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Introduction

Introduction

Currently, one of the most important and relevant
drugs to combat breast and ovarian cancer is
paclitaxel (PTX, C47Hs1NO14, also named Taxol, see
Scheme 1), which is known since the 1960s.M

While its efficiency to combat breast and ovarian

cancers is already established, it is currently also

undergoing clinical trials for use against other types

Paclitaxel (PTX)
of cancer.” The mechanism of action of PTX in- C47H51NO14

cludes blocking of the attacked cell in the mitotic

phase by stabilizing the microtubule cytoskeleton.®! scheme 1: Structural formula of paclitaxel (PTX).
Like many anti-cancer drugs, its poor aqueous sol-

ubility has been limiting its use.” Therefore, an efficient mechanism has to be found to bring
PTX in sufficient concentration to the tumour. Several basic ideas and concepts exist to
transport a drug to its site of action, which are summarized chronologically below in the form

of a "History of drug delivery".
History of drug delivery

Since 1980, the field of drug delivery research has grown exponentially until it reached its
peak in 2013 with more than 450.000 publications per year (Google Scholar). Since then, the
number of publications per year has been declining at almost the same rate as the previous
increase. Another interesting aspect in this respect is the number of patents per year regard-
ing drug delivery. Both the "number of publications" and the "number of publications per pa-

tent applied for" are shown in Figure 1 for each year. The question now is:

“Are we on a downward trend? Is the field of drug delivery no longer of interest for re-

search?”
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Number of Publication (Google Scholar)

Figure 1: Graphic representation of the course of the number of publications (black) as well as the number of
publications per patent (red) per year in the field of drug delivery. The results are based on a Google Scholar
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Despite the declining trend, in 2018 the FDA has broken its record of the year 1996 (53 ap-
proved drugs) with 59 newly approved drugs.’! However, as can be seen from the reference,

the number of approved drugs fluctuates between 20 and 60.

This introductory chapter is intended to present the "history of drug delivery" from a starting
point around the 4" century. This should lead to show why, despite the figures just present-

ed, work on an anti-cancer drug, namely PTX, incorporated into polymeric micelles is even

more important and the field of research more topical than ever.

T
2020

Number of Publication per Patent (Google Scholar)
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The long evolution of nanomaterials for drug delivery
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Figure 2: Historical timelines of important developments and milestones in the field of nanomaterials. Reprinted
with permission from ref [6]. Copyright 2007 Elsevier.

Approximately 40 % of the currently marketed drugs!” and even up to 75 % of the com-
pounds under development® display poor aqueous solubility.®! It is therefore obvious that
one of the main focuses of research must be to circumvent this problem of low water solubili-
ty of the hydrophobic components by means of suitable excipients to increase the bioavaila-
bility of these drugs. To overcome this issue, a variety of approaches have been developed
including amorphous forms, polymorphs, salts and co-crystals.'® Other promising possibili-
ties to improve the solubility or alter physicochemical properties are the use of polymer-drug
conjugates, liposomes, dendrimers and micelles.* A common property of these materials is
their size in the order of nanometres. Therefore, they are part of a field of drug delivery in the

superordinate term of “nanomedicine”.

The first mention by name of this concept dates back to a publication in 1999.12 However,
the fascination for nanomaterials goes back to the 25" century before Christ and is shown in
Figure 2 which illustrates a timeline with several important developments in the field of na-
nomedicine.® Back in the 4" century AD, the Romans created the famous Lycurgus cup. The
glass of the cup is dichroic, which means for this special case that if the cup is held perpen-
dicular to direct light it resembles a jade colour but when light shines through the glass, the
transmitted light turns ruby. They achieved this unique effect by incorporating gold particles
into the material. New findings show that these were particles with a diameter of 50-100
nm.*¥ The gold nanoparticles have a lower energy of plasmon resonances compared to the
bulk gold of the cup which induces this colour change. The artisans weren’t aware during the
production that they were using gold nanoparticles, but with these gold colloids, they built the
basis for gold nanoparticles being used as visible/near infrared diagnostics in the field of na-
3
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nomedicine more than 1500 years later.’¥ In the 9™ century AD, Mesopotamians introduced
silver and copper glazed ceramics which also obtained colloids of nanometre size.*S! Their
colloidal texture of copper and silver plays a crucial role in the diffuse colouration.*®! This
Mesopotamia lusterware can nowadays be considered as an historical example of controlled

nanotechnology — back in the ninth century.*”

Another large leap of time (1000 years) later, in 1959, Richard Feynman made his famous
statement in his eponymous talk “there is a plenty of room at the bottom”.*¥l In this speech,
he presented the concept of how to write all the information of all the books in the world in a
cube of material with 1/200 of an inch wide, which would be the smallest piece of dust that a
human eye can see. This statement brought nanotechnology back on stage in the scientific
world. 15 years later, the word “nanotechnology” was used for the first time in literature.!¥ In
the late 1960s, Peter Speiser pioneered miniaturised drug delivery by developing first nano-
particles for this purpose, as well as for vaccines, and built the concept for polymeric nano-
particles.?® Around one decade later, there were great advances in rapidly biodegradable
drug loaded polymeric nanoparticles due to high efforts by Robert Langer.?* In 1985, Donald
A. Tomalia introduced poly(amidoamine) dendrimers as a new class of polymers named
“starburst polymers”.??2l Their use improves many relevant biological properties such as bioa-
vailability, solubility, and selectivity, of which the latter is one of the main advances by

poly(amidoamine) and enables diverse applications, i.e. in biomedicine.??]

In the same year, Robert F. Curl and Harold W. Kroto published the first Ceo buckminsterfull-
erene,?* for which they received the Nobel Prize eleven years later. Ceo plays an interesting
role for drug delivery, since it can be multifunctionalized, forms nanoparticles and acts as a
drug absorbent. To overcome its initial insolubility in water, partial masking of the apolar full-
erene surface or covalent modifications of the aromatic structure were used.?® Five years
after the first publication on these fullerenes, in 1990, Wolfgang Kratschmer concentrated
them in a new solid form,?® which was experimentally proven one year later by Sumio lijima
as a new material called carbon nanotubes.?” They can be functionalised with bioactive pep-
tides, proteins, nucleic acids and drugs, show low toxicity as functionalised excipients and
are not immunogenic while delivering their loading to cells and organs.?® In addition to the
better solubility of functionalized carbon nanotubes, they also show a high propensity to
cross cell membranes, can be charged with biologically active moieties and offer the possibil-
ity to get more than one function introduced on the same tube. Thus, among others, drugs,

targeting molecules and contrast agents can be transported at the concurrently.[?8l

At the same time, in the early 1990s, the interest in shape-controlled nanopatrticles became

very high, starting with the publication of Hideki Masuda about a preparation techniques of

4
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gold nanorods, where a microporous structure of anodic alumina film is replaced by metal.?%
Since then, gold nanoparticles are used in a variety of research fields, among others in tech-
niques for treating cancer (photodynamic therapy),®? as vesicle drug delivery carrier,®Y or,
as recently published, to enhance the therapeutic efficacy of small interfering RNA drugs.?
This last publication deals with the doping of conventional small-interfering RNA-liposomal
formulations with gold nanoparticles to enhance gene silencing. They showed that a gold
nanoparticle size of 20 nm leads to excellent biostability, less lysosomal degradation, superi-
or gene silencing, and reduction of toxicity as well as inhibition of tumour growth in human
xenograft. Although one liposomal small interfering RNA drug is FDA-approved, there is no
therapeutic intervention for ovarian cancer with such kind of RNA yet. Continuing in the year
1995, liposomal doxorubicin (Doxil®) was approved as the first nano-drug by the FDA. It is
based, among others, on the use of PEGylated nano-liposomes.®¥ The first liposomes were
already described 30 years earlier and soon proposed as drug delivery systems.®¥ Liposo-
mal drugs are known for their ability to reduce the side effects of the encapsulated drugs rel-
ative to free drugs. This ability increases the therapeutic index of the drugs weighing the effi-

cacy against toxicity.

From the early 2000s, many research groups tried to functionalize mesoporous silica nano-
particles with biological components such es antibodies, nucleic acids, and cell membranes
for a better and controlled biodistribution and a reduced toxicity. In 2012, Alessandro Parodi
prepared nanoporous silicon particles, which evade the immune system, cross the biological
barriers of the body as well as being localized at target tissues, when they are coated with
cellular membranes.*¥ One main idea and aim of this concept was to avoid being cleared by
the immune system as it reduces the possibility to be detected as foreign matter. The use of
poly(ethylene glycol) (PEG) attached to various different proteins has long been used to re-
duce the immunogenicity and thus to protect proteins from the host’s immune system. How-
ever, in the meantime, anti-PEG antibody formation after a therapy with PEGylated proteins
was documented.®! A recent publication lists various types of cell membrane-cloaked nano-
particles for biomedical applications, but also points out the currently existing limitations of
these systems such as complex preparation methods, low yields, low synthesis scales, and

difficult preservation.”!
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Figure 3: Historical timeline of nanotechnology-based drug delivery systems that serve as important milestones
throughout the history of drug delivery, until the year 2010. Permission of ref [38]. Copyright 2010 American
Chemical Society.

The timeline in Figure 2 shows milestones of the developments in nanomedicine over a very
long time period. Figure 3 highlights another timeline that deals with important developments
of nanotechnology-based drug delivery systems from 1960-2010.5%8 This timeline, published
by the group of Robert Langer, focusses on more specific drug delivery systems and their

substantial improvement during this period.
Polymeric micelles as drug delivery systems

Since the NMR spectroscopic investigation of polymeric micelles as drug delivery systems
(DDS) represent one main topic of this dissertation, this type of DDS will be discussed in
more detail. As mentioned earlier, at the end of the 1970s, the research group around Robert
Langer attracted a lot of attention for their effort and advances in rapidly biodegradable drug
loaded polymeric nanoparticles. In the early 1980s, the first use of polymeric micelles for
cancer treatment was reported.®® They are supramolecular, nanoscaled core-shell structures
formed by amphiphilic block copolymers (an exemplary scheme of the two investigated com-
ponents of this work is shown in Scheme 2). In water, the hydrophobic part of the copoly-
mers self-associates into a semi-solid core whereas at the same time a coronal layer is
formed by the hydrophilic regions.[“l Micellization is mainly entropy-driven.*Y Water mole-
cules close to the hydrophobic blocks of the non-aggregated polymer lead to reduced al-
lowed mutual orientations resulting in a decrease of entropy. If the loss of entropy for this

process is larger than for self-assembly, micellization takes place. For a more detailed de-

6
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scription of the physical background, the reader is referred to ref #Y and ref “2. Above the
critical micelle concentration (CMC), additionally dissolved polymers directly form micelles.
An accompanying aspect is the constant surface tension of the micelle. While for some re-
search areas the CMC is an unwanted limit, in the case of DDS it is preferable to overcome
this threshold. A further important parameter is the loading capacity (LC) of the polymeric
micelles, which is defined as the total mass mpnyg Of entrapped drug divided by the total mass
of the resulting micelle:

m
LC = Drug

mDrug + mPolymer

The importance of a high possible LC value is illustrated by the nonionic surfactant Cremo-
phor EL (CrEL), which is a formulation vehicle for PTX and thus of particular interest for this
thesis. The best-known biological side-effects of these formulations are acute hypersensitivi-
ty, dyspnoea, flushing, rash chest pain, tachycardia, hypotension, angio-oedema, and gener-
alised urticaria.[*®! Minor side-effects on the patients occur in around 40% of the cases while
strong and potentially life-threatening reactions still are observed for 1.5-3% of the patients.
These values refer to a formulation of 30 mg PTX dissolved in 5 ml of a 1:1 mixture of 50%
CrEL and 50% dehydrated ethanol. Several investigations of this specific formulation point
out that all side-effects are caused by CrEL."¥ These findings were already published in
2001. Since then, several different ways were investigated to replace Cremophor EL where-
as a further focus laid on a high LC which consequently leads to less excipient caused side-

effects.

Therefore, a variety of different formulations for PTX was developed.*¥ This includes the
protein-based nanoparticle Abraxane®, the polymer-conjugate Opaxio™ as well as Genexol-
PM® and NK105.% The latter two contain PTX in polymer micelles formed by polyethylene
glycol-polylactic acid (Genexol-PM®) and polyethylene glycol-poly(amino acid) (NK105) co-
polymers. In general, the development of formulations and their clinical trials require very
long times with highly uncertain outcomes. The above-mentioned formulations have under-
gone multiple phase I/l clinical trials over the past decades, e.g. a recently published phase
1l clinical trial of NK105,48 but only Abraxane® is successfully marketed with FDA approval
since 2007. Furthermore, they are all characterized by a relatively low PTX loading not ex-
ceeding 25wt.%. In this context, Luxenhofer et al.*”! reported promising preclinical data for
polymer micelles comprising poly(2-oxazoline) (POx) based triblock copolymers loaded with
up to 50 wt.% of PTX. Compared to the clinically approved PTX formulations, their formula-
tions show higher maximum tolerated doses, elevated drug exposure to tumour tissue, and

prolonged survival for mice bearing A2780 human ovarian tumours. Schulz et al.*®l, Jaksch

7
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et al.*¥, and Sochor et al.’ studied their micellar morphology for different drug loadings
(PTX and curcumin) using dynamic light scattering, atomic force microscopy, (cryogenic)
transmission electron microscopy, and small-angle neutron scattering (SANS). They found
that the pure polymer self-assembles into wormlike and spherical micelles in aqueous solu-
tion, while incorporation of PTX led to the exclusive formation of spherical micelles. Interest-
ingly, SANS data revealed small, PTX rich domains partly submerged within the micellar
core. Apart from such morphological aspects and to be able to design improved drug delivery
systems, it is very important to also understand the complex structural arrangements and

interactions in such amorphous drug-polymer formulations on a molecular level.

Continuing on the results described above, Lubtow et al.’! found that even a small change in
the polymer structure, namely a migration of a methylene group from the polymer side chain
to the polymer main chain, led to a strongly altered specific drug load of PTX and the natural
product curcumin. All the publications based on these systems have in common that they do
not provide insights of the interaction between the polymer POL and the drug PTX on an
atomic level. This knowledge about the interactions can give explanations about the structur-
al composition and its underlying mechanism of these systems such as the coupling of POL
and PTX via dipolar interaction in spatial proximity of certain molecular groups. One possible

experimental method to enable those insights is NMR.

NMR probes the local environment of atoms and molecules and is thus an excellent tool to
report on various possible interactions. The sometimes strongly reduced mobility of encapsu-
lated drugs within drug formulations can hinder the characterization by NMR in solution due
to strong broadening of the signals, which makes solid-state NMR the method of choice.??
Crystalline or well-ordered structures are not required and the experiments also gives valua-
ble results for disordered as well as amorphous samples. Solid-state NMR has been estab-
lished as a powerful tool for structure elucidation in pharmaceutical contexts such as identifi-
cation of polymorphs or investigation of amorphous solid dispersions.®! The enormous pro-
gress made with respect to hardware development, e.g. MAS frequencies of up to 130 kHz
being available now, also enables high-resolution detection of protons in the solid state
and longer coherence lifetimes. Callari et al.’®! as well as Poppler et al.®! recently show-
cased how solid-state NMR at moderate to fast Magic Angle Spinning (MAS) helps to obtain
loading dependent structural insights into micellar formulations with an assumed core-shell
structure. Both groups found that increasing the loading of two different types of polymeric
micelles did not just affect the micellar core but interestingly also the surrounding shell, which
served as a basis to explain their physicochemical and biological properties such as reduced
cellular uptake and inferior dissolution rates. For the mentioned studies, micelles are investi-

gated in their solid state. In general, micelles are only proven to exist in a selective solvent.
8
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However, there are several strong indications for micelles to exist in their solid-state form as
well, including a similar system to the one investigated in this work which also contains PTX
as drug: Luxenhofer et al.® showed that the micelles can be lyophilized and subsequently

redispersed in water without a change in drug loading, particle size or in vitro drug activity.

This should bring us back to the initial question: “Is the field of drug delivery no longer of in-
terest for research due to the downward trend of absolute number of publications containing
the term “drug delivery”?” Again, reference should be made to the publications of Leroux et
al.b¥ as well as Mitragotri et al.® mentioned in this context. On the one hand, it is empha-
sized that new ways must be found to better explore the unique characteristics of nanotech-
nology and more development of transport technologies is needed for clinical application.%
Furthermore, they addressed the reader with the direct question: “What aspects of nano-
technology are key to future drug delivery systems, what are the key hurdles in the field, and
how do we address them to fulfill its true potential?’®® This is intended to call and encourage
greater focus on research on fundamental mechanisms and contributions, including the
characterization of nanoparticles.®@ A multifaceted and multidisciplinary approach is needed
for future drug delivery systems to fulfil their true potential. Only one publication or manu-
script of the current doctoral study contains the term “drug delivery”, as they focus on the
system itself for deeper understanding of the interaction and the structure. This can be one

puzzle piece towards future nanotechnological advances.

To answer the initial question: The research in the field of drug delivery itself isn’t on a
downward trend. This field deals with such a huge number of formulations for various dis-
eases and is so large that research often can only focus on one aspect.®® Therefore, very
much remains to explore and understand. This further research will often go beyond the de-
velopment of new DDS. Thus, this dissertation will focus on fundamental research, but the
outcome won’t be less valuable or of less urgent scientific need for our common goal: the

fight against diseases.

The first part addresses the detailed characterization of the crystalline drug PTX, which due
to its size and complexity has only been partially characterized by solid-state NMR. As the
number of resonances in the solid-state NMR spectrum directly correlates with crystallo-
graphic symmetry, such an analysis is particularly attractive in the field of pharmaceutical
solids and their polymorphs.® This study includes *C NMR investigations, *H MAS data up
to 100 kHz and supporting geometric calculations of published crystal structures. Comple-

mentary PXRD techniques are also used with the aim to obtain a new crystal structure.
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The second part of this dissertation deals with the detailed investigation of nitrogen-hydrogen
proximities of the DDS consisting of POL-PTX formulations. The frequent involvement of ni-
trogen atoms in hydrogen bonding in pharmaceuticals makes this nucleus a promising start-
ing point for a detailed investigation of PTX containing formulations (Scheme 2) through 2D
nitrogen-proton correlation NMR experiments in the solid state. Therefore, *N-*H HMQC
MAS NMR experiments® will be investigated as a valuable tool to disperse overlapping **N
signals by observing **N nuclei, which contain additional quadrupolar shifts. The aim is to test
the applicability of this promising NMR method to the POL-PTX system with a complexity to
which it has not yet been applied.

Paclitaxel (PTX) O%
Ca7Hs5)NO 4 Shw N o
(o] O \

Polymer

Scheme 2: Structural formulas of the components used in this study and schematic drawing of a micelle: The
amphiphilic block copolymer poly(2-methyl-2-oxazoline)-block-poly(2-n-butyl-2-oxazoline)-block-poly(2-methyl-2-
oxazoline) (POL) encapsulates paclitaxel (PTX) by self-assembly into polymeric micelles. Reprinted with the per-

mission from ref.[53 Copyright 2020 Royal Society of Chemistry.

In the third part, the PTX loaded polymeric micelles (Scheme 2) are characterized by solid-
state NMR to get insights and learn more about the structural details for a stepwise drug
loading, aiming for a structural model of this process. This part investigates differently loaded
formulations with various solid-state NMR experiments with the focus of the analysis regard-
ing the interaction of PTX and POL. In addition, the possibilities and limits of solid-state NMR

studies of such very complex drug polymer systems are intended to be specified.
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Introduction

Currently, one of the most important and relevant
drugs to combat breast and ovarian cancers is
paclitaxel (PTX, Ca7Hs1NO14), which is known
since the 1960s.M A detailed overview from the
discovery until the first total synthesis in 1994 is
given by Wall and Wani, the scientists responsi-
ble for the initial discovery.? While its efficiency

to combat breast and ovarian cancers is already

Paclitaxel (PTX) &

23

established, it is currently also undergoing clinical C47H51NO14 2

24

trials for use against other types of cancer.®! The "

mechanism of action of PTX includes b|OCkIng of Scheme 1: Structural formula of paclitaxel (PTX).

the attacked cell in the mitotic phase in the cell cycle by stabilizing the microtubule cytoskele-
ton. PTX has a variety of solid-state forms, differing in their physical and chemical properties.
However, obtaining a crystal structure of paclitaxel or a closely related derivative turned out to
be very difficult for more than two decades after the determination of the molecular structure
was completed in 1971.5/ In 1995/1996, two scientists independently published different crystal
structure of paclitaxel and its derivatives. Mastropaolo et al. grew dioxane solvent hydrate
paclitaxel crystals and analyzed them by X-ray diffraction, although they suffered from decom-
position due to solvent loss and X-ray damage.®! Analogously, Gao and coworkers investigated
three different chemically modified derivatives of paclitaxel.”! In 2005, there was still no crystal
structure available for pure PTX. Therefore, Harper et al. used solid-state NMR to investigate
a stable polymorph of paclitaxel with only a low water content, identifying two molecules per
asymmetric unit.®®! Apart from their second publication in 2007,®! in which a large number of
carbon resonances could be assigned with the help of complementary calculations, no further
findings using solid-state NMR to elucidate the structure of paclitaxel were published. It was

not until 2013 that Vella-Zarb et al. published the first solvent-free crystal structure of PTX
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alongside two hydrous forms, a hemihydrate- and a dihydrate (Table 1).% The water mole-
cules of the hydrated form are loosely bound and lost upon moderate heating. The dihydrate
structure was solved based on single-crystal synchrotron diffraction data, while the other two
structures were obtained by X-ray powder diffraction (PXRD) at elevated temperatures. All
three structures contain two molecules in the asymmetric unit and eight molecules in the unit

cell (at least 904 atoms) in an arrangement corresponding to the space group P2:212;.

Table 1: Crystallographic data of the three forms of paclitaxel as published by Vella-Zarb et al.[1%

Structure Dihydrate Hemihydrate Anhydrate

# Water Molecules (AU) | 6 1 0

CCDC Number 912149 912148 912147

a[A] 9.512 9.68905 9.653

b [A] 28.064 28.0760 28.120

c [A] 33.08 33.6166 33.538

a/Bly [°] 90/90/90 90/90/90 90/90/90

Temperature [K] 120.15 293 313

Experiment Type Single Crystal (Syn- | Powder Powder
chrotron)

Comments 2 H missing (H20) used as published 3 H missing

Like many anti-cancer drugs, the overall activity of PTX is hampered by its poor aqueous sol-
ubility.®¥ Therefore, a variety of different pharmaceutical formulations was and still are devel-
oped.B 2 To value the large body of work, which has gone into the development of these
formulations and to improve their performance in the future, it is important to understand the
miscibility of PTX and the excipient, underlying structural arrangements and key intermolecular
interactions between PTX and the excipients. From such data, structure-property relations and
ultimately formulations with targeted modifications and new properties can arise. Recent work
has shown that solid-state NMR is a promising tool and can form the basis for the desired
improvements.*¥! However, an essential requirement for this approach is the detailed
knowledge of the drug molecule itself and most importantly a complete assignment of all *H,
13C, and N resonances. Due to the complexity of the drug molecule itself and the fact that
there are two individual molecules in the asymmetric unit (giving rise to two sets of very similar
yet not identical chemical shifts), a complete assignment is challenging. Recent improvements
in the hardware for solid-state NMR, in particular the availability of high magnetic fields and
fast magic angle spinning (MAS) above 100 kHz,** combined with reliable tools for the calcu-
lation of solid-state NMR parameters and the crystal structures published by Vella-Zarb et al.l*”!
hold the promise for improving the existing partial assignment of the heteronuclei and attempt-
ing the assignment of *H NMR data by thoroughly investigating this important yet complex
molecule.

