery properties.”
With the increasing shear rate, the viscosity of the present
hydrogel decreases following a power law expression with a flow
index of 0.05 + 0.004, indicating very pronounced shear-
thinning (Figure 4C). Even at very low shear rates of 0.001 s,
no viscosity plateau is reached and shear stress values of ca. 200
Pa are measured at this point. In contrast, at very high shear rates
of 1000 s~', the viscosity values are very low (ca. 1 Pa s) with
shear stress values increasing up to 750 Pa. To obtain the yield
point and the force resistance of the hydrogel, the viscosity was
plotted as a function of the applied shear stress and split up in
three regions (Figure 4D). Below the critical stress, almost
constant viscosity values between 10* and 10° Pas with very low
shear rates (between 10™* and 107 1/s) were determined (1).
At a certain stress, the viscosity decreases very fast with
increasing shear rate values to low viscosity values (2). The onset
of 440 Pa is determined via two tangents. At high shear stress
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values of 800 — 1500 Pa, plateau values for the viscosity and
shear rate of 0.1 Pas and 10* — 10*s™" are reached (3). Structure
recovery was tested using a three-step test, designed as ORO and
ROR experiments, altering low and high strain regimes (Figure
4E,F). In both cases, the structure recovered very fast and the
initial values were obtained during the experiments, which we
interpret to show rapid and complete structure recovery. To
obtain insights into the hydrogel morphology, we conducted
cryogenic scanning electron microscopy (cryoSEM) (Figure
4G-1I). A rather homogenous porous structure with pores in the
range of several hundred nanometers was obtained. In
comparison to a recently described hydrogel based on a A-
PPheOzi-A triblock copolymer, the presently described A-
PPhenEtOx-A hydrogel has significantly smaller pores.”” The
strong frequency dependence in combination with smaller pore
sizes compared to the previously published hydrogels consisting
of wormlike micelles further underlines the differences between
the individual gelation mechanism. In summary, the novel
hydrogel shows promising viscoelastic characteristics for
bioprinting.

Based on favorable rheological properties, the printability of
the hydrogel was investigated using extrusion-based printing
(Figure SA—D). Additionally, a hydrogel blend comprising the
POx-based hydrogel and alginate was prepared, printed, and
stabilized with CaCl, (Figure SE—H). Alginate hydrogels are
widely used in biofabrication as alginate is easily cross-linked by
the addition of CaCl, after printing to stabilize the constructs.

https://doi.org/10.1021/acs.biomac.1c00427
Biomacromolecules 2021, 22, 3017-3027


https://pubs.acs.org/doi/10.1021/acs.biomac.1c00427?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00427?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00427?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00427?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00427?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00427?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00427?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00427?fig=fig6&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c00427?rel=cite-as&ref=PDF&jav=VoR

Biomacromolecules

pubs.acs.org/Biomac

However, the printability of pure sodium alginate without the
addition of viscosity enhancers or modifications is very low.”*
First, we screened for the highest achievable resolution by
printing hydrogel lines with a decreasing line distance, from 2 —
1.5 -1 - 075 - 0.5 mm (Figure SA,E). Even at a layer
distance of 0.75 mm every individual strand could be
distinguished and no strand fusion was observed. Additionally,
the collapse of suspended filaments was investigated.** A free
hanging hydrogel strut over a total distance of 1.7 cm could be
realized without significant strand sag (Figure SB,F). Based on
these promising results, a first real 3D construct was printed
(Figure SC,D,G,H, Supporting Movie 1). A 20-layered
cylindrical construct with a diameter of S mm and a total height
of S mm was printed. The structure stayed intact, and no
significant collapse was observed. The structure of the stabilized
POx/alginate tubular construct was preserved even after 24 h of
incubation in PBS solution at 37 °C (Figure SG,H).

Finally, a first bioprinting process was performed and the
cytocompatibility was investigated using the POx/alginate (20:1
wt %) hydrogel blend in comparison to pure alginate (1 wt %)
(Figure 6A—D) after 24 h. After dissolving the polymers in cell
culture medium, the cells were dispersed in the homogeneous
free flowing viscous liquid at 37 °C. The relatively high viscosity
of the bioink precursor at 37 °C (see Figure 2) prevented
significant cell sedimentation. The bioink blend was transferred
to the precooled bioprinter equipped with a cooling system.
Using the pronounced inverse gelation of A-PPhenEtOx-A as
described above, cell-laden constructs were obtained and
stabilized via cross-linking of alginate using CaCl, aqueous
solution. After 24 h of incubation, cell staining was performed
and quantified. Overall, the bioprinting process of POx-based
bioinks was found to be highly cytocompatible (cell viability
>95%) and no significant difference with respect to
cytocompatibility was observed for the hydrogel blend in
comparison to plain alginate solution. Plain A-PPhenEtOx-A
was not tested for cytocompatibility during bioprinting. On the
one hand, it is known from the literature that very similar
polymers do not show cytotoxic properties up to a concentration
of 100 g/ L.>>*? On the other hand, addition of 1 wt % alginate
should not have any significant effect in terms of cytocompat-
ibility.

B CONCLUSIONS

Here, a new ABA-type amphiphile based on poly(2-oxazoline)s
with an aromatic hydrophobic central block of poly(2-
phenethyl-2-oxazoline) B was described. Above the CMC,
small spherical nanoscale micelles were confirmed. At or above
20 wt %, an inverse and fast sol/gel transition was observed upon
cooling, due to densely packed micelles and investigated via
temperature-dependent 'H NMR and SAXS experiments.
Favorable rheological properties, such as pronounced viscoe-
lastic solid-like properties, shear-thinning, and structure
recovery properties led to very good 3D-printability of the
investigated hydrogel. In a hydrogel blend comprising the
readily printable POx-based polymer and the biopolymer
alginate, stable constructs were obtained. First cytocompatible
bioprinting at approximately 10 °C for a A-PPhenEtOx-A/
alginate hybrid system concluded the study and opens a wide
range of different applications in the field of biofabrication.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00427.

Detailed description of monomer and polymer synthesis
and characterization and an overview and detailed
description of SAXS analysis (PDF)

Additional movie of the extrusion printing process (MP4)

B AUTHOR INFORMATION

Corresponding Author

Robert Luxenhofer — Functional Polymer Materials, Chair for
Advanced Materials Synthesis, Institute for Functional
Materials and Biofabrication, Department of Chemistry and
Pharmacy, Julius-Maximilians-University Wiirzburg,
Wiirzburg 97070, Germany; Soft Matter Chemistry,
Department of Chemistry and Helsinki Institute of
Sustainability Science, Faculty of Science, University of
Helsinki, Helsinki 00014, Finland; ® orcid.org/0000-0001-
5567-7404; Email: robert.luxenhofer@helsinki.fi

Authors

Lukas Hahn — Functional Polymer Materials, Chair for
Advanced Materials Synthesis, Institute for Functional
Materials and Biofabrication, Department of Chemistry and
Pharmacy, Julius-Maximilians-University Wiirzburg,
Wiirzburg 97070, Germany

Emine Karakaya — Institute of Biomaterials, Friedrich
Alexander University of Erlangen-Niirnberg, Erlangen 91058,
Germany

Theresa Zorn — Institute of Organic Chemistry, Julius-
Maximilians-University Wiirzburg, Wiirzburg 97074,
Germany

Benedikt Sochor — Chair for X-Ray Microscopy, Julius-
Maximilians-University Wiirzburg, Wiirzburg 97074,
Germany; ® orcid.org/0000-0002-5772-8065

Matthias Maier — Functional Polymer Materials, Chair for
Advanced Materials Synthesis, Institute for Functional
Materials and Biofabrication, Department of Chemistry and
Pharmacy, Julius-Maximilians-University Wiirzburg,
Wiirzburg 97070, Germany

Philipp Stahlhut — Department for Functional Materials in
Medicine and Dentistry, Julius-Maximilians-University
Wiirzburg, Wiirzburg 97070, Germany

Stefan Forster — Functional Polymer Materials, Chair for
Advanced Materials Synthesis, Institute for Functional
Materials and Biofabrication, Department of Chemistry and
Pharmacy, Julius-Maximilians-University Wiirzburg,
Wiirzburg 97070, Germany

Karl Fischer — Department of Chemistry, Johannes Gutenberg
University Mainz, Mainz 55128, Germany

Sebastian Seiffert — Department of Chemistry, Johannes
Gutenberg University Mainz, Mainz 55128, Germany;

orcid.org/0000-0002-5152-1207

Ann-Christin Poppler — Institute of Organic Chemistry, Julius-
Maximilians-University Wiirzburg, Wiirzburg 97074,
Germany; 0rcid.org/0000—0002—0624—1708

Rainer Detsch — Institute of Biomaterials, Friedrich Alexander
University of Erlangen-Niirnberg, Erlangen 91058, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.biomac.1c00427

https://doi.org/10.1021/acs.biomac.1c00427
Biomacromolecules 2021, 22, 3017-3027


https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00427/suppl_file/bm1c00427_si_002.mp4
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00427?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00427/suppl_file/bm1c00427_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00427/suppl_file/bm1c00427_si_002.mp4
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+Luxenhofer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5567-7404
https://orcid.org/0000-0001-5567-7404
mailto:robert.luxenhofer@helsinki.fi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lukas+Hahn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emine+Karakaya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Theresa+Zorn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benedikt+Sochor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5772-8065
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthias+Maier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philipp+Stahlhut"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+Forster"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karl+Fischer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sebastian+Seiffert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5152-1207
https://orcid.org/0000-0002-5152-1207
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ann-Christin+Po%CC%88ppler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0624-1708
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rainer+Detsch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00427?ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c00427?rel=cite-as&ref=PDF&jav=VoR

Biomacromolecules

pubs.acs.org/Biomac

Notes

The authors declare the following competing financial
interest(s): L.H. and R.L. are listed as inventors on a patent
pertinent to some materials in the present work.

B ACKNOWLEDGMENTS

The authors gratefully acknowledge support by the Deutsche
Forschungsgemeinschaft (DFG, German Research Founda-
tion)-project number 326998133-TRR225 (subprojects A03,
B06). Furthermore, we thank the Deutsche Forschungsgemein-
schaft for funding the crossbeam scanning electron microscope
Zeiss CB 340 (INST 105022/58-1 FUGG) within the DFG
State Major Instrumentation Programme. In addition, light
scattering experiments were possible through support of the
Deutsche Forschungsgemeinschaft (INST 93/774-1 FUGG).
We gratefully acknowledge access to electron microscopy
facilities provided by Prof. Bettina Bottcher at the Rudolf
Virchow Center, Julius-Maximilians-University Wiirzburg.

B REFERENCES

(1) Zhang, Q; Weber, C.; Schubert, U. S.; Hoogenboom, R.
Thermoresponsive Polymers with Lower Critical Solution Temper-
ature: From Fundamental Aspects and Measuring Techniques to
Recommended Turbidimetry Conditions. Mater. Horiz. 2017, 4, 109—
116.

(2) Seuring, J.; Agarwal, S. Non-Ionic Homo- and Copolymers with
H-Donor and H-Acceptor Units with an UCST in Water. Macromol.
Chem. Phys. 2010, 211, 2109—2117.

(3) Seuring, J.; Agarwal, S. Polymers with Upper Critical Solution
Temperature in Aqueous Solution. ACS Macro Lett. 2012, 33, 1898—
1920.

(4) Shimada, N.; Ino, H; Maie, K; Nakayama, M.; Kano, A;
Maruyama, A. Ureido-Derivatized Polymers Based on Both Poly-
(Allylurea) and Poly(L-Citrulline) Exhibit UCST-Type Phase
Transition Behavior under Physiologically Relevant Conditions.
Biomacromolecules 2011, 12, 3418—3422.

(5) Meiswinkel, G.; Ritter, H. A New Type of Thermoresponsive
Copolymer with UCST-Type Transitions in Water: Poly(N-Vinyl-
imidazole-co-1-Vinyl-2-(Hydroxymethyl)imidazole). Macromol. Rapid
Commun. 2013, 34, 1026—1031.

(6) Aseyev, V.; Tenhu, H.,; Winnik, F., Non-Ionic Thermoresponsive
Polymers in Water. Springer, Berlin, Heidelberg. 2010, 242, 29-89.

(7) Niskanen, J.; Tenhu, H. How to Manipulate the Upper Critical
Solution Temperature (UCST)? Polym. Chem. 2017, 8, 220—232.

(8) Seuring, J.; Bayer, F. M.; Huber, K,; Agarwal, S. Upper Critical
Solution Temperature of Poly(N-acryloyl glycinamide) in Water: A
Concealed Property. Macromolecules 2012, 45, 374—384.

(9) Zhao, C.; Dolmans, L.; Zhu, X. X. Thermoresponsive Behavior of
Poly(acrylic acid-co-acrylonitrile) with a UCST. Macromolecules 2019,
52, 4441—4446.

(10) Plunkett, K. N.; Zhu, X.; Moore, J. S.; Leckband, D. E. PNIPAM
Chain Collapse Depends on the Molecular Weight and Grafting
Density. Langmuir 2006, 22, 4259—4266.

(11) Gupta, N. R;; Torris, A. T. A.; Wadgaonkar, P. P.; Rajamohanan,
P. R.; Ducouret, G.; Hourdet, D.; Creton, C.; Badiger, M. V. Synthesis
and Characterization of PEPO Grafted Carboxymethyl Guar and
Carboxymethyl Tamarind as New Thermo-Associating Polymers.
Carbohydr. Polym. 2015, 117, 331—338.

(12) Karakasyan, C.; Lack, S.; Brunel, F.; Maingault, P.; Hourdet, D.
Synthesis and Rheological Properties of Responsive Thickeners Based
on Polysaccharide Architectures. Biomacromolecules 2008, 9, 2419—
2429.

(13) Bokias, G.; Mylonas, Y.; Staikos, G.; Bumbu, G. G.; Vasile, C.
Synthesis and Aqueous Solution Properties of Novel Thermores-
ponsive Graft Copolymers Based on a Carboxymethylcellulose
Backbone. Macromolecules 2001, 34, 4958—4964.

3026

(14) Koonar, L; Zhou, C.; Hillmyer, M. A.; Lodge, T. P.; Siegel, R. A.
ABC Triblock Terpolymers Exhibiting Both Temperature- and pH-
Sensitive Micellar Aggregation and Gelation in Aqueous Solution.
Langmuir 2012, 28, 17785—17794.

(15) Taribagil, R. R;; Hillmyer, M. A,; Lodge, T. P. Hydrogels from
ABA and ABC Triblock Polymers. Macromolecules 2010, 43, 5396—
5404.

(16) Niu, H.; Wang, F.; Weiss, R. A. Hydrophobic/Hydrophilic
Triblock Copolymers: Synthesis and Properties of Physically Cross-
Linked Hydrogels. Macromolecules 2015, 48, 645—654.

(17) Tuncaboyly, D. C.; Argun, A.; Sahin, M.; Sari, M.; Okay, O.
Structure Optimization of Self-Healing Hydrogels Formed Via
Hydrophobic Interactions. Polymer 2012, 53, 5513—5522.

(18) Djabourov, M.; Leblond, J.; Papon, P. Gelation of Aqueous
Gelatin Solutions. II. Rheology of the Sol-Gel Transition. J. Phys. France
1988, 49, 333—343.

(19) Birch, N. P.; Barney, L. E.; Pandres, E.; Peyton, S. R.; Schiffman,
J. D. Thermal-Responsive Behavior of a Cell Compatible Chitosan/
Pectin Hydrogel. Biomacromolecules 2015, 16, 1837—1843.

(20) Yoshioka, H.; Mori, Y.; Tsukikawa, S.; Kubota, S. Thermorever-
sible Gelation on Cooling and on Heating of an Aqueous Gelatin—
Poly(N-isopropylacrylamide) Conjugate. Polym. Adv. Technol. 1998, 9,
155—158.

(21) Fu, W.,; Zhao, B. Thermoreversible Physically Crosslinked
Hydrogels from UCST-Type Thermosensitive ABA Linear Triblock
Copolymers. Polym. Chem. 2016, 7, 6980—6991.

(22) Parmar, I. A; Shedge, A. S.; Badiger, M. V.; Wadgaonkar, P. P.;
Lele, A. K. Thermo-Reversible Sol—Gel Transition of Aqueous
Solutions of Patchy Polymers. RSC Adv. 2017, 7, 5101—-5110.

(23) Zheng, J.; Xiao, P,; Le, X,; Lu, W.; Théato, P.; Ma, C; Dy, B;
Zhang, J.; Huang, Y,; Chen, T. Mimosa Inspired Bilayer Hydrogel
Actuator Functioning in Multi-Environments. J. Mater. Chem. C 2018,
6, 1320—1327.

(24) Hua, L; Xie, M,; Jian, Y.; Wy, B.; Chen, C.; Zhao, C. Multiple-
Responsive and Amphibious Hydrogel Actuator Based on Asymmetric
UCST-Type Volume Phase Transition. ACS Appl. Mater. Interfaces
2019, 11, 43641—43648.

