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General introduction



Chapter 1

Nanoparticles in medicine

Nanotechnology has resulted in many advances including nanomedicine. The National
Institutes of Health of the United States and the European Science Foundation define
nanomedicine as the “science that uses nanomaterials to the development of diagnosis,
treatment and prevention of specific medical application”? 2. The developments in the field
of nanomedicine have yielded innovations in different medical fields, including controlled
drug delivery® 4, regenerative medicine> ¢, molecular imaging” 8, biomarkers® 1, and
biosensing® 12, Nanoparticles (1-100 nm) can overcome cellular and physiological barriers
and allow for imaging and diagnostics at the cellular and molecular levels. In the field of
drug delivery, nanomedicine has been growing rapidly, especially for tumor therapy'® 4. The
researches on nanomedicines aim at addressing issues hampering the effectivity of
therapeutic agents such as poor water solubility, lack of targeting capability, nonspecific
distribution, systemic toxicity, and narrow therapeutic index'>'”. Enormous efforts have
been devoted to the development of nanocarriers with optimal sizes, shapes, and surface
properties and to increase stability, prolong circulation half-life, reduce immunogenicity and
improve tumor accumulation'®?° (Fig. 1). The accumulation of nanoparticles in tumor
tissues usually depends on the so-called enhanced permeability and retention (EPR) effect.
The unique pathophysiological characteristics of tumor tissues such as rich angiogenesis
lead to high vascular density in solid tumors and the presence of large gaps between
endothelial cells in tumor blood vessels contribute to the EPR effect?” 22. Therefore, over
time drug-loaded nanocarriers penetrate more significantly into tumor tissues than in
healthy tissues. This efficient delivery of anticancer drugs administered in the form of
nanoparticles has contributed to the limitation of side effects of these drugs in both
preclinical and clinical settings®. Nevertheless, the EPR effect is highly variable in humans
and hence the effectivity and broad applicability of nanomedicine are currently still under
debatel? 2324,

Several types of nanocarriers have been developed to improve the efficacy-safety ratio of
particularly anticancer drugs including nanoparticles, dendrimers, liposomes, polymeric
micelles, polymer-drug conjugates, and a number of them have reached the clinical

development stage and some made it successfully to the market? 2>,
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Figure 1. An overview of different types of nanoparticles that have been explored as carriers for drug

delivery in cancer therapy. Reproduced with permission from ref1>,

Polymeric micelles

An important class of nanoparticles that have been extensively studied for drug delivery
applications are polymeric micelles (PM)?%28, They are formed by the self-assembly of
amphiphilic block (co)polymers in aqueous solutions at a concentration above the critical
micelle concentration (CMC) resulting in nanosized particles with a hydrophilic shell and
hydrophobic core?®. A great variety of amphiphilic block copolymers of different
architectures have been used to prepare micelles. The two most common designs are AB
and ABA amphiphilic block (co)polymers in which the A block(s) are hydrophobic and the B
block is hydrophilic resulting in so-called star-like and flower-like micelles, respectively?®. In
general, flower-like micelles display lower CMC values and higher stability than star-like
micelles3® 31,

In a typical core-shell micellar drug delivery system, the hydrophilic shell stabilizes the
micellar structure and the hydrophobic core can solubilize hydrophobic drugs. The most
frequently used polymer as the hydrophilic outer shell is polyethylene glycol (PEG)?® 32, This
polymer is highly hydrated and displays excellent protein repellent properties thereby
minimizing recognition of micelles by the mononuclear phagocyte system (MPS)33 which are
often referred to as stealth-like properties3*36. Long circulation of micelles is a prerequisite
for EPR-mediated passive drug targeting to tumors and to other inflammation sites*’. Both
the core and the shell of micelles can be modified in different ways e.g. by crosslinking38-4°

and decorating the shell with targeting ligands*-#? to efficiently improve circulation half-life.
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Core crosslinking of micelles

Core crosslinking (CCL) of micelles is done after micellization and prevents micelle
dissociation upon dilution below the CMC3°. For covalent crosslinking of the micellar core,
the reactive groups should be present in the side chains or end-group of the hydrophobic
block. Notably, the chemical properties of these functional groups should not hamper
micelle formation. Diverse methods of core-crosslinking have been exploited including radial
polymerization3® 4> %4, crosslinking by bi- or multi-functional crosslinkers e.g. diamine or
cystamine®> 46, disulfide bond formation*’, thiol-ene reaction*®, and alkyne-azide
cycloaddition reaction (CuAAC)*. Some of these technologies have shown to indeed
increase the stability of micelles in biological media which can lead to improved circulation
kinetics** >0 51, Despite all the advances in this field, there are some limitations in the
mentioned methods for biomedical applications, such as exposure to radicals, oxidative
conditions, use of organic solvents, and the presence of (toxic) catalysts. Besides, the
consumption of functional groups in the micellar core or shell for crosslinking limits further
modification steps e.g. drug or dye conjugations. Hence, exploiting a crosslinking method
that retains functional groups in the micellar structure and is applicable in physiological

conditions is of high interest.

Native chemical ligation

Native chemical ligation (NCL) has been developed as highly efficient and robust linking
method of unprotected peptides and protein segments to generate larger constrtucts®2.
Figure 2 shows the NCL mechanism in which a chemoselective reaction of an N-terminal
cysteine with thioester moiety gives an intermediate thioester-linked species. Spontaneous
rearrangement of this transient group by an intramolecular S, N-acyl shift yields a product
with a native peptide bond at the ligation site. Native chemical ligation is highly specific and
hence only a single product is formed even in the presence of additional cysteine residues
present in e.g. proteins. NCL has been used mostly in the field of protein and peptide
synthesis and modification, and more recently this method gained interest for coupling of
synthetic polymers e.g. for the formation of in situ crosslinked hydrogels®*>°. This
crosslinking method allows the application of injectable hydrogels suitable for minimally
invasive treatments. The free thiol resulting from this reaction can be used for further
conjugation of desirable molecules via e.g. disulfide bond, Michael addition, and thiol-ene

reactions.
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Figure 2: The mechanism of native chemical ligation. Compound 1, which contains a thioester at the

a-carboxyl group, undergoes nucleophilic attack by the side chain of the cysteine residue at the amino

terminal of compound 2. The intermediate thioester ligation product undergoes a rapid intramolecular

reaction to yield a product with a native peptide bond at the ligation site.

Accelerated blood clearance

As discussed, the stealth-like properties of
PEG are ascribed to its hydrophilic and neutral
nature, which diminishes the binding of the
plasma proteins and increases the circulation
time of PEGylated particles®®. However, there
are recent reports demonstrating that
PEGylation does not completely avoid the
binding of plasma proteins, but instead the
relatively long circulation time of pegylated
nanoparticles is caused by the preferential
adsorption of specific proteins such as
clusterin® that prevent binding of opsonins
and inhibit recognition of these particles by
MPSSS’SQ.

Generally speaking PEGylated particles are
less immunogenic than their non-PEGylated
counterparts, however, several reports have
shown that intravenous injection (i.v) of a

PEGylated nanomedicine triggers the fast

Association of
anti-PEG IgM

IgM-mediated
complement activation

l

Cc | receptor-
endocytosis by liver macrophages

Figure 3: Representation of the sequence of
events leading from anti-PEG IgM induction to
accelerated clearance of PEGylated liposomes.

Reproduced by permission from ref®3,

clearance of subsequently injected PEGylated nanomedicine doses®. This effect is known as

the accelerated blood clearance (ABC) phenomenon and has been observed for several

types of PEGylated nanomedicines such as liposomes, protein-conjugates, and micelles®3,

Injection of the first dose of PEGylated particles triggers the production of anti-PEG IgM by

13




Chapter 1

splenic marginal zone B cells®® %%, When plasma anti-PEG IgM titers are high (5-21 days after
the first injection), injection of a subsequent dose of PEGylated particles results in binding
of anti-PEG IgM selectively to the particle surface leading to substantial complement
activation and fast clearance of this dose (Fig. 3)5% ® %, The magnitude of the ABC
phenomenon depends on the physicochemical properties of injected (first dose) PEGylated
particles such as size®’, PEG density and length®, PEG end group®® 7°, etc., as well as the
time interval between the injections®®. The ABC phenomenon occurs in animals e.g. mice’?,
rats®®, beagle dogs’?, cynomolgus monkeys, and mini pigs”. In a number of publications, it
has been shown that the induction of anti-PEG antibodies occurs in humans treated with
PEGylated therapeutics or those persistently exposed to PEG-containing products’#7s,
Therefore, finding an optimal nanoparticle design that can address the observed

immunogenicity of PEGylated particles has received much attention in recent years.

Hydrogels as smart materials

Hydrogels are three-dimensional networks of hydrophilic polymers hold together by
physical or chemical crosslinks”” 78, These materials are capable of absorbing large amounts
of water while maintaining their structure. These materials exhibit several interesting
properties for applications in controlled drug delivery systems”® 8, as cell culture matrices®!
8 and in tissue engineering constructs® 8. Both synthetic and natural polymers have been
exploited for hydrogel formation each having advantages and disadvantages regarding e.g.
cytocompatibility, tunability of mechanical properties, and biodegradability®®28, Hydrogels
can be composed of polymers that change their properties in response to a single or
multiple stimuli. These so-called ‘smart’ or stimuli-responsive polymers represent a growing
cadre of materials exploited for various biomedical applications® %, Several types of stimuli-
responsive hydrogels such as termperature®, light® %3, enzyme®, pH®> %6 have been
developed for drug delivery applications. The functionality of these materials is reflected in
their programmability. For instance, enzyme responsive hydrogels protect their payload
from premature release as long as the corresponding enzyme is absent in the surrounding
environment. Elevated concentrations of e.g. proteolytic enzymes such as MMPs (matrix
metalloproteinases) present in tumors or inflamed tissues, can trigger hydrogel degradation,

and release of loaded therapeutics®’.
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Colloidal suspensions

Colloidal suspensions are composed of
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Figure 4: A variety of states of repulsive glass

forces. Colloidal suspensions can be

categorized into two main groups, hard

(e.g. carbon black)®® and soft colloidal

particles (e.g. microgel)'®. In this section,

the focus is on soft deformable colloidal
hydrogel particles'.
Poly(N-isopropylacrylamide) (PNIPAM) is a

composed of thermosensitive microgels subjected
thermo-responsive polymer having a lower

to heating. Reproduced by permission from ref104,
critical solution temperature (LCST) around

32 °C in aqueous solution. Below this

temperature, the polymeric chains are strongly hydrated and therefore soluble in water,
while upon increasing the temperature above the LCST, dehydration occurs and thus the
polymers are insoluble (see also chapter 2 of this thesis)'2. In a microgel crosslinked
network of PNIPAM and related copolymers, chains undergo a volume-phase transition
between a swollen and collapsed state at a temperature close to the LCST, also defined as
the volume phase transition temperature (VPTT)!%. In a concentrated suspension of the
PNIPAM based microgels, at T < VPTT, the steric hindrance of the swollen polymeric chains
results in repulsive interactions between the particles. On the other hand collapse of
polymeric chains at T > VPTT results in hydrophobic and van der Waals interactions, and
consequently attractive interparticle interactions!®. Concentrated dispersions of PNIPAM
based microgels show a remarkable change in their rheological properties when subjected
to increasing temperature owing to a switch in the interparticle interactions from repulsive
to attractive. A so-called repulsive glass that behaves as a solid with yield stress is formed at
T < VPTT when repulsive interactions are high. At T > VPTT, a variety of states have been
reported depending on the magnitude of repulsive and attractive interactions. A balance
between attractive and repulsive interactions can result in the formation of a so-called
colloidal gel*®®, while excessive repulsive interactions lead to a stable dispersion of the
microgel (liquid)'°®, whereas excessive attractive interactions result in macroscopic

precipitation (Fig. 4)1°%. Therefore, comprehensive understanding of the role of polymer
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structures in interparticle interactions, physical properties, and rheological characterization
of colloidal suspensions provides insights for developing new functional materials for

pharmaceutical and biomedical applications.

Aim of this thesis

In this thesis, the pharmaceutical suitability of core crosslinked flower-like micelles for
systemic and local applications was investigated. In this regard, circulation kinetics and
occurrence of the ABC phenomenon upon repeated injections of core crosslinked flower-
and star-like micelles were investigated. Moreover, the potential of core-crosslinked flower-
like micelles for the formulation of stimuli-responsive (either enzyme or temperature)

hydrogels was studied.

Thesis outline

Chapter 2 gives a literature overview of physicochemical properties of PNIPAM based
materials and their biomedical and pharmaceutical applications. Combining
thermosensitive properties of PNIPAM with other stimuli-responsive materials are discussed

and examples of PNIPAM-protein/peptide hybrid materials are given.

Chapter 3 describes the formation of flower-like micelles using two complementary ABA
triblock copolymers having a B block of PEG and A blocks of either P(NIPAM-co-N-(2-
hydroxypropyl) = methacrylamide-cysteine  (HPMA-Cys)) or  P(NIPAM-co-  N-(2-
hydroxypropyl)methacrylamide-ethylthio glycolate succinic acid (HPMA-ETSA). This chapter
describes native chemical ligation between cysteine and thioester functionalities in the

micellar core for effective core crosslinking of flower-like micelles.

Chapter 4 explores the effect of PEG conformation in the corona of core-crosslinked micelles
on circulation kinetics, biodistribution, and the occurrence of the ABC phenomenon. In this
study, star-like micelles were prepared using two complementary AB diblock copolymers of
PEG-P(NIPAM-co-HPMA-ETSA) and PEG-P(NIPAM-co-HPMA-Cys).  The physical
characteristics of flower-like micelles (discussed in chapter 3) having a looped PEG
conformation were compared to star-like micelles displaying linear PEG chains in the corona.
Circulation kinetics of fluorescently labeled micelles were assessed in immunocompetent
BALB/c mice. To investigate the occurrence of the ABC phenomenon, mice were subjected
to a second injection and the blood samples were analyzed for anti-PEG IgM titers by means
of ELISA.

16
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Chapter 5 introduces an injectable enzyme degradable hydrogel composed of flower-like
micelles held together by a MMP cleavable crosslinker. The effect of enzyme concentration
on the degradation profile of the hydrogel and its conversion into CCL micelles was
investigated. To explore the possible application of the hydrogel for intracellular drug

delivery, the cellular uptake of the released CCL micelles was studied using Hela cells.

Chapter 6 reports the size and configurational changes of the CCL flower-like micelles upon
varying temperatures using a rigidochromic fluorescent molecule conjugated in the micellar
core. Furthermore, the rheological properties of dense dispersions of CCL flower-like
micelles as a function of temperature are investigated. Also, a physical model was used to
describe the storage modulus (G’) of micellar dispersions at different concentrations and

compared to the experimental data.

Chapter 7 summarizes the major findings of this thesis. Finally, some suggestions for the

future development of the formulations are given and potential applications are outlined.
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Chapter 2

1. Introduction

Poly(N-isopropylacrylamide) (PNIPAM, Figure 1) has attracted a lot of attention during the
past decades because of its thermoresponsive behaviour in a biomedically interesting
temperature window. This polymer exhibits inverse solubility in aqueous media and
precipitates upon increasing the temperature.? The temperature at which this polymer
converts from a soluble state to an insoluble state, known as the cloud point (CP) or the
lower critical transition temperature (LCST), is 32 °C.3 The first study on the PNIPAM phase
diagram was reported by Heskins et al.? Since then this polymer has been known as a
thermosensitive polymer. PNIPAM has been prepared by a wide range of polymerization
techniques such as free radical polymerization, redox polymerization,®> ionic
polymerization,® radiation polymerization,” and living radical polymerization.®

The focus of this chapter is on polymerization techniques and examples are given addressing
PNIPAM'’s potential applications as biomaterial in drug and gene delivery, and bioseparation.
For other applications of PNIPAM in e.g. membranes, sensors, thin films and brushes, the
reader is refered to reviews published elsewhere. 101112

After introducing the general physicochemical properties of PNIPAM, an overview of the
most frequently used polymerization techniques (free and living radical polymerization) is
given and a variety of copolymers and structures obtained by these methods is highlighted.
Copolymerization with other monomers or conjugation/grafting of PNIPAM with other
stimuli-responsive polymers/materials results in dual responsive materials, of which the
physical properties can be changed by several stimuli e.g. changes in pH or redox conditions,
light and magnetic field. Examples of these systems along with the effect of copolymer
composition on the LCST of PNIPAM are provided in this chapter. In addition, different
methods of chemical and physical crosslinking and their effects on properties of the final
materials are discussed.