Due to NMR spectroscopy being very sensitive to subtle changes in the local environment of
the respective nuclei, it is a particularly powerful technique to analyze ordered materials with

more than one individual molecule in the asymmetric crystallographic unit. As the number of
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resonances in the *C solid-state NMR spectrum directly correlates with crystallographic sym-
metry, such an analysis is particularly attractive in the field of pharmaceutical solids and their
polymorphs, which is documented by a variety of published reports.*® This is of course not a
phenomenon limited to pharmaceutical compounds, but concerns a subset of about 9% of
crystal structures and the advancements in the detailed analysis of such structures are also of
interest for a broad range of scientific communities.*8! The combination of solid-state NMR with
periodic structure calculations for general signal assignment is well established and has been
summarized in several reviews.*”! Especially for structures with Z’ > 1, this combination of
complementary insights is at its most impressive. The sensitivity of NMR spectroscopy to the
local environment is impressively demonstrated by the work of Brown et al., who reported NMR
spectroscopic data in the solid state in combination with GIPAW!8 (gauge-including projector
augmented wave) / CASTEP calculations of campho[2,3-c]pyrazole, which contains a remark-
able number of six individual molecules in the asymmetric unit (Z' = 6).1*®! Due to the identical
chemical entities but individual environments, a series of similar yet not identical chemical
shifts is obtained in the *C CP MAS NMR spectrum. Due to the strong signal overlap and
small differences in chemical shifts, the assignment of such spectra is far from being trivial.
However, through the combination with complementary GIPAW (CASTEP) calculation, Brown
et al. succeeded in providing a complete assignment of all molecules and chemical sites in this
system. A similar demonstration of the suitability of this set of analytical tools for the complete
assignment of materials with Z’ > 1 by the same group concerns guanosine derivatives, which
are in the focus due to their rich supramolecular chemistry.?°

The above-mentioned advancements and findings show that a thorough solid-state NMR in-
vestigation of PTX including assignment of *H NMR data should be feasible despite the com-
plexity of the molecule. This structural understanding can serve as important puzzle piece in
the future investigation of various PTX formulation types. Based on the recent report of the first
'H solid-state NMR data for PTX,?!I we present a detailed structural investigation of crystalline
PTX using 1D and 2D solid-state NMR complemented by X-ray powder diffraction (PXRD),
extensive GIPAW (CASTEP) calculations and differential scanning calorimetry (DSC). This
investigation led to the identification of a new, anhydrous phase of PTX. Based on our experi-
ments, we propose this new form to be a structurally relaxed version of the anhydrous phase

initially obtained in-situ by Vella-Zarb et al.'%

Experimental section

Material
Both batches of paclitaxel (PTX) in its crystalline form were purchased from LC Laboratories

(Woburn, MA, USA) and used without further purification. PTX Dry was prepared by drying
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material from PTX Batch 2 for three days at 70°C and subsequently seven days at room tem-
perature. Heating at lower temperature or for a reduced time resulted in an amorphous phase.
Lyophilization was used to prepare fully amorphous PTX. More details on the experimental

procedures and analytical data of the different batches and phases can be found in the SI.

NMR

All2C NMR data, except the data for PTX Batch 2, were obtained with a Bruker Avance Ill HD
600 MHz (14.1 T) spectrometer and a 3.2 mm double-channel MAS probe. The *C CP MAS
data of PTX Batch 2 were acquired using a Bruker Avance Neo 400 MHz (9.4 T) spectrometer
and a 4 mm double-channel MAS probe. *H NMR data at 60 and 65 kHz were measured on a
Bruker Avance Ill HD 600 MHz spectrometer with a Bruker 1.3 mm double-channel MAS
probe. The H(DQ)-'H(SQ) BABA spectrum at 100 kHz MAS was recorded with a Bruker
Avance NEO 700 MHz (16.4 T) spectrometer and a 0.7 mm double-channel MAS probe.

The duration of the H pulses was 2.50 s in the **C CP MAS with ramped cross-polarization
conditions optimized with a-glycine using a ramp from 90 to 100 with 100 increments and a
contact time of 2.5 ms. SPINAL-64[? heteronuclear decoupling was applied during an acqui-
sition period of 23 ms at a *H rf nutation frequency of 100 kHz, with an optimized 180° pulse
length of 4.6-5.1 ps. H-¥C FSLG HETCOR MAS spectra were obtained using the optimized
13C CP MAS parameters and a contact time of 50 ys. For the *H(DQ)-'H(SQ) BABA experi-
ment, one rotor period of the BABA recoupling was used for the excitation and reconversion
of DQ coherence.” A nested 16-step phase cycle was used to select Ap = +2 on the DQ
excitation pulses (4 steps) and Ap = —1 (4 steps) on the z-filter 90° pulse, where p is the co-
herence order. The t; increment was set equal to the rotor period (the reciprocal of the MAS
frequency) and the States-TPPI method was used to achieve sign discrimination in F1.

KBr was used for magic angle calibration. *C chemical shifts were referenced to the methylene
carbon signal of adamantane at 38.48 ppm.'?4 For all experiments with the 3.2 mm probe, the
calibrated probe temperature was set to 296.4 K. The additional warming is the result of the
frictional heating due to MAS. Based on temperature calibration this temperature corresponds
to calibrated 324 K (20 kHz) and 340 K (24 kHz) (see chapter Sl 3).

CASTEP

GIPAW (CASTEP) calculations were run on the local cluster of the institute except for the
calculation of the chemical shieldings of the hydrate 912149, which were done on the cluster
of the University of Bayreuth, Germany. They were performed using the CASTEP code,?
academic release version 17.2. All structures were first geometry optimized with the unit cell
parameters fixed before chemical shieldings were calculated using the GIPAW method.8 In

all calculations, the PBE exchange-correlation function was used.?® For the plane-wave basis
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set with ultra-soft pseudopotentials,’?”! a maximum cut-off energy of 600 eV was used along-
side a Monkhorst—Pack grid for sampling over the Brillouin zone with minimum sample spacing
0.1 x 2 A", The enthalpy value continuously decreased and the forces, energies, and dis-
placements of all calculated structures were converged to better than 0.05 eV/A, 2x10° eV

and 0.001 A, respectively.

PXRD

Phase analysis was performed using X-ray powder diffraction (PXRD) with a Bruker Discover
D8 powder diffractometer (Karlsruhe, Germany) using Cu Kq radiation (unsplit Kq1 + K2 dou-
blet, mean wavelength A = 1.5419 A), a focusing Goebel mirror and a 2.5° axial Soller slit.
Detection was done with a LynxEye-1D-Detector (Bruker AXS). Measurements were per-
formed in reflection geometry in coupled two theta/theta mode with a step size of 0.025° in 26
in the range of 5-50°. The samples were filled in a glass capillary (Hilgenberg @ = 0.5 mm) and
sealed. Data collection was done with the software package DIFFRAC.Suite (V2 2.2.690,
BrukerAXS 2009-2011, Karlsruhe, Germany).

An additional X-ray diffraction experiment with PTX Dry for pawley refinement was carried out
on a STOE STADI P diffractometer (Darmstadt, Germany) using Cu Ka; radiation (A = 1.5406
A) in Debye-Scherrer geometry. The diffractometer is equipped with a DECTRIS MYTHEN 1K
detector and a Ge(111) monochromator. The sample was filled in a glass capillary (Hilgenberg
® = 0.5 mm) under inert gas atmosphere, sealed and measured with a step size of 0.015° in
20 in a range from 2 to 90°, 2.005 to 90.005° and 2.01 to 90.01°. The three measurements
were subsequently merged, repeated once and summed up, resulting in a final step size of
0.005°. Data collection was done with the WinXPOW Program Package (V3.05, STOE & Cie
GmbH 2011, Darmstadt, Germany).

Pawley Refinement

Pawley refinement was carried out using the TOPAS-Academic V6 software./?® The fit indica-
tors rup, rexp @and gof (goodness of fit) were used to assess the quality of the refined lattice
parameters. The initial profile in a reduced 26 range from 3 to 70°, due to limited data intensity,
was refined by five free background coefficients of a Chebyshev polynomial function, a zero
point off-set, peak shape parameters of a modified Thomson-Cox-Hastings pseudo-Vogt func-
tion, a simple axial model to fit peak asymmetry, a linear absorption coefficient, and the lattice

parameters a, b and c.?%

Material Studio
The unit cell was modeled with the program Accelrys Materials Studio 4.4. using P2:2:2; sym-

metry restriction and given cell parameters from the Pawley refinement.
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DSC

2.89 mg paclitaxel were placed in a flat-bottom aluminum pan with crimped-on lids and inserted
into a calibrated DSC 204 F1 Phoenix equipped with a CC200 F1 Controller (NETZSCH, Selb,

Germany). The heating rate was 10 °C/min (25-225 °C). All scans were recorded under nitro-

gen atmosphere.

Results and discussion
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Figure la: 3C CP MAS NMR spectrum of PTX Batch 1,
recorded at 14.1 T and 24 kHz MAS spinning rate with a
contact time of 2.5 ms, 1756 co-added transients and a
recycle delay of 2.5 s.

Figure 1b: simulated NMR spectra based on the different
PTX structures shown in Table 1.

Figure 1c: Extracts from a 'H-13C FSLG HETCOR MAS
spectrum of PTX Batch 1 with overlayed calculated NMR
shifts of the published anhydrate structure (Table 1). For
full spectrum see Figure S7.

To facilitate a complete assignment of both
individual molecules in crystalline paclitaxel,
a two-step procedure was intended: The first
step aimed at the assignment of the *C NMR
data through combination with GIPAW
(CASTEP)!*® 25 calculations followed by a
second step, the analysis of the *H chemical
shifts employing 1D and 2D 'H NMR data at
high field and fast MAS, 'H-3C FSLG-
HETCOR correlations and the results from
the quantum chemical calculations. Conse-
quently, *3C CP MAS data for PTX used as
received was recorded at 24 kHz MAS and
14.1 T (Figure l1a). In agreement with the
previous solid-state NMR work on PTX,®9
the well resolved *C NMR spectrum shows
two sets of carbon resonances due to the two
individual molecules in the asymmetric unit
of the crystal structure. This becomes easily
apparent for the ketone resonance above
200 ppm as well as for the methyl signals
around 10 ppm and other separated signals
(e.g. at ~ 60 ppm) stemming from the rigid
baccatin core of the PTX molecule (high-

lighted in grey). Additionally, 3C direct exci-

tation experiments (Figure S6) with short interscan delay served to identify mobile functional

groups in the molecule (highlighted in blue), namely two methyl groups and phenyl moieties,

again matching previous findings in the literature.®*
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For the complete assignment of the *C NMR signals to the individual molecules PTX-A and
PTX-B, calculation of the chemical shieldings based on existing structures from X-ray diffrac-
tion data is essential. Therefore, in a first step, the dihydrate crystal structure of PTX (CCDC
number: 912149, Table 1) was used as input for calculations of solid-state NMR parameters
with the program package CASTEP due to it being based on high quality synchrotron X-ray
diffraction data. After successful completion, subsequent calculations were also performed for
the two other less hydrated and anhydrous structures (CCDC numbers: 912148 and 912147)
obtained from X-ray powder diffraction at elevated temperatures. In general, all structures were
geometry optimized carefully (parameter evolution see Sl 1) before subjecting them to the
calculation of NMR parameters. The geometry optimization was patrticularly challenging and
time consuming as the crystallographic unit cell, the starting point for these calculations, con-
tains 900 to almost 1000 atoms depending on the individual water content. This is starting to
fall into the range of what is referred to as large scale quantum mechanical calculations in the
literature and for which generally other dedicated and specific large-scale treatments are in the
research focus.B As the computational time for large simulations in CASTEP scales approxi-
mately cubically with the number of atoms, the calculations in this project are amongst the
largest NMR calculations run so far with this software package. Despite using the low memory
version of the Broyden-Fletcher—-Goldfarb-Shanno (L-BFGS) algorithm for the geometry op-
timization, overall durations for the optimization were in the range of 45-60 days per structure
using 300 GB of memory on our local cluster. The consecutive calculations of the NMR pa-
rameters were completed after 15 days (hemihydrate) and 31 days (anhydrate) using analo-
gous settings and the corresponding referenced chemical shifts plotted in Figure 1b with a line
broadening of 0.1 ppm ((oOref(**C) = 166.99 ppm, Orei(*H) = 29.43 ppm)). The general features
and signal areas in the experimental spectrum are also found in the calculated spectra, which
is particularly noticeable for the signal region from 70 to 90 ppm as well as between 120 and
150 ppm. However, upon analyzing the individual chemical shift predictions more carefully, it
becomes apparent that there are multiple carbon atoms, of which the chemical shift deviates
more strongly from the experimental value than expected based on the average error margin
of +2 ppmt™" 32 established for this type of calculations on purely organic molecules. Focusing
on the ppm range below 40 ppm and considering the banana effect (high chemical shifts are
predicted too high, low ones too low) often observed for *C chemical shift calculations,®® the
dihydrate structure calculation seems to agree best with the experimental data. On the other
hand, the agreement between experimental and calculated chemical shifts for this structure is
rather poor for the spectral region from 160 to 180 ppm. Interestingly, analogous considera-
tions can be made for the two other comparisons. This apparent disagreement between ex-
perimental data and any of the calculated structures becomes also particularly apparent in 2D
NMR data, e.g. the extracts from the *H-2*C FSLG HETCOR spectrum recorded to facilitate
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Figure 2a: 3C CP MAS NMR spectra of PTX Batch 1
(black), PTX Batch 2 (red) and PTX Dry (blue). They were
recorded with the following parameter (co-added transi-
ents/spinning frequency/contact time/recycle delay, the
latter individually optimized to the measured spin-lattice
relaxation times): 1756/24 kHz/25ms/25s (PTX
Batch 1), 932/11 kHz/2.0 ms/5.0 s (PTX Batch 2),
10240/20 kHz/2.0 ms/4.0 s (PTX Dry).

Figure 2b: experimental PXRD data of PTX Batch 2 and
PTX Dry (top) as well as simulated PXRD spectra of the
published PTX structures from Table 1.

complete signal assignment and shown in
Figure 1c (full spectrum Figure S7). To-
gether with the 2D NMR data and despite the
discrepancies in the calculations, the major-
ity of the 3C chemical shifts could be suc-
cessfully assigned to the individual mole-
cules and we could identify some of the more
strongly deviating carbon atoms to be in
proximity to water molecules in the dihydrate
structure. As the water molecules in the
structure are loosely bound and therefore not
likely to be in a fixed position during the room
temperature measurements, we hypothe-
sized this to be the source for the observed
deviations between experiment and calcula-
tion, which we planned to confirm with further
e.g.
measurements, before proceeding to the

experiments, variable temperature

analysis of the more crowded *H NMR data.

PTX Batch 2

At this stage of the project, we purchased a
second batch of PTX, which will be referred
to as PTX Batch 2. We immediately saw that
this new batch yielded NMR spectra with
more signals than observed for PTX Batch 1.
Comparison of the *C NMR spectra (Figure

2a), particularly in the ketone area above 200

ppm, showed that there is one set of signals at 204 and 206 ppm found in both datasets while

a new additional set of two more signals appears at 203 and 209 ppm (highlighted and en-

larged in grey). The presence of a second set of signals is also confirmed by *N NMR data

published as part of a previous investigation on PTX formulations.?Y To confirm the presence

of this second phase, X-ray powder diffraction data was recorded and compared to the simu-

lated diffraction patterns for the three published PTX crystal structures (Figure 2b). For clarity,

only the data at low 20 values is shown and the reader is referred to Figure S9 for the complete

PXRD datasets. Through this comparison, the reflections belonging to the previously published
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PTX phases can be identified in the experimental PXRD diffractogram of PTX Batch 2 (indi-
cated by vertical lines). However, additional reflections are observed at 5.6° and 9.0° 20 indi-
cating — in agreement with the NMR spectroscopic data — the presence of a second, unknown
phase. Furthermore, the calorimetric profile resulting from DSC measurements generally
matched the data found for hydrated PTX in the literature,* albeit with small, but noticeable
differences (Figure S8). Elemental analysis of PTX Batch 2 further substantiates the hypoth-
esis of two distinct phases as it yielded a composition, which is between the values expected
for the anhydrate and the dihydrate (Table S2). To clarify whether PTX Batch 2 contains a
hydrous and an anhydrous phase or two differently hydrated phases, the as-received batch 2
was carefully dried under vacuum while moderately heating the sample to 70°C. Repeated
PXRD measurements now yielded only the peaks of the previously unknown phase. Therefore,
the experimental diffraction data confirms the presence of one hydrous phase and a new, an-
hydrous phase. Analogously, the 1*C CP MAS spectrum of the dried sample also contains only
one phase. Interestingly, this spectrum is also identical to the *3C NMR spectrum of PTX Batch
1. This closes the first cycle as the complete PTX Batch 1 and one of the two phases of PTX
Batch 2 are composed of a to date unpublished, anhydrous crystalline arrangement with dif-
ferent cell parameters compared to the published data. This explains very convincingly, why
none of the calculated parameters agrees sufficiently with the experimental solid-state NMR
data.

Structure Modelling of the New Anhydrous Phase

For further investigations of the observed

observed new phase, a sample of PTX Dry was packed

’ calculated

difference and sealed in a glass capillary under inert

gas atmosphere to protect the sample from

| \
'J Ju‘“"w!* l"*‘w‘% moisture. This sample was used to collect
/

powder diffraction data in a long-term meas-
“ﬂ\“’\\ urement for good data quality. With this

-“TV"\M\'W#WL : PXRD dataset, cell indexing (space group

Intensitiy / a.u.

' ' ‘ ‘ ‘ ‘ ' P212:2,) and a Pawley refinement (Figure 3)
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

Position 26 (Cu - Ka) was carried out to obtain refined lattice pa-

Figure 3: Diffraction pattern for PTX Dry (black line), cal- rameters (a 28.643(5), b 31.256(8),
culated structure using Pawley refinement (red line) with . )

Rwp=2.36%, Rexp=1.41% and Goodness of fit: 1.67, differ- C 9.533(2)). This new unit cell has a 6.2%
ence curve (blue) and hkl positions (black ticks).
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smaller volume than the unit cell of the pub-
lished anhydrate (Table 1). Considering that
during the drying process of the sample the
water molecules must first escape the crystal
structure, which then undergoes a restructur-
ing resulting in this reduced volume, these
cell parameters could build the unit cell of a
fully relaxed crystal structure. The sample
was prepared by drying over a long period of

time and simultaneously heating. It has been

shown that a shorter drying time without heat-
ing the sample leads to a more amorphous

Figure 4: Unit cell of the investigated structure of PTX Dry
created by Materials Studio and without further geometry  strycture, which we attribute to the slow rear-
optimization so far, as this is still an ongoing process at

the time of submission of this thesis. rangement to a stable structure (see Sl 11).

Since the anhydrous structure by Vella-Zarb et. al.l’® was obtained in-situ and the time-frame
therefore even faster than this shorter time period, the new unit cell and structure can be de-
scribed as a relaxed version of their data. The observed high background intensities in the
PXRD pattern can be attributed to the used glass capillary, which is confirmed by the meas-
urement of an empty capillary (Figure S12). The software Materials Studio was used to create
a unit cell of our investigated structure using these refined lattice parameters, space group,
and the structural information of Z’=2 (Figure 4). Currently (12/2020), the resulting structure is

still under geometry optimization.

Structural Elucidation

Since the geometry optimization of the structures of Table 1 took up to 60 days, it is expected
that this new structure will require at least 60-120 days for optimization because there is no
pre-optimization of this structure in Materials Studio. Therefore, the geometry optimization and
the subsequent calculation of chemical shifts of this newly obtained structure will be finished
after submission of this thesis and thus, the following assignments are based on the geometry-
optimized structure of the anhydrate (Table 1). The calculated chemical shifts of the published
anhydrate serve only as a basis for the assignments and are supplemented by experimental
!H-13C HETCOR as well as fast MAS (100 kHz) 1D and 2D H data. PTX Dry is used for this
13C as well as *H signal assignment, as it contains the new anhydrous structure and is free
from the second phase of PTX Batch 2. Figure 5a shows 'H MAS NMR spectra of crystalline
PTX Batch 1 recorded at different magnetic field strength and different spinning rates as well

as a very fast 'H MAS NMR spectrum at 100 kHz spinning speed of PTX Dry. The increase of
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Figure 5a: 'H MAS NMR spectra of PTX Batch 1 (blue, red, and green) and PTX Dry (purple) recorded at different
spinning rates and different magnetic field strengths.

Figure 5b: GIPAW (CASTEP) calculated chemical shifts of the anhydrate PTX structure of Table 1, represented in
bars. This structure was geometry-optimized before the calculation of the chemical shifts.

the magnetic field and the spinning frequency result in an augmented number of up to 17
detected *H MAS peaks for more than 100 different protons in the asymmetric unit of PTX. The
result of the calculation of the proton chemical shifts from the anhydrate structure in Table 1 is
shown in Figure 5b. The experimental *H MAS data show a good separation of the NH protons
(for more detailed information on this topic see Griine et al.?Y) and a separation of the methyl
groups. Nevertheless, even the spectrum at 100 kHz MAS frequency still shows strong overlap
of the proton signals. Therefore, 2D correlation NMR spectra are needed to achieve a tentative
assignment of the proton data.

The 'H-13C FSLG HETCOR MAS spectrum of PTX Dry (Figure S14) at a MAS frequency of
20 kHz with a short contact time of 50 ps shows closest *H-13C proximities via through-space
dipolar interactions, i. e. for this contact time the protons directly bound to the corresponding
carbon atoms. The indirect measurement of the proton chemical shifts enables a significantly
improved resolution in the *H dimension. An assignment of the *C-H proximities of the aro-
matic region (**C chemical shifts above 120 ppm) is not possible due to the low resolution and
the overlap of the signals. For the evaluation, the signals that were well separated from other
signals were first examined. Afterwards, the focus was set on each signal which can be clearly
assigned. Subsequently, these unambiguous results are then used for the evaluation of the
more complex *H(DQ)-'H(SQ) BABA MAS spectrum (Figure 6). In such a spectrum, double-
guantum correlation peaks indicate close through-space proximity between protons. The
peaks appear at a value corresponding to the sum of the single-quantum chemical shifts of the
individual protons. For further details, the reader is referred to Schnell et al.**! who published
the first tH DQ MAS spectra using this rotor-synchronized BABA recoupling sequence, or to

the review about *H DQ MAS measurements of S. P. Brownt®., In principle, the evaluation of
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this spectrum follows the same way as for the *H-1*C HETCOR MAS spectrum. Nevertheless,

while the latter is limited to interactions between directly bonded H and *C atoms due to the
short contact time, through *H(DQ)-'H(SQ) BABA MAS spectra, interactions between protons

with a distance of 3.5-4.0 A are typically observed, which significantly increases the total num-

ber of possible interactions partners.
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Figure 6: 'H(DQ)-'H(SQ) MAS NMR correlation spectrum of PTX Dry (with external *H one-pulse NMR spectrum)
recorded using one rotor period of BABA recoupling at 16.4 T and 100 kHz spinning rate. 432 t1 FIDs were meas-

ured each with 16 co-added transients for a recycle delay of 1.5 s (experimental time: 2h 53 min).
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Therefore, the peaks were assigned in a repetitive iterative process based on the anhydrate
structure from Table 1 and supported by the 'H-3C HETCOR MAS data. Table 2 shows the
result of the *H(DQ)-tH(SQ) BABA MAS spectrum containing the single-quantum as well as
the corresponding double-quantum chemical shifts of the labeled peaks together with their
shortest distance in the crystal structure. For peaks originating from methyl group protons in-
teracting with themselves, a distance specification was omitted. Table 3 summarizes all ex-
tracted *H chemical shift values which can be assigned to a certain proton of a certain molecule
of the asymmetric unit cell, sorted by chemical shift values. If an assignment of the *C chem-
ical shift in the *H-13C HETCOR MAS spectrum is possible, it is listed as well.

Table 2: 'H DQ correlations observed in PTX Dry in Figure 6, together with the corresponding shortest distances
obtained from the geometry optimized anhydrate structure (Table 1). This table lists the carbon atoms to which the
protons are attached. Label A and B mark the corresponding PTX molecule in its asymmetric unit. Superscript
numbers distinguish between two protons for CH2 groups.