(25) Groll, J.; Boland, T.; Blunk, T.; Burdick, J. A.; Cho, D.; Dalton, P.
D.; Derby, B,; Frogacs, G.; Li, Q; Mironov, V. A; Moroni, L;
Nakamura, M.; Shu, W.; Takeuchi, S.; Vozzi, G.; Woodfield, T. B. F,;
Xu, T.; Yoo, J. J.; Malda, . Biofabrication: Reappraising the Definition
of an Evolving Field. Biofabrication 2016, 8, No. 13001.

(26) Groll, J.; Burdick, J. A;; Cho, D. W.; Derby, B.; Gelinsky, M.;
Heilshorn, S. C.; Jingst, T.; Malda, J.; Mironov, V. A.; Nakayama, K,;
Opvsianikov, A.; Sun, W.; Takeuchi, S.; Yoo, J. J.; Woodfield, T. B. F. A
Definition of Bioinks and Their Distinction from Biomaterial Inks.
Biofabrication 2019, 11, No. 013001.

(27) Chimene, D.; Kaunas, R.; Gaharwar, A. K. Hydrogel Bioink
Reinforcement for Additive Manufacturing: A Focused Review of
Emerging Strategies. Adv. Mater. 2020, 32, No. 1902026.

(28) Valot, L.; Martinez, J.; Mehdi, A.; Subra, G. Chemical Insights
into Bioinks for 3D Printing. Chem. Soc. Rev. 2019, 48, 4049—4086.

(29) Glassner, M.; Vergaelen, M.; Hoogenboom, R. Poly(2-
oxazoline)s: A Comprehensive Overview of Polymer Structures and
Their Physical Properties. Polym. Int. 2018, 67, 32—4S.

(30) Lorson, T.; Liibtow, M. M.; Wegener, E.; Haider, M. S.; Borova,
S.; Nahm, D.; Jordan, R.; Sokolski-Papkov, M.; Kabanov, A. V.;
Luxenhofer, R. Poly(2-oxazoline)s Based Biomaterials: A Comprehen-
sive and Critical Update. Biomaterials 2018, 178, 204—280.

(31) Luxenhofer, R.; Jordan, R. Poly(2-oxazoline)s (POx) in
Biomedical Applications. Mater. Matters 2013, 8, 70—73.

(32) Dargaville, T. R.; Park, J. R.;; Hoogenboom, R. Poly(2-oxazoline)
Hydrogels: State-of-the-Art and Emerging Applications. Macromol.
Biosci. 2018, 18, No. e1800070.

(33) Harris, J. M.; Bentley, M. D.; Moreadith, R. W.; Viegas, T. X;
Fang, Z.; Yoon, K.; Weimer, R.; Dizman, B.; Nordstierna, L. Tuning
Drug Release from Polyoxazoline-Drug Conjugates. Eur. Polym. J. 2019,
120, No. 109241.

https://doi.org/10.1021/acs.biomac.1c00427
Biomacromolecules 2021, 22, 3017-3027


https://doi.org/10.1039/C7MH00016B
https://doi.org/10.1039/C7MH00016B
https://doi.org/10.1039/C7MH00016B
https://doi.org/10.1002/macp.201000147
https://doi.org/10.1002/macp.201000147
https://doi.org/10.1002/marc.201200433
https://doi.org/10.1002/marc.201200433
https://doi.org/10.1021/bm2010752?ref=pdf
https://doi.org/10.1021/bm2010752?ref=pdf
https://doi.org/10.1021/bm2010752?ref=pdf
https://doi.org/10.1002/marc.201300213
https://doi.org/10.1002/marc.201300213
https://doi.org/10.1002/marc.201300213
https://doi.org/10.1039/C6PY01612J
https://doi.org/10.1039/C6PY01612J
https://doi.org/10.1021/ma202059t?ref=pdf
https://doi.org/10.1021/ma202059t?ref=pdf
https://doi.org/10.1021/ma202059t?ref=pdf
https://doi.org/10.1021/acs.macromol.9b00794?ref=pdf
https://doi.org/10.1021/acs.macromol.9b00794?ref=pdf
https://doi.org/10.1021/la0531502?ref=pdf
https://doi.org/10.1021/la0531502?ref=pdf
https://doi.org/10.1021/la0531502?ref=pdf
https://doi.org/10.1016/j.carbpol.2014.09.073
https://doi.org/10.1016/j.carbpol.2014.09.073
https://doi.org/10.1016/j.carbpol.2014.09.073
https://doi.org/10.1021/bm800393s?ref=pdf
https://doi.org/10.1021/bm800393s?ref=pdf
https://doi.org/10.1021/ma010154e?ref=pdf
https://doi.org/10.1021/ma010154e?ref=pdf
https://doi.org/10.1021/ma010154e?ref=pdf
https://doi.org/10.1021/la303712b?ref=pdf
https://doi.org/10.1021/la303712b?ref=pdf
https://doi.org/10.1021/ma100464z?ref=pdf
https://doi.org/10.1021/ma100464z?ref=pdf
https://doi.org/10.1021/ma502133f?ref=pdf
https://doi.org/10.1021/ma502133f?ref=pdf
https://doi.org/10.1021/ma502133f?ref=pdf
https://doi.org/10.1016/j.polymer.2012.10.015
https://doi.org/10.1016/j.polymer.2012.10.015
https://doi.org/10.1051/jphys:01988004902033300
https://doi.org/10.1051/jphys:01988004902033300
https://doi.org/10.1021/acs.biomac.5b00425?ref=pdf
https://doi.org/10.1021/acs.biomac.5b00425?ref=pdf
https://doi.org/10.1002/(SICI)1099-1581(199802)9:2<155::AID-PAT750>3.0.CO;2-G
https://doi.org/10.1002/(SICI)1099-1581(199802)9:2<155::AID-PAT750>3.0.CO;2-G
https://doi.org/10.1002/(SICI)1099-1581(199802)9:2<155::AID-PAT750>3.0.CO;2-G
https://doi.org/10.1039/C6PY01517D
https://doi.org/10.1039/C6PY01517D
https://doi.org/10.1039/C6PY01517D
https://doi.org/10.1039/C6RA27030A
https://doi.org/10.1039/C6RA27030A
https://doi.org/10.1039/C7TC04879C
https://doi.org/10.1039/C7TC04879C
https://doi.org/10.1021/acsami.9b17159?ref=pdf
https://doi.org/10.1021/acsami.9b17159?ref=pdf
https://doi.org/10.1021/acsami.9b17159?ref=pdf
https://doi.org/10.1088/1758-5090/8/1/013001
https://doi.org/10.1088/1758-5090/8/1/013001
https://doi.org/10.1088/1758-5090/aaec52
https://doi.org/10.1088/1758-5090/aaec52
https://doi.org/10.1002/adma.201902026
https://doi.org/10.1002/adma.201902026
https://doi.org/10.1002/adma.201902026
https://doi.org/10.1039/C7CS00718C
https://doi.org/10.1039/C7CS00718C
https://doi.org/10.1002/pi.5457
https://doi.org/10.1002/pi.5457
https://doi.org/10.1002/pi.5457
https://doi.org/10.1016/j.biomaterials.2018.05.022
https://doi.org/10.1016/j.biomaterials.2018.05.022
https://doi.org/10.1002/mabi.201800070
https://doi.org/10.1002/mabi.201800070
https://doi.org/10.1016/j.eurpolymj.2019.109241
https://doi.org/10.1016/j.eurpolymj.2019.109241
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c00427?rel=cite-as&ref=PDF&jav=VoR

Biomacromolecules

pubs.acs.org/Biomac

(34) Moreadith, R. W.; Viegas, T. X.; Bentley, M. D.; Harris, J. M,;
Fang, Z.; Yoon, K,; Dizman, B.; Weimer, R.; Rae, B. P.; Li, X.; Rader, C,;
Standaert, D.; Olanow, W. Clinical Development of a Poly(2-
oxazoline) (POz) Polymer Therapeutic for the Treatment of
Parkinson’s Disease — Proof of Concept of POz as a Versatile Polymer
Platform for Drug Development in Multiple Therapeutic Indications.
Eur. Polym. J. 2017, 88, 524—552.

(35) Sedlacek, O.; Hoogenboom, R. Drug Delivery Systems Based on
Poly(2-oxazoline)s and Poly(2-oxazine)s. Adv. Ther. 2020, 3,
No. 1900168.

(36) Lorson, T.; Jaksch, S.; Liibtow, M. M,; Jiingst, T.; Groll, J;
Lihmann, T.; Luxenhofer, R. A Thermogelling Supramolecular
Hydrogel with Sponge-Like Morphology as a Cytocompatible Bioink.
Biomacromolecules 2017, 18, 2161—2171.

(37) Monnery, B. D.; Hoogenboom, R. Thermoresponsive Hydrogels
Formed by Poly(2-oxazoline) Triblock Copolymers. Polym. Chem.
2019, 10, 3480—3487.

(38) Liibtow, M. M.; Mrlik, M.; Hahn, L.; Altmann, A.; Beudert, M.;
Lihmann, T.; Luxenhofer, R. Temperature-Dependent Rheological
and Viscoelastic Investigation of a Poly(2-methyl-2-oxazoline)-b-
poly(2-iso-butyl-2-oxazoline)-b-poly(2-methyl-2-oxazoline)-Based
Thermogelling Hydrogel. J. Funct. Biomater. 2019, 10, 36.

(39) Hahn, L.; Maier, M.; Stahlhut, P.; Beudert, M.; Flegler, V.;
Forster, S.; Altmann, A.; T6ppke, F.; Fischer, K.; Seiffert, S.; Bottcher,
B.; Lihmann, T.; Luxenhofer, R. Inverse Thermogelation of Aqueous
Triblock Copolymer Solutions into Macroporous Shear-Thinning 3D
Printable Inks. ACS Appl. Mater. Interfaces 2020, 12, 12445—12456.

(40) Hahn, L.; Zorn, T.; Kehrein, J.; Kielholz, T.; Sochor, B.; Lisitsyna,
E.S.; Durandin, N.; Laaksonen, T.; Aseyev, V; Sotriffer, C.; Windbergs,
M.; Péppler, A. C.; Luxenhofer, R., Unravelling a Novel Sol-gel Transition
Mechanism in Polymer Self-assemblies: An Order-order Transition Based
on Specific Molecular Interactions Between Hydrophilic and Hydrophobic
Polymer Blocks, 2021. DOI: 10.26434/chemrxiv.14362892.v1.

(41) Witte, H.; Seeliger, W. Simple Synthesis of 2-Substituted 2-
Oxazolines and 5,6-Dihydro-4h-1,3-Oxazines. Angew. Chem., Int. Ed.
Engl. 1972, 11, 287—288.

(42) Hahn, L.; Liibtow, M. M,; Lorson, T.; Schmitt, F.; Appelt-
Menzel, A.; Schobert, R.; Luxenhofer, R. Investigating the Influence of
Aromatic Moieties on the Formulation of Hydrophobic Natural
Products and Drugs in Poly(2-oxazoline)-Based Amphiphiles. Bio-
macromolecules 2018, 19, 3119—3128.

(43) Liibtow, 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.

(44) Konefal, R.; Spévacek, J.; Cernoch, P. Thermoresponsive Poly(2-
oxazoline) Homopolymers and Copolymers in Aqueous Solutions
Studied by NMR Spectroscopy and Dynamic Light Scattering. Eur.
Polym. J. 2018, 100, 241—-252.

(45) Dreiss, C. A; Jack, K. S.; Parker, A. P. On the Absolute
Calibration of Bench-Top Small-Angle X-Ray Scattering Instruments:
A Comparison of Different Standard Methods. J. Appl. Crystallogr.
2006, 39, 32—38.

(46) Zhang, F.; Tlavsky, J.; Long, G. G.; Quintana, J. P. G.; Allen, A. J;
Jemian, P. R. Glassy Carbon as an Absolute Intensity Calibration
Standard for Small-Angle Scattering. Metall. Mater. Trans. A 2010, 41,
1151—-1188.

(47) Pauw, B. R.; Smith, A. J.; Snow, T.; Terrill, N. J.; Thiinemann, A.
F. The Modular Small-Angle X-Ray Scattering Data Correction
Sequence. J. Appl. Crystallogr. 2017, 50, 1800—1811.

(48) Ribeiro, A.; Blokzijl, M. M.; Levato, R; Visser, C. W.; Castilho,
M.; Hennink, W. E.; Vermonden, T.; Malda, J. Assessing Bioink Shape
Fidelity to Aid Material Development in 3D Bioprinting. Biofabrication
2018, 10, No. 014102.

(49) Luxenhofer, R.; Schulz, A,; Roques, C.; Li, S.; Bronich, T. K;
Batrakova, E. V.; Jordan, R;; Kabanov, A. V. Doubly Amphiphilic
Poly(2-oxazoline)s as High-Capacity Delivery Systems for Hydro-
phobic Drugs. Biomaterials 2010, 31, 4972—4979.

3027

(50) 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. 2018, 26, 837—850.

(51) Sood, N.; Bhardwaj, A.; Mehta, S.; Mehta, A. Stimuli-Responsive
Hydrogels in Drug Delivery and Tissue Engineering. Drug Delivery
2016, 23, 748—770.

(52) Malda, J.; Visser, J.; Melchels, F. P.; Jiingst, T.; Hennink, W. E.;
Dhert, W. J. A; Groll, J.; Hutmacher, D. W. 25" Anniversary Article:
Engineering Hydrogels for Biofabrication. Adv. Mater. 2013, 25, 5011—
5028.

(53) Naomi, P.; Willi, S.; Thomas, B.; Ferry, M.; Jiirgen, G.; Tomasz, J.
Proposal to Assess Printability of Bioinks for Extrusion-Based
Bioprinting and Evaluation of Rheological Properties Governing
Bioprintability. Biofabrication 2017, 9, No. 044107.

(54) Hazur, J.; Detsch, R;; Karakaya, E.; Kaschta, J.; Tefimar, J.;
Schneidereit, D.; Friedrich, O.; Schubert, D. W.; Boccaccini, A. R.
Improving Alginate Printability for Biofabrication: Establishment of a
Universal and Homogeneous Pre-Crosslinking Technique. Biofabrica-
tion 2020, 12, No. 045004

https://doi.org/10.1021/acs.biomac.1c00427
Biomacromolecules 2021, 22, 3017-3027


https://doi.org/10.1016/j.eurpolymj.2016.09.052
https://doi.org/10.1016/j.eurpolymj.2016.09.052
https://doi.org/10.1016/j.eurpolymj.2016.09.052
https://doi.org/10.1016/j.eurpolymj.2016.09.052
https://doi.org/10.1002/adtp.201900168
https://doi.org/10.1002/adtp.201900168
https://doi.org/10.1021/acs.biomac.7b00481?ref=pdf
https://doi.org/10.1021/acs.biomac.7b00481?ref=pdf
https://doi.org/10.1039/C9PY00300B
https://doi.org/10.1039/C9PY00300B
https://doi.org/10.3390/jfb10030036
https://doi.org/10.3390/jfb10030036
https://doi.org/10.3390/jfb10030036
https://doi.org/10.3390/jfb10030036
https://doi.org/10.1021/acsami.9b21282?ref=pdf
https://doi.org/10.1021/acsami.9b21282?ref=pdf
https://doi.org/10.1021/acsami.9b21282?ref=pdf
https://doi.org/10.26434/chemrxiv.14362892.v1?ref=pdf
https://doi.org/10.1002/anie.197202871
https://doi.org/10.1002/anie.197202871
https://doi.org/10.1021/acs.biomac.8b00708?ref=pdf
https://doi.org/10.1021/acs.biomac.8b00708?ref=pdf
https://doi.org/10.1021/acs.biomac.8b00708?ref=pdf
https://doi.org/10.1021/jacs.7b05376?ref=pdf
https://doi.org/10.1021/jacs.7b05376?ref=pdf
https://doi.org/10.1021/jacs.7b05376?ref=pdf
https://doi.org/10.1016/j.eurpolymj.2018.01.019
https://doi.org/10.1016/j.eurpolymj.2018.01.019
https://doi.org/10.1016/j.eurpolymj.2018.01.019
https://doi.org/10.1107/S0021889805033091
https://doi.org/10.1107/S0021889805033091
https://doi.org/10.1107/S0021889805033091
https://doi.org/10.1007/s11661-009-9950-x
https://doi.org/10.1007/s11661-009-9950-x
https://doi.org/10.1107/S1600576717015096
https://doi.org/10.1107/S1600576717015096
https://doi.org/10.1088/1758-5090/aa90e2
https://doi.org/10.1088/1758-5090/aa90e2
https://doi.org/10.1016/j.biomaterials.2010.02.057
https://doi.org/10.1016/j.biomaterials.2010.02.057
https://doi.org/10.1016/j.biomaterials.2010.02.057
https://doi.org/10.1002/pat.3556
https://doi.org/10.1002/pat.3556
https://doi.org/10.1002/pat.3556
https://doi.org/10.3109/10717544.2014.940091
https://doi.org/10.3109/10717544.2014.940091
https://doi.org/10.1002/adma.201302042
https://doi.org/10.1002/adma.201302042
https://doi.org/10.1088/1758-5090/aa8dd8
https://doi.org/10.1088/1758-5090/aa8dd8
https://doi.org/10.1088/1758-5090/aa8dd8
https://doi.org/10.1088/1758-5090/ab98e5
https://doi.org/10.1088/1758-5090/ab98e5
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c00427?rel=cite-as&ref=PDF&jav=VoR