Also, the potential of designing complex bioconjugates provided by recent developments in
polymerization methods is discussed. Conjugation of responsive polymers to biomolecules
(e.g. proteins, peptides, and nucleic acids) is a sophisticated method because the attached
PNIPAM imparts responsiveness to these biomolecules. Furthermore, conjugation to
biomolecules induces changes in stability and bioactivity as a result of altering the (surface)
properties and solubility of materials. Here, we will review examples of grafting PNIPAM to
biomolecules or growing polymeric chains from their surfaces. Finally, the future prospects

of PNIPAM in biomedical and pharmaceutical applications are outlined.
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Figure 1. Chemical structure of poly(N-isopropyl acrylamide) (PNIPAM)

2. PNIPAM as thermosensitive polymer

Thermosensitive polymers are by definition polymers whose physical properties can change
in response to temperature changes, usually occurring in aqueous media.® This transition
is most often drastic and follows upon passing a certain threshold which may be, in context
of miscibility in a solvent, either an upper or lower critical solution temperature (UCST and
LCST). LCST behaviour indicates the temperature above which the polymer will no longer be
soluble whilst UCST behavior indicates the temperature below which immiscibility is
reached. It should be noted that in literature the terms cloud point (CP) and LCST are often
mixed up. The CP of a polymer solvent mixture is the temperature at which separation into
a polymer rich and polymer poor phase occurs. The LCST is defined as the minimum of the
CP in a temperature versus polymer concentration plot. So by definition, below the LCST,
only one phase is observed independent of the polymer concentration (see section 3).14
PNIPAM is an especially interesting thermosensitive polymer for application in biomedical
and pharmaceutical sciences because of its sharp lower critical solution temperature of
32 °Cin aqueous media. This transition is reversible and PNIPAM solubilizes again when the
temperature drops below its LCST.3

The exact mechanism by which PNIPAM self-assembles in water above the LCST is still not
fully clear but believed to be because of the entropic gain of water molecules that dissociate
from the hydrophobic isopropyl side chain moieties above the LCST. The enthalpy gain of
water molecules associated via hydrogen bonds with the amide groups of the polymer
becomes smaller than the counter effect of entropic gain of the system with water being
dissociated when passing the LCST.? Since the extent of hydration of polymers is dependent
on the characteristics of the monomer units, the LCST of PNIPAM may be varied by
copolymerizing NIPAM with monomers differing in hydrophobicity or hydrophilicity.
Furthermore, hydrophobic interactions between the polymer segments themselves have
also been suggested to be crucial to the LCST transition from isolated extended coils of
PNIPAM to collapsed chains.3'>16

Water molecules form hydrogen bonds with the carbonyl group, accepting two hydrogen
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bonds, and the nitrogen atom of the amide group can donate one hydrogen bond in the
hydrated state below LCST.X® During this transition, it has been shown that the number of
hydrogen bonds between PNIPAM and water are reduced and intra-chain hydrogen bonds
are formed instead of which some remain, even when cooled again below LCST. This
explanation is used to rationalize why the aggregated chains swell upon cooling and do not
immediately dissociate slightly below the LCST and hence cause hysteretic behavior.?’
Computer simulations confirmed that besides a reduction of intermolecular hydrogen bonds,
there is a substantial decrease in the solvent accessible surface area and it has been even
suggested that a decrease in torsional energy of the isopropyl groups occurs during this
thermal transition. The model also predicted the decrease in LCST upon copolymerizing with
hydrophobic tBAAM (tert-butylacrylamide), which is in line with experimental results.®

The carbon backbone has shown to play an important role in the hydrophobic contribution
of phase transition. To investigate this effect, Lai et al'® used N-isopropylpropionamide
(NIPPA) as a small molecular model compound for PNIPAM. They observed that at high
concentration (40 wt%), the NIPPA solution shows a higher LCST of 39 °C with a broader
phase transition temperature range. They explained that the carbonyl group in the small
molecule of NIPPA has more interaction with water molecules, which explains the higher
LCST. Yet, the presence of the hydrophobic main chain in PNIPAM interferes with hydrogen
bonding between the carbonyl groups and water molecules.’® On the other hand, the
presence of a-methyl groups in the main chain (poly(N-isopropylmethacrylamide),
PNIPMAM) results in increased hydrophobicity, however, surprisingly the LCST of this
polymer is not lower than that of PNIPAM but even increased by about 15 °C. The authors
speculated that the higher CP for PNIPMAM is due to the methyl groups that induce sterical

hindrance for the hydrophobic groups to self-assemble in the most favorable manner.?°

3. Physical properties of PNIPAM

This section briefly describes some of the physical properties of PNIPAM by highlighting the

effect of composition of the media on its phase transition temperature.

3.1. Phase behavior of PNIPAM in water/alcohol mixtures
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lower the volume fraction at which Figure 2: Comparison between phase transition

the increase in the transition temperatures of PNIPAM in water—methanol (open

temperature occurs. For example, symbols) and water—acetone (filled symbols) solutions.

for acetone the minimum transition Reported with permission from Ref.22
temperature is found at a molar

fraction of 0.15, while for methanol this mole fraction is 0.34 (Figure 2). At low volume ratios,
the co-solvent molecules and PNIPAM compete for water molecules, resulting in less
hydration of PNIPAM and thus a lower cloud point. Upon increasing the volume fraction of
a co-solvent, these solvent molecules interact with the polymer chains and increase their
solubility. Remarkably, for some alcoholic co-solvents such as ethanol and 1-propanol a
coexistence of LCST and UCST behavior is observed. In contrast, UCST behavior is not

observed in water only or methanol-water mixtures.!>2%22

3.2. Effect of concentration and molecular weight of PNIPAM on LCST

As mentioned before (see section 2), the cloud point of a solution of PNIPAM versus the
polymer concentration in the solvent can be used to establish the LCST. Previously, it has
only been possible to investigate up to 40% weight concentration of PNIPAM in water due
to the high viscosity of high concentration polymer solutions resulting in loading difficulties
of glass capillaries. By use of nanoliter microchambers and microevaporation it is possible
to concentrate PNIPAM in water up to 60% by weight and still be able to measure cloud
points to establish the phase diagram of water/PNIPAM systems, 232425

A decrease in CP can clearly be seen as concentration is increased to 40 wt%, which is in
agreement with previous studies conducted.?®?” Above 40 wt%, the CP increases (Figure 3).
It should be noted that although a wide concentration range was investigated, the LCST

varies very little (between 28.5 and 32 °C).
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There are various reports about
the effect of molecular weight on
the LCST of PNIPAM. According to
these papers, the LCST could

2930 o

increase?® or decrease

remain almost unchanged3%3%
upon increasing the molecular
weight of PNIPAM. The reasons for
these different observations are
not clear but may be related to
differences in the concentrations
used, measuring techniques, and
variations in polymer end groups.
Furyk et al.”> observed that the
effect of end groups on LCST of
PNIPAM is significant when the

molecular weight is below 50 kDa.
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Figure 3: Phase diagram showing the concentration
dependence of the cloud point temperatures of PNIPAM,
M= 3.9 x 10° dissolved in water. The three curves are from
three parallel measurements. Reported with permission

from Ref.292

In general for these relatively

small polymers, the presence of

hydrophilic or hydrophobic end groups results in higher or lower LCST, respectively.}#2>

3.3. Effect of surfactants on LCST

lonic surfactants such as sodium dodecyl
sulfate (SDS) increase the LCST of
PNIPAM by binding to the polymer and
thereby  converting it into a
polyelectrolyte in a concentration
dependent manner. This is caused by the
entropy of counterions, which favors
polymer hydration.333* The result of this
can be seen in Figure 4. Here the LCST is
found by measuring solution viscosity
rather than the usually employed
methods determining the cloud point by

light scattering.
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3.4. Effect of salts on LCST
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and ') destabilize folded

proteins resulting in so-called

with permission from Ref.33 The Hofmeister series is depicted

above the figure.

salting-in behavior.3> Indeed this effect can be seen experimentally for PNIPAM as well
(Figure 5). Importantly, KBr does not alter the LCST (marking the middle of the Hofmeister
series) whilst KCI (kosmotrope) and KSCN (chaotrope) have opposite effects on LCST.3
Interestingly, a second transition can be observed upon addition of salt which is attributed

to the separate dehydration of isopropyl groups.333>3¢

4. Common methods for polymerization of NIPAM

4.1. Free radical polymerization

Free radical polymerization (FRP) is a standard and facile method for the polymerization of
a great variety of monomers with unsaturated carbon-carbon bonds. It starts with an
initiator molecule that is thermally or by UV-radiation decomposed into free radical(s) and
that subsequently react(s) with monomers bearing carbon-carbon double bonds such as
vinyl, acrylate or methacrylate groups.?’ In the next step, radical containing moieties react
with a next monomer molecule, resulting in chain propagation until termination of chain
growth occurs when two free radical containing molecules react with each other. Poly(N-

isopropylacrylamide) (PNIPAM) was first synthesized in the 1950s by this conventional
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polymerization method.? Although the molecular weight distribution obtained using FRP is
rather broad, it is up to today a very versatile and frequently used polymerization technique,
which can be performed in different organic solvents as well as in aqueous media. Common
organic solvents used for this polymerization are methanol, benzene, acetone, THF, t-
butanol, dioxane, chloroform as well as mixtures of these solvents.3” Typically, the preferred
initiator is azobisisobutyronitrile (AIBN) although also other initiators have been used.
Polymeric chains can inherit chain ends from the initiator depending on the type of initiator
used. For instance, England et al.3® used 1-phenyl(trimethylsiloxy) ethylene as an initiator
for polymerization of NIPAM and in this way obtained phenyl derivatized PNIPAM.38

As discussed in sections 2 and 3, a sharp transition in hydrophilicity of PNIPAM in response
to temperature close to physiological temperature makes this polymer interesting for
bioapplications.3® Another important criterion for using a polymer in biomedical
applications is biodegradability, and PNIPAM, as a non-resorbable polymer, faces a challenge
in this regard. A way of solving this problem is free radical copolymerization of NIPAM with
hydrolysable monomers, such as N-(2-hydroxypropyl)-methacrylamide lactate (HPMAm-
lactate)* or dimethyl-y-butyrolactone acrylate (DBA)*!. Hydrolysis of these groups increases
the overall hydrophilicity of the copolymer which in turn results in an increase of the LCST.
When the LCST passes body temperature, the polymer becomes soluble in body fluids and
can potentially be secreted by the kidneys when the molecular weight is below a threshold
of 45 kDa.*> Shah et al.*® copolymerized NIPAM with N-acryloxysuccinimide (NAS) to
modulate the biodegradability of PNIPAM. They showed an increase in the LCST of the
polymer after hydrolysis of the NHS groups, which resulted in the formation of polar
carboxyl moieties in the polymer chains. Similarly, the kinetics of polymer degradation could
also be modulated by conjugation of a hydrophobic drug to the polymer via a hydrolysable
linker. Hence, hydrolysis of the drug linker not only results in drug release, but also increases
hydrophilicity and solubility of the polymer at body temperature as a result of increase in
the LCST of polymer.*® Our group* copolymerized NIPAM with HPMAm-mono(di)lactate
monomers starting from a PEG-initiator to obtain P(NIPAM-co-HPMAm-mono(di)-lactate)-
b-PEG. Hydrolysis of the lactate ester side groups under physiological conditions in time led
to an increase in hydrophilicity of the polymer, which resulted in a gradual increase in a
cloud point.®® In another study, we showed that the block copolymer of P(NIPAM-co-
HPMAm-di-lactate)-b-PEG forms nanoparticles with a size of ~70 nm above the LCST of the
thermosensitive segment in water.*®

Apart from these examples, many studies have been devoted to free radical polymerization
and copolymerization of NIPAM to obtain polymeric structures with interesting features for

bioapplications.*®47484°% For instance, Topp et al.>® combined the hydrophobic nature of
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PNIPAM above its LCST with the hydrophilic character of PEG in a block copolymer to obtain

thermosensitive micelles.

4.2. Living radical polymerization

Living radical polymerizations are versatile techniques to control polymer molecular weight,
architecture and copolymer composition. This control is based on the fact that the lifetime
of a radical in the propagating step is longer than the lifetime of a radical during conventional
free radical polymerization. Generally, living polymerization is characterized by a fast
initiation and slow propagation and absence of termination.>! The increase in the lifetime is
due to a reversible equilibrium between the active species (P’) and dormant species (P—X),

which minimizes irreversible chain stopping events e.g. termination (Figure 6).

K activation P "
P-X — + X
Dormant Kdeactivation Active
+
Monomer

Figure 6: Reversible activation process in living radical polymerization.

Several methods have been developed for living radical polymerization such as nitroxide
mediated polymerization (NMP),>%%3 (reverse) iodine transfer polymerization (ITP and
RITP),>* single electron transfer-degenerative transfer living radical polymerization (SET-
DTLRP),>® reversible addition fragmentation chain transfer (RAFT),*® atom transfer radical
polymerization (ATRP)*’ and single electron transfer-living radical polymerization (SET-
LRP).58 In this section, we focus on living radical polymerization of NIPAM using ATRP and
RAFT as these methods are most commonly used and studied for polymerization of this

monomer.

4.2.1. ATRP polymerization of NIPAM

Atom Transfer Radical Polymerization (ATRP)*” is a polymerization technique that offers
good control over polymer molecular weight and polymer design. ATRP of a wide range of
monomers (including NIPAM) can be carried out in both organic solvents and in aqueous

media.>® NIPAM has been copolymerized with different hydrophilic and hydrophobic
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monomers by ATRP to yield polymers for a wide range of applications.*®®® However, ATRP
polymerization of acrylamides can be problematic because of complexation of the amide
group to the copper catalyst, which can lead to catalyst deactivation. The solvent choice
therefore plays a key role in successful polymerization of this class of monomers. It is known
that polar protic solvents form hydrogen-bonds with both monomers and polymers,
thereby reducing the possibility of monomer complexation with the copper catalyst.5!
However, the use of a protic solvent increases the risk of fast and less controlled
polymerization due to inefficient deactivation, relative to activation and propagation in
ATRP polymerization.®? A successful example of living radical copolymerization of NIPAM in
water was reported by Haddleton et al.®3 They copolymerized NIPAM with different water-
soluble monomers like N,N-dimethyl acrylamide (DMA), 2-hydroxyethyl acrylate (HEA) and
oligo(ethylene oxide) acrylate (OEOA), and obtained polymers with narrow molecular
weight distributions (PDI=1.1). The authors also showed that the bromine chain-ends
remain intact during polymerization,®® which provides the possibility to synthesize di- and
even multiblock copolymers.

As discussed before, the cloud point (see section 2) can be tuned by incorporation of
different hydrophobic and hydrophilic monomers in NIPAM copolymers and this strategy
has also been used for polymers prepared by ATRP. For example, incorporation of N,N-
dimethylacrylamide (DMA) into PNIPAM changes the LCST to a temperature slightly higher
than body temperature (37 °C) as a result of the hydrophilic nature of DMA. Hu et al.%
synthesized a triblock copolymer of P(NIPAM-co-DMA)-b-PLLA-b-P(NIPAM-co-DMA) by
ATRP using Br-PLLA-Br as macroinitiator. They demonstrated that by increasing the ratio of
DMA/NIPAM from 0 to 24%, the LCST linearly increased from 32.2 to 39.1 °C.%* This system
was able to self-assemble in aqgueous medium into micelles below the LCST because of the
hydrophobic PLLA domains of this tri-block copolymer.®* Li et al.®> applied ATRP
polymerization for the synthesis of a hydrogel based on NIPAM, DBA, and 2-hydroxyethyl
methacrylate (HEMA) using a polycaprolactone macroinitiator. Physical properties of
resulting hydrogel along with supporting cardiosphere-derived cells (CDCs) proliferation
made this system a suitable candidate for myocardial injection of CDCs for cardiac cell
therapy. The hydrolysis of the ester bonds in the lactone ring of the DBA moieties resulted
in a gradual increase in LCST (above 37 °C) which led to solubility of the resulting polymer
in body fluids over time.5°

De Graaf et al.® used ATRP polymerization for the synthesis of AB diblock and BAB triblock
copolymers (block A is poly(ethylene glycol) (PEG) and block B is PNIPAM). These polymers
once dissolved in water and at low concentration formed star-like and flower-like micelles.%®

On the other hand, solutions of BAB polymers at high polymer concentrations formed
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hydrogels above the LCST of the polymer. These hydrogels were loaded with paclitaxel (PTX)
and it was shown that they released drug-loaded flower-like micelles when in contact with
an agqueous environment. An in vivo study in mice showed a reduced tumor growth using
these hydrogel formulations upon intraperitoneal injection.®’

Kim et al.®® used a PEG macroinitiator for ATRP polymerization of NIPAM at 25 °C in aqueous
media. They introduced N,N’-ethylenebisacrylamide during polymerization to prepare
stable hydrogel nanoparticles and controlled the size of these nanoparticles (from 300-
1200 nm) by using THF as a co-solvent. THF increases the solubility of growing PNIPAM
chains, which could explain the increase in size of the nanoparticles in the presence of this
solvent.®®

ATRP also is a powerful method for graft polymerization. For instance, Gin et al.®® reported
graft polymerization of PNIPAM onto poly(N-vinylpyrrolidone) (PVP) by ATRP. After free
radical polymerization of PVP, the pendant allylic groups of the obtained polymer were
functionalized with N-bromosuccinimide (NBS) to form PVP-Br ATRP initiators. Subsequently,
brushes of PNIPAM were grafted from PVP in the presence of CuCl and bipyridine as a
catalyst in water and at room temperature. An aqueous solution of PVP-g-PNIPAM was
converted into hydrogel above the cloud point of the polymer at 35.3 °C. This system has
potential applications in drug delivery as it was shown that the kinetics of drug release was

controlled by drug diffusion through the gel.®®
4.2.2. RAFT polymerization of NIPAM

Reversible addition-fragmentation chain transfer (RAFT)® polymerization is another
versatile technique used to polymerize a wide range of monomers. Different from ATRP,
RAFT polymerization proceeds without the need for a metal catalyst, but requires the
presence of a radical initiator e.g. azobisisobutyronitrile (AIBN) and a RAFT chain transfer
agent (CTA). The RAFT agent consists of a thiocarbonylthio moiety and a so-called R and Z
group (Figure 7). The Z group primarily affects the stability of the S=C bond and the stability

of the adduct radical while the R group initiates growth of a polymer chain.”®7!

s. R
s
Z

Figure 7: General structure of the RAFT chain transfer agent.