Carbon 8s0 1/ ppm | Carbon | &sq2/ppm | &pg/ppm Separation / A
A Al16 -0.6 A16 -0.6 -1.2 -
B B17 0.6 Al16 -0.6 0.0 2.5
Al7 0.6 B16 -0.6 2.7
C Al7 0.6 B17 0.6 1.2 5.8
B17 0.6 Al7 0.6
D A19 1.1 A19 1.1 2.2 -
E A202 3.1 Al16 -0.6 2.6
F B19 1.5 B19 1.5 3.0 -
A29 1.5 A29 1.5 -
A31 1.5 A31 1.5 -
B31 1.5 B31 1.5 -
B31 1.5 A31 1.5 -
G B6? 2.5 B62 0.7 3.2 2.4
H A202 3.2 B17 0.6 3.8 3.0
B20 3.2 Al7 0.6 3.0
B1OH 3.2 B17 0.6 2.2
I B13 4.8 B16 -0.6 4.2 1.9
Al13 4.8 Al16 -0.6 1.8
J B29 2.2 B29 2.2 4.4 -
K PhA22 5.7 Al16 -0.7 5.0 2.9
L A2 5.6 Al7 0.6 6.2 2.0
B2 5.6 Al7 0.6 3.5
M A3 4.8 A2’'0OH 1.7 6.5 2.8
N A201! 3.7 A202 3.1 6.8 1.8
(0] B13 4.6 B14 2.5 7.1 2.4
B5 4.6 B6? 2.5 2.3
A5 4.6 A6 2.5 2.3
A5 4.6 A6? 2.5 2.8
P A70H 5.6 B14 2.2 7.8 2.3
Q B20! 4.0 B202 3.2 7.3 1.8
R A7 5.3 A3 3.6 8.9 2.2
B7 5.3 B3 3.6 2.4
S A2 5.6 A20 3.2 8.8 2.9
T B27 6.0 B20! 4.0 10.0 2.6
U A42 7.2 A3 5.0 12.2 2.4
B42 7.2 B3 5.0 2.3
V BNH 8.1 B38 7.1 15.2 2.7
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Table 3: Partial assignment of the *H chemical shifts and its corresponding *3C chemical shifts based on the *H(DQ)-
1H(SQ) BABA MAS spectrum and the 'H-13C HETCOR MAS spectrum. Label A and B mark the corresponding PTX
molecule in its asymmetric unit.

S(*H) / ppm | 8(*3C)/ ppm | Carbon S(*H) / ppm | &(*3C)/ppm | Carbon

-0.6 26.2 Al6 3.6 47.9 A3
26.2 B16 47.9 B3

0.6 21.7 Al7 / B17 3.7 73.7 A20!
21.7 Al7/B17 4.0 73.7 B20!

0.7 37.2 B62 4.6 70.4 B13

1.1 10.2 Al9 84.3 B5

1.3 13.2 Al8 86.1 A5

1.5 11.3 B19 4.8 70.4 B13
23.0 A29 71.6 Al3
23.0 A31l 55.8 A3’

B31 5.0 55.8 A3’

1.7 A2’'0OH 55.8 B3

1.8 14.0 B18 5.3 A7

1.9 35.2 Al4 B7

2.2 20.6 B29 5.6 A2
36.5 B14 B2

2.5 37.2 B6?! A70H
38.3 AB! 5.7 PhA22
38.3 AB? 6.0 Al10, B10
36.5 B14 6.0 B27

3.1 73.7 A20?2 7.1 A38

3.2 73.7 B202 7.2 A42

B1OH B42

As demonstrated by the results summarized in Table 3, the combination of the applied exper-
imental and computational techniques enables a variety of *H NMR chemical shifts of PTX to
be assigned for the first time. With the help of the newly obtained structure of PTX Dry, for
which geometry optimization is currently performed, remaining ambiguities of the assignments

should be significantly reduced.
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Summary and conclusion
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Scheme 2: Schematic representation of the results of this chapter.

In this work, two different commercially available batches of PTX were investigated, named
PTX Batch 1 and PTX Batch 2, which is schematically represented in Scheme 2. Solid-state
NMR as well as PXRD data together with geometry optimization and calculation of NMR chem-
ical shifts revealed the existence of an identical and so far unknown PTX phase in both baches.
In contrast to PTX Batch 1, PTX Batch 2 consists of an additional phase that was similar to a
known hydrous form characterized by Vella-Zarb et. al.'!. By drying PTX Batch 2 under vac-
uum for ten days (three days at 70°C and seven days at room temperature), it is completely
transformed to the new phase, which we therefore named PTX Dry. We could show that a
shorter drying time leads to a more amorphous state, which we attribute to the slow rearrange-
ment to a stable structure. Since the drying conditions to obtain the anhydrous PTX structure
described by Vella-Zarb et. al.*® were even faster than this shorter time period, we identify our

phase as a relaxed version of the anhydrate structure published by Vella-Zarb et al.

13C solid-state NMR data of PTX Dry showed that it contains two molecules in the asymmetric
unit. Pawley refinement was used to determine refined lattice parameters from PXRD data of
PTX Dry. With the help of Material Studios, a new cell structure was created, which is currently

undergoing geometry optimization.
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The anhydrate structure of Vella-Zarb et. al.l% 1D 3C CP MAS data as well as 'H-*C
HETCOR MAS and 'H(DQ)-'H(SQ) BABA MAS spectra at up to 100 kHz spinning frequency
allowed 3C and first partial *H assignments for PTX Dry. At this stage of the project, these
investigations had to be done without the chemical shielding calculations of the newly obtained
crystal phase. In the future, the chemical shielding calculations of this new structure will allow
the assignment of more cross-peaks in experiments such as H(DQ)-'H(SQ) BABA MAS as
well as a more precise and more detailed assignment of the *C chemical shifts. While the
PXRD results in this work nicely show how to make use of long-range information for the in-
vestigations of both phase and unit cell of this large structure, the solid-state NMR investigation
with its sensitivity to short-range information enables the structural elucidation at an atomic
level even for complex solid materials as PTX, an important milestoone for further investigation

of PTX together with pharmaceutical excipients.
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Sl 1: Evolution of CASTEP geometry optimization parameters
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Figure S1: Evolution of different CASTEP parameters during the geometry optimization of the

Number of Iterations

different hydrous structures (Table 1, main text).
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S| 2: Chemical shifts of the anhydrate (CCDC 912147)

Figure S2 and S3 show the predicted *C and 'H chemical shifts of the anhydrate (Table 1,
main text) after geometry optimization and following calculation of the chemical shifts in com-
parison to experimental data.

5 13C CP MAS NMR Spectrum of PTX - Batch 1 / Anhydrate

ALG/L7

AL6/17

Al4
A6

B6
B14

200 150 " 100 s0 %
3C CP MAS / ppm

Figure S2: Tentative structural assignment of the experimental *C CP MAS spectrum of PTX
Batch 1 using the calculated chemical shifts of the anhydrate (Table 1). The calculated shifts
were assigned based on the order of their chemical shift values.
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Figure S3: Comparison of the experimental 'H one-pulse MAS spectrum of PTX Dry (recorded
at 16.5 T and 100 kHz spinning frequency) with the calculated chemical shifts of the anhydrate
(Table 1). The calculated shifts were assigned based on the order of their chemical shift values.

Figure S3 shows the "H one-pulse MAS spectrum of PTX Dry, recorded at 16.5 T and 100 kHz
spinning frequency. Every black bar underneath the trace represents a calculated 'H chemical
shift of the asymmetric unit of the anhydrous structure (Table 1). Broader black bars are caused
by the overlay of different bars which are close together in chemical shift. The letter above the
bars describes the corresponding carbon or oxygen atom to which the distinct proton is bound.
As soon as different letters are aligned above each other, they describe the region of different
bars underneath them. The allocation is as follows: from top to bottom describes the distribu-
tion of the respective bars from high to low chemical shift values. This representation uses

averaged CHs; groups as a single value.
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S| 3: Temperature calibration of the 3.2 mm MAS probe for 600 MHz

Temperature calibration was performed using a Pb(NO3), sample.[" Figure S$4 shows the cal-
ibration for a spinning frequency of 24 kHz and varying temperatures. Different coloured dots
correspond to different Bruker Cooling Unit (BCUZ2) power levels: strong (blue), medium (black)
and low (grey). The vertical dashed lines show the set temperatures 0°C (purple) and 20°C
(orange) whereas the horizontal dashed lines represent the calibrated 20°C (blue) and 37°C
(body temperature, green). Figure S5 shows the dependence of the recorded temperature on
the spinning frequency for a controlled probe temperature of 296.4 K of the spectrometer. Ta-
ble $1 lists the Bruker Cooling Unit parameters for each set temperature. The VT gas channel

of the 3.2 mm MAS probe is separate from the bearing and drive channels.

T(cal) = 0.6983 * T(set) + 128.245 K
360

N A I
1 — 24 kHz MAS

350

340

330

310,15

Temperature (calc.) [K]
R
o
|

120315

240 260 2315280 29315300 320 340
Temperature (set) [K]

Figure S4: Resulting sample temperature calibration curve of the 3.2 mm double-channel (*°N-
31P/TH-"9F) MAS probe (600 MHz) at a spinning frequency of 24 kHz, using a Pb(NOs). sample.
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Figure S5: Resulting sample temperature calibration curve of the 3.2 mm double-channel (**N-
31P/'H-'°F) MAS probe (600 MHz) depending on the spinning frequency at a regulated probe
temperature of 296.4 K, using a Pb(NO3). sample.

Table S1: Bruker cooling unit parameters for each set temperature.

Set temperature / Kelvin | Power level | Gas flow / litre per hour
243.0 strong 1000
253.0 strong 750
263.0 medium 1000
273.2 medium 1000
278.0 medium 750
289.0 low 500
293.0 low 500
303.0 low 500
308.0 low 500
313.0 low 500
316.0 low 500
318.0 low 500
328.0 low 500
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Sl 4: 3C direct excitation MAS spectrum

An additional *C direct excitation MAS spectrum with a short interscan delay of 0.8 s was
recorded (Figure S6). This measurement can give information about the relative mobilities of
different parts of the structure. Regarding the structural assignment in Figure S2 and Table 3,
the most dominant signals of the *C direct excitation MAS spectrum belong to the methyl
groups, followed by a smaller, but broader peak in the aromatic region. This indicates, on the
one hand, a high mobility of those groups and, on the other hand, demonstrates the rigidity of
the baccatin core, which was already shown by Harper et al.?! and Heider et al.®l. Heider et al.
also suggested that the C3’ phenyl ring is rigid whereas those at C4’ and C2 are proposed to
have dynamic disorder. The latter two phenyls ring are supposed to belong to the detected

mobile aromatic part in the '*C direct excitation MAS spectrum.
3C direct excitation spectrum of PTX - Batch 1

A29, A31, B31 (et ik

A19
B19

aromatic carbons

T v ' L] L] T ¥ L) ' L T L) L s L] s ¥ ¥ ¥
200 150 100 50 0
5(**C)/ppm

Figure S6: "*C direct excitation MAS NMR spectrum of PTX Batch 1 recorded at 14.1 T and
24 kHz MAS spinning rate, with a recycle delay of 0.8 s, and 512 co-added transients.
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SI 5: 'H-*C FSLG HETCOR MAS spectrum of PTX Batch 1
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Figure S7: 'H-"3C HETCOR MAS spectrum of PTX Batch 1, recorded at 14.1 T and a MAS
spinning rate of 20 kHz, using a mixing time of t,,;,, = 50 us. 60 t; FID increments were ac-
quired using a recycle delay of 2 s, each with 256 co-added transients. The corresponding 'H
one-pulse MAS and *C CP MAS NMR spectra are shown as external projections.
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Sl 6: DSC measurements of PTX Batch 1
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Figure S8: DSC of 15t heating and cooling cycle of PTX Batch 1. Loss of crystal water results
in the endotherm between 60 and 80°C. The endotherm at 170°C denotes a change in solid

state structure. The sample melts at 222°C. The cooling curve does not show a change back
to the original solid-state form.
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Sl 7: Elemental analysis of PTX Batch 2

Elemental Analysis measurement was involved for further investigation of the two phases in
PTX Batch 2. The upper part of Table 2 contains the results of the elemental analysis, the
bottom part shows the calculated percentages per element for the different hydrate forms of
Table 1. As expected from the *C CP MAS evaluation, the experimental data doesn't fit a
certain prediction of the hydrated structures. From the *C CP MAS spectrum, it can be esti-
mated that 56% of PTX Batch 2 exist in the anhydrous form and the remaining 44% in a hy-
drous form. Using this together with the experimental results of the elemental analysis, it turns
out that the hydrous phase of PTX Batch 2 contains 1.5 water molecules per molecule of PTX,

resulting in an overall number of three water molecules per asymmetric unit of PTX Batch 2.

Table S2: Elemental Analysis of PTX Batch 2 (top) and the analogous values for the structures
in Table 1.

Elemental Analysis

PTX Batch 2 | C [%] H [%] N [%]
64.2 6.23 1.55
Calculations
C [%] H [%] N [%]
Dihydrate 63.43 6.23 1.57
Hemihyd- 65.42 6.07 1.62
rate
Anhydrate 66.11 6.02 1.64
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Sl 8: Complete PXRD data

PTX - Batch 2

PTX - Dry

Hemihydrate

Anhydrate

10 20 30 40
Position 20 (Cu - Ka)

Figure S9: Experimental PXRD data of PTX Batch 2 and PTX Dry as well as simulated PXRD
diffractograms of the published PTX structures summarized in Table 1 of the main manuscript.

44



Manuscript 1: Crystalline PTX

S1 9: Preparation, NMR data, and PXRD data of amorphous PTX

Lyophilization was used to prepare amorphous PTX. PXRD measurements shown in Figure

$10 and solid-state NMR data in Figure S11 confirmed the amorphicity.

PXRD spectrum of amorphous PTX

10 20 30 40
Position 20 (Cu - Ka)

Figure S10: Diffraction pattern of amorphous PTX.
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13C-CP MAS NMR spectrum of amorphous PTX

3C CP MAS spectrum of amorphous PTX
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Figure S11: *C CP MAS NMR spectrum of amorphous PTX, recorded at 14.1 T, 24 kHz MAS
spinning rate, 2.5 ms contact time, 2.5 s recycle delay, and 23532 co-added transients. The
line broadening is set to 30 Hz.
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Sl 10: Diffraction pattern of PTX Dry and an empty capillary
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Figure S12: Diffraction pattern for PTX Dry (black) and an empty, crushed capillary.
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Sl 11: Preparation and NMR data of PTX Dry

In a first attempt, 32.9 mg PTX were placed in a welted glass with snap-on lid. Holes were
made in the lid, the glass was placed in a Schlenk tube and evacuated overnight. The corre-
sponding PXRD spectrum of this drying process is shown in Figure S813. The spectrum is
shown without a subtracted background to emphasize the amorphous character, comparable
to Figure S10.

PXRD pattern of PTX after drying overnight
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Figure S13: Diffraction pattern for dry PTX after drying overnight (black) with resulting amor-
phous character.

One reason for the amorphous character could be the rearrangement process from a hydrate
phase to a dry phase. Therefore, in a second attempt to verify this assumption, 50 mg PTX
were placed in a welted glass with snap-on lid with holes. This time, the sample was evacuated
in a Schlenk tube for 10 days. Additionally, during the first three days, the Schlenk tube was
placed in a 70°C oil bath. This sample was used for further investigation in the main text (Fig-
ure 2b).
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TH-13C FSLG HETCOR MAS spectrum of PTX Dry
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Figure S14: 'H-"3C HETCOR MAS spectrum of PTX Dry, recorded at 14.1 T and a MAS spin-
ning rate of 20 kHz, using a mixing time of t,,;,, = 50 us. 120 t; FID increments were acquired
using a recycle delay of 4 s, each with 256 co-added transients. The corresponding 'H one-
pulse MAS and *C CP MAS NMR spectra are shown as external projections.
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even more so if the small molecule component itself is increasingly complex. In this work, we present
¥N-1H HMQC magic-angle spinning (MAS) NMR experiments in the solid state as a promising tool to
study amorphous formulations. Poly(2-oxazoline) based polymer micelles loaded with different amounts
of the cancer drug paclitaxel serve to highlight the possibilities offered by these experiments: while the
dense core of these polymeric micelles prevents NMR spectroscopic analysis in solution and the very
similar **N' chemical shifts hamper a solid-state NMR characterization based on this nucleus, *N is a
very versatile alternative. *N—*H HMQC experiments yield well-separated signals, which are spread over
a large ppm range, and provide information on the symmetry of the nitrogen environment and probe
MN-H through-space proximities. In this way, the overall complexity can be narrowed down to specific
N-containing environments. The results from the experiments presented here represent a valuable
puzzle piece, which helps to improve the structural understanding of drug-polymer formulations.
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Introduction

Paclitaxel (PTX, Scheme 1) is an effective anti-cancer drug for a
wide range of tumours, but it exhibits a very low aqueous
solubility of 0.4 ug mL™"."? Therefore, a variety of different
formulations for PTX has been developed.? This includes the
protein-based nanoparticle Abraxane®, the polymer-conjugate
Opaxio™, Genexol-PM® and NK105.*° The latter two contain
PTX in polymer micelles formed of polyethylene glycol-polylactic
acid (Genexol-PM"™) and polyethylene glycol-poly(amino acid)
(NK105) copolymers. In general, the development of formula-
tions and their clinical trials require very long times with highly
uncertain outcomes. The above mentioned formulations have
undergone multiple phase II/III clinical trials over the past
decades, e.g. a recently published phase III clinical trial of
NK105,° and only Abraxane® has been successfully marketed
with FDA approval since 2007. Furthermore, they are all
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characterized by a relatively low PTX loading not exceeding
25 wt%. In this context, Luxenhofer et al. reported promising
preclinical data for polymer micelles comprising a poly(2-
oxazoline) (POx) based triblock copolymer loaded with up to
50 wt% of PTX.””® Compared to the clinically approved PTX

</ |5 o ‘
| 4 3
HO OH O
1 Paclitaxel (PTX) 0)
1 C47Hs51NO 14 N
17 K
0O, 16 ‘h’
. O
N JLN
e -
14 o o} 2
Polymer (POL)

Scheme 1 Structural formula of the components used in this study: the
amphiphilic block copolymer poly(2-methyl-2-oxazoline)-block-poly(2-
n-butyl-2-oxazoline)-block-poly(2-methyl-2-oxazoline) (POL) encapsu-
lates paclitaxel (PTX) by self-assembly into polymeric micelles (schematic
drawing on the right).
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Paper

formulations, their formulations showed higher maximum
tolerated doses, elevated drug exposure to tumour tissues and
prolonged survival of mice bearing A2780 human ovarian
tumours. Schulz et al.,’ Jaksch et al.*® and Sochor et al.** studied
their micellar morphology for different drug loadings (PTX and
curcumin) using dynamic light scattering, atomic force micro-
scopy, (cryogenic) transmission electron microscopy, and small-
angle neutron scattering (SANS). They found that the pure
polymer self-assembles into wormlike and spherical micelles
in aqueous solution, while the incorporation of PTX led to the
exclusive formation of spherical particles. Interestingly, SANS
data revealed small, PTX rich domains partly submerged within
the micellar core. Apart from such morphological aspects and
capability to design improved drug delivery systems, it is very
important to also understand the complex structural arrange-
ments in such amorphous drug-polymer formulations on the
molecular level. NMR probes the local environment of molecules
and is thus an excellent tool to report on various possible
interactions. This doesn’t necessarily require crystalline or
well-ordered structures, and also gives excellent results for
disordered as well as amorphous samples.'> ™

In particular, solid-state NMR has been established as
a powerful tool for structure elucidation in pharmaceutical
contexts such as identification of polymorphs or investigation
of amorphous solid dispersions.”>™” The sometimes strongly
reduced mobility of encapsulated drugs within drug formula-
tions can hinder the characterization by NMR in solution due to
strong broadening of the signals, which makes solid-state NMR
the corresponding method of choice. Callari et al. as well as
Poppler et al. recently showcased how solid-state NMR at moderate
to fast Magic Angle Spinning (MAS) helps to obtain loading depen-
dent structural insights into micellar formulations with an assumed
core-shell structure."®" Both groups found that increasing the
loading of two different types of polymeric micelles did not just
affect the micellar core but interestingly also affected the
surrounding shell, which served as a basis to explain their
physicochemical and biological properties such as reduced
cellular uptake and inferior dissolution rates. Hirsh et al. have
recently also shown how "H MAS measurements enable the rapid
characterization of general pharmaceutical dosage forms.”® The
enormous progress made with respect to hardware development,
e.g. MAS frequencies of up to 130 kHz being available now,*"
also enables high-resolution detection of protons in the
solid state with longer coherence lifetimes.>*>* The latter are
essential prerequisites for sophisticated homonuclear as well
as heteronuclear 2D experiments, which are exciting tools to
learn more about the intermolecular proximities in a large
range of materials.

However, for the solid-state NMR spectroscopic character-
ization of PTX and its formulations as discussed above, a series
of complexities arises: PTX alone with its 51 protons and thus a
variety of strongly overlapping chemical environments already
poses a challenge. In addition, crystalline PTX contains two
individual molecules in the asymmetric unit (Z' = 2),>® which leads
to the doubling of the expected resonances. Consequentially, to
date, only **C solid-state NMR data with assighment based on

6828 | J Mater. Chem. B, 2020, 8, 6827-6836
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comparison with structurally related fragments and calculations
has been published,***” while 'H solid-state NMR data of PTX is
still missing. Taking the polymer component and potential
drug-polymer interactions into account further complicates
the spectral evaluation and thus requires narrowing down the
search space, e.g. by focusing on specific functionalities. For
example, spectral simplification can be achieved by making use
of NMR active heteronuclei.

The frequent involvement of nitrogen atoms in hydrogen
bonding in pharmaceuticals makes this nucleus a promising
starting point for a detailed investigation of PTX containing
formulations through 2D nitrogen-proton correlation experi-
ments, especially since PTX has only one nitrogen environment
per molecule. There are two NMR-active nitrogen isotopes with
low magnetogyric ratios: '°N (I = 1/2) possesses a low natural
abundance of only 0.37%, whereas "N has a natural abundance
of 99.6% but exhibits quadrupole broadening due to its nuclear
spin quantum number I = 1. The substantial disadvantage of the
first-order quadrupole interaction, causing a broadening in the
range of several MHz, can be avoided by setting the indirect "*N
spectral width of the 2D correlation equal to the spinning
frequency. Tatton et al. successfully applied this in the form of
a “N-"H heteronuclear multiple-quantum correlation (HMQC)
experiment to study crystalline model compounds,”® hydrogen
bonding in co-crystals and attempting the first transfer to
amorphous solid dispersions.>® So far, the majority of “*N-"H
HMQC experiments have been performed for highly ordered,
crystalline compounds.”®*°° In contrast, disordered systems
with significant differential dynamics are more challenging
systems and there are thus very seldom reports on employing
the 'N-'H HMQC experiment for their characterization.
However, the characterization of disordered and amorphous
materials could substantially benefit from the additional
"N second-order isotropic quadrupolar shifts (see the ESI for
detailed equations) as opposed to the >N isotropic chemical
shifts alone. The additional "N second-order isotropic quad-
rupolar shifts will result in the spreading of the nitrogen signals
over a larger ppm range (hundreds of ppm) and can thus
disperse very similar or even overlapping >N NMR signals. This
could prove to be crucial for the analysis of amorphous drug
formulations, either when the nitrogen in both, the drug and
polymer, is a part of the same functional moiety (e.g. amides in
the previously mentioned POx/PTX formulations) or when
the distribution of similar local environments as observed in
amorphous forms makes the differentiation between peaks
challenging. This is underlined by the fact that around 84% of
unique small-molecule drugs contain a nitrogen atom.*’ As a
result, there is a large, yet largely unexplored potential of this
experiment for the analysis and increased understanding of
such materials. In solid-state NMR, there are two different ways
to create '*N-"H HMQCs, either heteronuclear through-bond
1N-"H J-couplings and residual second-order quadrupole-dipolar
couplings or by *N-"H through-space dipolar couplings.****! By
varying the recoupling time in the latter case, it is then possible to
obtain different through-space proximities with longer recoupling
times probing longer range intra- and intermolecular
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N- - -H distances.?® A practical guideline with a focus on experi-
mental procedures and parameters can be found in the recent
literature.”” Combining all aspects, **N-"H HMQC experiments
represent a very promising tool for the investigation of the
complex drug—polymer assemblies.