In the second part of the chapter, POx/POzi based polymers with benzhydryl moieties were described.
Interestingly, again an inverse thermogelling polymer was obtained. Here, the POzi derivative showed
physical inverse thermogelation. After comprehensive characterization of the polymer structures, the
hydrogel was discussed in the context of biofabrication. From a self-assembly perspective, significant

differences were obtained in comparison to the two previously described inverse thermogelling systems.
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ABA Type Amphiphiles with Poly(2-benzhydryl-2-oxazine)
Moieties: Synthesis, Characterization and Inverse

Thermogelation

Lukas Hahn, Larissa Kefller, Lando Polzin, Lars Fritze, Stefan Forster, Holger Helten,

and Robert Luxenhofer*

Thermoresponsive polymers are frequently involved in the development of
materials for various applications. Here, polymers containing poly(2-
benzhydryl-2-oxazine) (pBhOzi) repeating units are described for the first
time. The homopolymer pBhOzi and an ABA type amphiphile comprising two
flanking hydrophilic A blocks of poly(2-methyl-2-oxazoline) (pMeOx) and the
hydrophobic aromatic pBhOzi central B block (pMeOx-b-pBhOzi-b-pMeOx)
are synthesized and the latter is shown to exhibit inverse thermogelling
properties at concentrations of 20 wt.% in water. This behavior stands in
contrast to a homologue ABA amphiphile consisting of a central
poly(2-benzhydryl-2-oxazoline) block (pMeOx-b-pBhOXx-b-pMeOx). No inverse
thermogelling is observed with this polymer even at 25 wt.%. For 25 wt.%
pMeOx-b-pBhOzi-b-pMeOx, a surprisingly high storage modulus of ~22 kPa
and high values for the yield and flow points of 480 Pa and 1.3 kPa are
obtained. Exceeding the yield point, pronounced shear thinning is observed.
Interestingly, only little difference between self-assemblies of
pMeOx-b-pBhOzi-b-pMeOx and pMeOx-b-pBhOx-b-pMeOx is observed by
dynamic light scattering while transmission electron microscopy images
suggest that the micelles of pMeOx-b-pBhOzi-b-pMeOx interact through their
hydrophilic coronas, which is probably decisive for the gel formation. Overall,
this study introduces new building blocks for poly(2-oxazoline) and
poly(2-oxazine)-based self-assemblies, but additional studies will be needed to
unravel the exact mechanism.

1. Introduction

Materials chemistry and design can be used
to develop smart materials that react to ex-
ternal stimuli and thus adapt or change
their properties. In recent decades, many
new materials and polymers have been de-
veloped that respond to various stimuli.['*]
A controlled chemical reaction,*! modifi-
cation of polymer properties by changing
the temperature,® the pH,®l the absorp-
tion of electromagnetic radiation!”) or the
action of mechanical,®! magnetic,!°! or elec-
trical forces' have been described in the
literature. More specifically, thermorespon-
sive polymers change their properties by
changing temperature beyond critical tran-
sition temperature. Turbidity effects, pre-
cipitation, and in some cases gelation can
be observed. In addition to biomedicine,
these properties are also used in sep-
aration science,'?l water purification,'!
and optical devices.'"* The thermorespon-
sive transitions arise from various changes
in polymer—polymer and polymer—solvent
interactions at different temperatures. A
lower critical solution temperature (LCST)
system is characterized by a miscible
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polymer-solvent phase and strong polymer—solvent interactions
below a certain temperature, which abruptly phase separates
above that critical temperature.['] The opposite is observed in
upper critical solution temperature (UCST) systems with rela-
tively weak polymer—solvent interactions, wherein the polymer—
polymer interactions exceed polymer—solvent interactions below
a critical transition temperature.[**] In aqueous solution, most de-
scribed systems fall into the LCST category, due to polar moieties
in the polymer and hydrogen-bonding capability between poly-
mers and water molecules. In general, non-covalent interactions
play a decisive role in the solvation and self-assembly of synthetic
and natural polymers. Hydrogen bonding,['®! z—z stacking,!'’!
dipole—dipole, ¥l metal-ligand coordination,™! or hydrophobic
interactions/?’l have been established to study and direct the
self-assembly of polymers in solution, and to modulate their
responsiveness.

Controlled—ideally living—copolymerization is critical to ac-
cess well-controlled polymer architectures to study defined self-
assembly. Living cationic ring-opening polymerization of cyclic
imino ethers gives the pseudo-polypeptides of poly(2-oxazoline)s
(POx) and poly(2-oxazine)s (POzi), which have seen attention in
the past decades as biomaterials in drug delivery and more re-
cently in tissue engineering and biofabrication.[*"??l The LCST
type behavior of POx and POzi is well understood.l?*-2¢] The liv-
ing character of the polymerization allows the synthesis of tailor-
made block copolymers with pronounced amphiphilic char-
acter leading to self-assembly into sphericall?’! or cylindrical
micelles!?®! and vesicles.[??] Inspired by the family of (thermo-
gelling) Pluronics, Zahoranova et al. synthesized a polymer li-
brary of ABA and BAB triblock copolymers based on the hy-
drophilic poly(2-methyl-2-oxazoline) (pMeOx) (A) and thermore-
sponsive poly(2-n-propyl-2-oxazoline) (pnPrOx) (B), but no ther-
mogelation was observed at the investigated temperature range
of 10-50 °C.2% In contrast, the ABA triblock copolymer com-
prising of poly(2-iso-butyl-2-oxazoline) (piBuOx) (B) undergoes
reversible sol/gel transition upon heating at 20 wt.%.31 The hy-
drogel exhibited a low yield stress in combination with a rel-
atively soft character. Hoogenboom and Monnery described a
BAB triblock copolymer bearing pnPrOx (B) and hydrophilic
poly(2-ethyl-2-oxazoline) blocks (A), which undergoes thermoge-
lation, but only at extremely high degrees of polymerization.[3?]
In contrast to POx, an additional methylene group in the polymer
backbone characterizes the polymer class POzi. The additional
CH, group modifies the polymers physicochemical properties.
In 2017, the first thermogelling POx/POzi-based block copoly-
mer was described using a poly(2-n-propyl-2-oxazine) (pnPrOzi)
block, and cytocompatible and printable physical hydrogels with
storage modulus of ~5 kPa at 20 wt.% polymer concentration
were obtained.(**]

For decades, one dominant hydrophobic building block to
study self-assembly of amphiphilic POx was poly(2-phenyl-
2-oxazoline) (pPheOx).3*3%] More recently, poly(2-benzyl-2-
oxazoline) (pBzOx) has been introduced as the hydrophobic
block B in ABA triblock copolymers and studied for the solubi-
lization of hydrophobic active pharmaceutical ingredients and
natural compounds.[**-38! Since, additional aromatic hydropho-
bic B blocks have been introduced, specifically poly(2-phenyl-
2-oxazine) (pPheOzi) and poly(2-benzyl-2-oxazine) (pBzOzi).*!
The difference between these building blocks is one methylene
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group in the polymer backbone and/or polymer side chain,
allowing to study effects of these small structural changes on
its physicochemical properties. Specifically, the rheological
properties of aqueous solutions were investigated depending
on concentration and temperature. Interestingly, out of the set
of four polymers, only pMeOx-b-pPheOzi-b-pMeOx undergoes
reversible inverse thermogelation, that is, it forms a gel upon
cooling. This unusual gelation is apparently caused by an order—
order transition from spherical- (sol state) to worm-like micelles
(gel state), which apparently only occurs for the specific com-
bination of relatively flexible POzi backbone and rigid phenyl
sidechain in pPheOzi moieties. Here, we extend the molecular
toolkit with respect to aromatic building blocks of POx and
POzi by introducing the monomers 2-benzhydryl-2-oxazoline
(BhOx) and 2-benzhydryl-2-oxazine (BhOzi), their respective
block copolymer amphiphiles, and BhOzi homopolymer. The
thermoresponsive properties at different polymer concentra-
tions were analyzed and compared. Interestingly, an inverse
thermogelation was once again observed for the POzi-based
system while the POx-based polymer did not form a gel.

2. Experimental Section
2.1. Materials and Methods

The substances and reagents in this study were purchased
from Sigma-Aldrich (Steinheim, Germany) or TCI-chemicals
(Eschborn, Germany) and used without further purification un-
less otherwise stated. If this was not the case, it will be explic-
itly mentioned. All substances used for polymerization, specifi-
cally methyl trifluoromethylsulfonate (MeOTf) and MeOx were
refluxed over CaH, for several hours and distilled prior to use.
The solvent benzonitrile (PhCN) was dried over phosphorus pen-
toxide. All dried reagents were stored under dried and inert condi-
tions. The monomers BhOx and BhOzi were recrystallized using
methanol followed by co-distillation (three times) with toluene
under inert conditions.

2.1.1. Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) experiments were per-
formed on a Bruker Fourier 300 (*H: 300.12 MHz) spectrome-
ter at 298 K from Bruker BioSpin (Rheinstetten, Germany) and
calibrated using the solvent signals. Multiplicities of signals were
depicted as follows: s, singlet; d, doublet; t, triplet; m, multiplet;
b, broad.

2.1.2. Gel Permeation Chromatography

Gel permeation chromatography (GPC) was performed on
an OMNISEC RESOLVE combined with an OMNISEC RE-
VEAL from Malvern Panalytical using DMF as solvent as de-
scribed elsewhere.*?] Conventional calibration was performed
with poly(methyl methacrylate) (PMMA) standards. The system
was kept at 45 °C and a flow rate of 1 mL min~! was used. A pre-
column (Dguard), a D2000, and a D3000 column from Malvern
were used in series. All samples were filtered through 0.2 ym
PTFE filters, Roth (Karlsruhe, Germany).

© 2021 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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2.1.3. X-Ray Diffraction

Crystals suitable for single-crystal X-ray diffraction were selected,
coated in perfluoropolyether oil, and mounted on MiTeGen sam-
ple holders. Diffraction data were collected on Bruker X8 Apex
II 4-circle diffractometers with CCD area detectors using Mo-K,
radiation. The crystals were cooled using an Oxford Cryostreams
low-temperature device. Data were collected at 100 K. The im-
ages were processed and corrected for Lorentz-polarization ef-
fects and absorption as implemented in the Bruker software
packages. The structures were solved using the intrinsic phasing
method (SHELXT)*!} and Fourier expansion technique. All non-
hydrogen atoms were refined in anisotropic approximation, with
hydrogen atoms “riding” in idealized positions, by full-matrix
least squares against F2 of all data, using SHELXL!*?! software
and the SHELXLE graphical user interface.[** Other structural
information was extracted using OLEX2 software.[*/]

2.1.4. Thermogravimetric Analysis

Thermogravimetric analysis (TA) was performed on TG 209
F1 IRIS, NETZSCH (Selb, Germany). The freeze-dried polymer
samples (10-15 mg) were placed in aluminum oxide crucibles
(NETZSCH Selb, Germany) and heated under synthetic air from
30 to 900 °C with the constant heating rate of 10 K min~!.

2.1.5. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was performed on DSC
204 F1 Phoenix equipped with a CC200 F1 Controller (NET-
ZSCH, Selb, Germany). The dynamic scans were recorded using
a constant N, atmosphere with a heating rate of 10 K min™" (25
- 200 °C) and subsequently cooled to —50 °C (10 K min~'). Two
heating and cooling cycles from —50 to 200 °C (10 K min~!) were
performed. The samples were placed into aluminum crucibles.

2.1.6. Dynamic Light Scattering

Dynamic light scattering (DLS) experiments were performed us-
ing an ALV CGS-3 multi detection goniometry system (Langen,
Germany) equipped with a He—Ne laser (632.8 nm) and eight op-
tical avalanche photodiode detectors with an detector angle dis-
tance of 16° (correlation time 45 s, 3 runs). Scattering angles be-
tween 41° and 147° were measured in four angle sets and a 5° an-
gle interval for each detector (27 angles) at 15, 25, and 40 °C. Prior
to each measurement, samples were filtered in dust-free cuvettes
using Millex-LG 0.2 pm filters under laminar flow. The polymer
concentration was 0.3 g L™! (2 mm aqueous NaNO; as selective
solvent was used). All samples were stored for 24 h at measur-
ing temperature. Additionally, 10 g L~! samples in acetonitrile
(unselective solvent) were also investigated at 25 °C and com-
pared. The decay of the electric field-time autocorrelation func-
tion (ACF) was fitted using triexponential fit functions (Equation
1) as described previously.[*”]

t

2 (t) :al.g( f1)+a2.e(7é)u3.e(_é) (1)

Macromol. Chem. Phys. 2021, 222, 2100114 2100114 (3 0f12)

www.mcp-journal.de

With the amplitude a;, decay times 7; = # , and the absolute

value of the scattering vector g. In the case of polydispersity, the
Brownian diffusion coefficient D was obtained by extrapolation
to zero angle and in the limit of high dilution given by

(D) = o= @
TR
Using the Stokes—FEinstein equation, the hydrodynamic radii
R, were obtained

kyo T

R=—"8H—+¥——
h 6-7w-n-D

3)

with k; being the Boltzmann constant, # the viscosity of the sol-
vent, and T the temperature (15, 25, or 40 °C).

Furthermore, the 89° data were fitted using the cumulant
method to obtain the polydispersity index (PDI) at different
temperatures.

2.1.7. Rolling Ball Viscosity

Rolling ball viscosity experiments were performed on a LOVIS
2000M microviscometer from Anton Paar (Graz, Austria) using
a LOVIS 1.8 capillary and a steel ball of 1.5 mm diameter. Prior
to the viscosity measurements, the density for every sample was
determined at 5 and 40 °C using a DMA 4100 M density me-
ter from Anton Paar (Graz, Austria). A temperature scan from
40 °C -» 5 °C and 5 °C — 40 °C of different aqueous sample
was performed to establish the temperature-dependent dynamic
viscosity.

2.1.8. Rheology

Rheology studies were recorded on an Anton Paar (Ostfildern,
Germany) Physica MCR 301 system utilizing a plate-plate geom-
etry (25 mm diameter) equipped with a solvent trap and Peltier
element for temperature control. All aqueous samples were mea-
sured after complete dissolution in deionized (DI) water at dif-
ferent concentrations at 5 °C. For investigations of viscoelastic
behavior, the linear viscoelastic (LVE) region was determined by
performing an amplitude sweep (0.01% — 500%) strain deforma-
tion using a fixed angular frequency of 10 rad s7*. An oscillatory
shear stress sweep (amplitude sweep) can also be used to deter-
mine the yield point, yield zone, and flow point. Leaving the LVE
region is characterized as yield point. The flow point is defined as
G’ = G". The region between yield point and flow point is defined
as yield zone. A frequency sweep (0.1 rad s™! — 100 rad s71) was
performed at fixed strain deformation of 0.1%. For steady shear
experiments, the control shear rate mode was used (0.01 s™! —
100 s7'). The pronounced viscosity n decrease was fitted using
the power-law expression (Equation 4).

n=K-(j)"" )

where K is the consistency index and n the flow index.
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2.1.9. Transmission Electron Microscopy

For transmission electron microscopy (TEM) experiments, the
polymers were dissolved in DI water to a final concentration of
20 g L' and stored in the fridge. 400 mesh copper—-rhodium
grids (maxtaform) with a homemade carbon layer were glow dis-
charged in air for 1.5 min at medium power in a Harrick PDC-002
plasma cleaner. The 20 g L~! sample was diluted (1/125 or 1/625)
and 8 uL were incubated on the grids for 1 min before blotting
(Whatman filter paper No 50). The grids were washed with wa-
ter (three times) and with 2% w/v uranyl acetate (three times). A
single-tilt room temperature holder in an FEI Tecnai T12 Spirit
transmission electron microscope equipped with a LaB, emit-
ter at 120 kV was used. Images were recorded with an Eagle
CCD camera under low-dose conditions. The micrographs were
binned two times resulting in a pixel size of 2.2 A per pixel at
specimen level.