RAFT polymerization can be performed in both organic and aqueous solvents as well as their
mixtures. The first example of RAFT polymerization of NIPAM in water at ambient

temperature was reported by McCormick et al.”? using mono- and difunctional N, N-dimethyl

37




Chapter 2

acrylamide (DMA) macro-CTA’s. Diblock (AB) and triblock copolymers (BAB) were obtained
using a fixed molecular weight DMA macro-CTA as A block and varying molecular weights of
PNIPAM as B block(s) with narrow PDI (PDI=1.15). Micellization of these polymers occurred
above the CP of the polymers (34-45 °C) with longer PNIPAM chains, as expected, showing
a lower LCST. However, triblock polymers with short PNIPAM blocks did not form micelles at
any temperature.’?

A RAFT agent can be immobilized onto a surface or substrate and can be used to introduce
different functional groups after polymerization. Polymer growth from, for example, a
protein provides the possibility to synthesize polymer-bioconjugates. Conversion of the
RAFT agent after polymerization includes, for instance, hydrolysis of thiocarbonylthio group
resulting in a free thiol that can be subsequently used for thiol-ene,”® thiol-isocyanate’ click

reactions or to form a reduction sensitive disulfide bond.”

5. Dual sensitive systems

5.1. pH and thermosensitive systems

The pH of various tissues and cellular compartments differs, for example, the pH of blood is
7.4, whereas in the stomach the pH ranges from 1.0-5.0. It has also been reported that the
pH in tumors and other sites of inflammation can be as low as 6.5-6.9.7577 Finally, the pH in
cellular vesicles like endosomes and lysosomes (the compartments in which e.g.
nanomedicines mostly accumulate after internalization’®7°) can be between 5.0 and 6.2 898!
Polymers containing monomers that can alter their ionization states upon variation of the
pH are interesting for the design of triggerable drug delivery systems.82 Commonly used
monomers in pH responsive polymers are acrylic acid (AA), methacrylic acid (MAA), and N, N-
dimethylaminoethyl methacrylate (DMAEMA). Also maleic anhydride (MA) is frequently
used, which after hydrolysis leaves carboxylic acid moieties on the polymer chain.

An example of a thermo- and pH- responsive diblock copolymer was reported by Chang et
al.8% They synthesized a PNIPAM-poly(lysine) diblock polymer using a heterofunctional
initiator designed for ATRP polymerization of NIPAM and ring opening polymerization of N*-
(carbobenzoxy)-L-lysine-N-carboxyanhydride (Z-L-lysine NCA). The heterofunctional
initiator had a phthalimido moiety on one side and an ATRP initiator on the other side. In
short, first ATRP polymerization of NIPAM was performed using CuBr/MesTREN in 2-
propanol at 0 °C. Subsequently, hydrolysis of the phthalimido group on the other terminal
end of the polymeric chain resulted in a primary amine-functionalized PNIPAM (PNIPAM-

NH2), which was used as macroinitiator for ring opening polymerization of Z-L-lysine NCA in
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DMF at 20 °C to obtain poly(N-isopropylacrylamide)-b-poly(Z-L-lysine) (PNIPAM-b-PZLys).
This amphiphilic block copolymer can undergo coil-to-helix and coil-globule transitions as a
response to changes in pH and temperature.®

Chen et al.® combined ATRP and RAFT polymerization to synthesize linear tetrablock
quaterpolymers consisting of PEG, poly(styrene) (PS), PNIPAM, and poly(2-(dimethylamino)
ethyl methacrylate) (PDMAEMA) blocks. After ATRP polymerization of PS using a PEG
macroinitiator, the resulting end-chain bromine groups were substituted by azide groups
using NaNs. Subsequently, a click reaction between an alkyne-functionalized CTA and the
azide group resulted in a PEG-b-PS-CTA RAFT macroinitiator. Polymerization continued by
block copolymerization of NIPAM and DMAEMA and finally a PEG-b-PS-b-PNIPAM-b-
PDMAEMA polymer was obtained and characterized. GPC analysis showed that the Mw was
28 kDa with a PDI of 1.3, which shows that multiblock copolymers with low PDI can be
obtained by combining ATRP and RAFT. These linear polymers formed micelles with a PS
core and PEG, PNIPAM and PDMAEMA as a shell at pH 4 and 25 °C. Upon increasing the pH
to 9, PDMAEMA blocks are deprotonated and the resulting more hydrophobic block
participates in the core to yield micelles with PS/PDMAEMA hybrid core and a PEG/PNIPAM
shell. On the other hand, at temperatures above the polymer LCST (45 °C) and at pH 4,
micelles with a PS/PNIPAM core and PEG/PDMAEMA shell were obtained.®*

5.2. Reduction sensitive and thermosensitive systems

Polymeric structures containing disulfide bonds are interesting systems for drug delivery as
reduction sensitive materials. Such polymers have shown potential for the design of
nanoparticles suitable for intracellular delivery of drugs and other pharmacologically active
compounds (like pharmaceutical proteins and nucleic acid based drugs). These systems are
destabilized due to the significantly higher concentration of glutathione as reductive agent
intracellularly resulting in release of the payload.8>8%8” A NIPAM based system was reported
by Vogt et al.® They first polymerized NIPAM using a difunctional trithiocarbonate and
subsequently polymerized poly(N,N-dimethylacrylamide) (DMA) to obtain a reduction- and
thermo-responsive PNIPAM-b-PDMA-b-PNIPAM polymer (Figure 8). They observed that
below the LCST the polymer was fully soluble in aqueous solution and above the LCST, 40 °C,
the polymer solution was converted into a hydrogel of micellar structures. In this network,
the PNIPAM blocks form hydrophobic domains that were bridged by the hydrophilic PDMA
blocks. The use of a bifunctional trithiocarbonate as initiator resulted in the presence of a
cleavable trithiocarbonate linkage in the middle of the central pDMA block. At a polymer

concentration of 50% a stable gel was formed. Aminolysis of the trithiocarbonate links
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resulted in the formation of PNIPAM-b-PDMA-SH, and consequently, gel destruction due to
scission of the PDMA blocks responsible for intermicellar bridging. It was also demonstrated
that subsequent oxidation of the thiol groups resulted in the formation of disulfide bridges
and recovery of the gel (Figure 8).88

Another example of a thermally and biochemically responsive hydrogel based on NIPAM
was reported by Li et al.8° A bifunctional ATRP initiator containing a disulfide bond was used
for polymerization of 2-methacryloyloxyethyl phosphorylcholine (MPC) as a mid-block.
Subsequently, NIPAM was polymerized using this macroinitiator to form a BAB triblock
copolymer. Thermogelation resulted in a three- dimensional network, which was used to
release hydrophobic anticancer drugs. Micelles can be released from this hydrogel in the
presence of reducing agents like DTT or glutathione.®® However, at the moment the
application of this hydrogel in vivo due to the absence of reductive agents in extracellular

environments is questionable.

(A) Molecularly-Dissolved Unimers

PNIPAM-b-PDMA-b-PNIPAM

or
PDEGA-b-PDMA-b-PDEGA

(C) Free-Flowing Micellar Solution

Oxidation

(T>LCST)

Reduction

Figure 8: Temperature and redox-responsive gelation of triblock copolymers prepared by RAFT. (a) Molecularly-
dissolved unimers of PNIPAM-b-PDMA-b-PNIPAM or PDEGA-b-PDMA-b-PDEGA; (b) hydrogels are formed upon
heating above the LCST of the responsive PNIPAM or PDEGA blocks; (c) free-flowing micellar solutions of PNIPAM-
b-PDMA-SH or PDEGA-b-PDMA-SH resulting from trithiocarbonate aminolysis at T > LCST; (d) hydrogels formed
from PNIPAM-b-PDMA-S-S-PDMA -b-PNIPAM or PDEGA-b-PDMA-S-S-PDMA-b-PDEGA upon oxidation of the thiol-

terminated diblock aminolysis products. Reproduced with permission from Ref.8
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5.3. Hybrid thermosensitive materials

Incorporation of metal particles into various PNIPAM based systems results in new classes
of hybrid materials with attractive thermal, optical and magnetic properties.’®?? Different
methods have been described for the encapsulation of metal nanoparticles into PNIPAM
(micro/nano)gels®® or in situ formation of metal nanoparticles in the presence of
PNIPAM.%3** PNIPAM has also been directly grafted on the surface of metal
nanoparticles.®>%®

An example of in situ formation of gold nanoparticles was reported by Frey et al.** PNIPAM
was first prepared via free radical polymerization in aqueous medium. Next, gold-PNIPAM
colloids were produced from aqueous mixtures of HAuCls and PNIPAM using ascorbic acid
as reducing agent at ambient temperature to yield gold nanoparticles, onto which PNIPAM
was adsorbed by weak interactive forces.

Wie et al.®” immobilized a disulfide initiator on the surface of gold nanorods and grew
PNIPAM brushes using CuBr/PMDETA as catalyst in a mixed solvent system of H.0/2-
propanol/DMF. To show the feasibility of this system for drug delivery, norvancomycin
hydrochloride (NVan, a hydrophilic drug) was loaded into these core-shell gold-PNIPAM
particles. They anticipated that at 25 °C (below the LCST) drug molecules adsorbed to
PNIPAM through hydrogen bonding. It was demonstrated that the rate of drug release was
faster during laser exposure due to collapse of PNIPAM chain as a result of gold nanorod
heating from 25 to 41 °C.*’ Clinical translation of this system is limited due to the fact that
PNIPAM at 37 °Cis already hydrophobic and will thus show untriggered fast drug release at
body temperature.

Wang et al.”® prepared positively charged gold nanorods (GNR)®® and coated them with
negatively charged p(NIPAM-MAA) at pH 7.4 to obtain a core-shell nanosphere system. The
GNRs in the core of nanosphere were able to adsorb and convert light to heat upon
irradiation of the nanospheres with a near-infrared (NIR) laser. The nanospheres with an
average size of 110 nm exhibited an LCST of 40 °C at pH 7.4. The hydrophilic drug 5-
fluorouracil (5-FU) was loaded to the nanospheres by electrostatic interaction between
negatively charged carboxyl moieties of MAA and positively charged amine groups in 5-FU.
They observed a cumulative release of 71% in 12h by reducing the pH to 5.5, resulting in
protonation of carboxylate groups and consequently, shrinking of the particle shell. Also,
cumulative release at pH 6.6 increased from 20% to 45% in about 3 h after irradiation of
nanospheres with NIR light (for 4 cycles of 60s) due to elevation of temperature and
consequently an increase in hydrophobicity of the shell. The effect of nanosphere-loaded

5-FU on tumor growth inhibition was investigated in vivo in mice. They observed that the
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nanosphere-loaded 5-FU formulation in combination with irradiation resulted in significant
inhibition of tumor growth in comparison with free drug and the 5-FU formulation without
irradiation.%®

Magnetite nanoparticles with a size below the superparamagnetic limit show on-off
magnetic switching behavior in a magnetic field.2% This feature of magnetite nanoparticles
has attracted a lot of attention in the biomedical field e.g. for magnetic resonance imaging,
(triggered) drug delivery, and biosensors.’%192 On demand drug diffusion from
nanocomposite membranes consisting of magnetite nanoparticles and PNIPAM based
nanogels was demonstrated by Hoare et al.1%% They synthesized a copolymer of NIPAM, AA,
N-isopropylmethacrylamide (NIPMAM), and N,N’-methylenebisacrylamide by a
precipitation polymerization method!®* to obtain a nanogel with a swelling transition
temperature of 43 °C. For membrane preparation, super-paramagnetic magnetite
nanoparticles and the nanogels were entrapped in ethyl cellulose as a membrane support
by a co-evaporation technique. Conversion of magnetite energy to thermal energy by
magnetite nanoparticles resulted in nanogel shrinking and consequently release of a model

drug (sodium fluorescein).1%

6. Bioconjugation of PNIPAM

In recent years, there has been a growing interest in biohybrid materials like
peptide/protein polymer conjugates due to their potential of combining advantageous
properties of both building blocks.10519:107 pEGylation of proteins is a well-known example
of bioconjugation, which is used to enhance plasma half-life and reduce immunogenicity of
pharmaceutical proteins.1%1% peptide sequences can also be used to introduce interesting
properties in polymeric systems. Decoration of polymers with peptides that are substrates
for endogenous proteases can be used to trigger and control e.g. hydrogel degradation and
drug release in vivo.'?

The grafting of a stimulus responsive polymer near the active site of a protein can be used
to modulate the affinity of the protein for its specific target. Such systems have potential
applications for biosensors, affinity separations and immunoassays. These conjugations
have also been used for instance to control protein-ligand recognition (Figure 9).11!
Advanced polymerization techniques like ATRP provide opportunities for the preparation of
such hybrid polymer systems.®® Amino acid initiators for ATRP have been developed to
synthesize compounds with site specific modifications, while retaining control over polymer
112

chain length and composition.

RAFT polymerization is also known as an attractive technique for conjugation of polymers
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to biomaterials.”® Coupling of a RAFT agent (Z-C(=S)S-R) to a protein has been achieved using
either its R or Z group. The R-group approach provides a hydrolysable thiocarbonylthio
moiety at the end of the polymer chains, which can be used in subsequent steps to attach
desired functional groups. In addition, a control over molecular weight of the polymer is
easier when the CTA residue is not in close proximity to the protein surface due to steric
hindrance.'3 A CTA can also be attached to the protein via its Z-group. The advantage of this
method is that only dormant ‘living’ chains are conjugated to the protein, while terminated
chains are not.!'* Moreover, triggered cleavage of the polymer from the protein is possible
by e.g. aminolysis due to the relatively labile thiocarbonylthio moiety enabling separate

characterization of the polymer.1?®

2 =
\ %
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Figure 9: Schematic illustration of conjugation of a stimuli-responsive polymer close to binding pocket
of a protein. In the hydrated random coil state, the polymer interferes minimally with ligand binding
to the receptor binding pocket. Upon increasing temperature, the collapsed polymer blocks access to

the binding pocket.
6.1. Protein-PNIPAM conjugates

One of the well-known strategies to synthesize protein-PNIPAM conjugates is the “grafting
to” approach in which a functionalized polymer is conjugated to biomaterials. Polymers
containing conjugating groups (e.g. NHS) are commonly used for this purpose. For example,
Hoffman et al.''® conjugated a copolymer of poly(NIPAM-co-N-acryloxy succinimide)
(P(NIPAM-co-NAS)) to protein A. Next, the conjugate was used for affinity precipitation
separation of human immunogammaglobulin (IgG). Binding of protein A-PNIPAM conjugate
to IgG formed a Protein A-PNIPAM/IgG complex. Precipitation of the obtained complex was
achieved by increasing the temperature above the LCST, which resulted in easy separation
of 1gG without the need for chromatographic columns.'® Also, conjugation of PNIPAM to

proteins through disulfide bonds has been reported.!’
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Recently, Lorenzo et al.l'® used a two ends tetrazine functionalized PNIPAM for
homodimerization of T4 lysozyme. This mutant T4 lysozyme (V131C) having a single surface-
exposed cysteine was conjugated to a bis-tetrazine PNIPAM (2 kDa) via tetrazine-trans
cyclooctene ligation. As expected, the LCST of the conjugate increased to 39 °C due to the
increased hydrophilicity of the hybrid structure.!'® They observed that the T4L-PNIPAM-T4L
lost 75% of its activity both above and below the LCST, however, the activity of T4AL-PNIPAM
was preserved after conjugation.!?® They speculated that the reduction in its activity,
especially towards a large substrate, is due to steric hindrance of the second protein.!!8
Maynard et al.?2° were the first to develop a PNIPAM-protein conjugate by attaching an
ATRP initiator to free thiol residues on proteins. PNIPAM was grown from lysozyme in the
presence of Cu(l)Br/bipy as a catalyst and water as a solvent at 23 °C (“grafting from”
approach). The polymerization process was not detrimental to lysozyme which was
demonstrated by comparing its
activity with and without PNIPAM both
below and above its LCST.%
Controlling the activity and stability of
an enzyme by grafting stimuli
responsive polymers was reported by
Russell et al.'?! They observed an
increase in  the  stability of
chymotrypsin after conjugation of
PNIPAM to this protein. To synthesize
such a bioconjugate, amines present in
lysine residues and on the N-terminus
of this protein were functionalized
with a water-soluble ATRP initiator and
PNIPAM chains were subsequently
grafted from the protein in aqueous
solution in the presence of
CuBr/MesTREN as a catalyst at 4 °C.
This modification did not only affect
the affinity of the chymotrypsin-
PNIPAM (CT-PNIPAM) for N-succinyl-
Ala-Ala-Pro-Phe p-nitroanilide as a Figure 10: Synthesis of  streptavidin-[biotin]4

model substrate, but also influenced macroinitiator and streptavidin-[biotin-PNIPAM]

the activity and the stability of the bioconjugate. Reported with permission from Ref.8°
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enzyme. Not surprisingly, above the LCST of PNIPAM (at 40 °C), the affinity for the substrate
reduced due to competing hydrophobic interactions of the substrate with PNIPAM
chains.'?