In the present work, we investigate the suitability and
potential of **N-"H solid-state NMR experiments for the analysis
of amorphous polymer-PTX formulations, for which structural
information is challenging to obtain due to the lack of long-
range order. Therefore, differently loaded paclitaxel formulations
based on the amphiphilic triblock copolymer poly(2-methyl-2-
oxazoline)-block-poly(2-n-butyl-2-oxazoline)-block-poly(2-methyl-2-
oxazoline) (pMeOx-b-pBuOx-b-pMeOx = A-pBuOx-A = POL)
(Scheme 1) serve as the set of samples.® Complemented by
samples of the individual components, the following points will
be addressed: (i) general feasibility of the experimental setup for
the individual components, (ii) exploring the potential of ““N-"H
HMQC experiments for the analysis of their amorphous micellar
formulations, (iii) extracting information about "*N-"H proximi-
ties for intermolecular through-space contacts and (iv) their
interpretation with respect to (loading dependent) structural
features as a complementary source of information to existing
data obtained by techniques such as SANS.

Experimental section
Materials

Paclitaxel in its crystalline form was purchased from LC Labora-
tories and used without further purification. The ABA triblock
polymer poly(2-methyl-2-oxazoline)-block-poly(2-n-butyl-2-oxazoline)-
block-poly(2-methyl-2-oxazoline) (POL) was synthesized according to
previously published protocols.” Subsequent preparation of the
differently loaded PTX-POL formulations also followed the literature
known procedures.®® A short description can be found in the ESLt
Resulting drug loadings were determined using HPLC analysis.
The corresponding micellar formulation denoted as POL-2-PTX,
POL-4-PTX and POL-9-PTX contain 17 wt% (10:2), 29 wt% (10:4)
and 47 wt% (10:9) PTX.

NMR

™N-'"H HMQC experiments were performed using a Bruker
Avance III spectrometer at a "H Larmor frequency of 850 MHz.
A Bruker 1.3 mm triple resonance probe operating in the double
resonance mode at a MAS frequency of 60 kHz was used. A pulse
sequence diagram is shown in Fig. S1 (ESIf). Heteronuclear
dipolar couplings were reintroduced by applying rotary reso-
nance recoupling (R*)** under the n = 2 condition, as proposed
by Gan et al,” using x,—x phase inversion.*> Each recou-
pling block had a length of 16.67 us. The durations of the 'H
pulses/*N pulses were 1.6 ps/3.2 ps for PTX and POL-9-PTX,
1.55 ps/3.1 ps for POL-2-PTX, POL-4-PTX, and 1.55 ps/3.2 ps for
POL. A four-step nested phase cycle was used to select changes
in the coherence order Ap = #1 (on the first 'H pulse, two steps)
and Ap = 41 (on the final "N pulse, two steps). Correct
calibration of the magic angle is crucial for this experiment.
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All NMR data including the compiled pulse sequences for the
results presented in this paper can be found in the Warwick
Research Archive Portal (WRAP). Magic angle and pulse calibrations
were performed with the dipeptide B-AspAla. *N chemical
shifts were referenced to saturated NH,Cl at —352.9 ppm,
corresponding to a primary reference of CH;NO, at 0 ppm.
>N experiments recorded at 9.4 T were referenced to unlabelled
a-glycine at —342.0 ppm and those at 20 T were referenced
to labelled r-histidine, which has an NH;" resonance at
—333.1 ppm. Both ways of '°N referencing correspond to a
CH;NO, reference at 0 ppm. The **C NMR data were measured
with a Bruker Avance III HD 600 MHz spectrometer and a
3.2 mm double-channel probe. The duration of the *H pulses
was 2.5 ps in the >C CP MAS under ramped cross-polarization
conditions optimized using a ramp from 90 to 100 with
100 increments and the a-glycine sample. SPINAL-64"° hetero-
nuclear decoupling was applied during an acquisition period of
23 ms at a 'H rf nutation frequency of 100 kHz, with an
optimized pulse length of 4.9-5.1 ps. The N data of POL-9-PTX
were recorded with a Bruker Avance III spectrometer at a "H Larmor
frequency of 850 MHz and a duration of the "H pulses of 2.5 us
under the optimized cross-polarization conditions using histidine.
The N data of crystalline PTX and POL were recorded using a
Bruker Avance Neo 400 MHz spectrometer. In both cases, 4 mm
rotors with a sample volume of 80 pL were used. The duration of
the "H pulses was 2.5 pis under the optimized cross-polarization
conditions using o-glycine. KBr was used for magic angle
calibration. *>C chemical shifts were referenced to the methylene
carbon of adamantane at 38.48 ppm.”’

Results

As the starting point for the spectral assignment and further
investigation of the three differently loaded formulations of the
poorly water-soluble cancer-drug paclitaxel containing 17 wt%
(POL-2-PTX), 29 wt% (POL-4-PTX) and 47 wt% (POL-9-PTX) PTX,
NMR experiments in solution were performed (Sections SI 4-SI 6,
ESIt). For the assignment of PTX, data from NMR measurements
in CDCl; were used. However, in aqueous polymer micellar
formulations, only extremely broad, unresolved PTX signals can
be observed in the "H NMR spectra (Section SI 6 with Fig. S4,
ESIt), underlining the necessity to focus on solid-state NMR for
the analysis of such formulations. Consequently, a set of different
solid-state NMR spectra at moderate to fast MAS spinning
frequencies were recorded for the formulations and as-received
PTX, amorphous PTX and the neat polymer.

Both the *C CP MAS NMR spectra recorded at 24 kHz
(Fig. 1a) as well as powder X-ray diffraction data (Fig. S5, ESIt)
confirm that the formulations are amorphous materials in
agreement with a single glass transition temperature published
in a previous work by one of the authors.” While crystalline
paclitaxel (black spectrum) shows two sets of carbon resonances
due to its two independent molecules in the asymmetric unit,
amorphous PTX and an exemplary formulation (POL-9-PTX,
highest PTX content) (grey and blue spectrum) show broad
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Fig. 1 (a) B3C CP MAS NMR spectra of the pure polymer (purple), an exemplary PTX formulation (blue), amorphous (grey) and crystalline PTX (black).
Partial peak assignment is indicated. All spectra were recorded at 14.1 T and 24 kHz MAS with a contact time of 2.5 ms and the following parameters
(co-added transients/recycle delay): 1756/2.5 s (purple), 2048/2.0 s (blue), 23532/2.5 s (grey) and 1756/2.5s (black). (b) Corresponding N CP MAS NMR
spectra recorded at 9.4 T (PTX, POL) and 20 T (POL-9-PTX) using a contact time of 1 ms for POL and 2 ms for PTX. 82796 (PTX), 16 991 (POL) and 25600
(POL-9-PTX) co-added transients were measured with a recycle delay of 5.0 s (PTX, POL) and 3.0 s (POL-9-PTX) resulting in an overall experimental time
of 4d 19 h, 24 h and 21 h, respectively. Please note that the >N NMR spectrum of crystalline PTX is the only dataset, which was recorded on a new
batch of PTX containing two differently hydrated PTX phases and thus showing an additional set of signals. As PTX exists in its amorphous state in
the formulations and is dissolved for preparation, the initial degree of incorporated water in the respective phase is not relevant for the analysis of

the formulations.

signals as expected for materials lacking long-range order and
containing a distribution of environments and thus chemical
shifts. Consequently, several moieties of PTX appear as joint
signals complicating a straightforward extraction of spectral
changes upon incorporation into the micelles in a similar way
as recently shown for related polymer micelles loaded with
curcumin as the model compound.'® Moreover, additional
complications arise from the overlap between PTX and POL
resonances as can be seen from a comparison with the **C CP
MAS spectrum of the neat polymer (purple spectrum). Note,
that for better comparability, the neat polymer was heated
above its glass transition temperature T, (Ty(POL) = 56 °C)*®
prior to the measurement to account for similar conditions
during the preparation of the formulations. Consequently, the
analysis of the carbon spectra and extraction of reliable struc-
tural information is difficult and requires complementary tools
such as quantum chemical calculations, which will be explored
in detail in a separate work.

Ideally, for a thorough characterization of the formulations we
would like to use the direct information from "H NMR data at fast
MAS due to the high sensitivity of the *H nucleus to intermole-
cular interactions, through space proximities and subtle changes
in the packing arrangement. The "H MAS NMR spectra recorded
at 60 kHz are shown as external projection in the corresponding
N-"H HMQC spectra in Fig. 2 and 3. As can be seen, the spectra
are dominated by severe signal overlaps despite being recorded in
a high magnetic field (20 T). Consequently, spectral simplification
is required and the presence of only one secondary amide moiety
per PTX enables this through N-H correlation experiments.
Additionally, the tertiary amide functional groups in the polymer

6830 | J Mater. Chem. B, 2020, 8, 6827-6836

could also serve as another source of structural information.
Therefore, "N CP MAS spectra were recorded and it is very
interesting to note that the secondary amides from PTX (Z' = 2,
crystal structure in SI 10, ESIT) and the tertiary amide of the
polymer show resonance in the same spectral region (Fig. 1b). For
the POL-9-PTX formulation, only a very broad resonance can be
observed, again in a similar spectral region and thus showing
the need for a dispersion of the signals as expected for the
quadrupolar N nucleus.

“N-'"H HMQC MAS NMR experiments are particularly
powerful in this context, require only a small amount of sample
and have been applied to study a variety of crystalline
compounds.®**> Therefore, in the first step, "*N-"H HMQC
spectra of the pure compound were recorded to identify their
nitrogen shifts and ensure sufficient separation of the PTX and
polymer nitrogen environments.

Pure compounds

Fig. 2 shows "*N-"H HMQC spectra of crystalline PTX as well as
of the pure polymer. For PTX, correlations with two different
dipolar recoupling times were measured and are illustrated in
black (133.3 ps) and green (400.0 ps). Similar recoupling times
in the “N-'"H HMQC experiments were first tested for the
dipeptide B-AspAla showing the expected appearance of longer
range through space proximities upon increase of the recoupling
time (see Fig. S6 (ESIT) and Tatton et al.*®). For PTX, using short
recoupling times and in agreement with the X-ray diffraction
data, two cross peaks at 8.8/—30 ppm (N*) and 8.0/—18 ppm (N®)
were observed for the NH groups of the two individual molecules
of PTX in the asymmetric unit. Consequently, one can deduce

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) “N-'H HMQC spectra (20 T, 60 kHz) of crystalline PTX
recorded with recoupling times of trcp. = 133.3 pus, acquired with 34 t;
FIDs (black) and trcp = 400.0 ps, acquired with 98 t; FIDs (green, as an
inset), each with 128 co-added transients for a recycle delay of 1.5 s
(experimental time: 1 h 50 min (black) and 5 h 18 min (green)). The base
contour level is at 30% (black), 34% (green) and 22% of the maximum peak
height. The red bars point out the corresponding peaks in the D H one-
pulse MAS NMR spectrum. (b) The *N-H HMQC spectrum of POL
recorded with a recoupling time trcp. = 266.7 pus, 16 t; FIDs, each with
2048 co-added transients for a recycle delay of 1.3 s (experimental time 1 h
30 min), and corresponding assignment of the N---H cross-peaks. The
skyline projections correspond to 'H one-pulse MAS NMR spectra of
each sample.
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that N* is involved in stronger hydrogen bonding than N®. This
agrees with a longer direct N* - -H distance, e.g. stronger involve-
ment in hydrogen bonding, as observed in the crystal structure
reported by Vella-Zarb et al for PTX anhydrate (Table 1, CSD
code: RIGLEA).>®

With a three times higher recoupling time, two changes of the
previous peaks for shorter recoupling time are noticeable: the
intensity of the peak corresponding to nitrogen N® increases
compared to N*, the peak seems elongated in the *N dimension
and two additional signals at around 5 ppm of proton chemical
shift are observed. Small changes in the N shift (N*: —30 to
—40 ppm and N®: —18 to —22 ppm) could be caused by a
temperature increase in the sample caused by the longer irradia-
tion through the recoupling blocks. As the recoupling time for
the dipolar couplings increases, it is possible to sample longer
N- - -H distances through space. Consequently, the relative signal
increase of N® can be explained by proximities of N* and N® to
aromatic protons, whose chemical shifts are overlapping with
those of the proton attached to N® in agreement with an increased
'H intensity at 8.0 ppm. To confirm this, intra- and intermolecular
close “N---'H distances of up to 3 A were extracted from PTX
crystallographic data (Table 1, CSD code: RIGLEA). The threshold
was chosen based on the maximum distances previously observed
for comparable recoupling times.”® Indeed, the shortest contact
for N1 is found for the ortho-CH of the adjacent aromatic ring
denoted as carbon 32 in the ESL{ In turn, the shortest NH
distances for the second molecule were observed for the adjacent
aliphatic CH and OH units (C3'H and C2'OH), which could
explain the cross peaks observed at 5.0 and 5.3 ppm in the 'H
dimension. However, the distances in Table 1 can only serve as
indication and should be viewed carefully as these distances
originate from PXRD data at high temperature (360 K). Further-
more, it is still not fully understood why, for some small molecule
compounds, fewer contacts than expected are observed.*” In the
“N-"H HMQC MAS NMR spectrum of the neat polymer (Fig. 2b)
recorded at an intermediate recoupling time of 266.7 pus (no direct
NH), three cross peaks at a N shift of 67 ppm and distinct "H
chemical shifts are observed. Peak A results from the through
space proximity of the nitrogen with the methyl groups C14 and
C21 as well as the methylene group C16. Peak B indicates
proximity to the CH2 unit of the hydrophobic butyl sidechain
(C17/18) and peak C is related to N- - -H proximities including the
methyl protons of the butyl sidechain (C19). Please note, that due
to micelle formation, these cross-peaks are most likely of inter-
molecular nature. Interestingly, no cross peaks between N and the
polymer backbone CH, groups could be observed. For a more
detailed discussion on the signal assignment and appearance of
specific cross-peaks, the reader is referred to the SI 4 (ESIT).
Overall, the comparison of the two individual components shows
that their nitrogen environments can be clearly distinguished in
the "N-"H HMQC experiment, which is not the case if "N
chemical shifts are observed (see Fig. 2b and Table 1). Addition-
ally, distinct correlation peaks are obtained in the 2D NMR
spectra significantly reducing the spectral complexity in the 'H
dimension. This is an essential prerequisite for the following
analysis of the formulations. While revealing valuable intra- and
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Fig. 3 *N-'H HMQC spectra (20 T, 60 kHz) of (a) the POL-2-PTX formulation
recorded with recoupling times trcp. = 133.3 ps (light blue) and trcp. = 266.7 ps
(green), both acquired with 18 t; FIDs, each with 1024 co-added transients for a
recycle delay of 1.3 s (experimental time: 6 h 46 min), including tentative
assignment of N---H proximities. The base contour level is at 34% of the
maximum peak height. The internal overlaid 'H spectrum (purple) is that for
POL. (b) The POL-4-PTX formulation recorded with a recoupling time trcp. =
266.7 ps (dark blue), and 12 t; FIDs each acquired with 1200 co-added transients
for a recycle delay of 1.3 s (experimental time: 5 h 17 min). The internal overlaid
spectrum (orange) is the extracted slice at a **N shift of —132 ppm. The base
contour level is at 22% of the maximum peak height. The skyline projections
represent the 'H one-pulse MAS NMR spectra of each sample.
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Table 1 Closest N --H proximities” as extracted from PTX crystallographic
data (CSD code: RIGLEA, PXRD data at 363.0 K)**

N- - -H proximity Distance/A
N“H 0.979
N*H-C**’H 1.642
N*H-C**'H 2.031
N“H-(C"?'H-OH) 2.601
N“H-C***H 2.887
N°H 0.846
NPH-C®'H 1.915
NPH-(C®*'H-OH) 2.486
N°H-C**'H, 2.787
N°H-C**’H 2.965

¢ Intermolecular proximities in italics. Mobile aromatic units are shown
in bold. N and H atoms of interest are underlined.

intermolecular N---H proximities, the HMQC experiments also
feature considerably shorter experimental times (1 h 30 min up to
7 h) than the 1D "N experiments (min 1 d), while also using
significantly lower samples volumes (80 pL in 4 mm rotors vs.
1.5 pL in 1.3 mm rotors).

Formulations

Fig. 3 depicts “*N-"H HMQC MAS NMR spectra of two differently
loaded formulations (a) POL-2-PTX and (b) POL-4-PTX, both
with their "H MAS NMR spectra as external projections. In both
spectra, two different "*N shifts, one at positive and one at
negative ppm values, can be observed with the cross-peaks at
negative values being more intense than the corresponding
signals at positive **N shifts. For the formulation with the lowest
PTX loading (POL-2-PTX), all cross-peaks appear in the aliphatic
'H chemical shift region below 2 ppm, the extracted **N shifts
are —50 and +128 ppm. With increasing PTX loading of
the formulations, both nitrogen shifts decrease to —132 and
+103 ppm. Taking a closer look at the characteristic peaks for
the medium loaded formulation, POL-4-PTX, cross-peaks are
again observed in the aliphatic 'H region and additional cross
peaks at a proton chemical shift of 4.5 and 8.0 ppm can be clearly
distinguished alongside weaker signals at 5.6 and 6.4 ppm
(orange slice). The high "H chemical shift values are indicative
of aromatic or hydrogen bonding environments. Interestingly, for
this sample and in contrast to POL-2-PTX, multiple, defined "N
shifts between —135 and —110 ppm are observed.

To complete the set of differently loaded formulations and
subsequently extract trends, which might reveal information on
changes of the local environment in the formulations, “N-"H
HMQC data were also recorded for POL-9-PTX, a formulation
with almost 50 wt% PTX loading (Fig. 4). Due to hardware
problems (untraceable spikes appearing in the FIDs) and despite
multiple measurement attempts at different times (August 2019
and November 2019), unfortunately no artefact free dataset
could be recorded. Therefore, the *N-"H HMQC spectrum for
POL-9-PTX was generated by addition of the individual FIDs of
several datasets with different recoupling times ranging from
133.3 to 533.3 ps. The averaging of different datasets comes
at the cost of resolution, particularly in the 'H dimension.
Consequently, only the "N shifts and relative signal intensities

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0tb00614a

Open Access Article. Published on 29 May 2020. Downloaded on 12/19/2020 8:19:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

12 10 8 6 4
H chemical shift [ppm]

Fig. 4 N-H HMQC (20 T, 60 kHz) spectrum of the POL-9-PTX for-
mulation. The base contour level is at 34% of the maximum peak height.
The skyline projection shows the corresponding *H one-pulse MAS NMR
spectrum. Due to problems with the probe, the recorded datasets for this
sample contained artefacts. Therefore, multiple datasets with different
recoupling times varying from tgrcpl = 133.3 ps to trepL = 533.3 ps (recycle
delay of 1.0 s) were added to obtain the spectrum. Consequently, only the
14N shift values were used for comparison.
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are discussed in the course of this work. The values —273 and
+86 ppm are consistent with the observed decrease in shift
upon increasing the PTX loading.

All extracted values for both the individual components and
the formulations are summarized in Table 1, which also
includes selected *>N chemical shifts extracted from the spectra
shown in Fig. 1b. This first examination of the *N-"H HMQC
spectra of the three formulations is very promising as two
different nitrogen environments can be distinguished for each
sample, which follow a clear trend of decreasing N shift with
increasing loading. An analogous trend could not have been
observed based on >N solid-state NMR data as indicated by the
similarity of the extracted chemical shifts for the polymer and
the formulation with highest PTX loading.

Discussion

In the next step, the observed trends and key N- - -H proximities
have to be analyzed and transformed into chemical knowledge
to improve our understanding of the studied formulations on
the molecular level. To do so, "N quadrupolar shifts §Qjs,
(for detailed explanation see SI 1, ESIT) can be estimated based
on the hypothesis that the N isotropic chemical shift are
approximately identical to the "N isotropic chemical shifts.

This journal is © The Royal Society of Chemistry 2020
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Table 2 Overview of the experimentally determined *N shift values, selected
N chemical shifts and the resulting, calculated N quadrupolar shifts

SN N SN/ 0Qisol

neg. ppm pos. ppm ppm pPpm
Crystalline PTX ~ —18/-30  — —246/—260  228/230
Amorphous PTX  —55/-70  — 200%/185“
Pure POL — +67 —258/—263  325/330
POL-2-PTX —50 +128 205/383
POL-4-PTX —132 +103 123/358
POL-9-PTX —273 +86 —263 —10/349

“ Calculated as J(**N)-5(*°N) using an average '°N chemical shift of
—255 ppm.

Consequently, the quadrupolar shift values can be determined
by subtraction giving the values indicated in Table 2. If avail-
able, the corresponding experimental N chemical shifts were
used. For all formulations, a "N value of —263 ppm was
used. For as-received and amorphous PTX, relatively large **N
quadrupolar shifts of around 200 ppm are observed, which
is indicative of the more asymmetric environment of the
"N within a secondary amide. The data for the pure polymer,
which only contains tertiary amides, reveals even larger quad-
rupolar shifts of above 300 ppm. Interestingly, the resulting
quadrupolar shifts of all three formulations remain similarly
sized for the **N signal observed at positive ppm values, which
is further comparable in size to the neat polymer, while the
quadrupolar shift of the "N signal at negative ppm values is
decreasing with increasing PTX loading. This indicates a more
symmetric N-environment at higher PTX loadings with the very
low experimentally determined quadrupolar shift for POL-9-PTX
verging on that of an almost tetrahedral arrangement. How can
this major change in symmetry be explained?

To approach this question, it is first necessary to discuss the
assignment of the two *N shifts observed for the formulations.
At a first glance, the 2D NMR data of individual components,
PTX and POL, showing positive as well as negative '*N shifts in
a similar region to the two shifts found for the formulations,
suggest an analogous assignment for these two environments.
However, for the lowest PTX loading (POL-2-PTX), only 2.2% of
all nitrogen atoms in the sample belong to PTX, while the
majority of nitrogen atoms originate from the polymer. Further-
more, no intramolecular NH contact like the one found in pure
PTX is observed in the formulation with the lowest loading. For
POL-4-PTX and POL-9-PTX, 4.5% and 10.1% of the nitrogen
atoms in the sample are found in PTX molecules. With this
in mind, we hypothesize that both '*N signals arise from
polymeric environments, the more intense signal at negative
ppm values being assigned to amides in close proximity to PTX
molecules acting as hydrogen bond donors and the signal at
positive ppm resulting from the remaining amide fragments of
the triblock copolymer. This agrees with the signal at negative
ppm gaining intensity with respect to the other "N environ-
ment upon increasing the PTX loading. The tertiary amides can
act as hydrogen bond acceptors and in doing so the nitrogen
environment gets more symmetric, which results in a smaller
quadrupolar shift. For example, this has been observed for
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small di- and oligopeptides, where nitrogen atoms with three
bonds and thus a less tetrahedral environment due to the lone
pair showed high second order quadrupolar shifts, while in the
case of zwitterionic RNH;" environments (proton transfer being
the extreme case of hydrogen bonding interaction) only a very
small shift was observed.”®*® Finally, the formulation with
medium loading gives further insights into the drug-polymer
assembly. While the amount of PTX in POL-2-PTX is very low
and the "N-'"H HMQC is dominated by polymer-polymer
contacts, distinct NH contacts with protons resonating above
4 ppm can be observed for the '*N at negative ppm values in the
MN-"H HMQC spectrum of POL-4-PTX. All these cross-peaks
can only arise from intermolecular drug-polymer contacts as
the polymer itself does not show any proton chemical shifts
above 3.9 ppm. Specifically, cross-peaks at 8.0, 6.4, 5.6 and
4.5 ppm were observed. In comparison with the NMR spectro-
scopy data of pure PTX, the cross-peak above 8 ppm can be
assigned to a tertiary amide- - -HN proximity, while the remaining
cross-peaks could result from interactions between the amide
and different OH environments within PTX. Additionally, the
spectrum of POL-4-PTX contains diverse **N shifts. As this feature
is neither observed for the neat polymer nor for POL-2-PTX,
where only one distinct **N shift is observed, it must be attributed
to the increasing amounts of PTX present in the nanoparticles.
Taking a closer look at the known structures of PTX with
increasing number of water molecules could help to shed light
on this: in the three structures published by Vella-Zarb et al.,>
the NH group and all three OH-groups act as hydrogen bond
donors to adjacent PTX and water molecules suggesting that
this would also be the case for PTX-polymer interactions. The
polymer amide nitrogen atoms serve as the hydrogen bond
acceptor. From the previous work on similar polymers with PTX
and curcumin,""™*° we know that, with increasing loading,
the poorly water-soluble guest not only interacts with the more
hydrophobic pBuOx polymer block, but also with the hydro-
philic pMeOx units. The critical drug loading, where the
corona become significantly involved appears to be between
20-30 wt%. This would explain, why we don’t observe this for
the lowest loading. Furthermore, steric hindrance between the
different PTX interaction sites and pBuOx vs. pMeOx would
result in a differing deviation from ideal hydrogen bond
geometries with respect to bond distances and bond angles,

planar, sp?

distance
R'\ —
N<---H-N/O
v
Me/Bu

tetrahedral, sp®

Fig. 5 Summary of the hydrogen bond donating moieties in PTX along-
side nitrogen atom geometries and environments for initial tertiary amides
and hydrogen bonded functionalities.
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while, overall, the hydrogen bonded amide nitrogen atom
would be found in a more symmetric, closer to tetrahedral
environment as compared to the planar, sp* hybridized initial
environment (Fig. 5).