2.2. Synthesis Procedure
2.2.1. Monomer Synthesis

The monomer synthesis of BhOx and BhOzi were carried out as
described by Witte and Seeliger!*! with a different workup proce-
dure. For the reaction 1 equiv. of diphenylacetonitrile, 1.2 equiv.
of amino-ethanol or amino-propanol and catalytic amounts of
zinc acetate dihydrate were added and heated to 130 °C under
reflux for several days until the reaction mixture turned brown.
Reaction progress was controlled by 'H NMR spectroscopy. After
completion, the mixture was dissolved in dichloromethane and
washed with H, O (three times). The organic phase was dried with
MgSO, and concentrated. The raw product was purified via vac-
uum distillation under argon atmosphere to yield colorless crys-
tals. The resulting compounds BhOx and BhOzi were character-
ized via 'H, 3C NMR spectroscopy and DSC.

2.2.2. Homopolymer Synthesis

The synthesis was performed as described previously for sim-
ilar polymers.’" 1 equiv. of the initiator MeOTf was dissolved
in PhCN. The monomer BhOzi (50 equiv.) was added. The re-
action mixture was stirred for 2 days at 120 °C. After complete
monomer consumption, the reaction mixture was precipitated
using ice cold diethyl ether. The dried white powder was analyzed
using 'H NMR spectroscopy, GPC, TGA, and DSC.

2.2.3. ABA Type Block Copolymer Synthesis

The synthesis and workup procedures were carried out as de-
scribed previously for similar polymers.>® In general, 1 equiv. of
the initiator MeOTf was added to a dried and argon flushed flask
and dissolved in the respective amount of solvent (PhCN). The
first monomer MeOx (35 equiv.) was added to the reaction mix-
ture and heated to 100 °C for ~2 h. After complete monomer con-
sumption, the mixture was cooled to room temperature and the
monomer for the second block BhOx or BhOzi (10 equiv.) was
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added. The reaction mixture was heated to 120 °C overnight. Af-
ter complete monomer consumption was confirmed, the third
block MeOx (35 equiv.) was added and stirred for 2 h at 100 °C.
Termination was carried out by the addition of 3 equiv. of 1-Boc-
piperazine (PipBoc) at 50 °C and kept on stirring for 6 h. The sol-
vent was removed at reduced pressure. The raw product was dis-
solved in DI water. The polymer solution was dialyzed (MWCO
1kDa, cellulose acetate) against DI water for 3 days. The polymer
solution was lyophilized and obtained as a white powder.

3. Results and Discussion

3.1. Monomer Synthesis

The synthesis of the monomers was carried out according to
a well-known route established by Witte and Seeliger.*”] The
monomer BhOx (Figure S1, Supporting Information) was already
synthesized by Culbertson in 2000.4’] It was further converted
to a bisoxazoline and then the first ring-opening reactions were
carried out. As far as we know, the substance has not yet been
used for the cationic ring-opening polymerization. After purifi-
cation, the monomer was obtained as a colorless crystalline solid
with a melting point comparable to the literature (110 °C, lit:
107-109 °C)1*®) (Figure S3, Supporting Information). The sub-
stance was further analyzed by 'H- and *C NMR spectroscopy
(Figure S2, Supporting Information). In contrast, to the best of
our knowledge, the monomer BhOzi (Figure S4, Supporting In-
formation) has not yet been described in the literature.

It is also readily accessible by the Witte and Seeliger method
(Figure 1A). After purification the structure was verified by 'H-
and *C NMR (Figure 1B and Supporting Information). The addi-
tional methylene group (Signal e in Figure 1A,B) leads to a signifi-
cantly higher melting point of 132 °C compared to the 2-oxazoline
monomer (Figure 1C). The solid-state structure of BhOzi was de-
termined by single-crystal X-ray diffraction (Figure 2). It should
be noted that only very recently the first crystal structure of any
2-oxazoline and 2-oxazoline used for cationic ring-opening poly-
merization was reported. Heck et al. reported this for monomers
with pending thiophene groups.[*’l The compound crystallizes
from a mixture of n-hexane and dichloromethane in the mono-
clinic centrosymmetric space group C 1 2/c 1 (Table S1, Support-
ing Information). The oxazine ring shows a rotational disorder,
with occupancies of 0.609(5) and 0.291(5), which describes a 180°
rotation of the ring. No evidence of 7—x stacking was observed
in the extended structure, probably due to the star-shaped orien-
tation of the three rings (Figure S5, Supporting Information).

3.2. Polymer Synthesis

A first homopolymer was synthesized using the novel BhOzi
monomer by living cationic ring-opening polymerization (Figure
3A). '"H NMR analysis after purification verified the polymeriza-
tion and all relevant peaks could be assigned to the polymer struc-
ture Me-poly(2-benzhydryl-2-oxazine)s,-w-BocPip (Figure 3B and
Figure S6, Supporting Information). An essentially monomodal
mass distribution with a minor high molar mass shoulder gave
rise to a low dispersity (D = M,,/M,: 1.09) (Figure 3C).

© 2021 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 1. Synthesis of 2-benzhydryl-2-oxazine (BhOzi). A) Synthesis route for BhOzi and B) "H NMR of BhOzi in CD,Cl, with the assignment of all
relevant peaks. C) Differential scanning calorimetry graph shows the melting point of the crystalline solid (m,: 132 °C).

Figure 2. Crystal structure of BhOzi with labeling of heteroatoms. H atoms
and disorders are omitted for clarity.

Thermogravimetric analysis showed good thermal stability up
to 330 °C, followed by a two-step composition process, which is
well known for various POx and POzi (Figure 3D). The poly-
mer appears fully amorphous with a glass transition temper-
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ature of 104 °C (Figure 3E). In our ongoing endeavor to un-
derstand the structure—property relationship of self-assembly of
ABA triblock copolymers for use in drug-delivery systems and
hydrogel platforms, we synthesized an ABA type amphiphile
with pMeOx A blocks and pBhOzi B blocks (Figure S11, Sup-
porting Information) by using a well-established strategy (Figure
4A). '"H NMR analysis confirmed the polymer structure of Me-
pMeOx,,-b-pBhOzi, ,-b-pMeOx,,-BocPiP (Figure 4B) and a near
monomodal mass distribution with a small but noticeable tail-
ing was obtained from GPC analysis, which may be explained by
undesired premature termination of a small fraction of the poly-
mers (Figure 4C). DSC analysis showed one defined T, 0of 81.3 °C
confirming an amorphous polymer structure without significant
micro phase separation of individual polymer blocks. Compar-
ing to previously synthesized similar polymers bearing slightly
different aromatic cores similar T, values were obtained.!*’]

3.3. Thermoresponsive Properties in Aqueous Solutions

Surpassing a critical concentration (c,,), self-assembled aggre-
gates can lead to an increase of viscosity and the formation of a

© 2021 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 3. Synthesis of poly(2-benzhydryl-2-oxazine (pBhOzi). A) Schematic illustration of the polymer synthesis. B) "H NMR of the polymer in CD,Cl,
(signal 5.32 ppm) with the assignment of all relevant peaks (the signal at 1.45 ppm was set to 9H (Boc group). C) GPC elugram of the homopolymer
pBhOzi in DMF. D) TGA analysis of the purified polymer. E) DSC second heating cycle with the assignment of the glass transition temperature T;: 104 °C.

physically crosslinked hydrogel. In some cases, the aggregation
induced gelation showed pronounced response to temperature
leading to a reversible sol/gel transition at the critical tempera-
ture (). At 17.5 wt.% and below, an aqueous sample showed
unremarkable temperature-viscosity profile. In the investigated
temperature range of 5 to 40 °C viscosity values for the free flow-
ing liquid of 120 mPas (5 °C) and 23 mPas (40 °C) are obtained
(Figure 5). Interestingly, a 20 wt.% sample showed pronounced
inverse thermogelation. Starting at 40 °C as a low viscous liquid
(49 mPas), a steady increasing viscosity was observed by cooling
the sample. Surpassing a critical temperature (x15 °C for 20 wt.%
sample) no viscosity value could be detected. In stable hydrogels,
the metal ball, which is used in the measurement, becomes stuck
and no values can be obtained. Important to note, the sol/gel tran-
sition is fully reversible with only little hysteresis.

Recently, we have observed that such thermogelation can be
quite sensitive with respect to the side chain and backbone
structure. Accordingly, we prepared a comparable polymer am-
phiphile bearing pBhOx as the hydrophobic block (Figure S7,
Supporting Information) and characterized the polymer by 'H
NMR (Figure S8, supporting Information), GPC (Figure S9, Sup-
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porting Information), and DSC (Figure S10, Supporting Infor-
mation) analyses. Interestingly, even at very high polymer con-
centration of 25 wt.% the pMeOx-b-pBhOx-b-pMeOx showed no
inverse thermogelation (Figure S12, Supporting Information).
Presumably, the additional methylene unit increases the flexibil-
ity of the hydrophobic core, which affects self-assembly or its dy-
namics, which in turn might be crucial for inverse thermogela-
tion. As mentioned, similar specificities between POx and POzi
based polymers with the same side chains have been observed
in previous studies.*! A similar polymer, pMeOx-b-pPheOzi-b-
pMeOx, showed inverse gelation already at 5 wt.%, but the hydro-
gel formation is very slow in this case (~1 h) and due to the for-
mation of worm-like micelles in the cold (below 32 °C). Recently
a triblock copolymer comprising the aromatic poly(2-phenethyl-
2-oxazoline) as the hydrophobic core (pMeOx-b-pPhenEtOx-b-
pMeOx) was introduced, which forms a physical hydrogel by in-
creased correlation between spherical micelles in the cold.[*®] In
this case, also 20 wt.% was necessary and the critical temperature
was slightly higher at about 23 °C. We suspect that the presently
investigated pMeOx-b-pBhOzi-b-pMeOx might gel due to a simi-
lar mechanism.

© 2021 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 4. Synthesis of pMeOx-b-pBhOzi-b-pMeOx amphiphile. A) Scheme of synthesis. B) "H NMR of the purified amphiphile in CD;CN (1.94 +
2.2 ppm) with the assignment of all relevant peaks. C) GPC elugram in DMF. D) DSC second heating cycle with the assignment of the glass transition

temperature T,: 81.3 °C.

3.4. Rheological Properties of the Hydrogel

The viscoelasticity of different pMeOx-b-pBhOzi-b-pMeOx con-
centrations were analyzed using oscillatory rheology. Frequency
sweeps at 5 °C and different polymer concentration were com-
pared (Figure 6).

At 15 wt.% no values for a storage modulus could be obtained
due to fully viscous character of the sample. Increase in concen-
tration to 17.5 wt.% leads to significantly improved G" and G”
values, as described several times for concentrated solutions, and
is in agreement with the obtained viscosity values (120 mPas).
The 20 wt.% sample showed pronounced viscoelastic solid-like
character. However, the system is still highly dynamic leading
to G’ < G” at low frequencies. At 25 wt.% in the whole inves-
tigated frequency range a stable viscoelastic solid-like charac-
ter was confirmed with almost constant G’ = 19.4 + 0.8 kPa
and a pronounced elasticity expressed by a very low loss factor
tan § of 0.04 + 0.02. As a note, for a 25 wt.% sample of the
polymer pMeOx-b-pBhOx-b-pMeOx, throughout the investigated
frequency range G” > G’ which by definition is a viscoelastic

Macromol. Chem. Phys. 2021, 222, 2100114 2100114 (7 of 12)

Table 1. Summary of important key parameter obtained by oscillatory am-
plitude sweep for a 20 and 25 wt.% hydrogel sample at 5 °C.

¢ [wt.%] G’y [kPa] Tyied [P2] Thow [P2]
20 9.1+0.1 90 350
25 21.8+03 480 1300

Average storage modulus G in kPa in the linear viscoelastic region, yield point 7,4
and flow point 4, in Pa.

fluid (Figure S13, Supporting Information). Using an amplitude
sweep, the LVE range of the hydrogel samples (G’ > G”) can be
determined to assess which deformation/shear stress the system
can tolerate (Figure 7). The end of the LVE region (G’ starts to
decrease) is defined as the yield point 7,4, followed by the yield
zone, which leads to a liquefaction (G” > G') of the specimen at
the flow point 74, (G’ = G”).

Results of the amplitude sweeps are summarized in Table
1. Increase in concentration leads to significantly higher values

© 2021 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 5. Viscosity of aqueous solutions of pMeOx-b-pBhOzi-b-pMeOx at 17.5 and 20 wt.%. A) Pictures of the samples at different temperatures (5 and
40 °C). B) Viscosity as a function of temperature investigated using rolling ball viscosity system (filled symbols: cooling, open symbols: heating, blue:
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Figure 6. Viscoelasticity of pMeOx-b-pBhOzi-b-pMeOx aqueous samples
at 5 °C and different angular frequencies (squares: storage modulus G’,
circles: loss modulus G”). Different polymer concentrations (red: 15 wt.%,
blue: 17.5 wt.%, black: 20 wt.%, and yellow: 25 wt.%) were tested.

for both parameters. The storage modulus increased more than
twice from ~9 kPa (20 wt.%) to ~22 kPa. Also, the yield point
increased more than fivefold from 90 to 480 Pa.

These values are relatively high in comparison to
other POx/POzi-based physical hydrogels at similar
concentrations.31333%1  Another important rheological pa-
rameter is the shear rate-dependent viscosity. The hydrogel
exhibited pronounced shear-thinning properties (Figure 8).
Low shear-thinning indices n, obtained by fitting the values
using a power-law expression, characterize the hydrogels as
highly shear-thinning materials (n (20 wt.%) = 0.15 + 0.02, n
(25 wt.%) = 0.06 + 0.001). Increasing the concentration leads

Macromol. Chem. Phys. 2021, 222, 2100114 2100114 (8 of 12)
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Figure 7. Viscoelasticity of pMeOx-b-pBhOzi-b-pMeOx aqueous samples
(black: 20 wt.% and yellow: 25 wt.%) at 5 °C and different shear stress

(squares: storage modulus G’, circles: loss modulus G”). The yield point
is marked with vertical lines and the flow point with an arrow.

10°

to more pronounced shear-thinning properties as evidenced
by a decreasing n value. In contrast, the consistency index K
increased by increasing concentration (K (20 wt.%) = 201 + 7, K
(25 wt.%) = 1025 + 4). In general, much higher viscosity values
are obtained for the 25 wt.% sample (#,( 2 (0.01 1/s) = 9500
Pas, 7,5 w9 (0.01 1/s) = 81 400 Pas).

3.5. Self-Assembly of ABA Type Amphiphile

Amphiphilic polymers, including POx/POzi-based systems self-
assemble into different nanoscale architectures such as spherical

© 2021 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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pBhOzi-b-pMeOx aqueous samples (black: 20 wt.% and yellow: 25 wt.%)

at 5 °C. The shear thinning was fitted using the power-law expression to
obtain the flow index n and consistency index K.
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micelles,[?®) worm-like micelles?’) or even vesicles.[3*33] Recently,
we studied very similar ABA type amphiphiles with various aro-
matic hydrophobic B blocks.’”?] At room temperature or
above, spherical micelles (8-10 nm) could be detected for all
studied systems. Only in one case, for polymers featuring hy-
drophobic blocks comprising pPheOzi, larger several hundred
nanometer sized worm-like aggregates could be detected by DLS
experiments and cryogenic TEM at lower temperature. These
polymers also showed inverse thermogelation. In addition, a
triblock copolymer comprising pPhenEtOx as the hydrophobic
block, also showed inverse gelation but did not change the mor-
phology or size of the aggregates upon changes in temperature.
However, an enhanced correlation of neighboring micelles was
discussed as the driving force for inverse gelation.[*®]

To get first insights into the aggregation process of the ben-
zhydryl comprising triblock copolymer that leads to inverse
gelation at high concentration, DLS experiments of aqueous
solutions of the polymers pMeOx-b-pBhOzi-b-pMeOx and
pMeOx-b-pBhOx-b-pMeOx were performed (Table 2). In the uns-
elective solvent acetonitrile, in which no aggregation is expected,
only slightly different hydrodynamic radii for the individual
polymer chains were obtained.

The slightly higher value of pMeOx-b-pBhOzi-b-pMeOx of
2.75 + 0.02 nm compared to 2.58 + 0.02 nm of pMeOx-b-pBhOx-
b-pMeOx is consistent with the NMR and GPC results, where
slightly higher values for the degree of polymerization and the
influence of the additional methylene group in the polymer back-
bone are also evident. In contrast, in the selective solvent water,
the polymers self-assemble into micelles with significant higher
hydrodynamic radius. At diluted concentrations needed for DLS
and at 25 and 40 °C, the inverse thermogelling polymer pMeOx-b-
pBhOzi-b-pMeOx exhibited micelles with a hydrodynamic radius
of 10 nm. Interestingly, the micelles of the polymer pMeOx-b-
pBhOx-b-pMeOx are slightly larger (11.7 and 11.9 nm). At 15 °C,
the temperature, at which the gelation at higher concentration ac-
tually starts for the polymer pMeOx-b-pBhOzi-b-pMeOx, the mi-
celle size increased significantly by 2.3 nm. The increase for the
non-gelling polymer pMeOx-b-pBhOx-b-pMeOx was much less
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Table 2. Hydrodynamic radii obtained via dynamic light scattering experi-
ments. Measurements were performed on a multi angle device.