Streptavidin (SAv) modified with four arms of PNIPAM was synthesized by functionalization
of the protein with a biotin ATRP initiator.??> This polymerization was done at ambient
temperature in water using Cu(l)Br/bipy as a catalyst. At temperatures above the LCST of
PNIPAM, precipitation of the polymer occurred, which made it a promising bioconjugate for
the development of systems for enzyme assays and bioanalysis (Figure 10).6%122

An early example of protein-PNIPAM conjugates obtained by RAFT polymerization was
reported by Boyer et al.!?®> The free thiol group of the Cys-34 moiety in bovine serum
albumin (BSA) was functionalized with a water-soluble RAFT initiator via its Z-group. They
observed polymer-protein aggregation upon increase in the temperature above the LCST of
PNIPAM and formation of particles with a size of 250-300 nm.*?3

Also Sumerlin et al.'?* polymerized NIPAM from BSA but in their publication the RAFT agent
was attached via the R-group. A maleimide-functionalized trithiocarbonate was attached to
the free thiol group of the Cys-34 residue on BSA at pH 7.2. They reported facile separation
of the protein-polymer conjugates from non-conjugated protein just by heating the mixture
of conjugate and unmodified BSA above the LCST of PNIPAM (35 °C).1?* To demonstrate the
retention of the active thiocarbonylthio moieties on the w end of the conjugated chains, the
same strategy was used to synthesize BSA-PNIPAM-b-PDMA and, as expected, the LCST
increased with increasing molecular weight of the hydrophilic PDMA block.1? They also
block copolymerized NIPAM and DMA from lysozyme by conjugating an N-
hydroxysuccinimide (NHS) modified chain transfer agent to amine groups of the protein. To
investigate the molecular weight and polydispersity of resulting polymer, the conjugate was
treated with Tergazyme to decompose the protein. An average PDI of 1.3 and M of 31 kDa
were obtained after cleavage of the polymer from the protein, which confirmed successful

RAFT polymerization of well-defined polymers even in bio-friendly conditions.'?®

6.2. Peptide-PNIPAM conjugates

The most commonly applied conjugation methods of polymers to peptides can be
categorized by two approaches:!?’ (1) a peptide can be conjugated to a preformed polymer
utilizing frequently used coupling methods e.g. click chemistry,12812° or (2) a peptide can act
as a macroinitiator and a polymer chain can be grown from the peptide;'* For approach 1,
preformed polymers can be used, but purification and functionalization of polymer chains

before attachment to a peptide is necessary. For example, Bulmus et al.'3! copolymerized
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NIPAM and acrylic acid (AA) to obtain P(NIPAM-co-AA) consisting of 30% acrylic acid with an
LCST of 60 °C at pH 7.4. The pending carboxylic groups of this polymer were functionalized
with methyl ester protected alanine and the extent of derivatization was 93%. They
observed that conjugation of these alanine methyl esters to the polymer reduced the
transition temperature to 41 °C due to a reduction in hydrophilicity of the polymeric chains
by modification of the acid groups.'3!

Conjugation of an immunogenic VNTR peptide present in the cancer associated protein
MUC1 to PNIPAM was investigated by Kakwere et al.’32 RAFT polymerization of NIPAM using
an alkyne-functionalized-CTA resulted in polymer chains with an alkyne moiety on one chain
end and a thiocarbonylthio group on the other end. After polymerization, an azide
containing hydrophilic peptide was clicked to the polymer and subsequent treatment of
thiocarbonylthio groups with TCEP resulted in a thiol-functionalized polymer—peptide,
which was then coupled to a fluorescent d
label. Self-assembly of the polymers above

the LCST resulted in nanoparticles with the
hydrophilic peptide exposed on the surface.

The authors suggested that these
nanostructures can be used to develop
vaccines for cancer therapy.!3?

For approach 2, both RAFT and ATRP have

been used for the polymerization of a

variety of monomers using a peptide as a

macroinitiator. For instance, PNIPAM was
grafted to the surface of a peptide nanotube SpeRIe
by Couet et al.’3® To this end, a bromide
functionalized cyclic peptide self-assembled
into a peptide nanotube. Initiation of living
radical polymerization from the surface of
this nanotube gave peptide—polymer hybrid

nanotubes. A similar system was designed

R '.‘Iir

using RAFT polymerization of NIPAM by
Daniel et al.’3* and they confirmed that the
obtained constructs were capable of
forming artificial channels in a phospholipid
bilayer (Figure 11).3* They demonstrated
that due to the hydrophobic nature of
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Figure 11: lllustration of well-defined unimeric

channels formed upon heating a solution of cyclic
peptide-PNIPAM up to an intermediate
temperature of 35 °C in the presence of large
unilamellar vesicles (LUVs). Reported with

permission from Ref.134
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PNIPAM above the LCST, these nanotubes penetrate into the lipophilic bilayer, which link the
cytosol and extracellular media.'3* Although clinical translation seems rather limited with a
transition at 28 °C, technically it is an interesting concept.

Trzebicka et al.’3> conjugated a cleavable synthetic peptide to PNIPAM. A pentapeptide
initiator was grafted to the surface of a polystyrene resin and used as ATRP macroinitiator.
Polymerization of PNIPAM was performed using CuCl/MesTREN as a catalyst in a mixed
solvent of DMF/water, and subsequently the polymer-peptide conjugate was cleaved from
the resin. The hydrophilic nature of the peptide caused a higher transition temperature (34
°C) for the PNIPAM-peptide conjugate than that of PNIPAM. Enzymatic degradation of the
peptide sequence was possible at temperatures both above and below the LCST indicating
that the peptide residues coupled to PNIPAM are accessible for a matching enzyme.3

De Graaf et al.’3® used the thermosensitivity of PNIPAM for desighing an enzyme-triggered
drug delivery system. They positioned a cleavable peptide between a thermosensitive
(PNIPAM) and hydrophilic poly(oligo (ethylene glycol) methyl ether methacrylate)
(POEGMA) block using ATRP. For this purpose, a cleavable peptide sequence was
functionalized at its C-terminus with an ATRP initiator to polymerize OEGMA. This step was
followed by functionalization of the N-terminus of peptide-POEGMA with another ATRP
initiator to perform polymerization of NIPAM. Inactivation of the end chain after
polymerization of the first block, by substitution of its Cl-terminus with an azide group
provided an extra opportunity for attaching a functional group such as a fluorescent label
by click chemistry. Furthermore, the hydrophilic corona of micelles formed by these
amphiphilic polymers could be cleaved by metalloproteinases (MMPs),’3¢ which are
upregulated in inflamed tissues.¥’

Borner et al.’*® reported the coupling of a RAFT agent via the R end to a GGRGDS peptide.
Subsequently, they used this initiator for RAFT polymerization of NIPAM, and after hydrolysis
of the resulting polymer, a thermosensitive GGRGDS-PNIPAM-SH conjugate was obtained.
These conjugates were subsequently grafted onto planar gold surfaces and used in a cell
adhesion study. Their results illustrated that above the LCST of the polymer, the cells could
be attached to the surface as the hydrophobic behavior of the polymer was dominant.
Lowering temperature below the LCST caused cell detachment within 30 min because of
hydrophilization of the surface. Also, they observed that cell adhesion to the surface was

improved by the presence of the peptide sequence.'3®

6.3. Nucleic acid-PNIPAM conjugates
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Conjugation of single or double stranded DNA fragments to a polymer aimed for
applications in the fields of biosensors, imaging, and drug delivery has been studied
extensively.139140141 Maeda et al. published a number of papers dealing with DNA-PNIPAM
conjugates and their application for affinity precipitation/separation of DNA-binding
molecules.}#>143144 Eor instance, they reported sequence-specific precipitation separation
of oligonucleotides. To this end, free radical copolymerization of NIPAM with vinyl-
derivatized oligonucleotide monomers was used to obtain an ssDNA-PNIPAM conjugate.
This conjugate was able to interact with complementary oligonucleotide sequences in
solution and subsequent separation could be achieved by increasing the temperature above
the LCST.14>146

Maeda et al.*’ also reported an example of the synthesis of DNA-diblock copolymers by
RAFT polymerization using 4-cyanopentanoic acid dithiobenzoate as CTA. After
polymerization of NIPAM in DMF at 60 °C, the dithiobenzoate end group was hydrolyzed to
obtain PNIPAM-SH. The resulting polymer was subsequently covalently linked to a
maleimide-modified single DNA strand to yield a PNIPAM-DNA diblock copolymer. Above
the LCST, the polymeric chains self-assembled into micelles with a PNIPAM hydrophobic
core and a hydrophilic DNA corona. The micelles had excellent stability even in high ionic
strength medium due to electrostatic and entropic repulsion between ssDNA on the shell
of micelles. The colloidal stability of the micellar dispersion was reduced significantly after
addition of complementary DNA strands and formation of fully matched dsDNA. Less

148 and

flexibility of dsDNA in comparison with ssDNA resulted in reduced entropic repulsion,
consequently aggregation of the micelles.’*” This system has potential application in affinity
separation of DNA-binding molecules. However, the application for gene delivery is
expected to be limited due to the presence of DNA in the shell of micelles and its

accessibility to nucleases present in extracellular fluids.

7. Liposome surface modification with PNIPAM

Liposomes are nanosized systems consisting of an aqueous core surrounded by one or more
lipid membranes, which have been developed among others for the encapsulation of
chemotherapeutic drugs to improve the therapeutic efficacy and to reduce adverse
events.1*1%0 Drug release from liposomes can be triggered by external factors such as
changes in pH, light and ultrasound exposure!>¥152 but so far heat has been the most
intensively studied trigger for drug release. Two main groups of temperature sensitive
liposomes have been developed: liposomes containing thermosensitive lipids e.g. 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-
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phosphocholine (DSPC);*® and liposomes that are decorated with thermosensitive
polymers e.g. PNIPAM 154155

The mechanism of drug release from thermosensitive liposomes is related to the melting
phase transition temperature (Tm) of the phospholipids. At this temperature, the lipids
undergo a phase transition from a solid gel phase to a liquid crystalline phase, which causes
phase separation of the lipid bilayer that is associated with its permeabilization.'>®%57 In case
of polymer coated liposomes, the thermosensitive polymer undergoes a coil-to-globe
transition upon passing the LCST, which can induce destabilization of liposomes in a
controlled manner.

Temperature triggered drug release from PNIPAM coated liposomes was pioneered by Kono
et al.1>215%158 (Figyre 12). Another example of modification of liposomes by thermosensitive
polymers was reported by Dong Han et al.»® They modified liposomal surfaces with
P(NIPAM-AAM) and polyethyleneglycol (PEG) to tune the release profile of encapsulated
doxorubicin (DOX) and enhance the stability of these liposomes in blood. An increase in DOX
release was observed in a temperature range close to the LCST of the polymer due to a coil-

globule transition of the polymer that above the LCST interacts with the bilayer resulting in
159

destabilization of the liposomal membranes.
/&%C) HEAT {O“@,
T<LCST LCST<T

Figure 12: Schematic illustration of design of temperature-sensitive liposomes using a thermosensitive
polymer. The liposome is stabilized by hydrated polymer chains below its LCST. However, above the
LCST, the dehydrated and contracted polymer chains cause destabilization of the liposome, an increase
in hydrophobicity of the liposome surface, and/or exposure of the bare liposome surface. Reported

with permission from Ref.1%5
8. Applications of PNIPAM in cell culture

The temperature sensitive behaviour of PNIPAM has been exploited by Okano et al.160,161,162
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for controling cell attachment and detachment from polymeric substrates. Efficient recovery
of cells from the polymeric substrate is a crucial step for successful cell passage and
characterization. Cells are able to attach, spread and proliferate on relatively hydrophobic
PNIPAM-modified surfaces above the LCST. By lowering the temperature below the LCST, cell
adhesion to the surface will be weakened as result of hydration of the NIPAM coated surface
(Figure 13). For example, Schmaljohann et al.1®3 immobilized a diblock copolymer of PEG-
PNIPAM onto tissue culture substrates by low-pressure argon plasma treatment.®* They
observed that by lowering the temperature to 34 °C (below the LCST), cells detached from

the surface in 20 min due to the increase in surface hydrophilicity.63

T<LCST v

slidiliaitd

Figure 13. Schematic representation of the adhesion above the LCST and detachment below the LCST

of a cell on a PNIPAM-grafted surface.

9. Crosslinking methods for polymers

There has been considerable attention for crosslinking methods of polymeric structures to
modulate their properties for aimed applications. For instance, in hydrogels, the degree of
crosslinking is an important factor used to tune their mechanical and physical properties,
modulate swelling and shrinking behavior, and thereby gaining control over porosity of the
hydrogel.'%> Crosslinking also improves micelle stability and prevents their dissociation even
at low concentrations.66167

The selected method of crosslinking (chemical or physical) strongly affects the properties of
polymeric materials. Among different chemical crosslinking methods, we can distinguish
between crosslinking by radical polymerization or chemical reaction of complementary
groups. Physical crosslinking methods make use of non-covalent interactions such as ionic
interactions, hydrogen bonding, hydrophobic interactions, and crystal formation.®®
Thermoresponsive self-assembling behavior of PNIPAM is also an example of physical

crosslinking (see section 2).