This underlines that **N-"H HMQC NMR experiments are not
only spreading out the nitrogen NMR signals but are also a
promising tool to study the local symmetry and detect structure
determining intermolecular interactions in complex and amor-
phous drug-polymer formulations. To further improve the struc-
tural understanding, these finding now need to be complemented
by additional experimental and detailed theoretical data.

Summary and conclusion

In this work, we investigated amorphous polymer formulations
of the anti-cancer drug paclitaxel. For both the polymer and the
drug, N chemical shifts in a very similar spectral area were
observed, which results in significant signal overlap, especially
if amorphous samples are involved. Consequently, for this set of
samples, it is very challenging to distinguish small changes in the
spectra, extract trends and information on the interactions of
specific moieties, e.g upon increasing the drug loading of the
formulations. Therefore, 'N-"H HMQC NMR experiments were
investigated as a valuable tool to disperse signals due to the
additional quadrupolar shift when observing **N instead of "°N.
We could show that such experiments can be a rich source of
information for the characterization of molecular interactions in
amorphous polymer-drug nanoformulations, which is otherwise
difficult to obtain. On the one hand, the **N signals were dispersed
so that two distinct "N environments could be extracted for each
formulation and the complexity in the 'H dimension could be
reduced through this correlation experiment. Thus, it was possible
to extract trends for different drug loadings, distinguish cross
peaks and extract quadrupolar parameters, which altogether
enabled us to learn about the local amide environment, its
symmetry and potential interacting motifs between the drug and
polymer in such complex amorphous mixtures. Overall, the
“N-"H HMQC NMR experiments have great potential for the
analysis of disordered and amorphous drug-delivery systems,
which can be transferred and should be explored for other
systems. Here, the "*N-"H experiments could also be insightful
for nanocrystalline materials such as those found in Pluronic F127
stabilized PTX nanocrystals.>

It is of importance to stress for the broader applicability of
the "N-"H HMQC experiment that while fast MAS (> 60 kHz) is
essential for these experiments due to the narrowing of the 'H
signal and most importantly increased "H coherence lifetimes,®
the experiments are not limited to high magnetic fields. With the
second order quadrupolar interaction being inversely propor-
tional to the strength of the magnetic field, narrower lines are
obtained at higher fields. However, a larger dispersion of the
signals is counterbalancing this at lower magnetic field
strengths. In fact, many examples for the application of this
and other N based experiments in the literature show their
feasibility at 400-600 MHz.>*?*36>1

This journal is © The Royal Society of Chemistry 2020
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Furthermore, in a next step we intend to combine these
experiments with additional data and complementary
calculations to learn more about these PTX formulations and
ultimately derive realistic structural models on a molecular
level. In this context, molecular dynamics simulations could
provide important insights due to the possibility to reproduce
distributions of environments encountered for amorphous
drug-polymer formulations.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We thank Dr Michael Liibtow for providing the samples and
Dr Matthias Griine for helpful discussion and proofreading of
the manuscript. Dr Ridiger Bertermann kindly measured the
N data of the individual components. We further thank
Dominik Heuler for his support with the PXRD measurements.
This work was supported by the Newton International Fellowship
Alumni Follow on Funding of the Royal Society (AL\180018). The
UK 850 MHz solid-state NMR Facility used in this research was
funded by the EPSRC and the BBSRC (contract reference
PR140003), and the University of Warwick including part funding
from the Birmingham Science City Advanced Materials Projects 1
and 2 supported by Advantage West Midlands (AWM) and the
European Regional Development Fund (ERDF). The experimental
data for this study are provided as a supporting dataset from
WRAP, the Warwick Research Archive Portal at https://wrap.war
wick.ac.uk/136941.

Notes and references

1 P. Ma and R. ]J. Mumper, J. Nanomed. Nanotechnol., 2013,
4, 1000164.

2 T.-H. Wang, H.-S. Wang and Y.-K. Soong, Cancer, 2000, 88,
2619-2628.

3 A. M. Sofias, M. Dunne, G. Storm and C. Allen, Adv. Drug
Delivery Rev., 2017, 122, 20-30.

4 Y. S. Youn and Y. H. Bae, Adv. Drug Delivery Rev., 2018, 130,
3-11.

5 Z.He, A. Schulz, X. Wan, J. Seitz, H. Bludau and D. Y. Alakhova,
et al., J. Controlled Release, 2015, 208, 67-75.

6 Y. Fujiwara, H. Mukai, T. Saeki, J. Ro, Y.-C. Lin and
S. E. Nagai, et al., Br. J. Cancer, 2019, 120, 475.

7 Z. He, X. Wan, A. Schulz, H. Bludau, M. A. Dobrovolskaia
and S. T. Stern, et al., Biomaterials, 2016, 101, 296-3009.

8 R. Luxenhofer, A. Schulz, C. Roques, S. Li, T. K. Bronich and
E. V. Batrakova, et al., Biomaterials, 2010, 31, 4972-4979.

9 A. Schulz, S. Jaksch, R. Schubel, E. Wegener, Z. Di and
Y. Han, et al., ACS Nano, 2014, 8, 2686-2696.

10 S. Jaksch, A. Schulz, Z. Di, R. Luxenhofer, R. Jordan and

C. M. Papadakis, Macromol. Chem. Phys., 2016, 217, 1448-1456.

This journal is © The Royal Society of Chemistry 2020

11

12

13

14

15

16

17

18

19

20

21

22
23

24
25

26

27

28

29

30

31

32

33

34

35

36

View Article Online

Paper

B. Sochor, O. Diidiikcii, M. M. Liibtow, B. Schummer,
S. Jaksch and R. Luxenhofer, Langmuir, 2020, 36, 3494-3503.
R. F. Moran, D. M. Dawson and S. E. Ashbrook, Int. Rev.
Phys. Chem., 2017, 36, 39-115.

S. E. Ashbrook and P. Hodgkinson, J. Chem. Phys., 2018,
149, 040901.

P. Florian and F. Fayon, Disordered Solids. Modern Methods
in Solid-state NMR: A Practitioner’s Guide, The Royal Society
of Chemistry, 2018, ch. 12, pp. 356-90.

R. K. Harris, J. Pharm. Pharmacol., 2007, 59, 225-239.

H. G. Brittain. Polymorphism in Pharmaceutical Solids, CRC
Press, 2nd edn, 2009.

S. Baghel, H. Cathcart and N. J. O’Reilly, J. Pharm. Sci., 2016,
105, 2527-2544.

M. Callari, P. L. De Souza, A. Rawal and M. H. Stenzel,
Angew. Chem., Int. Ed., 2017, 56, 8441-8445.

A. C. Poppler, M. M. Liibtow, J. Schlauersbach, J. Wiest,
L. Meinel and R. Luxenhofer, Angew. Chem., Int. Ed., 2019,
58, 18540-18546.

D. A. Hirsh, A. V. Wijesekara, S. L. Carnahan, I. Hung,
J. W. Lubach and K. Nagapudi, et al., Mol. Pharmaceutics,
2019, 16, 3121-3132.

S. K. Vasa, P. Rovo and R. Linser, Acc. Chem. Res., 2018, 51,
1386-1395.

S. P. Brown, Solid State Nucl. Magn. Reson., 2012, 41, 1-27.
R. Zhang, K. H. Mroue and A. Ramamoorthy, Acc. Chem.
Res., 2017, 50, 1105-1113.

Y. Nishiyama, Solid State Nucl. Magn. Reson., 2016, 78, 24-36.
L. Vella-Zarb, U. Baisch and R. E. Dinnebier, J. Pharm. Sci.,
2013, 102, 674-683.

J. K. Harper, D. H. Barich, E. M. Heider, D. M. Grant,
R. R. Franke and J. H. Johnson, et al., Cryst. Growth Des.,
2005, 5, 1737-1742.

E. M. Heider, J. K. Harper and D. M. Grant, Phys. Chem.
Chem. Phys., 2007, 9, 6083-6097.

A. S. Tatton, J. P. Bradley, D. Iuga and S. P. Brown, Z. Phys.
Chem., 2012, 226, 1187-1204.

A. S. Tatton, T. N. Pham, F. G. Vogt, D. Iuga, A. J. Edwards
and S. P. Brown, Mol. Pharmaceutics, 2013, 10, 999-1007.
E. K. Corlett, H. Blade, L. P. Hughes, P. J. Sidebottom,
D. Walker and R. I. Walton, et al., Solid State Nucl. Magn.
Reson., 2020, DOI: 10.1016/j.ssnmr.2020.101662.

A. G. M. Rankin, J. Trébosc, P. Paluch, O. Lafon and J.-P.
Amoureux, J. Magn. Reson., 2019, 303, 28-41.

G. N. M. Reddy, D. S. Cook, D. Iuga, R. I. Walton, A. Marsh
and S. P. Brown, Solid State Nucl. Magn. Reson., 2015, 65,
41-48.

Z. Gan, ]J. P. Amoureux and J. Trebosc, Chem. Phys. Lett.,
2007, 435, 163-169.

S. Cavadini, Prog. Nucl. Magn. Reson. Spectrosc., 2010, 56,
46-77.

K. Maruyoshi, D. Iuga, O. N. Antzutkin, A. Alhalaweh,
S. P. Velaga and S. P. Brown, Chem. Commun., 2012, 48,
10844-10846.

Y. l. Hong, T. Asakura and Y. Nishiyama, ChemPhysChem,
2018, 19, 1841-1845.

J. Mater. Chem. B, 2020, 8, 6827-6836 | 6835


https://wrap.warwick.ac.uk/136941
https://wrap.warwick.ac.uk/136941
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0tb00614a

Open Access Article. Published on 29 May 2020. Downloaded on 12/19/2020 8:19:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

37

38

39

40

41

42

43

A. S. Tatton, T. N. Pham, F. G. Vogt, D. Iuga, A. J. Edwards
and S. P. Brown, CrystEngComm, 2012, 14, 2654-2659.

A. S. Tatton, H. Blade, S. P. Brown, P. Hodgkinson,
L. P. Hughes and S. O. N. Lill, et al, Cryst. Growth Des.,
2018, 18, 3339-3351.

D. Bernasconi, S. Bordignon, F. Rossi, E. Priola, C. Nervi and
R. Gobetto, et al., Cryst. Growth Des., 2020, 20, 906-915.

E. Vitaku, D. T. Smith and J. T. Njardarson, J. Med. Chem.,
2014, 57, 10257-10274.

S. Cavadini, A. Abraham and G. Bodenhausen, Chem. Phys.
Lett., 2007, 445, 1-5.

S. P. Brown, High-resolution 1H 2D Magic-angle Spinning
Techniques for Organic Solids. Modern Methods in Solid-state
NMR, A Practitioner’s Guide: The Royal Society of Chemistry,
2018, ch. 2, pp. 39-74.

M. M. Liibtow, L. Hahn, M. S. Haider and R. Luxenhofer,
J. Am. Chem. Soc., 2017, 139, 10980-10983.

6836 | J Mater. Chem. B, 2020, 8, 6827-6836

44

45

46

47

48

49

50

51

View Article Online

Journal of Materials Chemistry B

T. Oas, R. Griffin and M. Levitt, J. Chem. Phys., 1988, 89,
692-695.

P. Costa, J. Gross, M. Hong and R. Griffin, Chem. Phys. Lett.,
1997, 280, 95-103.

B. Fung, A. Khitrin and K. Ermolaev, J. Magn. Reson., 2000,
142, 97-101.

C. R. Morcombe and K. W. Zilm, J. Magn. Reson., 2003, 162,
479-486.

M. M. Liibtow, M. S. Haider, M. Kirsch, S. Klisch and
R. Luxenhofer, Biomacromolecules, 2019, 20, 3041-3056.

M. S. Haider, M. M. Liibtow, S. Endres, V. Aseyev, A.-C.
Poppler and R. Luxenhofer, ACS Appl. Mater. Interfaces,
2020, 12, 24531-24543.

J. Deng, L. Huang and F. Liu, Int. J. Pharm., 2010, 390,
242-249.

D. Carnevale, X. Ji and G. Bodenhausen, J. Chem. Phys.,
2017, 147, 184201.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0tb00614a

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry B.
This journal is © The Royal Society of Chemistry 2020

Supporting Information

19N-1H HMQC solid-state NMR as a powerful tool to study amorphous
formulations — an exemplary study of paclitaxel loaded polymer micelles

Marvin Griine®, Robert Luxenhofer®, Dinu luga®, Steven P. Brown®, and Ann-Christin Péppler*®

9 [nstitute of Organic Chemistry, University of Wiirzburg, Am Hubland, 97074 Wiirzburg, Germany
b [ehrstuhl fiir Chemische Technologie der Materialsynthese, University of Wiirzburg, Réntgenring 11, 97070 Wiirzburg, Germany

¢Department of Physics, University of Warwick, Coventry, CV4 7AL, United Kingdom

S1



Supporting Information

Content:

Sl 1. Calculation of the second-order isotropic quadrupolar shift
Sl 2. Pulse Sequence

SI 3. Preparation of the Paclitaxel (PTX)-Polymer Formulations and amorphous
Paclitaxel

Sl 4. Chemical shifts of the Polymer (POL) in solution
SI5. NMR characterization of PTX in solution

SI 6. H NMR spectra of unloaded and loaded polymer micelles in D,O recorded
with a cryoprobe

SI 7. PXRD measurements

S18. Solid-state NMR - *N-'H HMQC of the Dipeptide B-Asp-Ala
S19. *N-'H HMQC of amorphous PTX

SI 10. Crystal structure of PTX

Sl 11. References

S2



Sl 1: Calculation of the second-order isotropic quadrupolar shift!

For a quadrupolar nucleus, in addition to the isotropic chemical shift, there is an isotropic second-order
quadrupolar shift: For the (m, m -1) transition, this is given in ppm as:*3
P2
%(V—Q) (I +1)—9m(m—1) — 3]
862 ——20

= x 10°
iso [12(21 _ 1)2]

where v is the Lamor frequency in Hz and the quadrupolar product, Py, is defined as:

Ul

The quadrupolar coupling constant, C,, and asymmetry, 1, depend on the principal components of the
electric field gradient tensor that are ordered such that: |V,;| = |Vyy| = |Vxx|. Specifically, the
quadrupolar coupling constant, Cy, (in units of Hz) is given by:

_ VzzeQ _ €ZCIQ
h h

Co

where Q@ is the nuclear quadrupole moment and q is the electric field gradient, and e and h are the charge
of an electron and Planck’s constant, repectively. The asymmetry is defined as:

— VXX - VYY
0Ty,
Sl 2: Pulse Sequence
m:r
M2 Teoe P TrepL t,
1 3 | I
H I R T I T R® [\/\/\-——

14N I t I

Figure S1: “N-'H HMQC pulse sequence using the R® rotary resonance sequence to recouple
heteronuclear dipolar couplings.t

All NMR data of this manuscript is uploaded at the Warwick Research Archive Portal (WRAP). Thus, the
full compiled pulse sequence as used for the experiments is available as a text document. For further
information on practical aspects of 1*N-'H HMQC experiments the reader is also referred to chapter 2 in
the book “Modern Methods in Solid-state NMR: A Practitioner's Guide”.*
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S| 3: Preparation of the Paclitaxel (PTX)-Polymer Formulations and amorphous
Paclitaxel

The three formulations with different drug load were prepared according to existing preparation
protocols.” Throughout this manuscript, the formulations are referred to as POL-2-PTX, POL-4-PTX and
POL-9-PTX. The numbers 2,4 and 9 describe the polymer to drug ratio (by weight) of the formulation. The
different concentrations used for preparation and the median hydrodynamic radius (literature data) of
the micelles are listed in Table S1.

Formulation Ratio % wt Concentration Solubilized Median
(POL/PTX) POL (g/L) concentration | Hydrodynamic
(w/w) PTX (g/L) Radius (Rn)®
P2-2-PTX 10:2 17 % 10 g/L 2g/L 6 nm
P2-4-PTX 10:4 29 % 10 g/L 4g/L 8 nm
P2-9-PTX 10:9 47 % 10 g/L 9g/L 11 nm

All three formulations were produced by combining the appropriate amount of ethanolic polymer and
PTX solutions. Ethanol was then evaporated, the resulting thin film dissolved in H,0 and lyophilized to give
a white powder.

Lyophilization was also used to prepare amorphous PTX. PXRD data shown in figure S4 confirmed the
amorphicity.
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S| 4: Chemical shifts of the Polymer (POL) in solution

Assignment of the H and 3C chemical shifts in solution, was carried out based on a standard set of 1D
and 2D NMR experiments including 'H-'H COSY, 'H-3C HSQC and HMBC experiments. In CDCls, the
individual polymer strands do not self-assemble, while in D,O the amphiphilic triblock copolymer forms
spherical and wormlike micellar structures.

CDCl; D.0 cDCl; D,0
C Hof C
[ppm] [ppm] [ppm] [ppm] 19
2,3,6,7 46.3, 2,3,6,7 3.51-3.47 18
T 48.1- 44.2, = 3.49- T 7
43.7 47.2, 3.25 0 18
4,5 16.7 4,5 3.63-3.57 < O
N 7N
13/20 | 271> 1743 i\N% /f’HNfs\%
170.9 }& 35 %{ 35
14/21 | 21.3 20.2 1421 | 2 1200202 ¥ O © :
2.08
POL
174.0, Not
15
173.4 | \visible
16 32.6 32.3 16 237" 1 5 36226
. . 2.31, . - .
1.61-
17 27.4 27.3 17 Le3 1.51-1.47
1.39-
18 22.7 22.0 18 130 1.34-1.27
0.93-
19 14.1 13.3 19 0.89-0.85
0.90

Further discussion related to Figure 2b in the main manuscript:

1) Assignment: The 3C chemical shifts in the solid state agreed well with the chemical shifts observed in
solution and also with a structurally similar polymer with a propyl instead of a butyl sidechain (ref. 18).
For the *H chemical shift assighment, NMR data in solution alongside *H-'H NOESY-like solid-state NMR
spectra in the solid state were used (Figure S2). At lowest mixing time (Figure S2a, 20 ms), the end
group of the propyl chain (Me, 19) is in contact with the adjacent signal (17,18) and to a lesser extent
with the next signal at higher ppm, while this signal (14,16,21) is the only one showing cross-peaks to
the backbone of the polymer (arrow, 2-7). With increasing mixing time, first an additional signal
between the CH, groups of the butyl chain (17,18) and the backbone (Figure S2b) and upon further
increase finally to the Bu-CHs; group (Figure S2c) is observed.

2) Discussion of the HMQC signals: Another interesting feature is the broadening of the backbone
resonance upon increasing the mixing time. The backbone is the most rigid area of the triblock
copolymer. Although the recoupling times in the HMQC are on a much shorter timescale, signal loss
due to relaxation could be a possibility for the absence of N--:H contacts to the backbone protons.
Furthermore, even without guest molecules, the polymers form micellar nanoparticles. In these self-
assembled systems, proximity between the butyl chain of one polymer block with a nitrogen atom
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from a more distant repeating unit or a different polymer chain is more likely than a backfolding of the
butyl chain to generate contact to the directly bound nitrogen.

234 14,16,21 19

M

e

1
'H chemical shift [ppm]

'H shift [ppm]

"H chemical shift [ppm]

X

1
(@)
N N
2 B~
}& 35 % 35
14 o] 0] 2

POL

19
18
7
16
5
4

Figure S2: 'H-'H NOESY-like solid-state NMR spectrum recorded at 20 T and a MAS frequency of 60 kHz
for POL (heated above T; prior to the measurement), using a mixing time of a) Tmix = 20 ms, b) Tmix = 50 ms
and tmix = 100 ms. 178 t1 FIDs increments were acquired for each experiment using a recycle delay of 1.8 s,
each with 32 co-added transients. The base contour level is at 22% (a) and 40% (b, c) of the maximum
peak height. The corresponding *H one-pulse MAS NMR spectrum is shown as external projection.
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S| 5: NMR characterization of PTX in solution

| H U1

T T T T T T T T T T T T T T T T T
8 6 4 2 0
8'"H/ppm

Figure S3a: 'H NMR spectrum of pure PTX (as received) in CDCls, recorded with 16 scans and a recycle
delay of 5.8 s. The dataset was recorded on a Bruker Avance Ill HD 14.1 T spectrometer equipped with a
5 mm BBFO BB/19F-1H/D probe at 295.2 K. The temperature was calibrated using 4% MeOH in MeOD.
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200 150 55C/ppm 100 50 0
Figure S3b: 3C/(*H) NMR spectrum of pure PTX (as received) in CDCls, recorded with 8192 scans and a
recycle delay of 2.8 s. The dataset was recorded on a Bruker Avance Ill HD 14.1 T spectrometer equipped
with a 5 mm BBFO BB/19F-1H/D probe at 295.2 K. The temperature was calibrated using 4% MeOH in

MeOD.

For clarity, the following *H NMR assignment for PTX uses the carbon numbering scheme from above in
the way that, for example, C25, indicates the proton bound to carbon C25.