Polymer Acetonitrile aqueous solution [0.3 g L™1]
[10gL™]
RhZS °C [nm] RH 15°C [nm] RhZS °C [nm] Rhw °C [nm]
unselective selective selective selective
A-pBhOx-A 2.58" +0.02 12.7° £ 0.1 11.9° +0.1 11.7° £ 0.1
13* (0.15) 12 (0.18) 12 (0.16)
A-pBhOzi-A 2.75% +0.02 12.3° £ 0.2 10.0° + 0.1 10.0° + 0.1
13* (0.26) 10t (0.11) 10* (0.09)

The translational diffusion coefficients in dependency of the scattering vector g was
extrapolated to zero angle (Figure S14, Supporting Information). Using Stokes Equa-
tion (3) the hydrodynamic radius was obtained. Error values originate from triexpo-
nential fit functions (*) or by cumulant analysis (¥) at 89° which affords the polydis-
persity index (PDI) given in brackets.

pronounced (0.8 nm). In the whole temperature range, the mi-
celles formed by pMeOx-b-pBhOzi-b-pMeOx were smaller com-
pared to the pMeOx-b-pBhOx-b-pMeOx aggregates, respectively.

The described trend can also be observed in the evaluation
of the DLS experiments by cumulant method, which gives
essentially the same hydrodynamic radii (Table 2). Most in-
terestingly, a significant difference in the development of the
dispersity (PDI value) can be observed between the two polymers
at different temperatures. In principle, for uniform aggregates
in solution the PDI value should approach 0.4! The gelling
polymer A-pBhOzi-A exhibited a relatively high PDI of 0.260 at
gelling temperature (15 °C), which decreases rather markedly
upon heating to a PDI value of 0.087, indicative of more uni-
form micelles. The higher value at the gelling temperature
could be caused by a minor portion of aggregated micelles
due to increased interactions between the micelles or due to
an extended correlation of the micelles, ultimately causing the
system to gel at higher concentration. Important to note, this
temperature-dependent change in PDI values was not observed
with the non-gelling polymer. In this case, a very similar PDI in
the range of 0.15-0.17 is observed at all temperatures.

The DLS study was performed in non-gelling concentration
and therefore does not allow a simple correlation to the situa-
tion at higher concentrations. Nevertheless, it is a first indication
of the different aggregation of the two amphiphiles. In addition,
negative stain TEM images were obtained from a 20 g L™! aque-
ous solution stored at 5 °C.

The non-gelling polymer pMeOx-b-pBhOx-b-pMeOx clearly
self-assembles into rather uniform spherical micelles (Fig-
ure 9A,B) similar to previously described non-gelling POx-
based polymers with an aromatic hydrophobic block!*”! and
thermogelling polymer described very recently.l*®] Interestingly,
even though the self-assemblies formed in the case of the gel-
forming polymer pMeOx-b-pBhOzi-b-pMeOx are also rather uni-
form and spherical, the overall impression suggests a strongly de-
viating aggregation behavior (Figure 9C). First, the contrast from
the staining reagent is different, which suggests different access-
ability of the contrast agent and may be attributed to a higher
flexibility of the oxazine backbone in the hydrophobic block
compared to the non-gelling oxazoline-based polymer. More im-
portantly, however, the TEM images suggest a strong interaction

© 2021 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

‘EM}%I@

Chemistry ana Physics

www.advancedsciencenews.com

A) .7 - - - . B)

www.mcp-journal.de

C)

Figure 9. TEM images of pMeOx-b-pBhOx-b-pMeOx (A, B) and pMeOx-b-pBhOzi-b-pMeOx (C-E). As staining reagent uranyl acetate was used. A) Image
of highly concentrated and B) a more diluted aqueous solution of A-pBhOx-A suggests uniform and non-interacting spherical micelles. C) In contrast,
the micrograph of A-pBhOzi-A strongly suggests interacting aggregates of spherical micelles and clustering as highlighted in D and E. D,E) Zoomed
view of clustering aggregates. Highlighted in white circles are interesting geometric features which appear common in the image.

tendency among the individual micelles, mediated via the hy-
drophilic corona, which seems to form sticky patches between the
micelles (Figure 9D,E white circles). As a result, a superstructure
of self-assemblies is formed, which is likely the underlying rea-
son for the gel formation at high concentration and low temper-
atures. Interestingly, similar arrangements were not observed in
otherwise very similar inverse-gelling POx/POzi platforms,3748]
which suggest that these structures might be specific for this
particular combination of hydrophilic and hydrophobic blocks.

4. Conclusion

Herein we demonstrated the novel aromatic monomers BhOx
and BhOzi and their application in a cationic ring-opening poly-
merization. ABA type amphiphiles with the aromatic hydropho-
bic central block of pBhOx and pBhOzi are synthesized and com-
pared. Surprisingly, the polymer pMeOx-b-pBhOzi-b-pMeOx un-
dergoes rapid inverse thermogelation above 20 wt.% while its
homologue pMeOx-b-pBhOx-b-pMeOx does not. The rheological

Macromol. Chem. Phys. 2021, 222,2100114 2100114 (10 of 12)

properties of the hydrogel, such as pronounced viscoelastic solid
appearance and shear thinning, are confirmed. Minor differences
in aggregation for the two amphiphiles were observed by light
scattering experiments, of particular interest is the temperature-
dependent dispersity observed for pMeOx-b-pBhOzi-b-pMeOx,
which is not observed for pMeOx-b-pBhOx-b-pMeOx. Inter-
estingly, the gel-forming polymer pMeOx-b-pBhOzi-b-pMeOx
showed unique fusion and ordering of micelles in TEM ex-
periments in comparison to the non-gelling polymer pMeOx-
b-pBhOx-b-pMeOx, in which the micelles are also uniform and
spherical, but do not seem to interact. The controlled synthesis,
reversible and rapid inverse gelation together with the distinct
rheological properties open up a range of applications for this
novel hydrogel and extends the toolkit for the recently discovered
platform of POx- and POzi-based thermogelling polymers. The
gel properties, namely the fast sol/gel transition and shear thin-
ning, are promising for use as sacrificial material in biofabrica-
tion, especially in bioprinting, or the storage of biologically sen-
sitive materials such as unstable proteins.

© 2021 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Chapter IV

In the last chapter, thermogelling POx/POzi based copolymers for biofabrication were established. First,

a thermogelling ABA type block copolymer was described.

*** The following open access abstract and graphic was reprinted from Journal of Functional
Biomaterials, 2019, 10(3), 36, https://doi.org/10.3390/jfb10030036

Temperature-Dependent Rheological and Viscoelastic Investigation of a Poly(2-methyl-2-oxazoline)-b-
poly(2-iso-butyl-2-oxazoline)-b-poly(2-methyl-2-oxazoline)-Based Thermogelling Hydrogel

Libtow M.M., Mrlik M., Hahn L., Altmann A., Beudert M., Lihmann T. and Luxenhofer R.

Abstract

The synthesis and characterization of an
ABA triblock copolymer based on
hydrophilic PMeOx blocks A and a
modestly hydrophobic poly(2-iso-butyl-
2-oxazoline) Dblock B is described.

Aqueous  polymer solutions  were

R i e T o Eh ———

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. ***

However, the rheological properties already suggested limited printability, which was further elucidated
in first printing experiments. Therefore, in the following studies the polymer already described by

Lorson et al.?®* in 2017 was used in different approaches.
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The printability of the polymer PMeOx-b-PnPrOzi was significantly improved by the addition of
nanoclay.

*** The following open access abstract and graphic was reprinted from Journal of Materials Science,
2021, 56 (1), 691-705, https://doi.org/10.1007/s10853-020-05190-5

Improving Printability of a Thermoresponsive Hydrogel Biomaterial Ink by Nanoclay Addition
Hu C., Hahn L., Yang M., Altmann A., Stahlhut P., Groll J. and Luxenhofer R.

Abstract

As a promising biofabrication technology, EBB has gained significant attention in the last decade and
major advances have been made in the development of bioinks. However, suitable synthetic and stimuli-
responsive bioinks are underrepresented in this context. In this work, we described a hybrid system of
nanoclay Laponite XLG and thermoresponsive block copolymer PMeOx-b-PnPrOzi as a novel
biomaterial ink and discussed its critical properties relevant for EBB, including viscoelastic properties
and printability. The hybrid hydrogel retains the thermogelling properties but is strengthened by the
added clay (over 5 kPa of G™ and 240 Pa of yield stress). Importantly, the shear-thinning character is
further enhanced, which, in combination with very rapid 5 recovery (~ 1 s) and structure recovery (~ 10
s), is highly beneficial for EBB. Accordingly, various 3D patterns could be printed with markedly

enhanced resolution and shape fidelity compared to the biomaterial ink without added clay.

PMeOx-b-PnPrOzi/clay gel

*k*k

In this manuscript, no cell studies were conducted. Further, the hydrogel system still lacks permanent
crosslinking. Therefore, during cell-culture the construct will collapse and dissolve. To overcome this
limitation Alg was added to further stabilize the constructs after the print. In this ternary blend system,
several beneficial properties are combined yielding a excellent printable and highly cytocompatible

system.
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*** The following abstract and graphic was reprinted with permission from Biofabrication 2021
accepted manuscript

https://doi.org/10.1088/1758-5090/ac40ee; © 2021 IOP Publishing Ltd

A Thermogelling Organic-Inorganic Hybrid Hydrogel with Excellent Printability, Shape Fidelity and
Cytocompatibility for 3D Bioprinting

Hu C., Ahmad T., Haider M.S., Hahn L., Stahlhut P., Groll J. and Luxenhofer R.
Abstract
Alginates are the most commonly used

bioink in biofabrication, but their

rheological profiles makes it very

challen g i ng to perform real 3D pr| nti ng. POX-b-POzi/Alg/clay sol POx-b-POzi/Alg/clay gel POXx-b-POzi/Alg/clay hydrogel

In this study, an advanced hybrid =21 ")A_’;i = . e =P ".'.."%
hydrogel ink was developed, a mixture of o POxb-POZ e

thermogelling  diblock  copolymer, ) pocs rozing y ﬁ\;?%m
alginate and clay i.e. Laponite XLG. The “ ‘ T<:f “ . rﬁgﬁ’\w R Y

reversible thermogelling and shear POx-b-POzilAlg/clay

thinning  properties of the diblock “,%“ » m@g@(

copolymer in the ink system improves

;C%

handling and 3D printability significantly. Various three-dimensional constructs, including suspended
filaments, were printed successfully with high shape fidelity and excellent stackability. Subsequent ionic
crosslinking of alginate fixates the printed scaffolds, while the diblock copolymer is washed out of the
structure, acting as a fugitive material on the (macro)molecular level. Finally, cell-laden printing and
culture over 21 days demonstrated good cytocompatibility and feasibility of the novel hybrid hydrogels
for 3D bioprinting. We believe that the developed material could be interesting for a wide range of
bioprinting applications including tissue engineering and drug screening, potentially enabling also other
biological bioinks such as collagen, hyaluronic acid, decellularized extracellular matrix or cellulose

based bioinks. ***
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In a further study, instead of Alg an in situ polymerizable poly(N,N-dimethylacrylamide) was added.
After printing, the hydrogel was chemically cured and a material with excellent mechanical strength and
high stretchability was obtained.

*** The following open access abstract and graphic was reprinted from Journal of Materials Chemistry
B, 2021, 9, 4535-4545, https://doi.org/10.1039/D1TB00484K

Development of a 3D Printable and Highly Stretchable Ternary Organic-Inorganic Nanocomposite
Hydrogel

Hu C., Haider M., Hahn L., Yang M. and Luxenhofer R.

Abstract
Hydrogels that can be processed
with ~ AM  techniques and {1 3(F % » _\%, iﬁ ‘ sirefchable
concomitantly possess favorable o ikt ?ﬁ;fﬁ
. . . . L= T o0uR
mechanical properties are interesting P b POzil P DMAAday hydrogel

for many advanced applications. However, the development of novel ink materials with high intrinsic
3D printing performance has been proven to be a major challenge. Herein, a novel 3D printable organic—
inorganic hybrid hydrogel is developed from three components, and characterized in detail in terms of
rheological property, swelling behavior and composition. The nanocomposite hydrogel combines a
thermoresponsive hydrogel with clay LAPONITE® XLG and in situ polymerized poly(N,N-
dimethylacrylamide). Before in situ polymerization, the thermogelling and shear thinning properties of
the thermoresponsive hydrogel provides a system well-suited for EBB. After chemical curing of the 3D-
printed constructs by free radical polymerization, the resulting interpenetrating polymer network
hydrogel shows excellent mechanical strength with a high stretchability to a tensile strain at break
exceeding 550%. Integrating with the advanced 3D-printing technique, the introduced material could be

interesting for a wide range of applications including TE, drug delivery, soft robotics and AM in general.

*k*k
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The thermogelling property of the diblock copolymer was further used in two-photon polymerization
printing of PEG-diacrylate. The thermogel was used as support hydrogel to realize freeform printing of
3D scaffolds with outstanding resolution and topology.

*** The following open access abstract and graphic was reprinted from Materials Horizons, 2021, 8,
3334-3344. https://doi.org/10.1039/D1IMH00925G

Freeform Direct Laser Writing of Versatile Topological 3D Scaffolds Enabled by Intrinsic Support
Hydrogel

Hasselmann S., Hahn L., Lorson T., Schéatzlein E., Sebastien I., Beudert M., Lihmann T., Neubauer
J.C., Sextl G., Luxenhofer R. and Heinrich D.

Abstract

In this study, a novel approach to Thermogelling photocurable 4+ 3D freeform structuring via
2 component hydrogel 2-Photon-Polymerization

create  arbitrarily shaped 3D
hydrogel objects is presented,
wherein  freeform  two-photon
polymerization (2PP) is enabled by
the combination of a photosensitive
hydrogel and an intrinsic support

S0 pm

matrix. This way, topologies without
physical contact such as a highly porous 3D network of concatenated rings were realized, which are
impossible to manufacture with most current 3D printing technologies. Micro-Raman and
nanoindentation measurements show the possibility to control water uptake and hence tailor the Young's
modulus of the structures via the light dosage, proving the versatility of the concept regarding many
scaffold characteristics that makes it well suited for cell specific cell culture as demonstrated by

cultivation of human induced pluripotent stem cell derived cardiomyocytes.

New Concepts

This contribution describes how a significant limitation of freeform direct laser writing of low 7 resins
can be overcome to fabricate complex topological 3D structures. When attempting to manufacture very
small feature sizes of soft photocurable materials such as hydrogels, the residual mobility of the
microstructures from convection or diffusion can prevent a high accuracy and precision, in particularly
when attempting to connect structures printed at different time points inside a liquid precursor. To
overcome this issue, we introduce a thermoresponsive support gel that can be conveniently mixed with
the resin at low temperature (5-10 °C) but forms a highly transparent solid gel at room temperature and
above. This drastic increase in » of the gel effectively suppresses diffusion and convection, keeping any
freeform laser written soft structure securely in place during processing. After 3D freeform structuring
is completed, the hydrogel can be easily removed by washing with water, developing intricate soft

microstructures such as arrays of 3D concatenated hydrogel rings demonstrated in this contribution. This
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very simple approach opens new avenues to create soft microstructures at very high resolution, which

are otherwise difficult to realize. ***

In all the presented manuscripts so far in chapter 1V, the polymer established by Lorson et al. was used
without further polymer modifications. For the next contribution the thermogelling polymer was slightly
modified. Instead of PMeOx, polymers comprising PEtOx with a degree of polymerization of 100 and
200 were studied. This modification leads to alteration of the water solubility and gelation behavior.

Further, cytocompatible bioprinting was demonstrated.

*** The following open access abstract and graphic was reprinted from Gels, 2021, 7 (3), 78,
https://doi.org/10.3390/gels7030078

Tuning the Thermogelation and Rheology of Poly(2-oxazoline)/Poly(2-oxazine)s Based Thermosensitive
Hydrogels for 3D Bioprinting

Haider M., Ahmad T., Yang M., Hu C., Hahn L., Stahlhut P., Groll J. and Luxenhofer R.

Abstract
As one kind of “smart” material, thermogelling Thermoresponsive hydrogel . Temp sweep
5|
polymers find applications in biofabrication, drug Temp] ﬁ Rheology 5| A
S — N . 2] 4%
. . S—— | — 3| ‘fr 30 25m%  —
delivery and RM. In this work, we report a | Temo| S §*J bl
thermosensitive ~ POx/POzi  based  diblock temperature [*C]

o Visualization & Cells Distribution
copolymer comprising

5 mm

thermosensitive/moderately hydrophobic PnPrOzi
and  thermosensitive/moderately  hydrophilic
PEtOx. Hydrogels were only formed when block ' Cryo-sem  fuorescenty labelled Extr(t:;siic;printinsD
length exceeded certain length (=100 repeat units).