9.1. Crosslinking in PNIPAM based hydrogels

Hydrogels are materials used for controlled drug delivery, as cell culture matrices and for
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tissue engineering applications.’®® Due to their high water content and soft nature,
hydrogels mimic the physicochemical properties of native extracellular matrices and
therefore have, generally speaking, a good biocompatibility. Facile mobility of water,
proteins, and nutrients within hydrogel matrices along with their mechanical support and
softness make them attractive materials for pharmaceutical and biomedical
applications.’%17! Several studies have been published on thermosensitive hydrogels based
on PNIPAM as reviewed in detail by Park et al.'’?and Klouda.'”®

Biodegradability of hydrogels should also be taken into account for biomedical and
pharmaceutical applications and therefore hydrogels are often designed bearing labile
bonds either in the polymer backbone or in the crosslinks. For example, disulfide bonds and
ester bonds can be degraded by reduction or hydrolysis, respectively. Hydrolysis is the most
studied mechanism for hydrogel degradation but there is an increasing interest in reductive
and enzymatic processes to induce degradation of mainly nano sized hydrogels for e.g.
intracellular drug delivery. 74175

A PNIPAM based hydrogel exhibits a sharp reversible swelling-deswelling transition below
and above the LCST, which is also referred to as the volume phase transition temperature
(VPTT) usually around 32-34 °C in aqueous media.}”®'’” Hydrophobicity and hydrophilicity
of PNIPAM based hydrogels can be tuned by copolymerization with different monomers,
which in turn affect the volume phase transition temperature. In general, the hydrogel
response to stimuli is strongly affected by the crosslink density. Increasing the crosslink
density decreases the swelling of PNIPAM based gels while only slightly affecting the critical
volume-transition temperature.’’® Furthermore, crosslink density impacts stiffness of the
gel, which should be considered when designing e.g. scaffolds for tissue engineering.
Amongst the different methods of crosslinking, in situ crosslinking of hydrogels is relatively
novel and attractive for many applications. In situ crosslinking allows the design of injectable
hydrogels that can be used for minimally invasive treatments and to potentially fill
irregularly shaped defect sites. However, toxicity of byproducts or catalysts of crosslinking
reactions should be considered carefully'’®. Boere et al.'® developed an injectable PNIPAM
hydrogel with a dual hardening mechanism. An ABA tri-block copolymer of PNIPAM, N-(2-
hydroxypropyl)methacrylamide-cysteine (HPMA-Cys) as thermosensitive block and PEG as
hydrophilic block (P(NIPAM-co-(HPMA-Cys)-PEG-(NIPAM-co-(HPMA-Cys)) was synthesized
by free radical polymerization. PEG-thioester functionalized linkers were used to crosslink
the hydrophobic domains after thermogelation via native chemical ligation (NCL).18 A major
advantage of native chemical ligation over other chemical crosslinking methods is that this
ligation proceeds without the need for a catalyst, at ambient temperature and in aqueous

media at physiological pH. This reaction involves coupling of an N-terminal cysteine to a
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thioester resulting in a thioester-linked intermediate product that after spontaneous S-N-
acyl rearrangement yields an amide bond (Figure 14). The ligation is highly specific and
hence only a single product is expected even in the presence of additional cysteine residues
present in e.g. proteins. In a follow-up study, NHS-functionalized PEG was used for
crosslinking and dimethyl-y-butyrolactone acrylate (DBA) was introduced as a hydrolysable
monomer in the thermosensitive blocks. In this case, the same reaction results in the release
of N-hydroxysuccinimide after oxo-ester native chemical ligation in contrast to the
previously system that released a thioester byproduct. The biodegradability of the hydrogel
was tunable by the DBA content and varied between a few days up to several months
showing the versatility of this system as an injectable hydrogel. It was also demonstrated
that the crosslinking density of the hydrogel network could be controlled by the amount of
cysteine groups present in the thermosensitive block and using 8-arm functionalized PEG

instead of linear functionalized PEG.8!

SH
H,N 0] rearrangemen; 0
SR * R3 Pa— M 1%,\‘ Rs

R2 H O

Figure 14: Native chemical ligation of thioester and N-terminal cysteine.

Non-degradability issues of PNIPAM can also be tackled by grafting PNIPAM to a degradable
polymer. For this purpose, Marra et al.'® developed an injectable, degradable PNIPAM gel
by grafting PNIPAM to aminated hyaluronic acid. These AHA-g-PNIPAM copolymers
exhibited an LCST of around 30 °C. It was observed that the enzymatic degradability of the
hydrogel was highly affected by the weight ratios of PNIPAM. Hydrogels with higher PNIPAM
grafting degree exhibited a lower rate of degradation.!®?

A two component degradable, injectable hydrogel loaded with magnetite nanoparticles was
first described by Hoare et al.'® Free radical copolymerization of NIPAM and acrylic acid
resulted in P(NIPAM-s-AA). After functionalization of carboxylic acid groups of the polymer
with hydrazide groups, the polymer was peptized to the surface of magnetite nanoparticles.
This hydrazide PNIPAM-magnetite conjugate was mixed with aldehyde functionalized
dextran to crosslink the polymer-magnetite particles via hydrolysable hydrazone bonds. The
resulting composite had a high elasticity (G’>60kPa) even at high water content (>82%).
Bupivacaine hydrochloride was loaded into this composite material to investigate possible
application as a pulsatile drug delivery system. A significant increase in the rate of drug
release after exposure of the gel to a magnetic field was indeed observed (Figure 15),'8

showing that this hydrogel is an attractive example of a dual sensitive material.
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Figure 15: Hydrogel fabrication process. A double barrel syringe in which one barrel contains the

PNIPAM-hydrazide-coated SPIONs and the others contain the dextran-aldehyde hydrogel precursor
was used to prepare the composite disks for testing. Both materials are dissolved/suspended in PBS,
with a pharmaceutical agent of interest dissolved in both barrels if desired. Upon injection, the
solutions are intimately mixed in a static mixing channel before being injected into a silicone mold
through a needle tip for the formation of the test composite magnetic disks. Reproduced with

permission from Ref.183

Crosslinking of a PNIPAM based polymer via click reaction was reported by Zhang et al.28
RAFT polymerization of NIPAM and propargyl acrylate resulted in a polymer with pendant
alkyne groups. An azide functionalized cystamine was used to crosslink this polymer through
copper catalyzed click chemistry. The obtained hydrogel showed quick and reproducible
swelling-shrinkage behavior upon temperature switching between 20 and 40 °C. The
presence of disulfide bonds in the crosslinks ensures degradability of the hydrogel in a
reductive environment.'®*

A degradable PNIPAM hydrogel with ester linkages both in the polymer backbone and in the
crosslinker was reported by Galperin et al.'®® In this study, NIPAM was photocopolymerized
with 2-methylene-1,3-dioxepane (MDO) and polycaprolactone dimethacrylate (PCLDMA).
They observed that upon increase in the temperature to 37 °C, the hydrogel swelling
decreased. Cell culture studies conducted with this hydrogel illustrated that not only the
hydrogel but also the released degradation products were non-toxic.'8

Vernon et al.’® fabricated a PNIPAM gel using Michael-type reactions for crosslinking. They
copolymerized NIPAM with N-acryloxysuccinimide (NAS) by free radical polymerization. The

NHS groups were then substituted with cysteamine to obtain free thiol groups in the
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polymer chains after a one step reduction. Subsequent Michael-type reaction of free thiol
groups with poly(ethylene glycol) diacrylate resulted in a PNIPAM based hydrogel. Not
surprisingly, the gel swelling was highly dependent on temperature and crosslinking

density.18¢

9.2. Crosslinking of PNIPAM based micelles

The importance of crosslinking of micelles has been acknowledged for their application in
drug delivery.87.188185 |t js known that micelles spontaneously dissociate upon dilution
below their critical micelle concentration (CMC).2° This dissociation can lead to premature
release of a loaded drug from the micelles upon administration e.g. in the circulation.’®? It
has been shown that the stability of micelles can be enhanced considerably by crosslinking
the polymer chains in the core or shell, which are classified as either core cross-linked

(CCL)*? or shell cross-linked (SCL)*¢7:1%3 micelles.

9.2.1. Shell cross-linked (SCL)

An example of shell crosslinking of PNIPAM based micelles was reported by McCormick et
al.®® who used RAFT polymerization to synthesize a PEO-b-P(DMA-s-NAS)-b-PNIPAM tri-
block copolymer. This copolymer dissolved in water to form micelles above the LCST of the
PNIPAM block and it was shown that bifunctional as well as multifunctional primary amine-
containing compounds can be used for crosslinking of the DMA-s-NAS block.*** In a follow
up paper, they introduced crosslinking of the same polymer blocks with cystamine.
Micellization of this polymer in aqueous solution occurred at 37 °C and subsequent
crosslinking of the mid-block of the micelles with cystamine resulted in SCL micelles with a
PNIPAM core. Dipyridamole (DIP), as a model drug, was loaded into the micelles and it was
shown that in the presence of reducing agents such as DTT and TCEP cleavage of the
crosslinks occurred resulting in release of the loaded drug.'®

Shell crosslinking of polymeric micelles by the reaction of aldehydes with amines was
investigated by Li et al.’®® A Y-shaped polymer of PNIPAM-b-(poly(L-lysine) (PLL)), was
synthesized by a combination of ATRP, ROP and click chemistry. This polymer dissolved in
water and self-assembled into micelles with a PNIPAM core and a PLL shell. Addition of
glutaraldehyde to the micelles yielded SCL as a result of a reaction between primary amines
and aldehydes. These micelles were loaded with the hydrophobic drug prednisone acetate
and, as expected, the release of the drug was dependent on the crosslink density and

temperature.'®® However, the application of glutaraldehyde crosslinked biomaterials can be
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considered as controversial due to reported cytotoxicity of this compound.t®”

Crosslinking of micelles can also be performed by organic-inorganic shell-crosslinking
methods.’® An example of such a hybrid system was reported by Wei et al.'*® who
synthesized a block copolymer of NIPAM and 3-(trimethoxysilyl) propyl methacrylate
(MPMA) as hydrophilic block A and poly(methyl methacrylate) as hydrophobic block B. Silica
crosslinking of micelles was triggered under acidic conditions after micellization. An in vitro
release study of a model drug (prednisone acetate) showed that the crosslinked micelles not
only displayed higher loading but also slower drug release in comparison with the non-

crosslinked micelles.?®®

9.2.2. Core cross-linked (CCL)

Redox-sensitive core crosslinked PNIPAM based micelles were reported by Narain et al.2®
They copolymerized NIPAM and bis(2-methacryloyloxyethyl) disulfide (DSDMA) using a
poly(2-aminoethylmethacrylamide) (PAEMA) macro-RAFT agent and 4,4’-azobis(4-
cyanovaleric acid) (ACVA) as initiator at 70 °C, in a dioxane/water mixture. This
polymerization proceeded and immediately CCL micelles were formed with a PAEMA shell
and P(NIPAM-co-DSDMA) as core. The resulting micelles exhibited reversible swelling
behavior within a temperature range of 28-32 °C. Importantly, the disulfide bonds in the
cross-linked core imparts redox sensitivity to the micelles and as result incubation with DTT
at 40 °Cfor 1 day resulted in a clear solution, which showed micelle degradation in reductive
conditions. This system has potential application for intracellular drug delivery.2®

Core crosslinking of micelles based on click chemistry was reported by Zhang et al.?’! They
copolymerized 3-azidopropyl methacrylate (AzPMA) and tert-butyl methacrylate (tBMA) by
ATRP. Subsequent click reaction with monoalkyne-terminated PNIPAM resulted in P(tBMA-
co-AzPMA)-g-PNIPAM. Next, they hydrolyzed t-BMA groups to obtain P(MAA-co-AzPMA)-g-
PNIPAM, as anionic polymer chains. Similarly, ATRP copolymerization of AzPMA and N,N-
dimethylacrylamide (DMA) and further grafting of monoalkyne-PNIPAM to this construct
yielded P(DMA-co-AzPMA)-g-PNIPAM. In the next step, the amine groups of the DMA units
of this polymer were fully quaternized with methyl iodide (CHsl) to form a positively charged
polymer of P(QDMA-co-AzPMA)-g-PNIPAM. Mixing these two oppositely charged polymers
resulted in polyion complex (PIC) micelles with PNIPAM as shell and complexed blocks of
P(QDMA-co-AzPMA) and P(MAA-co-AzPMA)-g-PNIPAM as core. Then, the core of the PIC
micelles was crosslinked via click chemistry using propargyl ether as an alkyne bifunctional
molecule. They observed that the resulting micelles showed a higher stability than non-

crosslinked micelles at various pH and in salt containing solutions at 25 °C. Above 35 °C,

55




Chapter 2

macroscopic phase separation was observed due to aggregation of the PNIPAM based
corona. The polar nature of the polyion complex cores introduces promising features as
nano-sized carriers for delivery of charged therapeutic agents.?°! However, degradability of

the polymers for pharmaceutical applications should be considered.

10. Conclusion and outlook of applications of PNIPAM

In this chapter, we highlighted examples of PNIPAM polymers of different compositions and
architectures and their potential applications in the biomedical and pharmaceutical
research fields. NIPAM can be polymerized by a wide range of polymerization methods to
produce thermosensitive PNIPAM. The thermosensitive properties around physiological
relevant temperatures provide many opportunities to prepare triggerable biomaterials.
Combination with other stimuli-responsive molecules, such as pH- and photo-sensitive
functional groups allows even more prospects to engineer environmentally sensitive
systems that can be used for the design of smart materials.

The advanced controlled radical polymerization techniques available nowadays enabled
scientists to broaden the horizon to well-defined hybrid polymer-protein materials.
Conjugation of PNIPAM to peptides and proteins offers possibilities for e.g. bioseparation
and biosensing applications. For many biomedical applications, degradability of polymers in
physiological conditions is essential and PNIPAM as such does not to fulfil this requirement.
Nevertheless, copolymerization of NIPAM with degradable monomers such as DBA and
HPMA-lac yield polymers and materials that overcome this issue, keeping the door wide
open for PNIPAM based materials in biomedicine. Importantly, outside the body, the
thermoreversibility of PNIPAM at 32 °C has shown to yield unsurpassed properties for in
vitro applications, illustrated by the group of Okano et al. who demonstrated that PNIPAM
functionalized substrates are excellent coatings for the preparation of cell sheets.

In addition, the extensive research done on PNIPAM and its copolymers has generated
inspiration to design other thermosensitive polymers and fully biodegradable materials that
potentially have applications for drug delivery and tissue engineering. Furthermore, the
research done on PNIPAM resulted in better fundamental insights into the physical

properties of temperature sensitive polymers and materials.
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Abstract

In this study, native chemical ligation (NCL) was used as a selective crosslinking method to
form core-crosslinked thermosensitive polymeric micelles for drug delivery applications. To
this end, two complementary ABA triblock copolymers having polyethylene glycol (PEG) as
midblock were synthesized by atom transfer radical polymerization (ATRP). The
thermosensitive poly isopropyl acrylamide (PNIPAM) outer blocks of the polymers were co-
polymerized with either N-(2-hydroxypropyl)methacrylamide-cysteine (HPMA-Cys),
P(NIPAM-co-HPMA-Cys)-PEG-P(NIPAM-co-HPMA-Cys) (PNC), or N-(2-hydroxypropyl)
methacrylamide-ethylthioglycolate succinic acid (HPMA-ETSA), P(NIPAM-co-HPMA-ETSA) -
PEG-P(NIPAM-co-HPMA-ETSA) (PNE). Mixing of these polymers in aqueous solution
followed by heating to 50 °C resulted in the formation of thermosensitive flower-like
micelles. Subsequently, native chemical ligation in the core of micelles resulted in
stabilization of the micelles with a Z-average of 65 nm at body temperature. Decreasing the
temperature to 10 °C only affected the size of the micelles (increased to 90 nm) but hardly
affected the polydispersity index (PDI) and aggregation number (Nagg) confirming covalent
stabilization of the micelles by NCL. CryoTEM images showed micelles with an uniform
spherical shape and dark patches close to the corona of micelles were observed in the
tomographic view. The dark patches represent more dense areas in the micelles which
coincide with the higher content of HPMA-Cys/ETSA close to the PEG chain revealed by the
polymerization kinetics study. Notably, this crosslinking method provides the possibility for
conjugation of functional molecules either by using the thiol moieties still present after NCL
or by simply adjusting the molar ratio between the polymers (resulting in excess cysteine or
thioester moieties) during micelle formation. Furthermore, in vitro cell experiments
demonstrated that fluorescently labeled micelles were successfully taken up by Hela cells
while cell viability remained high even at high micelle concentrations. These results

demonstrate the potential of these micelles for drug delivery applications.
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Introduction

Polymeric micelles (PM) can be formed by amphiphilic block copolymers and have been
studied extensively to improve delivery of mainly hydrophobic drugs®?. In agueous media,
at concentrations above the critical micelle concentration (CMC), amphiphilic block
copolymers (AB or ABA) self-assemble into nano-sized particles. While AB polymers self-
assemble into star-like micelles, ABA triblock copolymers with a hydrophilic midblock (B)
are capable of self-assembling into so-called flower-like micelles®>*>. Although flower-like
micelles share many characteristics with star-like micelles, they have been reported to have
some advantageous properties regarding lower CMC and higher stability®7?2.

The hydrophilic midblock (B block) in flower-like micelles is often composed of poly
(ethylene glycol) (PEG)®. Starting from this PEG midblock, there are several methods to
synthesize ABA block copolymers among which atom transfer radical polymerization (ATRP)
provides good control over the structure and sequence of monomers in a polymer®°. ATRP
conditions enable the growth of hydrophobic A-blocks with a desired length and tunable
monomer composition®?.