'H-NMR (600.4 MHz, CDCl3): 6§ =8.13 (m, 2 H, CH, C23/27 (0)), 7.74 (m, 2 H, CH, C33/35 (m)), 7.61 (m, 1 H,
CH, C25 (p)), 7.52-7.47 (m, 5 H, CH, C24/26 (m), C34(p), C38/42 (0)), 7.43-7.40 (m, 4 H, CH, C32/36 (o),
C39/41 (m)), 7.35 (m, 1 H, CH, C40 (p)), 6.99 (d, 1 H, NH, 3Jcs-nu = 8.9 Hz, NH). 6.27 (s, 1 H, CH, C10), 6.23
(m, 1 H, CH, C13), 5.79 (dd, 1 H, CH, *Jco-c3 = 2.6 Hz, *Jez-nn = 8.9 Hz, C3’), 5.67 (d, 1 H, CH, *Jcp.c3 = 7.0 Hz,
C2),4.95 (dd, 1 H, CH, 3Jcs.cea = 1.9 Hz, 3Jcs.cee = 9.6 Hz, C5), 4.79 (d, 1 H, CH, 3Jcy.c3: = 2.7 Hz, C2°), 4.40 (dd,
1 H, CH, 3-/(:7—(26a =10.9 HZ, 3-IC7»C6e =6.8 HZ, C7), 431 (d, 1 H, CHz, 2./(;20{20: 8.5 HZ, CZO), 4.19 (d, 1 H, CHz,
%Jca0-c20= 8.5 Hz, C20), 3.80 (d, 1 H, CH, *Jca-.c3 = 7.0 Hz, C3), 3.57 (s, 3 H, CH3, C2°-0OH), 2.59-2.48 (ddd, 1 H,
CH, zjcea.cee =15.0 HZ, 3Jc5.c5e =97 HZ, 3./(:7.(:59 =6.7 HZ, C6€), 2.47 (S, 1 H, OH, C7-OH), 2.39 (S, 3 H, CH3, C29),
2.35 (dd, 1 H, CH, 2JC14a-C14e: 15.4 HZ, 3Jc13.c14e =9.0 HZ, C14E), 2.28 (dd, 1 H, CH, 2-’C14a-C14e: 15.4 HZ, 3Jc13_
c142 = 9.0 Hz, C14a), 2.24 (s, 3 H, CHs, C31), 1.92-1.85 (ddd, 1 H, CH, 2cescee = 14.7 Hz, 3Jcs.cea = 2.3 Hz, 7.
6a = 11.0 Hz, C6a), 1.79 (d, 3 H, CHs, Ycis.ci3= 1.1 Hz, C18), 1.68 (s, 3 H, CHs, C19), 1.24 (s, 3 H, CH3, C16),
1.14 (s, 3 H, CHs, C17) ppm.
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13C-NMR (100.6 MHz, CDCls): 6 = 203.8 (1 C, Cq, C9), 172.9 (1 C, Cq, C1°), 171.4 (1 C, C,, C30), 170.5 (1 C,
Cq C28), 167.2 (1 C, Cq, C21), 167.2 (1 C, Cq, C4°), 142.1 (1 C, Cq, C12), 138.1 (2 C, Cq, C37/43), 133.9 (1 C,
Cq, C22),133.7 (1 C, CH, C25 (p)), 133.3 (1 C, Cq, C11), 132.1 (1 C, CH, C34 (p)), 130.4 (2 C, CH, C23/27 (0)),
129.3 (2 C, CH, C38/42 (0)), 129.2 (1 C, CH, C39/41 (m)), 128.88 (1 C, CH, C39/41 (m)), 128.86 (4 C, CH,
C24/26 (m), C32/36 (0)), 128.5 (1 C, CH, C40 (p)), 127.2 (2 C, CH, C33/35 (m)), 127.2 (2 C, CH, C38/42 (0)),
84.6 (1C, CH, C5), 81.3 (1 C, Cq, C4), 79.2 (1 C, Cq, C1), 76.7 (1 C, CH,, C20), 75.7 (1 C, CH, C10), 75.1 (1 C,
CH, C2), 73.3 (1 C, CH, C2°), 72.5 (1 C, CH, C13), 72.3 (1 C, CH, C7), 58.8 (1 C, Cq, C8), 55.2 (1 C, CH, C3°),
45.7 (1 C, CH, C3), 43.3 (1 C, Cy, C15), 35.8 (1 C, CH,, C14), 35.7 (1 C, CH,, C6), 27.0 (1 C, CHs, C16a), 22.8
(1C, CHs, C29),22.0 (1 C, CHs, C17¢), 21.0 (1 C, CHs, C31), 15.0 (1 C, CH3, C18), 9.7 (1 C, CHs, C19) ppm.

S1 6: 'H NMR spectra of unloaded and loaded polymer micelles in D,O recorded
with a cryoprobe

red: unloaded micelle
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Figure S4a: 'H NMR spectra of pure POL (red), forming an unloaded micelle in D,0, and of a loaded micelle
(POL-9-PTX) in D20 (blue), recorded with a recycle delay of 5.8 s with 64 and 400 co-added transients,
respectively. Both datasets were measured on a 14.1 T Bruker Avance IIl HD spectrometer equipped with
a 5 mm BC/*H cryoprobe at 311 K. The temperature was calibrated using 80% ethylene glycol in DMSO-
ds.
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Figure S4b: Proton decoupled 3C NMR spectra of pure POL (red), forming an unloaded micelle in D,0,
recorded with 26624 co-added transients and of the loaded micelle (POL-9-PTX) in DO (blue), recorded
with 26562 co-added transients. Both datasets were measured for a recycle delay of 2.8 sona 14.1 T
Bruker Avance lll HD spectrometer equipped with a 5 mm *3C/*H cryoprobe at 311 K. The temperature
was calibrated using 80% ethylene glycol in DMSO-de.

Figure S3a and S3b show *H and **C NMR spectra of unloaded as well as of PTX-loaded polymer micelles.
All spectra were recorded at 311K to mimic body temperature conditions in blood circulation. In Figure
S3a, the aromatic region of the protons (enlarged region) is of particular interest. This region only contains
PTX signals. Due to the low signal intensity and the broad line widths, it is challenging to investigate the
incorporation of PTX into the micelles via *H NMR data in solution. Figure S3b demonstrates that even
after recording more than 26000 scans for a 3C NMR experiment in solution using a cryoprobe at 14.1 T,
no visible signals of the PTX appear between 70 and 150 ppm. In this region, no POL peaks would be
expected.
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S| 7: PXRD measurements
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Figure S5: PXRD data of POL (blue), an exemplary formulation POL-4-PTX (red), crystalline PTX (grey) and
amorphous PTX (black). Powder diffraction data was recorded on a Bruker Discover D8 powder
diffractometer (Karlsruhe, Germany) using Cu Ka radiation (unsplit Kal+Ka2 doublet, mean wavelength
A= 154.19 pm) at a power of 40 kV and 40 mA, a focusing Goebel mirror, and a 2.5° axial Soller slit. The
scattered X-ray beam went through a receiving slit (3.3°). Detection was achieved with a LynxEye-1D-
Detector (Bruker AXS) using the full detector range of 192 channels. Measurements were done in
reflection geometry in coupled two theta/theta mode with a step size of 0.025° in the range 26 of 5° to
45° (black) or 50° (blue, red, grey). The software package DIFFRAC.Suite (V2 2.2.690, BrukerAXS 2009—-
2011, Karlsruhe, Germany) was used for data collection. The diffraction data was subsequently converted
into ASCII format and further handled with Origin (OriginLab, Massachusetts, USA).

POL-4-PTX mainly shows the expected amorphous character. The two peaks between 25-30° correspond
to PTX, which still forms some small ordered phases within the formulation. Different PTX batches of the
same company yielded slightly different phases, which is further discussed in SI 8.
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SI 8: Solid-state NMR - *N-'H HMQ(C of the Dipeptide B-Asp-Ala
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Figure S6: *N-'H HMQC spectra recorded at 20 T and a MAS frequency of 60 kHz for the dipeptide B-
AspAla using a recoupling time (tacp) of R, = 133 us (blue) and R, = 266 ps (red). 64 t, FIDs increments
were acquired, each with 16 co-added transients and a recycle delay of 1.0 s. A *H one-pulse MAS NMR

spectrum of B-AspAla is shown as external projection.

Figure S6 illustrates ¥*N-'H HMQC test measurements of the dipeptide B-Asp-Ala. By varying the
recoupling time, it is possible to observe increasingly longer-range through-space proximities, e.g. longer
recoupling times probing longer range intra- and intermolecular N---H proximities (see further
investigations of this by Tatton et. al.?). Comparison of the red and blue spectra reveals that the increase
in recoupling time yields additional N---H contacts and that the signal intensity of the directly bound NH

decreases with increasing recoupling time.
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S1 9: 1“N-'H HMQC of amorphous PTX
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Figure S7: 1*“N-'H HMQC spectra recorded at 20 T and a MAS frequency of 60 kHz for amorphous paclitaxel
using a recoupling time (tgcp) of blue: R, = 133.3 ps, red: R, = 266.7 ps. 34 t; FIDs increments were
acquired using a recycle delay of 2.0s, each with 240 co-added transients resulting in an overall
experimental time of 4 h 40 min. The corresponding *H one-pulse MAS NMR spectrum is shown as external
projection.
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SI 10: Crystal structure of PTX

Figure S8: Unit cell of PTX. Hydrate structure of PTX published by Vella-Zarb et al.” with the CCDC name
RIGKUP and CCDC number 912149. This structure contains two molecules of PTX in the asymmetric unit
and six additional water molecules. The original structure was obtained by single-crystal synchrotron XRD
data at a temperature of 120.15 K. The two individual PTX molecules in the asymmetric unit are
highlighted above.
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Introduction

Approximately 40 % of the currently marketed drugs! and even up to 75 % of the compounds
under development are poorly soluble in water.”! A very well-known representative of this
group is paclitaxel (PTX, Schema 1), which is one of the most important and relevant drugs to
combat breast and ovarian cancer. The discoverer themselves published a detailed overview
of the development of this drug over the several decades until the mid-1990s.5! While its use
for breast and ovarian cancers is already established, it is currently going through clinical trials
for use against other cancers as well,”*) which is hampered by the limiting factor of its poor
aqueous solubility. A combination of Cremophor El with dehydrated ethanol is used to admin-
ister the drug intravenously.®! Since both of these substances are also pharmacologically ac-

tive, additional clinical problems arise.®

One efficient way to overcome this solubility issue is the incorporation of the drug into polymer
micelles which often results in higher solubility of the drug. Poly(2-oxazoline) (POx) micelles
are of particular interest as they show low toxicity, high loading capacity and durability.[")
Poly(2-methyl-2-oxazoline)-block-poly(2-butyl-2-oxazoline)-block-poly(2-methyl-2-oxazoline)

(POL) is a triblock copolymer of the ABA type with both the hydrophilic and hydrophobic re-
peating units featuring amide-groups (Scheme 1). The high loading capacity, particularly for
polar drugs, may be due to the absence of hydrogen-bond donors in each repeating unit of the
backbone which limits inter- and intra-molecular interaction between polymer chains and there-
fore favours the hydration of the polymer backbone.”® 8 Due to the short butyl groups in the
hydrophobic block, the environment within the micelle remains relatively polar, possibly still
providing good interactions with the polar groups of water insoluble drugs like PTX. Although
it is only proved that micelles exist in their particular solvent, there are strong indications for
micelles to exist in their solid-state form as well. For a similar system to the one investigated
in this work, it has been shown that the micelles can be lyophilized and subsequently redis-

persed in water without a change in drug loading, particle size or the in vitro drug activity.[’?!
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Schulz et al.l’™ examined the drug-induced morphology switch of an aqueous PTX/Poly(2-
oxazoline) system. They have found that the replacement of the butyl side chain of this polymer
by a much more hydrophobic nonyl group results in a loading of only half the capacity for PTX
and lower stability of the system. Using SANS, DLS, and cryo-TEM, they observed that the
investigated triblock copolymers partially form wormlike micelles in aqueous solution and load-
ing with PTX leads to a morphology switch to exclusively spherical micelles. In addition, they
report that an increasing PTX concentration results in the formation of PTX domains at the
core-shell interface with a raspberry-like structure. Furthermore, Liibtow et al.®! investigated
this polymer together with PTX and the natural product curcumin and found that a migration of
a methylene group from the polymer side chain to the polymer main chain, forming a polymer
of the class of poly(2-oxazine), leads to a strongly altered specific drug load. These two publi-
cations form the basis for the current study but did not investigate the interactions of POL and
PTX in detail. Therefore, the goal of the present study is to gain insights into the local structure
of such micelle-drug systems at an atomic level using NMR spectroscopy, complementary to
the images obtained with cryo-TEM and SANS. The broadening caused by the strongly re-
duced mobility of encapsulated drugs within this system makes a characterization by NMR in
solution impossible and therefore, solid-state NMR is used as the main experimental tech-
nique.® Furthermore, the success of such solid-state NMR studies on larger and more chem-
ically complex substances could promote future NMR spectroscopic investigations due to their
easier accessibility compared to SANS measurements and their complementary nature to dif-

fraction based methods in general.

The complexity of the PTX molecules leads to pronounced overlapping of the NMR signals in
the solid state (Manuscript 1: Crystalline PTX). The use of heteronuclear correlations reduces
this complexity. In an earlier publication, Griine et al. studied these amorphous drug-polymer
formulations with the help of *N-"H HMQC solid-state NMR.!! These experiments yielded well-
separated signals, which are spread over a large "N shift range, providing information on the
symmetry of the nitrogen environments and probing *N-'H through-space proximities. Those
results represent a valuable puzzle piece containing information about N and 'H that helps
to improve the structural understanding of PTX containing drug-polymer formulations at an

atomic level.

The previous chapters were able to get structural information of the nitrogen environments by
focussing on special measurements observing the nitrogen atoms in these systems. The chap-
ter focusing on the investigation of crystalline PTX itself contains important results regarding
the characterisation of the active ingredient by solid-state NMR as well as X-ray powder dif-
fraction. In the current chapter, the mentioned results will be extended to obtain a more uniform
model through the investigation of *C solid state NMR data of POL/PTX formulations with
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different loadings. With the absence of quadrupolar broadening (as compared to "N) as well
as weaker dipolar broadening and a larger chemical shift range than 'H, this *C investigation
promises further insights into the structural understanding of these paclitaxel loaded polymer

micelles despite the complexity and significant spectral overlap observed for these data.

Paclitaxel (PTX) 0%
C47Hs5)NO14 iy
o

Scheme 1: Structural formulas of the components used in this study and schematic drawing of a micelle: The
amphiphilic block copolymer poly(2-methyl-2-oxazoline)-block-poly(2-n-butyl-2-oxazoline)-block-poly(2-methyl-2-
oxazoline) (POL) encapsulates paclitaxel (PTX) by self-assembly into polymeric micelles. Reprinted with the per-

mission from ref.l®l Copyright 2020 Royal Society of Chemistry.

Experimental section

Materials

Paclitaxel in its crystalline form was purchased from LC Laboratories and used without further
purification. The ABA triblock polymer poly(2-methyl-2-oxazoline)-block-poly(2-n-butyl-2-oxa-
zoline)-block-poly(2-methyl-2-oxazoline) (POL) was synthesized according to previously pub-
lished protocols.®! Subsequent preparation of differently loaded PTX-POL formulations also
followed the literature known procedures./”! Resulting drug loadings were determined using
HPLC analysis.

Amorphous Paclitaxel (PTX)
Lyophilization was used to prepare amorphous paclitaxel. The *C solid-state NMR spectrum
in Figure 1 as well as PXRD measurements, shown in Griine et al.®¥, confirmed the amorphi-

city.
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POL sample

The polymer POL itself as well as all the differently loaded formulations used in this work con-
tain the same polymer. To compare the spectra of POL to those of the formulations, pure POL
was heated above its Ty (Tg(POL) = 56 °C)"%. After this treatment, POL shows narrower, more

defined peaks (Figure $1), comparable to those seen in the formulations.

PTX-Polymer Formulations

Throughout this manuscript, the formulations are referred to as POL-2-PTX, POL-4-PTX and
POL-9-PTX. The numbers 2, 4 and 9 describe the composition of the formulations according
to Table 1. The different concentrations used for preparation and the median hydrodynamic

radius!™! of the micelles, determined by DLS, are listed in Table 1 as well.

Table 1: Formulations, compositions, concentrations used for preparation and median hydrodynamic radii of the
micelles.

Ratio Wi mol% PTX to Solubilized Solubilized Median Hydro-
Formulation (POL/PTX) PT)z monomer concentration | concentration | dynamic Radius

(wiw) units of POL POL (g/L) PTX (g/L) (Rn)I71
POL-2-PTX 10:2 17 2.2 10 g/L 2g/L 6 nm
POL-4-PTX 10:4 29 4.5 10 g/L 4 g/L 8 nm
POL-9-PTX 10:9 47 101 10 g/L 9g/L 11 nm

All three formulations were produced by combining the appropriate amount of ethanolic poly-
mer and PTX solutions. Ethanol was then evaporated, the resulting thin film dissolved in H,O

and lyophilized to give a white powder.

NMR

The 3C NMR data were measured with a Bruker Avance Il HD 600 MHz (14.1 T) spectrometer
and a 3.2 mm double-channel (**N-3'"P/'H-"°F) MAS probe. The duration of the 90° 'H pulses
was 2.50 us in the *C CP MAS with ramped cross-polarization conditions optimized with o.-
glycine using a ramp from 90 % to 100 % with 100 increments and a contact time of 2.5 ms.
SPINAL-64"" heteronuclear decoupling was applied during an acquisition period of 23 ms at
a 'H rf nutation frequency of 100 kHz, with an optimized 180° pulse length of 4.8-5.1 us. KBr
was used for magic angle calibration. *C Chemical shifts were referenced to the methylene
carbon signal of adamantane at 38.48 ppm.['?l All '3C direct excitation spectra were obtained
with a 90° 3C pulse duration of 4.0 ys. The temperature of the probe was regulated to 296.4
K corresponding to a calibrated temperature of 340 K of the sample for 24 kHz MAS spinning

rate and to 324 K for 20 kHz. The additional warming is the result of frictional heating due to
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MAS. Further information about the temperature calibration for this specific 3.2 mm probe can

be found in “Manuscript 1: Crystalline PTX” of this dissertation.

In addition, a "H(SQ)-"H(DQ) BABA spectrum obtained at 700 MHz/16.4 T with a 0.7 mm MAS
probe (chapter Sl 2) was recorded to obtain information about the spatial proximity of the pro-
tons. Furthermore, a 'H-">*C HETCOR spectrum obtained at 600 MHz/14.1 T with the 3.2 mm
MAS probe described above (chapter Sl 3) was measured to investigate spatial proximities
between POL and PTX.
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Results
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Figure 1A: PTX signal regions labeled in Figure 1C, related to the chemical structure of PTX.

Figure 1B: POL peaks labeled in Figure 1C, assigned to the chemical structure of POL.

Figure 1C: "3C CP MAS NMR spectra of the pure polymer POL (purple), three different formulations POL-2-PTX,
POL-4-PTX, POL-9-PTX (different shades of blue), amorphous PTX (black), and crystalline PTX (grey). Partial
assignment of relevant peak areas for the discussion is indicated with numbers belonging to POL signals and capital
letters to PTX peak areas. All spectra were recorded at 14.1 T and 24 kHz MAS spinning rate (except for POL-9-
PTX at 20 kHz) with a contact time of 2.5 ms and the following parameters (co-added transients/recycle delay):
2889/2.0s (POL), 4096/2.0 s (POL-2-PTX), 10240/2.0 s (POL-4-PTX), 1024/3.0 s (POL-9-PTX), 23532/2.5 s
(amorphous PTX) and 1756/2.5 s (crystalline PTX). The line broadening is set to 30 Hz for each spectrum except
for crystalline PTX (0 Hz).
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This work focuses on the *C solid-state MAS NMR investigation of the three differently loaded
formulations containing 17 wt% (POL-2-PTX), 29 wt% (POL-4-PTX) and 47 wt% (POL-9-PTX)
PTX, especially on *C CP MAS data (Figure 1). Chapters Sl 4 and SI 5 summarize the results
of the 'H and "*C NMR characterization of pure POL and pure PTX in solution. For the inves-
tigated system, the detection of interactions via dipolar couplings between protons is hampered
by a strong broadening of the signals which is shown in some additional 'H data
("H(DQ)-'"H(SQ) BABA MAS and 'H-"3C HETCOR MAS) of exemplary samples in Figures S2
and S3. This broadening of the 'H signals in the formulations prevents a closer investigation
of this complex system regarding distinct proton interaction. For amorphous PTX (existing in
the formulations), an assignment of carbon nuclei to the corresponding peaks is difficult due
to spectral overlap of the signals (Figure 1C) which results in a decrease of the total peak
number from 55 resolved signals in the '*C CP MAS spectrum of crystalline PTX to 19 distin-
guishable signals for amorphous PTX. Therefore, PTX signals are grouped into the peak re-
gions visible in the ¥C CP MAS spectrum of crystalline PTX and named using capital letters
as summarized in Figure 1A. The assignments themselves are based on the work in “Manu-
script 1: Crystalline PTX”. Each peak includes a certain number of signals that, if addressed in
the specific discussions, are indicated in the chemical structure of PTX. Figure 1 also shows
the numbers of the carbon atoms of the chemical structure of POL assigned to the peaks in
the 3C CP MAS spectrum. For better visibility of the aliphatic region for further investigation,
an enlarged section of the range from 0 to 65 ppm of the spectra of Figure 1 is shown in Figure
S8.

Changes of chemical shift for PTX signals

Since some peaks visible in the formulations are made up of PTX and POL signals of similar
chemical shift, peaks that can be analyzed with regard to changes in chemical shift should be
those consisting of only PTX or POL. For amorphous PTX, such signals correspond to aro-
matic, alcohol, and ether carbon atoms between 160 and 55 ppm and two additional peaks at
37 and 11 ppm (Figures 1 and S8). These chemical shifts are listed in Table S1 and plotted
in Figure 2A.
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Figure 2A: Left) Change of '3C chemical shifts (ppm) of the PTX peak regions starting from amorphous PTX as
reference. Related '3C signal regions are assigned in the spectra of Figure 1. Right) PTX carbon atoms displayed
in Figure 2A left.

Figure 2B: Left) Change of chemical shifts (ppm) of the POL peak regions starting from amorphous POL as
reference. Related '3C signals are assigned in the spectra of Figure 1. Right) POL carbon atoms displayed in
Figure 2B left.

Peak J belonging to carbon atoms adjacent to OH- or OR-groups changes to a lower chemical
shift between amorphous PTX and POL-9-PTX and continues this tendency between POL-9-
PTX and POL-4-PTX whereas it does not change from POL-4-PTX to POL-2-PTX. Overall, it
is the only signal with continuously decreasing chemical shift. All atoms assigned to signal area
J are directly bound to an oxygen. As shown by Griine et al.®! for this system and Poppler et
al."¥ for a similar system, OH groups of PTX likely act as hydrogen bond donors, as shown for
interactions of OH of the PTX to amide groups of POL or within PTX. Signals D, G, |, and O
show the largest shift change resulting from the establishment of the micellar environment
(PTX to POL-2-PTX), all shift to positive ppm values and all are part of the baccatin core.
Interestingly, peak E shows a strong increase of chemical shift by reducing the drug loading
from POL-9-PTX to POL-4-PTX and an even larger decrease from POL-4-PTX to POL-2-PTX.

This signal experiences a comparably small overall shift change (as compared to amorphous
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PTX) upon formation of the micelle. Peak F shows the same tendency, but less pronounced.
One difference between signals E and F is the overall shift change by forming a micelle (POL-
2-PTX): The chemical shift of E decreases and that of F increases as compared to pure amor-
phous PTX. Both signals E and F correspond to aromatic groups which may be likely to react
to the change in the amount of PTX molecules due to effects such as tr-stacking. In the for-
mulation POL-4-PTX, the peaks E, F, H, N, and O show the highest shift changes as compared
to amorphous PTX. The carbon assigned to peak H is bound to oxygen and that of signal O is

situated in the periphery of the baccatin core.

Changes of chemical shift for POL signals

The same approach is now applied to the polymer. The evaluated '*C chemical shifts of POL
are listed in Table S2 and plotted in Figure 2B. Peak 16 is the only POL signal that does not
also contain a PTX signal contribution in the formulations. However, if one focuses on the POL-
only peak 16 as well as peak 17 which only contains a small contribution from PTX; it can be
seen that only an increase of the drug loading affects the chemical shift whereas the peaks
remain unshifted by introducing a small amount of PTX. POL is expected to behave differently
as compared to the previous evaluation of the change of PTX chemical shifts (Figure 2). Amor-
phous PTX incorporated into the micelle with lowest drug loading to POL-2-PTX results in a
new micellar environment™ and thus to distinct structural changes for the amorphous PTX.
On the other hand, pure POL already forms micelles without any incorporated PTX. Therefore,
the initial addition of PTX is not expected to change as much in the environment of POL and
vice versa. This is confirmed by the observed behaviour of the change in chemical shifts of the
POL peaks 16 and 17.

Signal 18 is excluded for investigation of POL-4-PTX and POL-9-PTX due to the large overlap
(Figures 1 and S8). Signal 19 of POL strongly overlaps with peak R of PTX (Figures 1 and
S8). Since POL-2-PTX only contains 2.2 mol% PTX per monomeric unit of the POL (Table 1),
resulting in 9.9 mol% PTX per unit of block B of POL, a correspondingly small contribution of
this overlapping signal has to be attributed to the carbon atoms R (PTX) compared to 19 (POL).
Therefore, this peak 19/R is mainly dominated by the POL 19 signal. As the chemical shift of
this envelope changes to values higher than the pure PTX peak and the pure POL signal, it
can be concluded that there is strong interaction in this region of the polymer, changing with
different drug loading.

With increasing PTX loading, the peaks belonging to the butyl chain show more pronounced
chemical shift changes and thus changes in the local environment than the more hydrophilic
carbon atoms 14/21 whose changes are smaller than 0.1 ppm throughout the compositions.

During the establishment of the micellar environment, 16, 17, and 19 show similar trends in
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chemical shift towards higher ppm values. However, while the chemical shifts of 16 and 17 are
less influenced by a low loading as compared to a medium and high PTX content (the shift
change of 18 from POL to POL-2-PTX is negligible as well), 19 does show a linear increase

already from a low amount of incorporated PTX through the different steps of loading.