The tube inversion and rheological tests showed that the material has then a reversible sol-gel transition
above 25 wt.% concentration. Rheological tests further revealed a gel strength around 3 kPa, high shear
thinning property and rapid shear recovery after stress, which are highly desirable properties for EBB.
Attributed to the rheology profile, well resolved printability and high stackability (with added laponite)
was also possible. (Cryo) scanning electron microscopy exhibited a highly porous, interconnected, 3D
network. The sol-state at lower temperatures (in ice bath) facilitated the homogeneous distribution of
(fluorescently labelled) human adipose derived stem cells (hRADSCs) in the hydrogel matrix. Post-
printing live/dead assays revealed that the hADSCs encapsulated within the hydrogel remained viable
(=97%). This thermoreversible and (bio) printable hydrogel demonstrated promising properties for use

in TE applications. ***
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The polymer classes of POx/POzi offers the possibility of several post polymerization modification
approaches. In the last manuscript of this thesis, the polymer PMeOx-b-PnPrOzi was partially
hydrolyzed and subsequently modified with furan and maleimide moieties. These modifications ensured
in situ chemical crosslinking of the construct after printing. Further, the cytocompatibility of the dual-

gelling approach was demonstrated in preliminary bioprinting experiments.

The following open access publication was reprinted from Macromolecular Bioscience, 2021,
https://doi.org/10.1002/mabi.202100122
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From Thermogelling Hydrogels toward Functional Bioinks:
Controlled Modification and Cytocompatible Crosslinking

Lukas Hahn, Matthias Beudert, Marcus Gutmann, Larissa Kefiler, Philipp Stahlhut,
Lena Fischer, Emine Karakaya, Thomas Lorson, Ingo Thievessen, Rainer Detsch,

Tessa Liihmann,* and Robert Luxenhofer*

Hydrogels are key components in bioink formulations to ensure printability
and stability in biofabrication. In this study, a well-known Diels-Alder two-step
post-polymerization modification approach is introduced into thermogelling
diblock copolymers, comprising poly(2-methyl-2-oxazoline) and
thermoresponsive poly(2-n-propyl-2-oxazine). The diblock copolymers are
partially hydrolyzed and subsequently modified by acid/amine coupling with
furan and maleimide moieties. While the thermogelling and shear-thinning
properties allow excellent printability, trigger-less cell-friendly Diels-Alder
click-chemistry yields long-term shape-fidelity. The introduced platform
enables easy incorporation of cell-binding moieties (RGD-peptide) for cellular
interaction. The hydrogel is functionalized with RGD-peptides using
thiol-maleimide chemistry and cell proliferation as well as morphology of
fibroblasts seeded on top of the hydrogels confirm the cell adhesion facilitated
by the peptides. Finally, bioink formulations are tested for biocompatibility by
incorporating fibroblasts homogenously inside the polymer solution
pre-printing. After the printing and crosslinking process good
cytocompatibility is confirmed. The established bioink system combines a
two-step approach by physical precursor gelation followed by an additional

1. Introduction

In the field of biofabrication, researchers try
to create functional tissue models by using
an additive manufacturing technique. Espe-
cially in bioprinting, advances strongly rely
on the availability of suitable bioinks.l'-!
These materials, in turn, are mostly based
on polymers—either of synthetic or natu-
ral origin—and contain living cells, the re-
quired growth factors, as well as nutrition
to be processed by an automated biofab-
rication technology.*’! In most cases, di-
rect ink-writing of a hydrogel is used, al-
lowing the production of clinically relevant
designs with respect to time and size.l’
Bioinks have to be printable at cell friendly
conditions, and allow maturation of the
printed construct for several weeks. Sev-
eral key characteristics can be associated
with an ideal hydrogel bioink. First, a pro-
nounced shear thinning character of the

chemical stabilization, offering a broad versatility for further biomechanical

adaptation or bioresponsive peptide modification.

precursor hydrogel during extrusion facili-
tates 3D-printing and concurrently the vis-
coelastic solid like character prevents cell
sedimentation in the barrel.’] Second, it
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should ideally allow for sufficient and fast stabilization after the
printing process. The former, that is, the formation of a precur-
sor hydrogel, can be ensured by a wide variety of approaches,
such as specific chemical pre-crosslinking,® pH,°! or temper-
ature switch,'% as described, for example, for alginate, collagen,
and gelatine. The defined control of these approaches to provide
a cytocompatible printing process is an ongoing challenge.

Thermogelling polymer solutions that undergo fast gelation
are promising candidates for bioinks. A well-known example is
the polymer Pluronic F127, also known as Poloxamer 407. This
triblock copolymer based on polypropylene glycol as thermore-
sponsive central block, flanked by two hydrophilic polyethylene
glycol (PEG) blocks, forms a physical hydrogel at room tempera-
ture. Since Pluronic F127 gels represent excellent printability,'!]
they are used in many applications as a support material and
sacrificial structure.?l One possible alternative for PEG-based
systems is the family of polymers known as poly(2-oxazoline)s
(POx) and their close relative poly(2-substituted-5,6-dihydro-4H-
1,3-oxazine)s (poly(2-oxazine)s, POzi), which serve as a diverse
biomaterials platform for different applications due to good cyto-
compatibility and chemical versatility.[1>-17]

In the context of biofabrication, only few reports can be found
describing POx/POzi based structures used in bioprinting. Lor-
son et al. reported a thermogelling diblock copolymer compris-
ing hydrophilic poly(2-methyl-2-oxazoline) (PMeOx) and ther-
moresponsive poly(2-n-propyl-2-oxazine) (PnPrOzi) moieties.!*®!
In first bioprinting experiments excellent cytocompatibility was
confirmed. The printability and shape fidelity could be signifi-
cantly improved by the addition of Laponite XLG.[*! However,
this thermoresponsive hydrogel does not allow for long-term
cell culture experiments, as it dissolves upon addition of an ex-
cess of cell culture medium. More recently, Trachsel et al. in-
vestigated a multi-material approach with enzymatically stabi-
lized hydrophilic poly(2-ethyl-2-oxazoline) hydrogels via sortase
linkage.! To use this system in a bioink formulation, algi-
nate was needed to stabilize the constructs after printing by
Ca’*. Furthermore, cellulose nanofibrils were added to improve
printability.[2!]

In recent years, several approaches—mainly based on irradi-
ation with UV-light—have been described to introduce covalent
crosslinking after printing,?2*! fueling ongoing and controver-
sial discussions about the potential negative effect of UV irra-
ditation on cell viability.?*?*] More recently, crosslinking using
visible light has gained attention. Irrespective of the wavelength
used, photoinitiators are typically needed for crosslinking which
may affect cells either immediately or during the maturation.[**]
Accordingly, alternative approaches of in situ chemical crosslink-
ing of hydrophilic polymers by the reaction of complementary
functional groups, to obtain hydrogels, remain actively inves-
tigated. One such alternative is the Diels-Alder chemistry, al-
ready introduced for hydrogel synthesis by Chujo et al. a few
decades agol?®! besides other crosslinking strategies/?”28] and re-
cently studied again by Shoichet et al.?*-3%] as well as Nahm et
al.,[®*] among others. Chujo et al. used the hydrophilic PMeOx
functionalized with maleimide and furan groups in the polymer
side chain. However, these hydrogel precursors would be unlikely
candidates for dispense plotting, due to their hydrophilic nature
and expected rheological properties.

Macromol. Biosci. 2021, 2100122 2100122 (2 Of9)
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In this work, we established a double-crosslinked bioink plat-
form obtained by one starting block copolymer and its mod-
ifications, combining thermoresponsive precursor gelation to-
gether with temperature-controlled Diels-Alder crosslinking, in
order to employ the benefits of both crosslinking mechanisms
for creating a functional and adaptable bioink platform. There-
fore, a previously described diblock copolymer comprising a hy-
drophilic PMeOx block and a thermoresponsive PnPrOzi block
(PMeOx-b-PnPrOzi = P0),*) which showed pronounced physi-
cal thermogelation in aqueous solutions, was modified with fu-
ran and maleimide moieties.!**) The fast physical sol/gel transi-
tion was used to obtain a homogenous cell distribution through-
out the construct, in combination with good printability. After
the extrusion, the cytocompatible in situ Diels-Alder crosslinking
stabilized the construct and offered the possibility to introduce
bioinstructive peptides. Beside the two functionalized polymers,
no further compound such as crosslinker, initiators or viscosity
modulators were used in order to obtain both a physically and
chemically crosslinked hydrogel.

2. Results and Discussion

The presented bioink concept builds on two independent
crosslinking mechanisms. At first, thermoreversible hydropho-
bic interactions offer excellent handling and printing properties.
Second, a slow but essentially irreversible Diels-Alder crosslink-
ing post-processing provides long-term stability and maturation.

In addition, Diels-Alder functionalities enable the conjuga-
tion of bioactive components (Figure 1A).343¢ In order to in-
troduce the corresponding functionalities, the thermogelling di-
block copolymer PO, with a similar degree of polymerization as
described previously, '8! was partially hydrolyzed, yielding sec-
ondary amines, which are subsequently coupled with carboxylic
acids (Figure 1B). Doing so, it is critical that the thermogelling
properties of the polymer PO (Figure S1, Supporting Informa-
tion) are retained after modification and that the crosslinking
occurs in a time period suitable for bioprinting. The first step
was a carefully controlled partial hydrolysis of the polymer yield-
ing ethyleneimine (EI) moieties in the hydrophilic part of the
polymer. We expected that the MeOx repeat units are hydrolyzed
significantly faster than the nPrOzi units.’”38/'H-Nuclear mag-
netic resonance (NMR) spectroscopy confirmed that backbone
and sidechain signals attributed to MeOx repeat units decreased
significantly with increasing reaction time (Figures S2,S3A,B,
Supporting Information), while the signals attributed to nPrOzi
repeat units remained preserved. The degree of hydrolysis has a
significant impact on the thermogelling properties (Figure S3C,
Supporting Information). Here, the polymers with a hydrolysis
degree of 10% of the PMeOx block were further investigated
((P(MeOxgy-co-El,y)-b-PnPrOzi,, = P1). The thermogelling prop-
erties of three different P1 polymer batches performed similar
like the unmodified polymers described by Lorson et al. (Table S1,
Supporting Information),'¥! indicating the reproducibility of the
approach.3%! Modification of P1 with furan or maleimide moi-
eties resulted in the final functionalized polymers P(MeOx,,-co-
Fu,,)-b-PnPrOzi,, (P-Fu) and P(MeOxy,-co-Ma,y)-b-PnPrOzi,,
(P-Ma). The successful and complete modification was verified by
TH-NMR spectroscopy (Figure S4, Supporting Information) and

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 1. Investigated strategy for functional bioink formulations. A) Schematic illustration of the bioink strategy. At 5 °C the polymer solutions P-Fu and
P-Ma are present as low viscous liquids, which can be easily mixed with cells and peptide motifs (e.g., RGD). Increasing the temperature to 37 °C leads
to a rapid physical gelation of both P-Fu and P-Ma preventing cell sedimentation and ensuring good printability. After printing, the chemical crosslinking
takes place at 37 °C generating stable and biofunctionalized constructs. B) Synthesis route to establish the thermogelling polymers P-Fu and P-Ma:

Partial acidic hydrolysis of the thermogelling diblock copolymer PO followed by the introduction of furan and maleimide moieties by amide coupling
(P-Fu and P-Ma).
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Figure 2. Thermogelling properties of the different modified polymers. A) P1, B) P-Ma, and C) P-Fu in the temperature range of 5-37 °C (heat rate:

0.05 °C s~") and at 20 wt% aqueous solutions ([J: Storage modulus G’,O: Loss modulus G”). Images were taken at 5 and 37 °C following the described
temperature scale.
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Figure 3. Determination of important rheological properties. A) Rheological properties for direct ink-writing of P-Fu (blue) and P-Ma (black) at a concen-
tration of 20 wt% and 37 °C. B) Amplitude sweep ((J: Storage modulus G’,O: Loss modulus G”) and C) frequency sweep. D) Shear thinning properties:
Viscosity in dependence of the applied shear rate. Red line: data fitted with a power law function. E) Yield point determination: Viscosity as a function
of applied shear stress. The onset of viscosity decrease designates the yield point 7. F) Structure-recovery properties: Alternated high and low-shear

regimes.

all relevant signals could be attributed. Itis important to note that
the signals attributed to EI repeat units completely disappeared.
Furthermore, complete modification of all secondary amines (EI
units) was confirmed via titration (Figure S4, Supporting Infor-
mation).

The polymers P1, P-Fu and P-Ma exhibited pronounced ther-
mogelling properties in the temperature range of 5-40 °C (5 °C
low viscous liquid, 40 °C stable hydrogel, Figure 2) with sol/gel
transitions between 26 and 29 °C (Figure 2). Compared to the pre-
cursor polymer PO the transition temperature increased, which
simplifies handling at room temperature (T, (P0) = 21 °C, Fig-
ure S1, Supporting Information). Notably, the storage modulus
G’ at 37 °C increased from 3.8 kPa for PO to 5.3 kPa for P1 (Fig-
ure 2A). In contrast, the addition of furan and maleimide moi-
eties resulted to a reversal of G’to 3.3 and 3.0 kPa, respectively
(Figure 2B,C). Clearly, modifications of the hydrophilic block af-
fect the polymer self-assembly, presumably by affecting the com-
patibility between the blocks. The physical hydrogels P-Fu and
P-Ma at 37 °C and a concentration of 20 wt% were further char-
acterized individually via oscillatory and rotational shear rheology
to investigate whether their rheological parameters would be fa-
vorable for 3D printing (Figure 3).

Both samples showed a pronounced linear viscoelastic region
in the amplitude sweep (Figure 3B). Slightly higher G’ values are
obtained for the polymer P-Ma, which is in agreement with the
values obtained during the temperature sweep (Figure 2). In the

Macromol. Biosci. 2021, 2100122 2100122 (4 of 9)

investigated frequency region both polymers exhibited viscoelas-
tic solid-like character throughout (Figure 3C). The pronounced
shear-thinning (Figure 3D) with flow indices of n = 0.15 for P-Fu
and P-Ma, well-defined yield-points (Figure 3E; = (P-Fu) = 92 Pa
and 7 (P-Ma) = 166 Pa), high viscosity at low shear stress (=100
kPa s) and fast structure recovery (Figure 3F) suggests good print-
ability for both hydrogels. This rheological profile allows the low
viscosity polymer sols to be mixed with cells at <10 °C, and sub-
sequently printed at 37 °C on a preheated printing dish, where
the crosslinking Diels-Alder reaction takes place, subsequently
(Figure 4A).

Accordingly, we mixed 20 wt% aqueous solutions of both poly-
mers (1/1, v/v) at 10 °C and followed G’ and G” at 10, 20, and
37 °C over time (Figure 4B). Over the investigated time of 2 h
no hydrogel formation was observed at 10 °C and the sample re-
mained a low viscous liquid, ideal for sample preparation, cell
distribution, and transfer into a printing syringe. Only a minor
increase in viscosity is observed after ~1 h. With a temperature-
controlled printing setup, this allows for prolonged printability,
if needed. In contrast, at 25 °C, which is below T, hydrogel, a
sol/gel transition is observed after 65 min and must be attributed
to the Diels-Alder crosslinking. At 37 °C the mixture thermo-
gelled immediately, followed by additional Diels-Alder crosslink-
ing, as evidenced by an increase of G’ and G”. After less than 50
min a plateau value of more than 10 kPa was reached. Accord-
ingly, printing the bioink at room temperature onto a preheated

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 4. Chemical crosslinking of mixed P-Fu and P-Ma hydrogels. A) Workflow for crosslinking analysis (B-C) Crosslinking kinetics of P-Fu and P-Ma
mixtures (1:1) at different temperatures (blue: 10 °C, orange: 20 °C, and red: 37 °C) and 20 wt% concentration ([]: Storage modulus G’,O: Loss modulus
G”): B) Time scans of 120 min with a fixed amplitude of 0.5 % and an angular frequency of 10 rad s~! with a C) detailed view for 50~100 min which
we deem critical for preparing and conducting a typical print. Cryogenic scanning electron microscopy (SEM) investigations to visualize the porous
structure of the bioink: Samples were recorded after D) crosslinking of 24 h and E) additional swelling for 24 h.

dish should ensure rapid crosslinking and stability of the printed
construct.