During micellization of ABA block polymers, in aqueous solution, the PEG block forms a
looped structure of the hydrophilic corona surrounding the hydrophobic core composed of
the self-assembled outer blocks. The hydrophobic core has been used to solubilize
hydrophobic drugs and the hydrophilic shell stabilizes micelles and enhances their
circulation time in body fluids'>!3. However, the equilibrium between micelles and unimers
is highly affected by dilution and at concentrations below the CMC, micelles start to
dissociate. This dissociation can lead to premature release of a loaded drug from the
micelles upon administration in e.g. the circulation'®. Moreover, proteins present in the
body can extract drugs from micellar formulations. To enhance the in vivo stability of
micelles several methods have been developed, including the frequently applied method of
core crosslinking and covalent linking of drugs to the polymers present in the micelles®.
For covalent crosslinking of the micellar core, the reactive groups should be located in the
hydrophobic block of the polymers. Of course, it is important that the chemical properties
of these functional groups do not hamper micelle formation. A commonly applied method
for core crosslinking of micelles makes use of radical polymerization. In this method,
polymerizable groups such as methacrylates or acrylates are introduced in the hydrophobic
block of amphiphilic polymers, which are located in the core of the micelles after
micellization. Subsequently, by UV illumination in the presence of a photoinitiator or by
thermal radical polymerization, these functional groups can be crosslinked in the core of
this type of micelles'®®. Another common method for covalent crosslinking of micelles is

introducing reactive groups, such as, epoxy or acidic moieties in the side chain of
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amphiphilic polymers that are subsequently crosslinked by a bifunctional molecule, such as
a diamine!”'8, Also, disulfide bridges as crosslinks can be introduced by using cystamine in
the micellar core, which gives the micelles triggered release properties interesting for
compounds that need to be delivered intracellularly. These disulfide bridges will be broken
in the intracellular reducing environment®2, Also, free thiols in the hydrophobic block of
the amphiphilic polymer can be used for disulfide core crosslinking, however, oxidative
conditions should be provided?-?2, Recently, ‘click’ reactions received attention for
crosslinking of polymeric micelles?*?4, Several studies reported the formation of crosslinked
micelles and nanoparticles using copper-catalyzed alkyne-azide cycloaddition reaction
(CuAAC)?>?%, For example, redox-responsive core crosslinked micelles were synthesized
using bis-(azidoethyl) disulfide as a redox-responsive cross-linker?”. Other studies used
Diels-Alder reactions for crosslinking, e.g. formation of star-like micelles by crosslinking
block copolymers having furan functionalities using bismaleimide crosslinkers in
tetrahydrofuran (THF)%. Furthermore, PEG-polyester type polymers with pending mercapto
groups were crosslinked via a thiol-ene ‘click’ chemistry approach using a diacrylate
crosslinker?®,

Besides all the developments in this field, many of the applied crosslinking methods suffer
from some limitations (e.g. exposure to radicals, oxidative conditions, use of (toxic) catalysts
which mostly require an inert environment, or use of organic solvents), that can potentially
damage the cargo of the micelles. Furthermore, the functional groups used in these
methods will be consumed during crosslinking and cannot be used for further modification
steps. Therefore, introducing a crosslinking method that is not only applicable in aqueous
solutions but also retains its reactive groups in the micellar core after crosslinking is of high
interest. Among chemical conjugation methods performed in aqueous solution, native
chemical ligation®®, a chemoselective method, has been studied for crosslinking of
hydrogels313%233, However, this crosslinking method has not been applied yet for core-
crosslinking of micelles. Native chemical ligation involves nucleophilic attack of the thiol
group of an N-terminal cysteine to a thioester moiety. The obtained thioester intermediate
rearranges by an intramolecular S, N-acyl shift that results in the formation of an amide.
Notably, after the S, N-acyl shift a free thiol moiety remains available, which offers the
possibility to further conjugate desirable molecules via e.g. a disulfide bond.

The goal of this study was to investigate native chemical ligation as a selective reaction that
occurs in water for core crosslinking of flower-like micelles®*. For this purpose, an ABA
triblock copolymer consisting of polyethylene glycol (PEG) as midblock and thermosensitive
poly N-isopropyl acrylamide (NIPAM)-co-N-(2-hydroxypropyl) methacrylamide-cysteine
(HPMA-Cys) as outer blocks P(NIPAM-co-HPMA-Cys)-PEG- P(NIPAM-co-HPMA-Cys) (PNC))
was synthesized by ATRP. A complementary polymer, P(NIPAM-co-HPMA-ETSA)-PEG-
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P(NIPAM-co-HPMA-ETSA)  (PNE), containing a novel monomer of N-(2-
hydroxypropyl)methacrylamide-ethylthioglycolate succinic acid (HPMA-ETSA) carrying a
thioester moiety, was developed. In these amphiphilic polymers designed to self-assemble
into micelles, the PEG block represents the hydrophilic part, PNIPAM blocks initiate
micellization in aqueous solution by increasing temperature and HPMA-Cys/ETSA
monomers provide N-terminal cysteine and thioester functionalities for NCL cross-linking to
stabilize the micellar structure. Upon mixing of the polymers in aqueous solution, the
presence of PNIPAM thermosensitive blocks allows micelle formation by increasing the
temperature above the lower critical solution temperature (LCST) of these polymers®. The
stability of the micelles after covalent cross-linking by NCL was investigated by lowering the
temperature of the micellar solution below the LCST of the polymers. In addition, the shape
and conformation of micelles were studied by static light scattering and CryoTEM. To
investigate cytocompatibility for potential biomedical applications of the obtained micelles,
a cytotoxicity assay was performed. Moreover, cellular uptake of labeled micelles was
studied using A549 (human lung carcinoma cell line) and Hela (human epithelial cervix

carcinoma cell line) cells.

Materials and Methods

All commercial chemicals were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands)
and used as received unless indicated otherwise. N-(2-hydroxypropyl)methacrylamide
(HPMA) was synthesized by a reaction of methacryloyl chloride with 1-aminopropan-2-ol in
dichloromethane according to a literature procedure3®. Peptide grade dichloromethane
(CH2Clz) was obtained from Biosolve (Valkenswaard, The Netherlands). N,N'-
dimethylaminopyridine (DMAP) was purchased from Fluka (Zwijndrecht, The Netherlands).
Boc-S-acetamidomethyl-L-cysteine (Boc-Cys(Acm)-OH was purchased from Bachem
(Bubendorf, Switzerland). N-(2-hydroxypropyl)methacrylamide-Boc-S-acetamidomethyl-L-
cysteine (HPMA-Boc-Cys (Acm)) was synthesized as described by Boere et al3.
Ethylthioglycolate succinic acid (ETSA) was prepared according to a literature procedure3!.
Phosphate buffered saline (PBS) pH 7.4 (8.2 g/L NaCl, 3.1 g/L Na;HPO4-12H,0, 0.3 g/L
NaH2P04-2H20) was purchased from B. Braun (Melsungen, Germany). Celltiter AQ-MTS (3-
(4,5-dimethylthiazol-2-yl)- 5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
#3580 and Lysis Solution #G182A were purchased from Promega (USA). NHS-Alexa
Fluor® 647 and maleimide-Alexa flour C5 568 fluorescent dyes were obtained from

Invitrogen (Eugene, OR, USA).

Synthesis of poly(ethylene glycol) bis(2-bromoisobutyrate)
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The synthesis of a PEG macroinitiator was achieved according to a method previously
reported?® with slight modifications. Briefly, dried PEG 6 kDa (5 gr) was dissolved in 70 mL of
dry THF and purged with nitrogen. To this solution, triethylamine (0.7 mL) and a-
bromoisobutyryl bromide (0.6 mL) were added and the reaction mixture was stirred
overnight at room temperature. Next, the formed bromide salt was filtered off and
subsequently, THF was evaporated under reduced pressure. The crude product was
dialyzed against water for 2 days and afterwards lyophilized. The degree of functionalization
was determined by addition of trichloroacetyl isocyanate (TAIC) reacting with unmodified
OH groups®’. 'H-NMR analysis confirmed the formation of a fully functionalized PEG ATRP
macroinitiator. 1H-NMR (CDCls): & = 4.3 (t, 4H, OCH,), 3.85 (t, 4H, OCH.), 3.65 (t, 531H,
OCHa), 3.35 (t, 4H, OCH-), 1.85 ppm (s, 12H,CCHs).

Synthesis of N-(2-hydroxypropyl) methacrylamide-ethylthioglycolate succinic
acid (HPMA-ETSA)

In a typical procedure, ethylthioglycolate succinic acid (ETSA) (1.54 g, 7 mmol), HPMA (1.00
g, 7 mmol), and DMAP (85 mg, 7 umol) were dissolved in dry CH2Cl2 (7 mL). To this solution,
N,N'-dicyclohexylcarbodiimide (DCC) (1.44 g, 7 mmol) was added, and the reaction mixture
was stirred for 16 h under a nitrogen atmosphere at room temperature. Subsequently, the
suspension was cooled to 0 °C and filtered, after which the filtrate was concentrated. The
crude product was purified by silica gel chromatography, using CH2Cl>/CH3OH (9:1 v/v) as
eluent. The monomer HPMA-ETSA was obtained as milky oil with a yield of 57%. 'H-NMR
(CDCl3): 6 = 6.28 (s, 1H, NH), 5.68 (s, 1H, H.C=CH), 5,31 (s, 1H, H.C=CH), 5.05 (m, 1H,
CH2CH(CH3)0), 4.16 (g, 2H, CH3CH20), 3.67 (d, 2H, C(O)SCH.C(0O)), 3.56 (dd, 1H,
NHCH2CH(CHs)O), 3.32 (dd, 1H, NHCH2CH(CHs)O), 2.95 (t, 2H, SC(O)CH:CH.), 2.63 (t, 2H,
SC(O)CH2CH2), 1.94 (s, 3H, C=C(CH3)), 1.24 (m, 6H, CH3CH20) and NHCH2CH(CHs)O). 3C-NMR
(CDCls): 6 =196.5,172.3,171.3, 168.5, 139.8, 119.5, 70.7, 61.9, 44.0, 38.2, 31.2, 29.4, 18.9,
17.5, 14.0 (SI-Fig. 1).

Synthesis of P(NIPAM-co-HPMA-ETSA)-PEG-P(NIPAM-co-HPMA-ETSA), PNE

Poly(ethylene glycol) bis(2-bromoisobutyrate) (50 mg, 7.9 umol), CuBr (4.5 mg, 0.031
mmol), CuBrz (4.7 mg, 0.021 mmol), NIPAM (268.9 mg; 2.3 mmol) and HPMA-ETSA (55 mg,
0.16 mmol) were dissolved in a mixture of 2.5 mL water and 2 mL ethanol. The mixture was
stirred and deoxygenated by flushing with nitrogen for 15 minutes at room temperature,
then placed in an ice bath for another 15 minutes. After addition of 16 pL (0.06 mmol) of

tris[2-(dimethylamino)ethyllamine (MesTREN) to the solution, the color of the mixture
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immediately changed to blue and the reaction was left for 5 hours in an ice bath. The final
product was dialyzed (cut off 10 kDa) against water at 4 °C for one day and lyophilized. The
obtained polymer was characterized by GPC and H-NMR (SI-Fig. 2, 4A).

Synthesis of P(NIPAM-co-HPMA-Cys)-PEG-P(NIPAM-co-HPMA-Cys), PNC

Poly(ethylene glycol) bis(2-bromoisobutyrate) (50 mg, 7.9 umol), CuBr (4.5 mg, 0.031
mmol), CuBr2 (4.7 mg, 0.021 mmol), NIPAM (268.9 mg; 2.4 mmol) and HPMA-Boc-Cys(Acm)
(67 mg, 0.16 mmol) were dissolved in a mixture of 3.5 ml of water and acetonitrile with a
ratio of 3:1. The mixture was stirred and deoxygenated by flushing with nitrogen for 15
minutes at room temperature, then placed in an ice bath for another 15 minutes. After
addition of 16 pL (0.06 mmol) of MesTREN to the solution, the color of the mixture
immediately changed to blue and the reaction was left stirring for two hours in an ice bath.
The final product was dialyzed (cut off 10 kDa) against water at 4 °C for one day and
subsequently lyophilized. The obtained polymer was characterized by GPC and *H-NMR. To
replace the bromide end groups, the obtained polymer was dissolved in 5 mL CH2Cl; and
treated with an excess (500 puL) of mercaptoethanol for 24 h. Next, the solvent was
concentrated by evaporation and the pure polymer was obtained after precipitation in cold
diethyl ether. Finally, the Acm and Boc protecting groups of cysteine were removed as
explained previously®2. The obtained polymer was characterized by GPC and *H-NMR (SI-
Fig. 3, 4B).

Kinetics of polymerization

At several time points, 250 pL samples were taken from polymerization mixtures to monitor
the conversion of polymerization by *H-NMR and GPC. Samples of 50 pL were diluted with
air-saturated CDCls; and analyzed by 'H-NMR. The integrals of signals at 5.5 and 5.30 ppm
related to NIPAM and HPMA-Cys/ETSA respectively, were compared to the PEG signal at
3.65 ppm as a reference. The remaining 200 pL was dialyzed against water for one day and
then lyophilized. The dried product was dissolved in DMF/LiCl and the molecular weight was
analyzed by GPC as described below.

NMR spectroscopy

The obtained monomers, polymers, and micelles were studied by *H-NMR (400 MHz) and
13C-NMR (100 MHz) measured on an Agilent 400-MR NMR spectrometer (Agilent

Technologies, Santa Clara, USA). The chemical shifts were calibrated against residual solvent
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peaks of CDClz (6 = 7.26 ppm), D20 (6 = 4.79 ppm) for 'H-NMR, and & = 77.16 ppm of CDCls
for 13C-NMR. Micelle solutions were analyzed on a Varian Inova 500 NMR instrument
(Varian Inc., California, USA) in D20.

Gel permeation chromatography (GPC)

To determine the molecular weight of polymers, GPC was performed on a Waters Alliance
System (Waters Corporation, Milford, MA, USA) equipped with a refractive index detector
using a Mixed-D column (Polymer Laboratories) at a temperature of 65 °C. The eluent
consisting of 10 mM LiCl in DMF with a flow of 1 mL/min was used as mobile phase and
samples were prepared in the same solvent at a concentration of 5 mg/mL. A series of linear

PEGs with narrow and defined molecular weights were used as calibration standards.

Determination of cloud point

The cloud point (CP) of the obtained polymers was measured on a Jasco FP8300
spectrofluorometer (Tokyo, Japan) and excitation/emission wavelength was set at 650 nm.
Polymers were dissolved at a concentration of 1 mg/mL in PBS and heated from 10 to 50 °C
with a heating rate of 1 °C/min. The CP was defined as the onset of increasing scattering

intensity.

Micelle formation

Micelles were formed by a fast heating method as follows: PNC and PNE were dissolved
separately in PBS at a concentration of 3 mg/mL at 4 °C. PNC and PNE polymers were mixed
in a 1:1 mass ratio since they have equal molar ratios of HPMA-Cys and HPMA-ETSA and
similar molecular weights. Subsequently, the mixed solution was quickly heated up to 50 °C
using an oil bath and left at 50 °C for 3 hours. Resulting micellar solutions were dialyzed
against water for two days at room temperature and subsequently lyophilized. Micelles

were characterized by DLS and NMR both before and after lyophilization.

CryoTEM

Transmission electron microscopy at cryogenic temperatures (CryoTEM) was done using the
TU/e CryoTitan (FEI Company)3. Graphene oxide grids, prepared by adding a single layer
graphene sheet to a Quantifoil grid®, were used for sampling via an automated robot
(Vitrobot™ Mark 1ll, FEI Company), which was kept at room temperature. The excess of

liguid sample on the grid was blotted away with filter paper to form a thin film of the

74



Native chemical ligation for crosslinking of flower-like micelles

dispersion. The thin layer of liquid on the grid was plunged rapidly into liquid ethane. The
vitrification was done in 100% humidity atmosphere. A tilt series of 27 cryoTEM images from
-65 to +65 degrees with 5 degrees steps were taken to reconstruct the 3D structure of the

particles using IMOD, via patch tracking alignment, and AVIZO 9.0 software®.

Dynamic light scattering (DLS)

The size of the micelles was measured by DLS on a Malvern CGS-3 goniometer (Malvern
Ltd., Malvern, U.K.), ALV/LSE-5003 Correlator and He—Ne 633 nm laser. All measurements
were carried out at a 90° angle at temperatures of 10, 37 and 45 °C controlled by a
thermostat water bath Julabo FS18. The solvent viscosity was corrected at each
temperature by the software. The Z-average radius and polydispersity index was calculated

by ALV and DTS software, respectively.

Static light scattering (SLS)

Weight-average molecular weight of the micelles and the radius of gyration were
determined by SLS using an ALV7004 correlator, ALV/LSE-5004 Goniometer, ALV/Dual High
QE APD detector unit with fiber splitting device with a set-up of 2 off detection system and
a Uniphase Model 1145P He-Ne Laser. The laser wavelength and power were set to 632.8
nm and 22 mW, respectively and the temperature was controlled by a Julabo CF41

Thermostatic bath.

Ellman assay

Ellman’s reaction was performed on micelles to quantify the crosslink density in the
micelles. Cysteine hydrochloride monohydrate standards were prepared at concentrations
ranging from 0-1.5 mM in a 0.1 M sodium buffer/1 mM EDTA at pH 8.0. A HiTrap™ 1.5 mL,
desalting column was equilibrated with the same buffer and was used for separation of
micelles from ethyl thioglycolate. A stock solution of 4 mg/mL of Ellman’s reagent was made
and 50 pL was added to a mixture of 2.5 ml of buffer and 250 uL of each standard and ethyl
thioglycolate sample. The thiol contents of samples were determined by measuring the

absorbance at A= 412 nm using a BMG spectrostar nano well plate reader.