Mobility Aspects — 13C direct excitation spectra

In addition to the dependence of the chemical shifts on the composition of the formulation,
changes of the line widths (Full-Width-Half-Maximum, FWHM) as well as of the intensities in
13C CP MAS spectra can give additional information about changes in the local environment
of specific sites on the PTX and POL molecules. However, the change of the intensities de-
pends on different variables. On the one hand — the preferred variable for evaluating possible
interaction — it scales with the strength of the dipolar interactions of protons in spatial proximity.
The other aspect is the influence of the mobility on the intensity, a higher mobility decreases
the efficiency of the 'H-"*C magnetisation transfer during CP and thus affects the peak inten-
sity." Furthermore, the spin-lattice relaxation times T1 depend on the mobility as well.l" To
exclude the CP efficiency as a reason for intensity changes, '*C direct excitation MAS spectra
with a 90° excitation pulse and a short recycle delay of 0.8 s were recorded (Figure S9). In
this type of spectra, the *C spin-lattice relaxation times T+ are the main factor determining the
signal intensity. The results can be summarized as follows: The carbonyl functions 15 and
13/20 of POL as well as A, B, and C of PTX are barely visible or not detectable, respectively.
This can be attributed to long relaxation times T4 as the carbonyl carbons are not attached to
any protons or to low mobility of these carbons. Peaks in the *C direct excitation spectrum of
POL are clearly visible for the mobile side chains at shifts below 50 ppm. The relative intensities
of these signals change only insignificantly upon PTX loading. At the same time, the expected
gradual increase of PTX peaks due to a higher PTX content can be recognized. Thus, it can
be concluded that there is only a small change in mobility with increasing loading and therefore

this has only a small effect on the intensities of the *C CP MAS spectra.

Changes of '3C line widths

In this subchapter, the changes of the FWHM of the individual peaks of the investigated *C
CP MAS spectra are evaluated (see chapter Sl 8 for peak fitting). Changes in interactions
which correspond to the same chemical environment visible by a common peak can average
out themselves which increases the complexity of the evaluation. Figure 3 shows the change
of the absolute FWHM of the different signals of PTX and POL with the composition of the
formulation. For POL, only the aliphatic signals 14/21, 16, 17, and 18 of the sidechains were
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Figure 3A: Change of FWHM of PTX as well as POL signals with the composition of the formulation. a-PTX stands
for amorphous PTX. Related '3C signals are assigned in Figure 1.

Figure 3B: PTX carbon atoms displayed in Figure 3A.

Figure 3C: POL carbon atoms displayed in Figure 3A.

investigated. Due to the low molar proportion of PTX in the formulations (Table 1), the influence
of PTX signal contributions on the POL data of Figure 3 is negligible. For all its remaining
signals, deconvolution is not meaningful due to overlap with other signals, what is also found
for peaks 18 and 14/21 of POL-9-PTX. Strong signal overlap is additionally observed for the
PTX signals A, B, M, N, P, Q, and R.

For POL, all investigated peaks show the lowest FWHM in the POL-2-PTX formulation, rather
than in pure POL. As a general trend, the FHWM of signals belonging to POL enlarges with
increasing PTX load. All polymer carbon atoms seem to be affected by the presence of PTX
in a similar magnitude. With a FWHM of 129 Hz, 132 Hz, and 114 Hz, the line widths of peaks
16, 17, and 18 of the POL-2-PTX formulation are comparably low which suggests higher mo-
bility or an increased degree of order for these carbons. In pure POL, the same peaks show a
FWHM of 147 Hz, 138 Hz and 177 Hz, respectively. The largest change from pure POL to
formulation is observed for 18, the CH; group with the largest distance from the carbonyl func-
tion. The decrease in FWHM of the polymer signals from POL to POL-2-PTX can be attributed
to the finding of Schulz et al.l’! that after incorporation of PTX, the number of spherical micelles
increases and the proportion of worm-like micelles decreases. Furthermore, the thermody-

namic driving forces increase for higher loading which leads to a more pronounced separation
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of the hydrophilic and hydrophobic parts of POL. Altogether, this results in an increased order.
The subsequent enhancement in FWHM of these signals with increasing drug loading indi-
cates that the hydrophobic butyl chain containing 16 through 18 and the hydrophilic side chain
containing the methyl groups 14/21 are possible sites of interaction between PTX and the POL

micelle.

On the opposite end of the composition, half of the PTX peaks (5 out of 11) display the highest
FWHM in pure amorphous PTX. In contrast to POL, the PTX peaks do not reveal a common
change throughout the differently loaded formulations. However, it is noticeable that 5 out of
11 PTX signals show their lowest value at POL-2-PTX, corresponding to the lowest amount of

amorphous PTX in the investigated formulations.

Discussion and conclusion

Solid-state NMR investigation of the complex polymer-drug formulations in the present study
could show their amorphicity as well as significant spectral changes as compared to the pure
materials POL and PTX. This demonstrates the possibility to study interactions even for such

complex systems by this approach.

POL-9-PTX to POL-4-PTX POL-4-PTX to POL-2-PTX

N W

—N N N/\

35

POL-2-PTX to POL

—t N N/\—N% Decrease FWHM 225 Hz or larger

- s —20~ —35

Increase FWHM 225 Hz or larger

Figure 4: Size of changes in FWHM for chosen POL peaks. From POL-9-PTX to POL-4-PTX, the decrease in
FWHM for all visible POL peaks lies between 150 Hz and 225 Hz. From POL-4-PTX to POL-2-PTX, decreases in
FWHM start from 0 Hz and reach a value above 225 Hz. From POL-2-PTX to POL, all peaks increase in FWHM by
a value below 150 Hz.
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amorphous PTX to POL-9-PTX POL-9-PTX to POL-4-PTX

POL-4-PTX to POL-2-PTX

Decrease FWHM 225 Hz or larger

Increase FWHM 225 Hz or larger

Figure 5: Size of changes in FWHM for all chosen PTX peaks. From amorphous PTX to POL-9-PTX, most peaks
show a decrease in FWHM. From POL-9-PTX to POL-4-PTX, about half of the chosen peaks increase in FWHM
while the other half decrease. From POL-4-PTX to POL-2-PTX, most peaks decrease in FWHM.

Figures 4 and 5 illustrate the investigated changes in FWHM for POL and PTX throughout the
different compositions. One can assume that a change of FWHM results from interaction be-
tween PTX and POL leading to a modified distribution of '*C environments and thus also of
3C chemical shifts because not all PTX molecules present in the amorphous formulation are
supposed to interact with POL in the same way. The information available from changes of
chemical shift and of FWHM with the composition of the formulation can now be combined to
determine possible sites of interaction in PTX. Peaks D through G show the largest alterations
of chemical shift as a consequence to changes in drug load. Similarly, the dependence of
FWHM on the composition of the formulation is largest for peaks D to F. Both results together
suggest interactions between POL and PTX for these mainly aromatic carbons. For the *C
POL signals, the FWHM along the butyl chain and of the methyl groups 14/21 generally enlarge
with increasing drug loading in a similar magnitude, thus corroborating the increased interac-

tions discussed above.

Therefore, the terminal phenyl groups of PTX seem to be most involved in interaction by the
establishment of the micelle in POL-2-PTX and they are likely to react to the change in the

amount of PTX molecules as well. The reason for this can be effects such as m-stacking.®
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Schulz et al.l"™™ used DLS, AFM, cryo-TEM, and SANS techniques for the investigation of this
system. SANS data revealed a raspberry-like structure of the loaded micelles instead of ho-
mogeneous spheres. But nevertheless, as all the mentioned techniques, SANS also cannot
look “into the micelles”. The data of Schulz et al.ll may be extended to an atomic level by the
results of the present solid-state NMR study in the following way: The interactions observed
between PTX and POL (in particular from changes of chemical shifts and FWHM of both POL
and PTX '3C signals) support the incorporation of PTX in the region of the core-shell interface
determined from SANS data and specific sites of interaction can be specified. The experi-
mental result that the "*C chemical shift changes of the POL butyl group increase in the order
19 — 17 — 16 (signal 18 could not be evaluated due to signal overlap) with increasing PTX
load whereas the '*C chemical shifts of the methyl groups 14 and 21 are nearly independent
of drug loading is consistent with the following model: For the lowest PTX content (POL-2-
PTX), PTX is mainly located in the inner part of the micelles as they only interact with the final
methyl groups 19 of the hydrophobic block B but neither significantly to the methylene groups
of the butyl unit nor to the methyl groups of the hydrophilic blocks A. Upon further increasing
of the loading, the PTX progressively extends towards the outer part of the micelle indicated
by the increased interactions with the CH, carbons of the butyl chains (*C chemical shift
changes) proceeding versus the polymer backbone. In the context of this model, one has to
keep in mind that even a single PTX molecule is much larger than the length of a butyl side
chain. Therefore, the solid-state NMR results indicate that in fact the PTX molecules start to
locate in the middle of the micelle for lowest loading and, due to their molecular size, they
partially reach the surface of the micelle. This result is supported both by the small influence
of the PTX on the methyl side chain and by the DLS and SANS data of Schulz et al.l"® Their
DLS results reveal a diameter of the micelles of 6 nm for POL-2-PTX and their SANS data
show PTX clusters at the core-shell in regions A (containing the acetyl side chains) of the ABA

block polymer already for POL-2-PTX becoming more pronounced with increasing PTX load.

In an earlier publication by Griine et al.®}, complementary results were obtained by “N-'H
HMQC spectra that support the current model: Measurements of N-H proximities had shown
interactions between the amide nitrogen of the polymer and NH and OH groups of PTX for
POL-4-PTX. In the mentioned investigation, this contact could not be excluded for POL-2-PTX
as well but was very unlikely to be detected due to the low PTX content. Additionally, the results
indicated a more symmetric nitrogen environment upon increasing PTX loading, visible by a
decreasing quadrupolar shift of these amide nitrogens which can be explained by a transfor-
mation of the trigonal planar coordination of the amide nitrogens in pure POL towards a tetra-
hedral environment upon the addition of PTX. This can be induced by the formation of hydro-

gen bonds between the amide nitrogens and OH groups of PTX and supports the model of a
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PTX loading from the inner towards the outer part of the micelle.

In conclusion, the present study shows how structural information of very complex drug-poly-
mer systems can be obtained at an atomic level by solid-state NMR. The latter thus represents
a complementary experimental method to SANS, cryo-TEM and AFM. In addition, solid-state
NMR instrumentation is much more and easier accessible than SANS or TEM equipment. Due
to the huge size of the examined drug-polymer complex, it is furthermore concluded that solid-
state NMR can be used as a basis for investigations on other pharmaceutical formulations. For
other drugs or excipients, this technique might therefore even be able to give further insights
on loading models if the limitations by broad NMR signals due to the amorphicity of the samples

are reduced.
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SlI 1: Comparison of POL above and below T4
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Figure S1: Comparison of *C-CP MAS as well as "*C-direct excitation spectra before
(green) and after (purple) heating the POL sample above its Ty4. The spectra were recorded
at 14.1 T and 24 kHz MAS. For the '*C CP MAS data, 2k and 2889 transients were added to
yield the final spectrum for POL before and after heating to Tg, respectively. For the "*C direct
excitation spectra, 2k and 9k scans were added to yield the final spectrum for POL before
and after heating to Tg, respectively. The resulting spectra for all samples were processed
with a line broadening value of 30 Hz.
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Sl 2: 'TH(SQ)-'H(DQ) BABA MAS spectrum of POL-9-PTX

O('H)/ppm (double quantum)

15

T T T T T T T T T T T T T

8 6 4 2 0
O("H)/ppm (single quantum)

Figure S2: 'H(SQ)-'H(DQ) BABA MAS NMR spectrum of POL-9-PTX (diagonal line indi-
cates the F1 = 2F, DQ-SQ diagonal) recorded with a 0.7 mm double-channel BB/'H MAS
probe at 16.4 T and a MAS frequency of 70 kHz using one rotor period of BABA recoupling.
180 ¢ FID increments were acquired using a recycle delay of 1.52 s, each with 16 co-added
transients. The corresponding 'H one-pulse MAS spectrum at 70 kHz is shown as external
F2 projection. F1 projection illustrates the internal projection of this spectrum.

Figure S2 shows an 'H(DQ)-'H(SQ) BABA MAS NMR spectrum of an exemplary formula-
tion, in this case POL-9-PTX. “Manuscript 1: Crystalline PTX” about the investigation of the
single component crystalline PTX shows the same kind of 2D spectrum at 100 kHz MAS fre-
quency. While the line widths steadily decrease with increasing MAS frequency for crystalline
PTX up to 100 kHz spinning rate, no further narrowing is observed for POL-9-PTX upon in-
creasing the spinning frequency above 60 kHz. This result shows that the distribution of envi-
ronments and thus of "H chemical shifts in the amorphous formulation is the limiting factor of

line narrowing with increasing MAS spinning rate.
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SI 3: 'H-3C HETCOR MAS spectra of POL-9-PTX

Figure S3 shows a 'H-"*C HETOR MAS spectrum of POL-9-PTX with 50 us contact time
(top) and with 5000 us contact time (bottom). The signal highlighted in red shows with a high
probability a proximity of either an amide of POL to aromatic protons of PTX or an intramo-
lecular proximity of ester or amide in PTX to aromatic protons. This shows again the com-

plexity of the system.
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Figure S3: 'H-"*C HETCOR MAS spectrum of POL-9-PTX recorded with a 3.2 mm double-
channel (**N-3'P/'H-'9F) MAS probe at 14.1 T and a MAS spinning rate of 20 kHz, using a
mixing time of a) 7,,,;, = 50 us and b) t,,;,, = 5000 us. 100 t; FID increments were acquired
using a recycle delay of 2.03 s, each with 512 co-added transients. The corresponding 'H
one-pulse MAS and *C CP MAS NMR spectra are shown as external projections.
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Sl 4: Chemical shifts of the polymer (POL) in solution

This chapter is reprinted with the permission from ref.l Copyright 2020 Royal Society of
Chemistry. Assignment of the 'H and '*C chemical shifts in solution was done based on a
standard set of 1D and 2D NMR experiments including 'H, proton-decoupled *C, *C DEPT,
'H-'H COSY, 'H-3C HSQC, and "H-"*C HMBC experiments. In CDCls, the individual polymer
strands do not self-assemble, while in D,O the amphiphilic triblock copolymer forms spherical
and wormlike micellar structures. Corresponding *C and 'H spectra in D.O spectra are

shown in Figures $4 and S5, recorded at 311 K to mimic body temperature conditions.
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Figure S4: '"H NMR spectrum of pure POL in DO recorded with a recycle delay of 5.8 s with
400 co-added transients. The dataset was recorded on a 14.1 T Bruker Avance Ill HD spec-
trometer equipped with a 5mm DCH "C/'H/?H cryoprobe at 311 K. The temperature was

calibrated using 80% ethylene glycol in DMSO-ds.
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Figure S5: Proton decoupled *C NMR spectrum of pure POL in D20 recorded with a recycle
delay of 2.8 s with 26624 co-added transients. The dataset was recorded on a 14.1 T Bruker
Avance Il HD spectrometer equipped with a 5mm DCH "*C/'H/?H cryoprobe at 311 K. The
temperature was calibrated using 80% ethylene glycol in DMSO-ds.

For the 'H chemical shift assignment of the solid-state MAS spectra of the pure polymer,
NMR data in solution together with 'H-'H NOESY-like solid-state NMR spectra were used.!"!
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SI 5: NMR characterization of Paclitaxel (PTX) in solution
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Figure S6: "H NMR spectrum of pure PTX (as received) in CDCls, recorded with 16 co-
added transients and a recycle delay of 5.8 s. The dataset was recorded on a Bruker Avance
I1l HD 14.1 T spectrometer equipped with a 5 mm BBFO BB/'H/D probe at 295 K. The tem-
perature was calibrated using 4% MeOH in MeOD.
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Figure S7: Proton decoupled *C NMR spectrum of pure PTX (as received) in CDCls, rec-
orded with 8192 co-added transients and a recycle delay of 2.8 s. The dataset was recorded
on a Bruker Avance Il HD 14.1 T spectrometer equipped with a 5 mm BBFO BB/'H/D probe
at 295 K. The temperature was calibrated using 4% MeOH in MeOD.

Assignment of the 'H and "*C chemical shifts in solution was done based on a standard set
of 1D and 2D NMR experiments including 'H, proton-decoupled *C, 'H-'H COSY, 'H-'H
NOESY, 'H-3C HSQC and 'H-*C HMBC experiments in CDCls. Corresponding 'H and "*C

spectra are shown in Figure S$6 and S7, recorded at a calibrated temperature of 295 K.

The following "H NMR assignment for PTX uses the carbon numbering scheme shown above

in the way that, for example, C25, indicates the proton bound to carbon C25.

"H-NMR (600.4 MHz, CDCl5): 6 = 8.13 (m, 2 H, CH, C23/27 (0)), 7.74 (m, 2 H, CH, C33/35
(m)), 7.61 (m, 1 H, CH, C25 (p)), 7.52-7.47 (m, 5 H, CH, C24/26 (m), C34(p), C38/42 (0)),
7.43-7.40 (m, 4 H, CH, C32/36 (0), C39/41 (m)), 7.35 (m, 1 H, CH, C40 (p)), 6.99 (d, 1 H,
NH, 3Jos-nn = 8.9 Hz, NH). 6.27 (s, 1 H, CH, C10), 6.23 (m, 1 H, CH, C13), 5.79 (dd, 1 H, CH,
3Jca-cs = 2.6 Hz, 3Jcann = 8.9 Hz, C3Y), 5.67 (d, 1 H, CH, 3Jco.ca = 7.0 Hz, C2), 4.95 (dd, 1 H,
CH, 3Jcs.cea = 1.9 Hz, 3Jcs.cse = 9.6 Hz, C5), 4.79 (d, 1 H, CH, 3Jcz.ca = 2.7 Hz, C2°), 4.40 (dd,
1 H, CH, 3Jc7.cea =10.9 HZ, 3JC7—CGe =6.8 HZ, C7), 4.31 (d, 1 H, CHz, 2Jc20.c20= 8.5 HZ, CZO),
4.19 (d, 1 H, CHa, ?Jcao-c20= 8.5 Hz, C20), 3.80 (d, 1 H, CH, 3Jco.cs = 7.0 Hz, C3), 3.57 (s,
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3 H, CHs, C2-OH), 2.59-2.48 (ddd, 1 H, CH, 2Jcsa-cee = 15.0 Hz, 3Jcs.cee = 9.7 Hz, 3Jcr-
cee = 6.7 Hz, C6e), 2.47 (s, 1 H, OH, C7-OH), 2.39 (s, 3 H, CHs, C29), 2.35 (dd, 1 H, CH,
2Jcisa-c1ae = 15.4 Hz, 3Jc1sc1ae = 9.0 Hz, C14e), 2.28 (dd, 1 H, CH, 2Jc14a-c14e = 15.4 Hz, 3Jcqs.
c1aa = 9.0 Hz, C14a), 2.24 (s, 3 H, CHsz, C31), 1.92-1.85 (ddd, 1 H, CH, 2Jcsa-cee = 14.7 Hz,
3Jcs.cea = 2.3 Hz, 3Jcr.c6a = 11.0 Hz, C6a), 1.79 (d, 3 H, CHg3, *Jcisc13= 1.1 Hz, C18), 1.68 (s,
3 H, CHs;, C19), 1.24 (s, 3 H, CH3, C16), 1.14 (s, 3 H, CH3, C17) ppm.

13C.NMR (100.6 MHz, CDCls): & = 203.8 (1 C, Cq, C9), 172.9 (1 C, Cq, C1), 171.4 (1 C, C,,
C30), 170.5 (1 C, Cq, C28), 167.2 (1 C, Cq, C21), 167.2 (1 C, Cq, C4), 142.1 (1 C, Cq, C12),
138.1 (2 C, Cq, C37/43), 133.9 (1 C, Cq, C22), 133.7 (1 C, CH, C25 (p)), 133.3 (1 C, Cq,
C11), 132.1 (1 C, CH, C34 (p)), 130.4 (2 C, CH, C23/27 (0)), 129.3 (2 C, CH, C38/42 (0)),
129.2 (1 C, CH, C39/41 (m)), 128.88 (1 C, CH, C39/41 (m)), 128.86 (4 C, CH, C24/26 (m),
C32/36 (0)), 128.5 (1 C, CH, C40 (p)), 127.2 (2 C, CH, C33/35 (m)), 127.2 (2 C, CH, C38/42
(0)), 84.6 (1 C, CH, C5), 81.3 (1C, Cq, C4), 79.2 (1C, Cq, C1), 76.7 (1 C, CH,, C20), 75.7
(1 C, CH, C10), 75.1 (1 C, CH, C2), 73.3 (1 C, CH, C2'), 72.5 (1 C, CH, C13), 72.3 (1 C, CH,
C7), 58.8 (1 C, Cq, C8), 55.2 (1 C, CH, C3'), 45.7 (1 C, CH, C3), 43.3 (1 C, C,, C15), 35.8
(1 C, CHa, C14), 35.7 (1 C, CHa, CB), 27.0 (1 C, CHs, C16a), 22.8 (1 C, CHs, C29), 22.0 (1 C,
CHs, C17¢), 21.0 (1 C, CHs, C31), 15.0 (1 C, CHs, C18), 9.7 (1 C, CHs, C19) ppm.
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Sl 6: Aliphatic signals of the *C CP MAS spectra of all investigated
samples
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Figure S8: Section of the spectra of Figure 1 of the main manuscript.

3 (**C)/ppm

104



Manuscript 2: PTX — POL Formulations

S| 7: Mobility Aspects — 3C direct excitation spectra
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Figure S9: *C direct excitation MAS NMR spectra of the pure Polymer POL (purple), three
differently loaded formulations POL-2-PTX, POL-4-PTX, POL-9-PTX (different blue tones),
and crystalline PTX (black). Partial assignment of relevant peaks for the discussion is indi-
cated with numbers belonging to POL signals and capital letters to PTX peak regions. All
spectra were recorded at 14.1 T and 24 kHz MAS (except for POL-9-PTX which was spun at
20 kHz), with a recycle delay of 0.8 s and the following number of co-added transients:
17852 (POL), 6144 (POL-2-PTX), 6144 (POL-4-PTX), 7195 (POL-9-PTX).
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Sl 8: Line broadening with MNOVA

The line broadening (LB) value was chosen based on the ability to pick peaks in the amor-
phous PTX spectrum, as even small changes in LB resulted in changes in full width at half
maximum (FWHM). An LB value of 30 Hz was determined for optimal peak picking with low
changes in FWHM.

To determine the FWHM of a signal, the peak position was placed in such a way, that the

peak fitting feature in MNOVA could be used to measure FWHM of the signal. As a result,

the peak may not be at the highest point of the multiplet as seen in Figure $10.

g
\

2
¥

Figure S10: Example of the FWHM measurement using Mestrelab’s peak fitting feature. The
peak on the right is an example of a fit as used to measure changes in chemical shift. The
peak on the left is fitted for use in measurement of change in FWHM.
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S1 9: Changes of chemical shift of PTX and POL peaks

Table S1: The table shows changes of the '*C chemical shift for the investigated PTX peaks.

A is the change of chemical shift between the two samples to the left of each A column.

PN [ Amorphous | POL9- | A | POL-9- | POL-4- | A | POL-4- | POL2- | A
PTX PTX PTX PTX PTX PTX

D 139.7 139.8 | 0.1 | 1398 | 1396 |-02| 139.6 | 140.3 | 0.8

E 133.1 1331 | 0.0 | 1331 | 1343 [ 1.2 | 1343 | 1329 |-14
| F 128.7 1291 | 04 | 1291 | 1295 | 04 | 1295 | 1294 |-04|2
al G 84.6 847 | 01 | 847 844 |-03| 844 856 | 1.2 |5
5| H 80.9 812 | 03 | 812 814 |02 | 814 811 [-03|g
gl 76.0 762 | 02 | 76.2 764 | 02 | 764 71|07 | =
5[ J 72.3 720 | 03 | 720 719 [-01| 719 719 00 | =
ZIK 58.7 587 | 0.0 | 587 589 | 02| 589 589 |00 |7
S| N 437 444 | 07 | 444 442 | -02| 44.2 441 013
a0 36.3 3.8 | 05 | 36.8 372 |04 | 372 371|013

R 14.1 14.6 | 05 | 146 143 |03 143 4.2 | 0.1

s 10.2 102 | 00 | 102 105 | 03 | 105 10.6 | 0.1

Table S2: The table shows changes of the '*C chemical shift for the investigated POL peaks.
A is the change of chemical shift between the two samples to the right of each A column. The
values are listed with a high precision to avoid unnecessary errors in calculations due to

rounding.