Due to the nature of the chemical crosslinked synthetic hy-
drogel, a highly porous network with features in the range of a
few dozen nm was obtained (Figure 4D). Swelling for 24 h led to
a significant increase in pore size into the lower 100 nm range
(Figure 4E). Although the pore size is sufficiently large for dif-
fusion of nutrients, cells will not be able to migrate through the
generated network. Compared to the physical hydrogel of PO (Fig-
ure S1B, Supporting Information) the pore size decreased signifi-
cantly after chemical crosslinking, due to the formation of a more
compact three-dimensional covalent network. In order to high-
light the adaptability of the platform in terms of stiffness, the con-
centration of precursor solutions of P-Fu and P-Ma was decreased
by dilution with water leading to softer hydrogels with slower
crosslinking kinetics (Figure S5, Supporting Information). Ad-

Macromol. Biosci. 2021, 2100122 2100122 (5 of 9)

ditionally, the nature of the crosslinker can be adapted to specific
applications. To demonstrate this, we used PEG,-bismaleimide
as a model crosslinker. The P-Fu-PEG mixtures showed a slower
crosslinking and resulted in softer and less dense networks as
characterized by rheology and cryogenic scanning electron mi-
croscopy, respectively (Figure S6, Supporting Information). Not
surprising, this led to a more pronounced swelling of the hydro-
gels compared to the P-Fu/P-Ma crosslinking.

Based on the favorable rheological properties of the precur-
sor hydrogels and the controlled crosslinking kinetics, first 3D
printing experiments were performed. At 5 °C, P-Fu and P-Ma
solutions were homogenously mixed and transferred into a print-
ing cartridge (held at 5 °C) followed by printing onto a preheated
(37 °C) printing bed (Figure 5A—C). After 1 h of in situ chemi-
cal crosslinking at 37 °C, the constructs were immersed in fresh
cell culture medium and incubated for 14 days at 37 °C. The

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 5. Printing of P-Fu and P-Ma crosslinking hydrogels. A) Image of the printed scaffold during the printing process. B,C) lllustration of the printed
scaffold immediately after printing. D) Printed scaffolds after incubation in culture medium for 14 days. E-G) Handling and transfer of P-Fu and P-Ma

crosslinked hydrogels after 14 days in culture medium.

constructs remained stable with good structural integrity (Fig-
ure 5D). However, fusion of stacked layers with direct contact
can be seen. During incubation, swelling increases the contact
between individual layers, which can then cross-link with each
other. In the end, this leads to a homogeneous construct with rel-
atively low stackability. Even though the hydrogels are soft, as ana-
lyzed by rheology and shown above, they were easily handled and
transferred while retaining their printed shape (Figure 5D-G).

Furthermore, we analyzed the swelling of the crosslinked P-
Fu and P-Ma hydrogels (20 wt%, ratio P-Fu/P-Ma 1:1). Only lit-
tle swelling was observed (Figure S10A, Supporting Informa-
tion), which is explained by the combination of physical and
chemical crosslinking with several crosslinking functionalities at
every polymer molecule. Interestingly, a significant increase of
swelling was observed at 5 °C (Figure S10C,D, Supporting In-
formation). Below the lower critical solution temperature of the
nPrOzi block the swelling of the hydrogel increased significantly
due to an increased solubility of the thermoresponsive nPrOzi
block and the removal of physical crosslinks upon cooling. In ad-
dition, the stability was further confirmed by mechanical testing.
Elastic moduli of approximately 3000-4000 kPa were obtained for
the crosslinked hydrogels after 14 days (Figure S10B, Supporting
Information).

As mentioned above, it has been shown that different POx-
based hydrogels show no cytotoxic effects on cells and therefore
present a promising platform for bioinks.[“*4 However, appli-
cability in biomedicine requires the adhesive functionalization
of POx-based hydrogels, as the material per se does not support
cell adhesion. To test, whether adhesive functionalization of our
hydrogels supports cell adhesion, we functionalized them with
integrin-ligating RGD-peptide. We further generated lentivirally
transduced, NIH/3T3-based morphology reporter cells, stably ex-
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pressing farnesylated tdTomato red-fluorescent protein, to label
the plasma membrane and compared the morphology of our
reporter cells cultured on top of RGD-functionalized and non-
functionalized POx hydrogels. Epifluorescence microscopy anal-
ysis after 3 and 4 days of cultivation revealed that cells on non-
functionalized POx hydrogels were low in number and showed
a rounded morphology (Figure 6A,C), whereas cells on RGD-
functionalized hydrogels displayed a well spread fibroblastoid
morphology (Figure 6B) and even increased in number over time
(Figure 6D). These data demonstrate that adhesive functionaliza-
tion of our POx hydrogels supports cell adhesion, spreading and
proliferation.

To further study cell viability within the gel (3D), NIH3T3 cells
were embedded in the hydrogel pre-printing. After the printing
process and cross-linking of the hydrogels, the cell viability of
the encapsulated cells in the scaffold was analyzed. Cells were
pre-stained with Hoechst 33342 prior to the printing process.
This was necessary as preliminary work showed that fluores-
cein diacetate (FDA) was not able to penetrate the gels in a suf-
ficient manner. Dead cells were visualized using propidium io-
dide (PI) (here no incompatibilities with in-gel penetration where
observed) staining after 1 and 2 days. After optimizing the poly-
mer purification process (Figure S8, Supporting Information)
as well as the printing protocol, cell viability staining showed
no cytotoxic effect of the hydrogel. No difference between the
unmodified and RGD-functionalized constructs was observed.
The majority of dead cells that were visible, scanning the en-
tire printed hydrogel construct, could be accounted to drying-
off effects at the outer layers, which was reported for other hy-
drogel systems before (Figure S9, Supporting Information).[*>4¢]
Despite the RGD-functionalization, the cells showed a rounded
morphology after the encapsulation in the hydrogel (Figure 7). It
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Figure 6. Cell adhesion on the surface of P-Fu and P-Ma crosslinking hydrogels. POx hydrogel without RGD-modification does not allow for good cell
adhesion and spreading after A) 3 and C) 4 days. In contrast, cell adhesion and spreading were observed on POx hydrogel with RGD-modification after
B) 3 days of and D) 4 days of cultivation.
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Figure 7. Cell viability of fibroblasts in P-Fu/P-Ma-bioinks after deposition of a bioink drop by extrusion printing. NIH3T3 cells were pre-stained with
Hoechst 33 342 (blue) and incorporated, printed, and cultivated in POx-based hydrogels (20 wt%) B,D) with and A,C) without RGD-peptide. Dead cells
were assessed by staining with Pl (red).
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has been previously described that POx hydrogels with moduli
of around of around 3.5-4.5 kPa are too stiff for the migration of
the cells.[*’#8] Furthermore, small pore sizes, as described above
for this system, have been shown to prevent cell spreading and
migration.**>°) With G’ of around 10 kPa and submicron pore
size, the hydrogel system, as shown in this study, clearly does
not allow the migration and therefore the spreading of the cells.

In an effort to address cell adhesion and migration, we aim
at incorporating matrix metalloprotease (MMP) cleavable link-
ers into the hydrogel network, to ensure cleavage by secreted
MMPs and therefore a loosening of the network as demonstrated
before.l’1753] The sequence of the linker (GPQGIAGQ) is derived
from collagen. It has been shown to be responsive to MMP cleav-
age and has already been used in different applications.l>*7] The
linker can be flanked with either thiol or maleimide groups for
the cross-linking of both P-Fu and P-Ma and is part of the ongo-
ing research.

3. Conclusion

In this study, favorable thermogelation and shear-thinning prop-
erties were combined with cell friendly post-printing chemical
crosslinking via Diels-Alder chemistry. The post-polymerization
modification preserved the nature of physical crosslinked hydro-
gels. The crosslinking kinetics and density could be fine-tuned
with different temperatures and crosslinking degrees. The sec-
ond crosslinking step ensured stability of printed constructs over
at least two weeks. Biofunctionality was introduced via the attach-
ment of RGD binding motives and NIH 3T3 cells showed cell
adhesion and an elongated morphology, when seeded on top of
the hydrogels for a couple of days. First bioprinting experiments
highlighted the optimized printing setup, the biocompatibility
and the functionality of the investigated bioink formulation. With
this study, we demonstrate a dual-gelling system based on the
versatile and cytocompatible polymer classes of POx and POzi
that was used to develop a functional bioinks. Furthermore, the
platform can be conveniently decorated with biofunctionalities,
which makes it adaptable for many specific applications.
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6 Discussion

In the chapters I-111, ABA type POx/POzi based triblock copolymers were described. The arrangement,
block length and block ratios were inspired by the early reports by Luxenhofer et al.?** and Seo et al.??2,

6.1 Drug Encapsulation

In these studies, predominantly ABA type POx-based block copolymers comprising two hydrophilic
PMeOx A blocks and different hydrophobic POx-based B blocks were investigated for their
encapsulation capacity of water insoluble drugs. Extraordinary high drug loading of different taxanes,
especially PTX, was achieved with the amphiphile A-PnBuOx-A using thin film-method (See 2.3.3.1
Nanoformulations). In short, this particular polymer exhibited the right hydrophobic/hydrophilic
balance and block length outperforming all other tested amphiphiles with respect to drug loading and
colloidal stability of the formulation, among other tested properties. The reason for that was assumed to
be a result of the possibility of dipole-dipole interactions of the alkyl sidechain of the PnBuOx blocks
with the drug and hydrogen bonds between the amide backbone and the drug. Surprisingly, by changing
PnBuOx to the branched PsecBuOx a drastically decrease in drug loading was observed. Further, the
implementation of a small fraction of benzyl moieties along the PnBuOx block by random
copolymerization reduced the performance by almost half. In short, the sidechain of the hydrophobic
core has a significant impact. The influence of the polymer backbone was described by Libtow et al. in
2017.M3 Slightly different amphiphiles with “switched” methylene groups between the polymer
backbone and sidechain of the hydrophobic core (PnPrOx, PnBuOx, PnBuQOzi, PnPrOzi) were prepared
by using POx and POzi moieties and tested comprehensively for the formulation capacity of PTX and
CUR. Various interesting structure-property relationships, synergistic and antagonistic effects were

observed. This unexpected unique behavior was further elucidated in different studies.?24265-267

In literature it is reported, e.g. by Hennink and co-workers in 2013 for the encapsulation of PTX using
amphiphiles with aromatic acrylamide units?® that n-n interactions between the amphiphile and the drug
can be beneficial for drug loading and colloidal stability. Therefore, different POx/POzi amphiphiles
with varying aromaticity (PnBuOx (no aromaticity)—PnBuOx-c0-PBzOx—PBzOx—PPheOx) in the
hydrophobic block were synthesized and compared for drug loading, stability and size of the
formulations of the drugs PTX, SchA and CUR with increased aromaticity.™?! In short, an increase of
aromaticity of the polymer decreased the loading capacity for PTX. It should be noted that very similar
results, as already described in 201073 and 2015%%?, were obtained for the polymers A-PnBuOx-A and
A-(PnBuOx-co-PBzOx)-A. This supported the reproducibility of the solubilization platform, which is

an important and often underestimated aspect of scientific progress.?®® For the natural product SchA
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with moderate aromaticity no significant impact of the hydrophobic core was examined. CUR, a drug
with high aromatic content, was better formulated in amphiphiles with aromatic moieties. However, in
this study, no detailed structural elucidation was performed regarding the nature of the present
amphiphile-drug interactions. Interestingly, the polymer A-PBzOx-A performed very well for all three
tested drugs, especially in comparison to the PPheOx containing polymer. This might be due to two
different reason. First, the additional methylene group in the polymer sidechain increased the
hydrophobicity, which could be beneficial for drug loading. Second, the sidechain flexibility of PBzOx
is increased as a result of the additional methylene group. Therefore, more orientations are theoretical
possible, which could increase the interactions. However, this has not yet been further evaluated.
Investigating the encapsulation capacity of drugs for the amphiphiles described in Chapter Il and 11l
would also be of interest, as this could provide insights into the impact of the polymer backbone on the
solubilization capacity, as well as into effects of additional methylene groups and steric constraints in

aromatic systems.

In a follow up study, the polymer A-PBzOx-A was used as cytocompatible solubilizer of different drugs
used in the treatment of colorectal cancer.™3l In pretests (data not shown) the polymer outperformed a
series of other POx/POzi based amphiphiles with respect to drug loading and colloidal stability.
Discussing polymer drug compatibility, all tested drugs exhibited aromatic segments, which again is a
hint for increased interactions. However, again no study was performed unravelling this observation
with the focus on interactions. In short, the amphiphile was used to solubilize the PARP inhibitor
Niraparib and PI3K inhibitor HS173, which showed promising synergistic effects. Therefore, a
coformulation strategy was used, in which both drugs were incorporated simultaneously. Also
previously, first promising high drug loaded coformulations with the drug combinations CUR/PTX and
PTX/SchA were reported.™? The colorectal cancer mouse model showed promising results. From a
polymer perspective, stable and small (approximately 14 nm) spherical polymer micelles loaded with
Niraparib and HS173 were easily prepared. Here, too, as already demonstrated in the corresponding
previous study™?, cytocompatibility was reported. Nevertheless, more importantly, no polymer related
side effect was observed throughout the in vivo evaluation supporting the cytocompatibilty of the
aromatic PBzOx B block. It should be noted that conclusive in vivo studies have already been performed
with different POx-based amphiphiles and excellent results were obtained.?’%?"* Furthermore, a
polymer/drug conjugate system is in advanced clinical testing.>® In this examples, no aromatic segments
were used. The preliminary in vivo data are very promising. However, further studies are now necessary
to clarify other effects, such as elucidating the interactions of the aromatic structures with proteins and
DNA.
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6.2 Self-Assembly and Inverse Thermogelation

As described in the section 2.3.2 Aqueous Solubility and Self-Assembly, the self-assembly of PPheOx
copolymers has mainly been investigated so far. In the present study, the effect of additional methylene
units in the polymer sidechain (PPheOx—PBzOx—PPhenEtOx) and polymer backbone (POx vs POzi)
in ABA type amphiphiles with aromatic moieties was examined. Furthermore, POx/POzi based
polymers with two aromatic rings per repeating units (PBhOx, PBhOzi) were synthesized and analyzed
for the first time.

AromaticB Blocks in ABA type Amphiphiles

POX O 0 (0] @] O
P e || e et
P

PPheOx PBzOx PPhenEtOx BhOx

POzi| © 0 0 0 O
N~k J(NN Noe~f Ne~tf

PPheOzi PBzOzi PPhenEtOzi PBhOzi

Figure D1. Summary of aromatic B blocks in POx/POzi based ABA type amphiphiles (A: PMeOx)
used to study self-assembly and inverse thermogelation. In Chapter I (blue square), the self-assembly
of the polymers containing PPheOx and PBzOx as the hydrophaobic core were characterized. In Chapter
11, additionally, the corresponding POzi derivatives were investigated (green square). In Chapter I11, the
polymers bearing moieties highlighted in the orange square were studied in detail. The polymers, which
showed pronounced inverse thermogelation (PPheOzi, PPhenEtOx and PBhOzi containing polymers)
were written in bold letters.

It is known that aromatic units can induce supramolecular self-assembly e.g. via n-n?"2%"* and CH-n?"
interactions. For certain physical interactions, not only the presence of the right binding partners is
crucial, as steric effects can also play a decisive role.?”® In this context, the aqueous self-assembly (See
2.3.2 Agueous Solubility and Self-Assembly) and associated macroscopic changes such as gelation?’®

(See 2.1.2 Thermoresponsive Hydrogels) of all different aromatic amphiphiles were studied.

Surprisingly, comparing the polymers with phenyl and benzyl moieties the polymer A-PPheQzi-A
showed unique inverse gelation at low temperature.™® The polymers A-PPheOx-A, A-PBzOx-A and
A-PBzOzi-A self-assemble into small spherical micelles (approximately 10 nm).M2MSI Only the
polymer A-PPheQzi-A exhibited long worm-like micelles, which create a physical hydrogel. Upon
heating (critical temperature approximately 32 °C) the worms rearrange into spherical micelles and the
gel turned into a low viscous liquid. The gelation time upon cooling is dependent on the polymer
concentration and temperature. The higher the polymer concentration and lower the incubation

temperature, the faster the system gels. In addition, the gel strength (G” (5 wt.%)= 0.1->G"(40 wt.%)=
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100 kPa) can be modified very well by altering the concentration. It is very astonishing that only this
polymer showed this phenomenon, since the only difference to the other polymers is only a methylene
unit in the polymer backbone and/or the polymer side chain.

In addition, the respective polymer does not include a block that has thermoresponsive properties (See
2.3.2 Aqueous Solubility and Self-Assembly). Thus, the question arises as to what causes the change

in self-organization and the resulting gelation.