Preparation of fluorescently labeled micelles

To fluorescently label the micelles, micelles were formed following the same procedure as

described above, then dialyzed and lyophilized. Subsequently, 6 mg of the obtained micelles
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was dissolved in 1 mL DMSO and 10 pL of a 20 pug/mL NHS-Alexa fluor 647 or maleimide-
Alexa fluor C5 568 stock solution in DMSO was added and left to react overnight. Next, the
labeled micelles were dialyzed against DMSO and then water and used for the cellular
uptake study.

To make sure enough cysteine moieties were available for conjugation of NHS-Alexa fluor
647, micelles with an excess of cysteine moieties (PNC/PNE ratio of 3:2) were made
following the same protocol. Conjugation of maleimide-Alexa fluor C5 568 was conducted

on micelles formed from the 1:1 molar ratio of PNC and PNE.

Cellular internalization study

To investigate the cellular uptake, HelLa and A549 cells were seeded in a glass-bottomed 96
well-plate at a density of 10* cells/well and incubated at 37 °C for 24 h. Then, fluorescently
labeled micelles were added and incubated with cells at concentrations of 100, 200, and
400 pg/mL for 2, 4 and 24 h at 37 °C. Subsequently, Hoechst 33430 was added to each well
30 min before imaging with a final concentration of 10 nM. The cells were washed twice
with PBS and the plate was transferred into a Yokogawa CV7000 (Tokyo, Japan) spinning

disk microscope with a 60x 1.2NA water objective.

Cell viability assays

Cytocompatibility of the formed micelles was assessed by MTS assay*'. Hela cells were
seeded one day before the experiment into 96-well plates at a density of 8000 cells/well
and were maintained in 200 yul DMEM Low Glucose (1g/l) medium containing 1%
antibiotics/ antimycotics and 10% FBS for 24 h, at 37 °C. A stock solution of the lyophilized
micelles at a concentration of 50 mg/mL in PBS was prepared. The micelle solution was
diluted in medium to final concentrations of 1.5, 0.75, 0.375, 0.187, 0.093, 0.046, 0.023, and
0.011 mg/mL. The cells were incubated with the micelles at different concentrations for 24
h. Then, one washing step was performed using PBS and subsequently, 100 pL fresh medium
and 20 pl MTS reagent was added to the cells and incubated for 2 h. As a negative control
group, cells were incubated with 100% culture medium and as a positive control group, cells
were incubated in medium containing 1% Triton X-100. The cell viability was determined by

measuring the absorbance at 492 nm using a Biochrome EZ microplate reader.

Results and discussion
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Figure 1 shows the overall synthesis scheme of the two complementary polymers, PNC and
PNE, containing cysteine and thioester functional groups, respectively. First, the monomer
HPMA-ETSA was designed as co-monomer in the thermosensitive blocks of PNE. This
monomer was synthesized by conjugation of the hydroxyl group of HPMA to the carboxylic
acid functionality of ETSA via a DCC-activated esterification method using DMAP as a
catalyst. After column chromatography, the pure monomer was isolated in a yield of 57%
and its structure was confirmed by H-NMR and 3C-NMR (SI-Fig. 1).

PEG with a number-average molecular weight (Mn) of 6 kDa was completely functionalized
at both chain ends with bromoisobutyryl bromide groups. In the next step, this PEG
macroinitiator was used for the synthesis of PNC and PNE triblock copolymers by ATRP (Fig.
1B and 1C).

For PNE, the thermosensitive outer blocks consisted of N-isopropylacrylamide (NIPAM) and
the above described novel monomer HPMA-ETSA with a ratio of 93:7. The HPMA-ETSA
monomer was introduced to obtain a thioester functionality in the thermosensitive domain.
After polymerization, the pure polymer was obtained by dialysis and lyophilization in a yield
of 81%. The complementary polymer PNC was designed to have a similar structure and size
as PNE. Therefore, the same PEG macroinitiator was used for polymerization and a ratio of
NIPAM and HPMA-Boc-Cys(Acm) of 93:7 was used. Next, the bromide end groups of PNC
polymer chains were substituted by mercaptoethanol to prevent polymer self-crosslinking
after deprotection of Boc-cysteine (Acm)*2.

Several methods have been reported for the polymerization of NIPAM in aqueous
solutions***, here for the first time, we introduced an ATRP method for copolymerization
of NIPAM and HPMA-Boc-Cys(Acm) or HPMA-ETSA in aqueous solutions. It has been
reported before that the polymerization of HPMA can proceed uncontrolled mainly due to
complexation of the amine group to the transition-metal complex®. Using ligands with a
high complexation constant, such as MesTREN and the addition of CuBr: to increase
deactivation rate can improve control over the polymerization®. In addition, using solvents
with the ability to form hydrogen bonds with polymer and monomers reduces the risk of
monomer complexation to catalyst®.

Figure 2A shows the conversion of monomers during the polymerization of PNE and PNC.
For PNE, the residual monomer concentration decreased exponentially over time revealing
that the kinetics of polymerization is relatively well-controlled. Moreover, M, evolved
linearly with the conversion which indicates that no significant termination due to
recombination occurred (Fig. 2C). During the polymerization of PNC, a very fast conversion
of HPMA-Boc-Cys(Acm) and NIPAM was observed. The monomer conversion displayed
pseudo-first-order kinetics as observed from the linear curves in figure 2B; however, M as

a function of conversion did not result in a linear relationship as was observed for PNE (Fig.
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2C). The higher reactivity of HPMA-Boc-Cys(Acm)/ETSA monomers compared to NIPAM’s
reactivity during polymerization resulted in a not completely random copolymer having a
relatively high HPMA-Boc-Cys(Acm)/ETSA content close to the PEG block. The outer parts
of polymeric chains in PNC and PNE are mainly formed of PNIPAM only. The PDIs of the
obtained polymers (1.7-1.8) are slightly higher than usually observed for ATRP#’ (Table 1)
which can be attributed to the difference in reactivity of acrylamide and methacrylamide
monomers, the high length of polymers and the composition of three polymers blocks*®. A
higher M, determined by GPC compared to NMR is often observed for these kinds of
polymers and can be explained by the use of PEGs as GPC-standards, which are not perfectly
representative polymers to compare hydrodynamic volumes with the synthesized triblock
copolymers in the used eluent**°° (Table 1).

The cloud point (CP) of PNC prepared by ATRP was 34 °C, which was similar to the CP of a
PNC polymer synthesized by free radical polymerization in a previous study (33 °C)®. As
expected, the presence of the more hydrophobic monomer HPMA-ETSA in PNE resulted in
a slightly lower CP (29 °C) than the well-known value of 32 °C for homopolymers of
PNIPAMS! (Table 1).

Table 1: Characteristics of the two ABA triblock copolymers (PNC and PNE) synthesized by ATRP. Both
polymers contain PEG mid blocks of 6 kDa with outer blocks composed of either NIPAM (N) and HPMA-
Boc-Cys(Acm) (C) or NIPAM and HPMA-ETSA (E).

Polymer Feed ratio Obtained ratio Mq? M,P (kDa) PDI® CcpP Yield
[N]:[C]/[E] [N]:[CI/[E]? (kDa) (") (%)
PNC 93:7 93:7 42.7 83 1.82 34.1¢ 87
PNE 93:7 92:8 42.1 67 1.72 29.2 81

a Determined by H-NMR. ® Determined by GPC. ¢ Cloud point of deprotected PNC
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Figure 1: Synthesis route of A) HPMA-ETSA and B-C) ABA tri-block copolymers containing PEG as mid-
blocks and either copolymer of (B) NIPAM and HPMA-Boc-Cys(Acm)(PNC) or (C) NIPAM and HPMA-
ETSA (PNE) as outer-blocks.
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Figure 2: Kinetics of the ATRP of PNE and PNC. A: In([M]o/[M]) as a function of time for the
copolymerization of HPMA-ETSA and NIPAM measured by *H-NMR. B: In([M]o/[M]) as a function of
time for the copolymerization of HPMA-Boc-Cys(Acm) and NIPAM measured by 'H-NMR. [M]o: the
initial concentration of monomers (NIPAM/HPMA-Boc-Cys(Acm)/HPMA-ETSA) and [M] concentration
of monomers in time (NIPAM/HPMA-Boc-Cys(Acm)/HPMA-ETSA). Polymerization of PNC is
significantly faster than polymerization of PNE. C: molecular weight evolution of PNC and PNE as a
function of monomer conversion. Representative results from one out of three experiments are

shown.
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Micelle characterization

Both PNC and PNE exhibit an increase in solution turbidity above 34.1 and 29.2 °C
respectively, indicating lower critical solution temperature (LCST) behavior. Mixing of these
polymers at 4 °C, at a relatively low concentration of 3 mg/mL followed by fast heating
(above the LCST of polymers) resulted in dehydration of the outer A-blocks of the polymers
and their self-assembly into flower-like micelles (Fig. 3). The obtained micelles had a
diameter of 65 nm and PDI of 0.11 at 37 °C (Fig. 4A), similar to previously reported PNIPAM-
PEG-PNIPAM triblock copolymer micelles®. Noteworthy, separate solutions of PNC or PNE
displayed formation of similar micelles at high temperature, but micelles disappeared
immediately upon cooling. covalent crosslinking of the micellar core by native chemical
ligation®2. To confirm that cross-linking occurred via native chemical ligation (NCL), the
formed micelles were passed through a HiTrap™ desalting column to separate micelles
from ethyl thioglycolate, which is the byproduct of the NCL reaction. The Ellman’s assay was
used to quantify the concentration of released ethyl thioglycolate solution revealing that at
least 23% of HPMA-ETSA monomer contributed to crosslinking. Due to the volatile nature
of ethyl thioglycolate (boiling point = 54 °C) and therefore partial loss of this compound
during the workup the actual percentage of reacted thioester groups is likely much higher.
Moreover, the effectiveness of the crosslinking method was examined by lowering the
temperature below the LCST of the PNC and PNE polymers to remove the effect of heat-
induced micelle formation®3. By lowering the temperature below the LCST (10 °C), the size
of the micelles increased to a diameter of 90 nm due to rehydration of thermosensitive
chains resulting in swelling of the micelles. However, the extent of micelle swelling is limited
because of the presence of permanent crosslinks. To investigate the reversibility of this
behavior, the temperature was changed between 10 and 37 °C repeatedly (below and above
LCST of PNE and PNC, respectively). As expected, the size of the micelles changed reversibly
as a function of temperature, but notably, the PDI was barely affected (Fig. 4B). This
“sponge” behavior can be explained by the structure of the polymer as determined from
the polymerization kinetics study. According to kinetics study, most HPMA-Cys/ETSA
monomers are located next to the PEG chain in both polymers, which results in a
crosslinking layer between shell (PEG) and core (PNIPAM segment) of micelles. The PNIPAM
segments in the core are relatively flexible and can adjust their conformation depending on
temperature resulting in a relatively large difference in size below and above the LCST. The
sponge behavior of the micelles is an interesting feature and may be used for loading

desirable cargo.
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For storage reasons and to remove the released by-product of NCL, ethyl thioglycolate, the
micelles were dialyzed against water and lyophilized. Interestingly, freeze drying, even
without a cryo-protectant, hardly affected the micellar size upon resuspension in buffer (Fig.
4A).

The CryoTEM images confirmed the formation of micelles with uniform spherical shape (Fig.
5A). The size of micelles reported by this method varies from about 50 to 70 nm, which
coincides with the data obtained by DLS. The tomographic view reveals that the polymeric
micelles have dark patches mostly located in the corona and some inside the micelle
together with lighter areas filling the micellar space (Fig. 5B), similar as reported before by
Berlepsch et al. for double hydrophobic triblock copolymers®. According to an earlier
review, the dark patches can be attributed to less hydrated areas in the triblock micelle
structure®>. A close-up of a representative micelle (Fig. 5C) shows the distribution of dark
patches in the micelle which is unlike the completely dark micellar core that has been
observed in, for example, PEO-PB micelles®. The surface representation of an extricated
micelle (Fig. 5C) shows that these patches are distributed throughout the crosslinked space
of the micelle. This can be explained by the fact that during polymer synthesis, most HPMA-
Cys/ETSA (crosslinkable monomers) were polymerized close to the PEG block. After
micellization and crosslinking, these monomers will be located closer to the micelles’ corona
and form dense and hydrophobic areas which can be seen as dark patches in tomographic
view. The low contrast part in the core of micelles could be assigned as the PNIPAM
polymeric chains since they remain hydrated at the temperature of sample preparation
(room temperature). These observations are in agreement with the observations of
Berlepsch et al. to find patches inside the spherical micelle form instead of a solid single
core®,

The micelles were studied by 'H-NMR in D20 at 25 and 37 °C, which showed that the signals
corresponding to PNIPAM at 1.04 and 3.8 ppm were suppressed by increasing the
temperature above the LCST, while the signal corresponding to the protons of PEG at 3.6
ppm remain visible at both temperatures. The disappearance of these characteristic signals
confirmed the proposed structure of the micelles with dehydrated PNIPAM hydrophobic
cores and hydrated PEG hydrophilic shells (Fig. 6)°’.
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PNC

Mixed and heated to 50 °C
3h

Figure 3: PNC and PNE were dissolved separately in PBS at a concentration of 3 mg/mL at 4°C and
afterwards mixed in a 1:1 ratio and immediately heated up to 50 °C using an oil bath. The micellar

solution was left at 50 °C for 3 h to let native chemical ligation proceed in the micellar core.
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Figure 4: A) Size of the micelles as a function of temperature, before and after lyophilization. B) Effect

of repeated temperature cycles from 10 to 37 °C on micelle size and PDI.

Figure 5: A) CryoTEM images of uniformly sized spherical micelles at a concentration of 3 mg/mL in
water on graphene oxide grid. B) 5 nm thick tomographic reconstruction of the spherical micelles
shown in A. C) A cut-off of the tomographic reconstruction of the selected particle from B in 3D, X-Y,

Y-Z and X-Z views. The bounding box in C is of 55 x 55 x 30 nm3.
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Figure 6: IH-NMR spectra of the core crosslinked micelles in D,0 at 25 and 37 °C. The peak shifts are

due to the change in temperature.

The micelles’ average molecular weight (Mw) and aggregation number (Nogg) was measured
at different temperatures of 10, 25, 37, and 45 °C by static light scattering (SLS) (table 2).
The obtained data by SLS revealed that the micelles’ Noggand My did not change significantly
with increasing temperature. Considering the number of PNE polymers in each micelle
according to Nagg and crosslink density calculated based on the Ellman’s assay, the minimum
number of crosslinking points in each micelle is approximately 1000. This number of
crosslinks corroborates with the high stability of the micelles even at low temperatures.

The ratio of the radius of gyration to the hydrodynamic radius (Rg/Rn) is an important
parameter to understand the conformation of the nanoparticles in solution. Rg/Rh values of
0.773, ~1.8, and ~2 have been reported for an uniform sphere, a polydisperse linear coil,

and a rod-like linear chain, respectively®®>°,

Table 2: Characteristics of core crosslinked polymeric micelles consisting of PNE and PNC (1:1)

measured by DLS and SLS in PBS.

Temperature Rg?(nm)  Ruy2(nm)  Ry/Rn M mc) Pimic)” Nagg?
(106 Da) (g.cm3)

10°C 46.3 48.2 0.95 16.37 0.06 435

25°C 35.8 42.8 0.84 16.20 0.14 431

37°C 29.7 35.8 0.83 14.63 0.21 389

45°C 29.9 35.0 0.85 14.24 0.20 379

@Radius of gyration extrapolated to zero concentration. ® Hydrodynamic radius extrapolated to zero
concentration and zero scattering angle. ¢ Density of the micelles. ¢ Aggregation number of the

micelles.
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In this study, the found Ry/Rx ratios for the micelles (0.83-0.95) were also similar at the
various temperatures and close to the theoretical limit for spherical structures.
Furthermore, the increase in the density (0) of micelles with increasing temperature, clearly

shows shrinking of micelles at temperatures above the LCST of the polymers.