PN A POL-9- | POL-4- POL-4- | POL-2- A POL-2- | POL

PTX PTX PTX PTX PTX

16 0.23 33.00 32.77 0.22 32.77 32.55 0.0 32.55 32.55 o
z| 17 -0.03 27.71 27.74 0.47 27.74 27.27 -0.05 27.27 27.32 ;_9
a8 0.30 22.99 22.69 -0.02 22.69 22.71 -0.03 22.71 22.74 :g
x -
8 14/ 0.1 21.61 21.50 0.05 21.50 21.45 2008 2145 2153 B 5
ol 21 2.9_’

19 0.26 14.59 14.33 0.25 14.33 14.08 0.18 14.08 13.90
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SI 10: Information about investigated PTX and POL peaks

This section lists the results of all the different peak regions of PTX and POL that were used
to study the changes in FWHM with MNOVA.

Table S3: The table lists information about the *C chemical shift (CS) and the Full-Width-
Half-Maximum (FWHM) of the investigated peaks (PN) of PTX (letters) and POL (numbers).
The values are listed with a high precision to avoid unnecessary errors in calculations due
to rounding.

PN | A_PTX POL-9-PTX POL-4-PTX POL-2-PTX POL
Ccs FWHM [ FWHM cs FWHM | FWHM cs FWHM | FWHM cs FWHM | FWHM cs FWHM | FWHM
[ppm] [Hz] [ppm] | [ppm] [Hz] [ppm] | [ppm] [Hz] [ppm] | [ppm] [Hz] [ppm] | [ppm] [Hz] [ppm]

A 1729 | 4044 | 2.70

15 172.0 | 642.0 | 428 | 1723 | 603.8 | 4.03 | 1724 | 3282 | 219 | 1724 | 194.0 | 1.29

B 170.5 | 571.7 | 3.79

C 167.1 | 447.8 | 297 | 166.9 | 4125 | 275 | 166.9 | 290.1 | 1.93

D 139.9 | 848.9 | 5.62 140.1 | 465.7 | 3.10 140.3 | 508.1 | 3.39 140.3 | 219.7 | 1.46

E 1329 | 785.7 | 5.20 133.1 | 533.0 | 3.55 134.2 | 435.6 | 2.90 132.9 | 403.5 | 2.69

F 128.8 | 553.2 | 3.66 129.1 | 535.0 | 3.57 129.7 | 643.6 | 4.29 129.1 | 3459 | 2.31

G 84.5 420.6 | 2.79 84.7 305.0 | 2.03 84.8 337.5 | 2.25 85.6 337.5 | 2.25

H 80.8 500.2 | 3.31 81.2 360.0 | 2.40 81.5 254.6 | 1.70 81.1 381.7 | 2.54

| 76.0 589.1 | 3.90 76.2 529.0 | 3.53 76.4 602.0 | 4.01 77.1 586.2 | 3.91

J 72.3 627.8 | 4.16 72.0 547.0 | 3.65 72.0 664.3 | 4.43 72.5 477.5 | 3.18

K 58.6 312.8 | 2.07 58.7 350.0 | 2.33 58.8 2455 | 1.64 58.5 302.4 | 2.02

L 55.8 741.6 | 4.91

M 46.5 554.3 | 3.67 47.0 675.0 | 4.50 46.8 790.3 | 5.27

i- 46.5 506.4 | 3.38 46.2 5714 | 3.81

N 43.7 219.8 | 1.46 44.4 487.0 | 3.25 44.2 403.2 | 2.69 44.3 346.1 | 2.31

42.2 264.4 | 1.76 42.1 267.8 | 1.79
(o) 36.3 496.2 | 3.29 36.8 520.0 | 3.47 36.9 583.0 | 3.89 37.1 399.7 | 2.66

16 33.0 | 3880 | 259 | 32.8 | 3428|229 | 326 | 1286 | 0.86 | 326 | 147.2 | 0.98
17 22.7 | 466.0 | 3.11 | 27.8 | 3394 | 2.26 | 27.4 | 1315 | 0.88 | 273 | 137.8 | 0.92
P 26.1 | 740.3 | 4.90

18 22.8 | 2361 | 1.57 | 22.7 | 1143 | 0.76 | 227 | 1771 | 1.18
Q | 218 | 5828 |38 | 216 | 356.0 | 237

14/

21.5 284.9 | 1.90 21.4 219.9 | 1.47 21.5 3317 | 2.21

14.2 | 463.4 | 3.07 | 146 | 266.0 | 1.77 | 143 | 1789 | 1.19 | 14.1 | 191.4 | 1.28
19 13.9 | 162.6 | 1.08
10.2 | 439.2 | 291 | 10.2 | 2140 | 143 | 10.5 | 273.4 | 1.82 | 10.6 | 467.7 | 3.12

S| 11: References

[1] M. Grine, R. Luxenhofer, D. luga, S. P. Brown, A.-C. Pdppler, J. Mater. Chem. B
2020, 8, 6827-6836.
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Summary and outlook

Paclitaxel (PTX) is one of the leading drugs against breast and ovarian cancer. Due to its low
solubility, treatment of the patients with this drug requires a very well-suited combination with
a soluble pharmaceutical excipient to increase the bioavailability and reduce the strong side
effects. One efficient way to achieve this in the future could be the incorporation of PTX into
polymeric micelles composed of poly(2-oxazoline) based triblock copolymers (POL) which
enables PTX loadings of up to 50 wt.%. However, structural information at an atomic level
and thus the knowledge of interaction sites within these promising but complex PTX-POL
formulations were not yet available. Such results could support the future development of
improved excipients for PTX and suitable excipients for other pharmaceutical drugs. There-
fore, a solid-state MAS NMR investigation of these amorphous formulations with different
POL-PTX compositions was performed in this thesis as this gives insights of the local struc-
ture at an atomic level in its solid state. NMR in solution showed very broad *C signals of
PTX for this system due to the reduced mobility of the incorporated drug which exclude this

as an analytical method.

In a first study, crystalline PTX was structurally characterized by solid-state NMR as no com-
plete 3C spectrum assignment and no *H NMR data existed for the solid state. In addition,
the asymmetric unit of the PTX crystal structure consists of two molecules (Z'=2) that can
only be investigated in its solid state. As crystalline PTX in total has about 100 different *C
and H chemical shifts with very small differences due to Z'=2, and furthermore, its unit cell
consisting of more than 900 atoms, accompanying GIPAW (CASTEP) calculations were re-
quired for NMR signal assignments. These calculations were performed using the first three
available purely hydrous and anhydrous PTX structures, which were determined by XRD and
published by Vella-Zarb et al. in 2013.™M Within this thesis, is was discovered that two investi-
gated batches of commercially available PTX from the same supplier both contained an iden-
tical and so far unknown PTX phase that was elucidated by PXRD as well as solid-state
NMR data. One of the two batches consists of an additional phase that was shown to be very
similar to a known hydrated phase published in 2013.1%1 By heating the batch with the mixture
of the two phases under vacuum, it is transformed completely to the new dry phase occurring
in both PTX batches. Since the drying conditions to obtain anhydrous PTX in-situ on the
PXRD setup described by Vella-Zarb et. al.'! were much softer than ours, we identify our dry
phase as a relaxed version of their published anhydrate structure. The PXRD data of the new
anhydrate phase was transferred into a new structural model, which currently undergoes
geometry optimization. Based on solid-state NMR data at MAS spinning frequencies up to

100 kHz, a ®C and a partial *H signal assignment for the new anhydrous structure were
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achieved. These results provided sufficient structural information for further investigations of
the micellar POL-PTX system.

In a second study, the applicability and benefit of two-dimensional solid-state *N-*H HMQC
MAS NMR spectral? for the characterization of amorphous POL-PTX formulations was inves-
tigated. The mentioned technique has never been applied to a system of similar complexity
before and was chosen because around 84% of the small-molecule drugs contain at least
one nitrogen atom. In addition, the number of nitrogen atoms in both POL and PTX is much
smaller than the number of carbons or hydrogens, which significantly reduces the spectral
complexity. *N has a natural abundance of 99.6% but leads to quadrupolar broadening due
to its nuclear spin quantum number | = 1. While this is usually undesirable due to broadening
in the resulting 1D N NMR spectra, this effect is explicitly used in the 2D *N-'H HMQC
MAS experiment. The indirect **N measurement can avoid the broadening while maintaining
the advantage of the high natural abundance and making use of the much more dispersed
signals due to the additional quadrupolar shifts as compared to *°N.

This measurement method could be successfully applied to the complex amorphous POL-
PTX mixtures. With increasing PTX loading of the formulations, additional peaks arise as
spatial proximities of the amide nitrogens of POL to NH or OH groups of PTX. In addition, the
14N quadrupolar shift of these amide nitrogens decreases with increasing PTX content indi-
cating a more symmetric nitrogen environment. The latter can be explained by a transfor-
mation of the trigonal planar coordination of the tertiary amide nitrogen atoms in pure POL
towards a more tetrahedral environment upon PTX loading induced by the formation of hy-
drogen bonds with NH/OH groups of PTX.

In the third and last project, the results of the two abovementioned studies were used and
extended by solid state *C and two-dimensional *H-13C as well as H-'H MAS NMR data with
the aim to derive a structural model of the POL-PTX formulations at an atomic level. The
knowledge of the NMR signal assignments for crystalline PTX was transferred to amorphous
PTX (present in the micelles of the formulations). The **C solid-state NMR signals were eval-
uated concerning changes in chemical shifts and full widths of half maximum (FWHM) for the
different PTX loadings. In this way, the required information about possible interaction sites
at an atomic level becomes available. Due to the complexity of these systems, such proximi-
ties often cannot be assigned to special atoms, but more to groups of atoms, as the individu-
al developments of line widths and line shifts are mutually dependent. An advantageous as-
pect for this analysis was that pure POL already forms unloaded micelles. The evaluation of
the data showed that the terminal phenyl groups of PTX seem to be most involved in the

interaction by the establishment of the micelle for lowest drug loading and that they are likely

110



Summary and outlook

to react to the change in the amount of PTX molecules as well. For the incorporation of PTX
in the micelles, the following model could be obtained: For lowest drug loading, PTX is main-
ly located in the inner part of the micelles. Upon further increasing of the loading, it progres-
sively extends toward the micellar shell. This could be well shown by the increasing interac-
tions of the hydrophobic butyl chain of POL and PTX, proceeding in the direction of the pol-
ymer backbone with rising drug load. Furthermore, due to the size of PTX and the hydrody-
namic radius of the micelles, even at the lowest loading, the PTX molecules partially reach
the core-shell interface of the micelle. Upon increasing the drug loading, the surface cover-
age with PTX clusters increases based on the obtained model approach. The latter result is
supported by DLS and SANS data of this system.®! The abovementioned results of the *N-
!H HMQC MAS investigation of the POL-PTX formulations support the outlined model.

As an outlook, the currently running geometry optimization and subsequently scheduled cal-
culation of the chemical shieldings of the newly obtained anhydrous PTX crystal structure
can further improve the solid-state NMR characterization through determination of further
spatial proximities among protons using the existing 2D H(DQ)-'H(SQ) solid-state MAS
NMR spectrum at 100 kHz rotor spinning frequency. The 2D *N-'H HMQC MAS NMR exper-
iments were shown to have great potential as a technique for the analysis of other disordered
and amorphous drug delivery systems as well. The results of this thesis should be subse-
quently applied to other micellar systems with varying pharmaceutical excipients or active
ingredients with the goal of systematically achieving higher drug loadings (e.g., for the inves-
tigated PTX, the similar drug docetaxel or even different natural products). Additionally, it is
planned to transfer the knowledge to another complex polymer system containing poly(amino
acids) which offers hydrogen bonding donor sites for additional intermolecular interactions.
Currently, the POL-PTX system is investigated by further SANS studies that may provide
another puzzle piece to the model as complementary measurement method in the future. In
addition, the use of MD simulations might be considered in the future. This would allow a
computerized linking of the different pieces of information with the aim to determine the most

likely model.
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Zusammenfassung und Ausblick

Paclitaxel (PTX) ist eines der fihrenden Medikamente gegen Brust- und Eierstockkrebs. Auf-
grund seiner geringen Loslichkeit erfordert die Behandlung der Patienten mit diesem Medika-
ment eine sehr gut geeignete Kombination mit einem l8slichen pharmazeutischen Hilfsstoff,
um die Bioverfugbarkeit zu erhéhen und die starken Nebenwirkungen zu reduzieren. Ein effi-
Zienter Weg, dies in Zukunft zu erreichen, kénnte der Einbau von PTX in polymere Mizellen
sein, die aus Poly(2-oxazolin)-basierten Triblock-Copolymeren (POL) bestehen und PTX-Be-
ladungen von bis zu 50 Gew.-% ermdglichen. Strukturelle Informationen auf atomarer Ebene
und damit die Kenntnis von Wechselwirkungen innerhalb dieser vielversprechenden, aber
komplexen PTX-POL-Formulierungen waren jedoch bisher nicht verfligbar. Solche Ergebnisse
koénnten die zuklnftige Entwicklung von verbesserten Hilfsstoffen fir PTX und von geeigneten
Hilfsstoffen fiir andere pharmazeutische Wirkstoffe unterstiitzen. Aus diesem Grund wurden
in der vorliegenden Dissertation Festkdrper-NMR-Untersuchungen an diesen amorphen For-
mulierungen mit unterschiedlichen POL-PTX Zusammensetzungen durchgefiihrt, weil damit
Einblicke in die lokale Struktur auf atomarer Ebene im festen Zustand erhalten werden kénnen.
Aufgrund der verringerten Mobilitét des eingebrachten Wirkstoffs in diesem System ergeben
NMR-Messungen in Lésung sehr breite *C-PTX-Signale, was diese Technik als Analyseme-
thode ausschlief3t.

In einer ersten Studie wurde kristallines PTX mittels Festkorper-NMR charakterisiert, da keine
vollstandige *C-Zuordnung des Spektrums sowie keine *H-NMR-Daten fiir den festen Zustand
dieser Struktur vorlagen. Zudem besteht die asymmetrische Einheit der PTX-Kristallstruktur
aus zwei Molekiilen (Z'=2), die nur im festen Zustand untersucht werden kann. Da das kristal-
line PTX insgesamt ca. 100 verschiedene **C und *H chemische Verschiebungen aufweist,
die sich aufgrund von Z'=2 nur sehr geringfligig unterscheiden, und auerdem seine Einheits-
zelle aus mehr als 900 Atomen besteht, waren begleitende GIPAW (CASTEP)-Rechnungen
fur NMR-Signalzuordnungen erforderlich. Diese Berechnungen wurden mit den ersten drei
verfugbaren PTX-Strukturen durchgefihrt, die nur Wasser als zusatzliche eingelagerte Kom-
ponente enthalten bzw. wasserfrei sind. Sie wurden durch XRD bestimmt und von Vella-Zarb
et al. 2013 verdffentlicht.!l Im Rahmen der vorliegenden Dissertation wurde herausgefunden,
dass zwei untersuchte Chargen von kommerziell verfligbarem PTX desselben Lieferanten eine
identische und bisher unbekannte PTX-Phase enthalten, die durch PXRD- sowie Festkdrper-
NMR-Daten aufgeklart wurde. Eine der beiden Chargen besteht aus einer zusatzlichen Phase,
bei der sich eine groRe Ahnlichkeit zu einer bekannten, 2013 publizierten Hydratphase erge-
ben hat.! Durch Erhitzen unter Vakuum der Charge, die das Gemisch der beiden Phasen

enthalt, wird diese vollstandig in die neue, trockene Phase umgewandelt, die in beiden PTX-
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Chargen enthalten ist. Da die Trocknungsbedingungen, um wasserfreies PTX in-situ mit dem
von Vella-Zarb et al.l¥! beschriebenen PXRD-Setup zu erhalten, weniger intensiv waren als
unsere, identifizieren wir unsere Phase als eine relaxierte Version ihrer veroffentlichten An-
hydratstruktur. Anhand von PXRD-Daten der neuen wasserfreien Phase wurde eine neue Kris-
tallstruktur ermittelt, die derzeit noch geometrieoptimiert wird. Basierend auf Festkérper-NMR-
Daten bei MAS-Rotationsfrequenzen bis zu 100 kHz wurden eine *C- und eine partielle *H-
Signalzuordnung flr die neue wasserfreie Struktur ermittelt. Diese Ergebnisse lieferten aus-
reichende strukturelle Informationen fur dartiber hinausgehende Untersuchungen des mizella-
ren POL-PTX-Systems.

In einer zweiten Studie wurde die Anwendbarkeit und die Aussagekraft von zweidimensionalen
14N-TH-HMQC-MAS-NMR-Spektrenl? im festen Aggregatszustand fur die Charakterisierung
von amorphen POL-PTX Formulierungen untersucht. Die genannte Messmethode wurde bis-
her noch nie auf ein System &hnlicher Komplexitat angewandt und wurde ausgewahlt, weil
etwa 84 % der niedermolekularen Arzneimittel mindestens ein Stickstoffatom enthalten. Dar-
Uber hinaus ist die Anzahl der Stickstoffatome sowohl in POL als auch in PTX wesentlich ge-
ringer als die Anzahl der Kohlenstoffe oder Wasserstoffe, was die spektrale Komplexitat deut-
lich reduziert. **N hat eine natirliche Haufigkeit von 99,6 %, fihrt aber aufgrund seiner Kern-
drehimpuls-Quantenzahl | = 1 zu quadrupolarer Verbreiterung. Wahrend Letztere in den resul-
tierenden 1D-*N-NMR-Spektren i. Allg. unerwiinscht ist, wird dieser Effekt im 2D-4N-H-
HMQC-MAS-Experiment explizit genutzt. Durch die indirekte *N-Messung kann die Verbrei-
terung vermieden werden, wobei der Vorteil der hohen natirlichen Haufigkeit erhalten bleibt.
Darliber hinaus fihrt die fur *N zusatzlich vorliegende quadrupolare Verschiebung im Ver-
gleich zu N zu einer wesentlich erhdhten Dispersion der Signale.

Diese Messmethode konnte erfolgreich auf die komplexen amorphen POL-PTX-Systeme an-
gewendet werden. Mit zunehmender PTX-Beladung der Formulierungen entstehen zuséatzli-
che Kreuzsignale, die rdumlichen Nahe der Amid-Stickstoffe des Polymers zu den NH- oder
OH-Gruppen des PTX anzeigen. Dariiber hinaus nimmt die **N-Quadrupolverschiebung dieser
Amid-Stickstoffe mit zunehmendem PTX-Gehalt ab, was auf eine symmetrischere Stickstof-
fumgebung hinweist. Letzteres lasst sich durch eine Umwandlung der trigonal-planaren Koor-
dination der tertidren Amid-Stickstoffatome in reinem POL in eine eher tetraedrische Umge-
bung bei PTX-Beladung erklaren, die durch die Bildung von Wasserstoffbriickenbindungen mit
NH/OH-Gruppen des PTX induziert wird.

Im dritten und letzten Projekt wurden die Ergebnisse der beiden oben genannten Studien ver-
wendet und um 3C-, zweidimensionale *H-*C- sowie H-'H-Festkorper-MAS-NMR-Daten er-

weitert mit dem Ziel, ein Strukturmodell der POL-PTX-Formulierungen auf atomarer Ebene zu
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ermitteln. Die Kenntnis der NMR-Signalzuordnungen fir kristallines PTX wurde auf amorphes
PTX (liegt in den Mizellen der Formulierungen vor) tibertragen. Die *C-Festkorper-NMR-Sig-
nale wurden hinsichtlich der Anderungen der chemischen Verschiebungen und der Halbwerts-
breiten (FWHM) fur die verschiedenen PTX-Beladungen ausgewertet. Auf diese Weise werden
die bendtigten Informationen Uber mdgliche Wechselwirkungsstellen auf atomarer Ebene zu-
ganglich. Aufgrund der Komplexitat dieser Systeme kann so ermittelte raumliche Nahe oft nicht
einzelnen Atomen, sondern eher Gruppen von Atomen zugeordnet werden, da sich die indivi-
duellen Entwicklungen der Linienbreiten und Signalverschiebungen gegenseitig bedingen. Es
erwies sich als vorteilhaft flr diese Analyse, dass reines POL bereits unbeladene Mizellen
bildet. Die Auswertung der Daten ergab, dass die terminalen Phenylgruppen des PTX bei der
Formulierung der Mizelle bei geringster Wirkstoffbeladung am stérksten an der Wechselwir-
kung beteiligt zu sein scheinen und auch bevorzugt auf die Veranderung des PTX-Anteils re-
agieren. Fur die Einlagerung von PTX in die Mizellen konnte schlief3lich folgendes Modell auf-
gestellt werden: Bei geringer Wirkstoffbeladung befindet sich PTX hauptsachlich im inneren
Teil der Mizellen. Mit weiterer Erhdhung der Beladung breitet es sich zunehmend in Richtung
der Schalen der Mizellen aus. Letzteres konnte gut durch die zunehmenden Wechselwirkun-
gen der hydrophoben Butylkette von POL mit PTX gezeigt werden, die mit steigender Wirk-
stoffbeladung in Richtung des Polymerriickgrats starker wurden. Auf3erdem erreichen die
PTX-Moleklle aufgrund ihrer Gréf3e und des hydrodynamischen Radius der Mizellen selbst
bei der geringsten Beladung teilweise die Kern-Schale-Grenzflache der Mizelle. Bei Erhéhung
der Wirkstoffbeladung nimmt die Oberflachenbedeckung mit PTX-Clustern basierend auf dem
erhaltenen Modell zu. Das letztere Ergebnis wird durch DLS- und SANS-Daten dieses Sys-
tems unterstitzt.®! Die oben genannten Ergebnisse der **N-*H-HMQC-MAS-Untersuchung der

POL-PTX-Formulierungen unterstiitzen das skizzierte Modell ebenso.

Als Ausblick kdnnen die derzeit laufende Geometrieoptimierung und die anschlieRend ge-
plante Berechnung der chemischen Abschirmungen der neu erhaltenen wasserfreien PTX-
Kristallstruktur die Festkorper-NMR-Charakterisierung durch die Bestimmung weiterer Proto-
nen in raumlicher Nahe unter Verwendung des vorliegenden 2D-H(DQ)-'H(SQ)-Festk&rper-
MAS-NMR-Spektrums bei 100 kHz MAS-Rotationsfrequenz weiter verbessern. Es konnte ge-
zeigt werden, dass die 2D-*N-tH-HMQC-MAS-NMR-Experimente ein groRes Potential als Me-
thode fir die Charakterisierung auch anderer ungeordneter und amorpher Wirkstoffsysteme
haben. Die Ergebnisse dieser Arbeit sollen daher auf andere mizellare Systeme mit variieren-
den pharmazeutischen Hilfsstoffen oder Wirkstoffen angewendet werden mit dem Ziel, syste-
matisch hdohere Beladungen zu erreichen (z.B. fur das untersuchte PTX, das ahnliche Medi-
kament Docetaxel oder auch verschiedene Naturstoffe). Zusatzlich ist geplant, die Erkennt-

nisse auf ein weiteres komplexes Polymersystem aus Poly-Aminosauren zu tbertragen, das
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Zusammenfassung und Ausblick

Wasserstoffbriicken-Donatoren fur zusatzliche intermolekulare Wechselwirkungen bietet. Der-
zeit wird das POL-PTX-System durch zusatzliche SANS-Studien untersucht, die in Zukunft als
erganzende Messmethode weitere Details zum Modell liefern kdnnten. Darlber hinaus wird
die Durchfiihrung von MD-Simulationen in Erwagung gezogen. Dies wiirde eine computerge-
stutzte Verknupfung der verschiedenen Informationen erméglichen mit dem Ziel, das wahr-

scheinlichste Modell zu ermitteln.
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