The second manuscript from Chapter Il was devoted to that question, the focus being on the comparison
of the gel state with the sol state. Using various state-of-the-art analytical tools, an unexpected
interaction between the hydrophilic PMeOx blocks and hydrophobic aromatic polymer segments was
asserted, contrasting to the classical n-m stacking of aromatic units. This interaction leads to a
condensation of the hydrophilic corona, which changes the volume fraction of the individual blocks and
thereby leading to a morphology switch from spherical to worm-like micelles (See 2.3.2 Aqueous
Solubility and Self-Assembly). As the hydrophilic part is involved in the interaction, the structure of
the respective blocks should have a significant effect on the self-assembly and the gel properties.
Therefore, we changed the hydrophilic part slightly by using PMeOzi and PEtOx, moieties with
additional methylene units in the polymer backbone or sidechain, respectively and studied the impact
on the gelation, self-assembly and thermodynamics. We could observe and explain clear differences.

Nevertheless, new questions have arisen, which need to be clarified in further studies.

It should be mentioned that other systems are known in the literature which show similar order-order
transitions. Polymerization-induced self-assembly approaches were often used.?’”2’® Thereby, by
altering the ratio of the block length, the volume fraction of individual blocks can be tuned and different
morphologies can be obtained. In our case, the polymer structure does not change and in comparison to
the other tested amphiphiles block length are similar. However, there is a reversible interaction between
polymer blocks, which should undergo a clear phase separation into hydrophilic and hydrophobic
regions in aqueous solution. Therefore, this system can be distinguished from classical UCST systems™
(See 2.1.2 Thermoresponsive Hydrogels) and systems with hydrophobic?”® and/or n-r interactions?’?,
and thus a new molecular gelation mechanism was provided. Nevertheless, to get a holistic picture of
the gelation mechanism and the detailed mechanistic differences compared to all other tested
amphiphiles, a large number of further experiments is necessary. More advanced NMR experiments in
combination with all-atom molecular modeling for all amphiphiles presented are the next step. To
further elucidate the influence of specific polymer blocks on the self-assembly, further SAXS and SANS
experiments at different concentrations and temperatures of all amphiphiles are required. In addition,
individual polymer blocks could be selectively masked by deuteration, in order to get additional insight.
In summary, we know that PPheOzi units are crucial for the gelation and the hydrophilic blocks have a
significant influence on gel properties. Further, an ideal ratio of PMeOx/PPheOzi of 70:15 for a polymer

with a degree of approximately 85 exists. The influence of the degree of polymerization, the polymer
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composition with respect to block arrangement and polymer architecture is still unkown. In addition,
novel monomers with specific substitutions along the aromatic phenyl ring could be tested. This effect
was inspiring elucidated by Robertson et al. for the design of nanosheets by designing a library of
aromatic peptoids.22! Max Lindner (Bachelor Student, Supervisor: Prof. Dr. Ann-Christin Péppler
and Prof. Dr. Robert Luxenhofer) studied the influence of methylation on the phenyl ring with respect
to gel formation. Initial results suggested that this also has a significant influence. However, further
studies with novel structures would still need to be performed in this regard.

The benzyl (PBzOx, PBzOzi) containing amphiphiles with intermediate distance of the aromatic ring to
the polymer backbone showed no significant change of ; as a function of temperature. The introduction
of an additional CH; unit in the polymer side chain increased the sidechain flexibility and amphiphiles
with PPhenEtOx and PPhenEtOzi units were obtained. Interestingly, gel formation was now again
observed, however, only for the PPhenEtOx-based polymer at lowered temperature from a concentration
of 20 wt.%.M81 In contrast to the PPheOzi-based gels, significantly different gel properties such as
gelation kinetics, gel strength and differences on the influence of the concentration, temperature,
frequency (frequency sweep) and deformation (amplitude sweep) were observed. The amphiphile A-
PPhenEtOx-A self-assembled into stable small (approximately 8 nm) spherical micelles as usually
observed for amphiphiles with such strong hydrophobic core. In dilution, no change of morphology or
size of the aggregates was observed. However, an increased correlation of individual micelles upon
gelation was verified via SAXS analysis. In literature, similar gelation mechanisms are discussed
predominantly for thermogelling poylmers. Phenomena such as packing of individual micelles, bridged
packings, micellar corona collapse and gelation induced via hydrophobic channels were
described.*02%4282 |n contrast, here, we observed again inverse thermogelling of a polymer with no
UCST-type block. The SAXS data in combination with NMR experiments at different temperatures
suggested that it was probably the packing of single micelles with possible presence of hydrophobic
channels. Collapse of the hydrophilic part is rather unlikely, which was supported by the NMR
experiments. In contrast to the PPhenEtOx part, the mobility of the hydrophilic corona was only slightly
affected by the temperature. More advanced studies dealing with molecular analysis have not yet been
performed, making it difficult to clearly classify the gelation mechanism. Nevertheless, it is very
surprising that this polymer exhibited such gelling behavior, since no thermoresponsive block is present
and presumably gel formation is also influenced by more than just hydrophobic effects. Approaches
similar to those for the PPheOzi-based system could provide more precise insights. In addition, a
combination of fluorescence resonance energy transfer imaging and computer simulation method could
provide information of the interaction/crosslinking points as recently demonstrated by Ding and co-
workers.? Since the gelation mechanism on the molecular level is still unclear, it is also impossible to
explain exactly why the PPhenEtOzi derivative does not induce gelation. The additional CH-group in

the polymer backbone could change the packing of the hydrophobic core or, as in the case of the PPheQOzi
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system, prevent an interaction in the hydrophobic part with the hydrophilic part. However, no data is

available to date.

In the previous studies, we changed the distance of the aromatic system from the polymer backbone and
investigated its effects. The aim of the last study with aromatic systems was to compare POx/POzi
systems with sterically very demanding hydrophobic cores. Therefore, amphiphiles with benzhydryl
moieties (PBhOx, PBhOzi) were investigated.M° These particular polymers exhibit two phenyl rings
in close proximity to each other in every repeating unit of the hydrophobic core. Interestingly, the
sterically demanding benzhydryl units did not have any negative effect on polymerization. Surprisingly,
specific inverse gelation of the POzi derivative was observed with defined differences from the first two
established inverse gelling platforms. A direct comparison of all three hydrogels with the focus on self-
assembly and gel properties is given in the second manuscript of the chapter I1l. The gel properties are
more similar to the PPhenEtOXx system, as 20 wt.% is also required for rapid gelation. The aggregation
behavior of PBhOzi is, however, temperature-dependent even in dilution, as was confirmed by DLS
experiments. In first TEM images in dilution, interesting arrangements of multiple merging micelles
could be observed, possibly guaranteeing the assembly of the physical 3D network at high concentration.
Again, as with the first two systems, there are still very many unanswered questions, in particular
because there is no data available showing the differences at the aggregation and molecular levels at gel
concentrations comparing sol/gel and POx/POzi.

In summary, three novel gel systems were established and initial structure-property relationships were
presented on the self-assembly level. It is very surprising that these polymers present such behavior,
especially the uniqueness in the POx/POzi comparison. Further on, the specific gel properties were used

for biofabrication, which will be summarized in the next subsection.
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6.3 Inverse Thermogelling Hydrogels for Biofabrication

The characterized inverse gelling systems based on the polymers A-PPheQzi-A, A-PPhenEtOx-A and
A-PBhOzi-A were discussed as bioinks and biomaterial inks for biofabrication.M>M8M10 Ag discussed
in the Section 2.2 Bioprinting: A Technology of Biofabrication for Tissue Engineering and
Regenerative Medicine there is a strong demand for novel materials with stringent material and
biological properties in the field of biofabrication. In general, the rheological properties (See 2.2.3.1
Rheology of Bioinks) of all three established hydrogels are ideal for gel-phase EBB (See 2.2.3 Bioink
Development). An advantage of the PPheOzi-based system is the adjustability of the gel strength over
a wide range. Thus, soft but also very solid structures with high yield points can be realized. Therefore,
the printability of the pristine PPheOzi-hydrogel is excellent (See 2.2.3.2 Printability of Bioinks).
However, upon heating and dilution the construct collapses as there are no permanent crosslinks in the
structure. This is also true for the other two hydrogels. However, this dissolving property upon heating
can be used in support structure printing and sacrificial printing approaches as described in the section
2.2.3.3 Materials for Bioink Development. We used the PPheQOzi-hydrogel to enhance the printability
of Alg the most commonly material in the community of bioprinting (See 2.2.3.3 Materials for Bioink
Development), which generally lacks good printability. Interestingly, we observed not only very good
printability of the blend system, but also increased strength and stability compared to the pristine Alg
constructs when incubating in aqueous solutions for several days after crosslinking via CaCl.. In theory,
the PPheOzi polymer should be washed out of the construct during incubation and Alg should remain
as residual material. The increased stability could be caused by an interaction of the PPheOzi polymer
and the Alg. In addition, the effect of increasing the local concentration of Alg by using PPheOzi in the
system could improve CaCl, crosslinking. However, clear phase separation could not be observed
visually. The investigation of the stability increase caused by the addition of POx/POzi support materials
could be a good starting point for further studies. It should be mentioned that the material has not yet
been used as a pure support material to realize overhangs or perfusable channels. The properties,
especially the adjustable yield point (See 2.2.3.1 Rheology of Bioinks) in the gel state and the rapid
dissolution of the gel when heated, makes the material an excellent candidate to realize complex
architectures. Further, multi-material approaches, coaxial- and in-gel printing should be in the focus of

the future.
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In bioprinting the cells are embedded in the bioink during the whole fabrication process. Therefore,
materials with rapid sol/gel transitions in gel-phase EBB are favorable (See 2.2.3 Bioink Development).
The gelation of PPheOzi is a time dependent process, in which the sample is stored at low temperatures,
which could cause problems during sample preparation especially when cells are involved. However,
this has not yet been tested. In contrast, the PPhenEtOx-gel exhibited a fast sol/gel transition, which
easily opens the possibility of bioprinting as the material fulfills all other relevant requirements for
printing (See 2.2.3.1 Rheology of Bioinks). Again, Alg was added to rapidly stabilize the final construct
via CaCl, addition. Overall, very promising cytocompatibility data were obtained for the blend system
after printing, stabilization and cultivation for 24 h. For the future more advanced application relevant
studies should be designed with respect to the architecture of the construct and the biology relevant

readouts.

For the PBhOzi-based hydrogel the rheological properties suggested good printability (See 2.2.3.1

Rheology of Bioinks). However, no printing experiments were performed so far.

In short, the established hydrogels are ideal candidates for further investigations in the field of
biofabrication as demonstrated by first preliminary printing experiments.

In addition, another possible application will be discussed here, which has not yet been presented in this
study. The stabilization of protein-based drugs, which are becoming more and more important, by
embedding them in a hydrogel matrix.?*> Many of these drugs are very sensitive to external influences
such as temperature, pH and agitation, among others, and suffer from reduced activity. Accordingly,
both storage and application of these agents is difficult. Proteins are usually stored aliquoted at -20 °C.
As asolution in the refrigerator, they can normally only be stored for a few days to weeks. By embedding
these compounds in e.g. the PPheOzi-based hydrogel, improved storage stability could perhaps be
achieved. In addition, the polymer class is known for its antifouling properties, so this could also have
a positive influence. The PPheOzi-based system also offers many interesting possibilities in terms of
application. On the one hand, the gel can be stored in a syringe and, if desired, the shear-thinning
material can be extruded by means of a syringe pump. On the other hand, the gel can be liquefied by
heating it to physiological 37 °C. As already shown, this type of amphiphiles is excellent for
solubilization of active ingredients in the form of drug-loaded polymer micelles. Therefore, the
transformation of the worm-like micelles could lead to drug-loaded spherical micelles which can be
applied directly. Transport of the hydrogel/drug mixture could be provided in the gel state or in the

lyophilized state. So far, there is no data on this application with this particular systems.
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6.4 Thermogelling POx/POzi Hydrogels for Biofabrication

The Chapter 1V of the main part mainly deals with the thermogelling diblock copolymer PMeOx-b-
PnPrOzi established by Lorson et al. in 2017?% and its usage in biofabrication. The focus was on
improving printability and increasing stability of the constructs through additional crosslinking. The
principles already presented in sections 2.1 Hydrogels as Biomaterials and 2.2 Bioprinting: A
Technology of Biofabrication for Tissue Engineering and Regenerative Medicine were taken into
account and implemented. In particular, dual-gelling systems were realized using the synthetic toolbox
of POx/POzi. The strategy of introducing complementary functional groups (See 2.1.3 In Situ Chemical
Crosslinking) for additional stabilization and various multi-material approaches (See 2.1.4 Double
Network-, Multi-Component- and Composite Hydrogels) were established. Further, the
thermogelling properties were used to support other barely printable materials in blend systems (See

2.2.3 Bioink Development).

The addition of nanoclay improved the printability especially the stackability.™¢! This can be explained
by the enhanced yield point of the blend system. However, this blend still dissolved upon solvent
addition. Therefore, further stabilization was necessary to conduct long-term cell studies. One approach
was to add Alg to improve the stability after CaCl, addition.™®! These materials are perfect suitable as
a proof-of-principle combination, but are also accompanied by a few limitations. None of the materials
carried any cell biological motifs such as cell adhesion peptides. This could be changed by decorating
the Alg with RGD-sequences in the future. However, CaCl, has to be added and therefore the
stabilization is dependent on the diffusion of CaCl, through the construct. This can lead to undesirable
and uncontrollable crosslinking gradients. For further studies, the Alg component can be changed by
more biological relevant materials such as recombinant spider silk or collagen. It should be noted that
the PMeOx-b-PnPrOzi/Alg system has already been tested in initial bioreactor trials, in which the
construct is continuously perfused for several weeks. For example, to improve perfusion, the inverse

gelling materials could be used to introduce additional defined channels.

As demonstrated for the PEG-DA/PMeOx-b-PnPrOzi blend system used in 2PP™4 the thermogelling
property can be used in different applications. Among other things, the hydrogel offers the possibility
to act as support bath for unprintable formulations. In this regard, a promising master thesis was

conducted within the research group of Prof. Dr. Robert Luxenhofer by Alexander Altmann.

As already described in the section 2.3.1 Synthesis, there are a variety of post polymerization
modification strategies available for the polymer classes of POx/POzi. This was used to combine
additional permanent chemical crosslinking with the thermogelling mechanism. The polymer was
modified with furan and maleimide moieties for Diels-Alder chemistry.™71 It was shown that the system
remained printable and was additionally stabilized at 37 °C without the need of further supplements or

crosslinking agents. Here, too, there are now a large number of starting points for further studies. First,
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the crosslinking kinetics of the Diels-Alder chemistry seems to be critical when printing over a longer
time peried is required. Therefore, a printing system with a mixing chamber directly in front of the
nozzle should be tested. So far, the dual-gelling system exhibited no biofunctionality as the introduced
RGD motifs showed no function in the very dense chemically crosslinked network. Therefore, temporal
crosslinkers could now be incorporated, for example matrix metalloproteinase sequences, which can be
post temporal cleaved. In this context, different approaches to modify the mechanical properties of the
constructs for tissue-specific applications could also be addressed. In addition to the variation in
mechanical properties, diffusivity also plays a crucial role in cell-induced maturation of the construct.
However, this has not yet been investigated, which would be a next step.

Finally, a combination with nanoclay could improve printability also in the case of the crosslinkable
furan/maleimide system. Further, overhangs and channels could be introduced using the inverse

thermogelling PPheOzi-gel.

As already presented in sections 2.2.3.1 Rheology of Bioinks and 2.2.3.2 Printability of Bioinks, it is
very difficult to establish a clear relationship between rheology and printability of inks, since bioprinting
is an interplay of different parameters. Through the work described here, different inks have been
established. Now, defined benchmark experiments to correlate the rheological properties with the
printability should be performed. Thus, the influence of different parameters such as yield point and

shear-thinning on the printability could possibly be classified in a rating system.
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8 Materials and Methods

All publications listed under “List of Publications” exhibit detailed material and methods sections,
either in the main text or in the supporting information (SI) files. No other materials or methods than

listed there were performed.

For the manuscripts M5, M8, M10, M12 in the SI files additional methods, results and the detailed
characterization of the synthesized monomers and polymers are presented. Furthermore, a printing video
for the hydrogel established in M8 is available. In the following the Sl files are listed:

M5

https://pubs.acs.org/doi/suppl/10.1021/acsami.9b21282/suppl_file/am9b21282_si_001.pdf

M8
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00427/suppl_file/lbm1c00427_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00427/suppl_file/om1c00427_si_002.mp4
M10

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fmacp.202100114&file=
macp202100114-sup-0001-SuppMat.pdf

M12

https://chemrxiv.org/engage/api-
gateway/chemrxiv/assets/orp/resource/item/612cfeecd5f080d3a9b6809f/original/phe-ozi-gelation-

mechanism-si-chem-rxiv.pdf

In the case of M2 and M7, the detailed material and method section can be found in the Sl file.
M2
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.8b00708/suppl_file/lbm8b00708 si_001.pdf
M7

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fmabi.202100122&file=
mabi202100122-sup-0001-SuppMat.pdf
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