Cell study

To investigate possible biomedical applications of the developed micelles, cellular uptake
was studied on Hela and A549 cells. To this end, two kinds of dyes which also represent
model cargos, having maleimide and amine functionalities, were used for labeling the
micelles. An NHS modified Alexa fluor 647 was used for conjugation to cysteine moieties
while a maleimide-modified Alexa fluor C5 568 was used for conjugation to free thiol groups
remaining present after native chemical ligation or of non-reacted cysteine moieties. To
conjugate NHS modified dyes, micelles with a molar ratio of 3:2 for PNC/PNE were formed.
This ratio ensures that sufficient cysteine groups are present in the core of the micelles,
which were used for covalent attachment of dye. For the conjugation of maleimide-
functionalized dye, micelles with 1:1 molar ratio of PNC and PNE were used. To perform the
conjugation, the crosslinked micelles were swollen in DMSO, therefore cysteine
functionalities or thiol moieties became available for conjugation to the dyes. The swelling
of micelles in organic solvent did not result in dissociation due to the presence of covalent
crosslinks and no aggregation was observed after extensive dialysis against water to remove
excess dye and solvent. The successful covalent conjugation of these two kinds of dyes
demonstrated the accessibility of functional groups in the core of micelles for conjugation
to desired cargo molecules having different functional groups.

Cells were incubated with labeled micelles for 2, 4, and 24 h, and eventually washed with
PBS before imaging. The confocal images in figure 7 showed punctate fluorescence close to
the nuclei confirming the internalization of micelles by cells after 24 h at a concentration of
400 pg/mL. At lower concentrations and shorter incubation times, the presence of micelles
inside cells was hardly observed, which can be expected for micelles with PEG corona
without targeting ligand®.

In addition, cytotoxicity of the micelles was studied on Hela cells. An MTS assay was
performed to assess the metabolic activity of cells in the presence of the micelles. In living
cells, mitochondrial enzymes reduce the MTS tetrazolium compound and generate a
colored formazan that can be quantified by a colorimetric method®?. Figure 8 shows that no
change in mitochondrial activity was observed upon incubation of Hela cells with micelles
at concentrations ranging from 11 ug/mL to 1.5 mg/mL after 24 h. To study possible cell

membrane damage upon exposure to the micelles, an LDH assay was performed.
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Figure 7: Core crosslinked micelle internalization study. Laser confocal scanning microscopy images of
Hela cells and A549 incubated for 24 h with (A and C) cell culture medium (B and D) fluorescently-
labeled micelles at a concentration of 400 pg/mL. Cell nuclei are stained with Hoechst (blue) while the

micelles are visualized by NHS-Alexa fluor 647 in B (red) and maleimide-Alexa flour C5 568 in D

(orange).
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In damaged cells, lactate dehydrogenase (LDH) is released, which catalyzes a series of
reactions that eventually cause reduction of a tetrazolium salt to a highly-colored formazan,
which absorbs strongly at 490-520 nm°®2, The results demonstrated no damage to the cell
membrane upon incubation with micelles over a wide range of concentrations (SI-Fig. 5).

These results confirm the cytocompatibility of these micelles.

Conclusion

In this study, native chemical ligation was introduced as a mild, chemoselective method for
the crosslinking of micelles in an aqueous medium. Mixing two complementary PNIPAM
based ABA polymers, containing either HPMA-Cys or HPMA-ETSA, and subsequently,
increasing the temperature above the LCST resulted in flower-like micelles with a size of 65
nm at 37 °C. Reducing the temperature to 10 °C resulted in a change in the size of the
micelles to 90 nm, but hardly showed any change in polydispersity and aggregation number,
thus confirming permanent crosslinking of the micelles. The uniform spherical shape of
micelles was confirmed by Cryo-TEM. Interestingly, in tomographic view of the micelles,
dark patches were seen close to the corona of micelles, which according to the kinetics
study corresponds to the area with the highest content of crosslinkable monomers.
Therefore, the dark patches can be interpreted as the crosslinked area of the micelles while
the inner low contrast part of micelles is composed of the more hydrated PNIPAM chains.
In addition, by adjusting the molar ratio between PNC and PNE polymers during micelle
formation, nucleophilic (cysteine) or electrophilic (thioester) sites can be introduced within
the micellar core. Here, we have shown that the presence of cysteine and thiol moieties
remaining after crosslinking could be used for conjugation of an NHS or maleimide
functionalized dyes respectively. These functional sites may also be used for further
modification of the micelle to introduce (pro) drugs or charge in the core. Notably, this
crosslinking method resulting in the presence of thiol moieties in the micellar core also
provides the possibility for conjugation of cargo via a disulfide bond, which may be
interesting for intracellular drug delivery. Moreover, the high cell viability and observed
cellular uptake of these micelles by Hela cells show a good cytocompatibility profile and

potential of this nanocarrier for drug delivery applications.
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Chapter 4

Abstract

In this study, we investigated the effect of PEG conformation on circulation kinetics and
accelerated blood clearance (ABC phenomenon) of flower- and star-like micelles after
intravenous administration. To this end, two types of ABA and two types of AB block
copolymers were synthesized by atom transfer radical polymerization (ATRP) using
poly(ethylene glycol) (PEG) as a macroinitiator (B block). The A blocks were composed of N-
isopropylacrylamide (NIPAM; ~92 mol%) and ~8 mol% of either N-(2-hydroxypropyl)
methacrylamide-cysteine (HPMA-Cys) or N-(2-hydroxypropyl)methacrylamide-
ethylthioglycolate succinic acid (HPMA-ETSA). In aqueous solution and at a temperature (50
°C) above the cloud point of the A blocks, the ABAs (~40 kDa) and ABs (~20 kDa) copolymers
self-assembled into flower-like and star-like micelles, respectively. Both types of micelles
had a PEG shell with a loop conformation in flower-like and a brush conformation (and with
a methoxy end group) in star-like micelles and a PNIPAM based core. The micellar core was
covalently crosslinked by native chemical ligation between thioester functionalized
monomers (HPMA-ETSA) and cysteines in HPMA-Cys monomers present in the
thermosensitive blocks. Dynamic light scattering showed a Z-average diameter of 6542 (PDI
0.1) and 8312 nm (PDI 0.05) for flower-, and star-like micelles, respectively. Static light
scattering analysis showed aggregation numbers of ~400 and ~1700 for flower- and star-
like micelles, respectively, meaning a surface area per PEG chains of ~37 versus 12 nm?. The
circulation kinetics of these micelles in immunocompetent mice after a single intravenous
(i.v.) injection were studied and it was revealed that flower-like micelles have a significantly
longer circulation half-life compared to star-like micelles (18.6%3.1 versus 10.7+0.7 h). To
investigate the possible occurrence of accelerated blood clearance (ABC) phenomenon,
each of the above groups was divided into two subgroups receiving a second i.v. injection
of either flower- or star-like micelles, seven days after the first injection when star-like
micelles were injected twice, accelerated blood clearance was observed. Importantly, after
injection of flower-like micelles, whether applied as a first, second of both injections, no
ABC effect was seen. Production of anti-PEG IgM upon injection of both types of micelles
was proved by ELISA. Moreover, ELISA revealed binding of anti-PEG antibodies (IgM and
IgG) to star-like micelles but not to flower-like micelles.

Taken together, the observed difference in circulation times and binding of anti-PEG
antibodies to star- and flower-like micelles is likely related to the difference in PEG
conformation. According to previous reports, the methoxy end group of PEG triggers
immune system resulting in the formation of anti-PEG antibodies. Therefore, introducing

PEG in a looped rather than a brush conformation on nanoparticles is an attractive and so
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far unexploited and unexplored option to prolong circulation time and to avoid the
occurrence of the unwanted ABC phenomenon upon repeated injections of pegylated

nanomedicines.
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1. Introduction

Polymeric micelles are formed from amphiphilic block copolymers in aqueous solutions and
have been studied extensively to facilitate the (targeted) delivery of mainly hydrophobic
drugs to specific tissues'™. Poly(ethylene glycol) (PEG) has been widely applied as
hydrophilic block to prolong the systemic circulation of micelles due to its so-called “stealth”
properties®”’. This is ascribed to PEG’s specific physicochemical characteristics including high
water solubility and high chain mobility, which result in the formation of a hydration zone
around the surface of nanoparticles. The presence of this hydrated zone limits adsorption
of opsonins and consequently decreases recognition of PEGylated nanoparticles by cells of
the mononuclear phagocyte system (MPS)2. However, pegylated nanoparticles are not inert
and do not fully suppress protein adsorption referred to as the protein corona’” . For
instance, it was shown that PEG coated nanoparticles have the tendency to form a protein
corona that contains an abundance of clusterin proteins. This corona reduces unspecific
uptake of these particles by macrophages®. Despite the increased circulation time and
excellent colloidal stability of PEGylated nanoparticles compared to non-PEGylated
counterparts both in vitro and in vivo'*?® there are publications in which the ability of PEG
to induce the production of anti-PEG antibodies mainly of the IgM isotype was
demonstrated!® 7. These anti-PEG IgMs are considered to be responsible for the rapid
clearance of PEGylated therapeutics upon repeated administration, which is known as the
accelerated blood clearance (ABC) phenomenon®®?l, It is hypothesized that the first
administration of PEGylated therapeutics triggers the production of anti-PEG IgM by splenic
marginal zone B cells®®. Upon subsequent administrations of PEGylated therapeutics, anti-
PEG IgM recognizes and binds to the particles leading to opsonization by C3 fragments and
ultimately enhanced uptake by phagocytes such as Kupffer cells via complement receptor-
mediated endocytosis??. Several parameters have been described that may affect the extent
of anti-PEG antibody production, such as particle size?, injected dose, PEG molecular
weight and density?*, and the nature of the terminal end group on PEG?. For instance,
methoxy (OCHs) end groups trigger the production of higher titers of anti-PEG IgM than
hydroxy (OH), carboxyl (COOH) and amino (NH:) end groups in PEGylated nanoparticles?.
However, for all pegylated nanoparticles with different terminal PEG groups, significant
clearance of a second dose was reported as a consequence of opsonization by C3 fragments
and complement activation?®. The ABC phenomenon occurs in animals e.g. mice?’, rats'®,
beagle dogs?®, cynomolgus monkeys, and mini pigs?°. Moreover, in a number of publications
it has been demonstrated that the induction of anti-PEG antibodies also occurs in humans

treated with PEGylated therapeutics or those persistently exposed to PEG-containing
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products!” 3933, Armstrong et al. showed that the presence of anti-PEG antibodies in plasma
was strongly associated with rapid clearance of PEG-asparaginase in patients treated for
acute lymphoblastic leukemia (ALL)3**. Therefore, the ABC phenomenon is an important
clinical concern for PEGylated proteins, nanoparticles and nanomedicines and logically
finding a strategy to circumvent PEG-induced immunogenicity is of high interest??. Besides
the factors mentioned above, the PEG density on the surface has also shown to affect the
circulation kinetics of PEGylated nanoparticles!>3% 38, In these papers it was shown that with
an increasing PEG density, the PEG chains lose conformational freedom, resulting in an
enhanced barrier for proteins to diffuse in the shell of hydrated PEG chains which in turn
results in reduction of protein adsorption on the surface of PEGylated nanoparticles®” 3,
Interestingly, the PEG chain flexibility varies depending on the PEG conformation on the
micelles’ corona. For instance, de Graaf et al. compared the flexibility of PEG chains in star-
and flower-like micelles and demonstrated using NMR analysis that the PEG chains in the
corona of star- and flower-like micelles are attached to the micellar core through one and
two rigid segments, respectively. NMR analysis showed that the number of rigid ethylene
oxide units in flower-like micelles is around two times higher than that of star-like micelles
(38 and 16 units for PEG 6 and 2 kDa for flower- and star-like micelles, respectively).
Moreover, the flexible segments shown to have a lower mobility in the flower-like micelles
compared to star-like micelles®. Thus, PEG chains in flower-like micelles are forced into a
more mushroom conformation than the brush-like conformation in star-like micelles
limiting their flexibility®. Importantly, the effect of PEG conformation on the circulation
kinetics of these types of micelles has not been studied yet.

In this study, we therefore aim to investigate the effect of the PEG conformation on the
physical properties e.g. size, {-potential, aggregation number (Nagg) of micelles, as well as
circulation kinetics upon single and second intravenous injection in immunocompetent
mice. To this end, two complementary ABA and two complementary AB block copolymers
consisting of PEG as hydrophilic B-block and a thermosensitive copolymers of either N-
isopropylacrylamide (NIPAM) and N-(2-hydroxypropyl)methacrylamide-cysteine (HPMA-
Cys), P(NIPAM-co-HPMA-Cys), or NIPAM and N-(2-hydroxypropyl)methacrylamide-
ethylthioglycolate succinic acid (HPMA-ETSA), P(NIPAM-co-HPMA-ETSA) as A-block(s) were
synthesized. Flower- and star-like micelles were prepared based on these ABA or AB
thermosensitive block copolymers and core crosslinked by native chemical ligation as
reported before?®. Sizes and aggregation numbers of the two types of micelles were
determined using dynamic and static light scattering (DLS and SLS). The circulation kinetics
and biodistribution upon intravenous injection of these micelles were investigated in

immunocompetent BALB/c mice. Importantly, the in vivo behavior of both types of micelles
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upon a second injection was studied to assess the possible occurrence of accelerated blood

clearance (ABC).

2. Materials and Methods

2.1. Materials

All commercial chemicals were obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands)
and used as received unless indicated otherwise. N-(2-hydroxypropyl)methacrylamide
(HPMA) was synthesized by a reaction of methacryloyl chloride with 1-aminopropan-2-ol in
dichloromethane according to a literature procedure*!. Peptide grade dichloromethane
(CH2Cl2) was obtained from Biosolve (Valkenswaard, the Netherlands). N-(2-hydroxypropyl)
methacrylamide-Boc-S- acetamidomethyl-L-cysteine (HPMA-Boc-Cys-(Acm)) and N-(2-
hydroxypropyl) methacrylamid-ethylthioglycolate succinic acid (HPMA-ETSA) were
synthesized as previously reported*® %2, Poly(ethylene glycol) bis(2-bromoisobutyrate) and
methoxypolyethylene glycol 2-bromoisobutyrate were synthesized according to a
previously reported method3® °, Phosphate buffered saline 10X (PBS) pH 7.4 (1.37 M NacCl,
0.027 M KCl and 0.119 M phosphates) BioReagents were purchased from B. Braun
(Melsungen, Germany), which was diluted (1:10) to yield a final composition of (0.13 M
NaCl, 2.7 mM KCl and 11.9 mM phosphates, pH 7.4) and used in all experiments. Alexa
Fluor™ 750 was obtained from Thermo Fisher Scientific (Massachusetts, United States). PD-
10 desalting columns were purchased from GE Healthcare (Uppsala, Sweden). PEG
standards (molecular weights ranging from 106 to 969000 Da) for GPC characterization
were purchased from Agilent Technologies BV (Santa Clara, US). Dialysis tubes (molecular
weight cut-off (MWCO) 3.5-10 kDa) were obtained from Fisher Scientific (Bleiswijk, the
Netherlands). Mice (BALB/c) were obtained from Envigo, the Netherlands. PEGylated
granulocyte colony-stimulating factor (PEG-G-CSF) (PEGfilgrastim/Neulasta) was purchased
from Amgen (California, USA). Horseradish peroxidase (HRP)-conjugated anti-mouse IgG
and biotinylated anti-mouse IgM were obtained from Southern Biotech (Birmingham, USA).
Streptavidin-horseradish peroxidase (SA-HRP) was purchased from Roche (Basel,
Switzerland). BM blue (3,3’,5,5'-tetramethylbenzidine (TMB) was obtained from Invitrogen
(California, USA). Anti-PEG IgM (ab133471) specific to PEG backbone and IgG specific to
methoxy group (ab190652) were purchased from Abcam (Cambridge, UK). HRP-conjugated
swine anti-rabbit Ig was purchased from Dako Agilent, (Santa Clara, USA). Human sera were
obtained from University Medical Center Utrecht minidonor service (donors ID: 2019725
and 2017183) and IgM and IgG titers were determined by ELISA.
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2.2. Synthesis of P(NIPAM-co-HPMA-Cys)-PEG-P(NIPAM-co-HPMA-Cys), PNC and
m-PEG-P(NIPAM-co-HPMA-Cys), m-PNC

ATRP macroinitiators of poly(ethylene glycol) bis(2-bromoisobutyrate)*® (50 mg, 7.9 umol)
and methoxy polyethylene glycol 2-bromoisobutyrate3® (50 mg, 16 pmol) were used for the
preparation of PNC and mPNC, respectively. In addition to the PEG-macroinitiator, CuBr (4.5
mg, 0.031 mmol), CuBr2 (4.7 mg, 0.021 mmol), NIPAM (268.9 mg; 2.38 mmol) and HPMA-
Boc-Cys-(Acm) (67 mg, 0.16 mmol) were dissolved in a mixture of 2.8 mL of water and 0.9
mL acetonitrile. The mixtures were stirred and deoxygenated by flushing with nitrogen for
15 min. at room temperature, followed by 15 min. flushing in an ice bath. After addition of
16 pL (0.06 mmol) of tris[2-(dimethylamino)ethyl]lamine (MesTREN) to the polymerization
flasks, polymerization started, and the color of the mixture changed to blue. The reaction
mixtures were stirred for 2 h in an ice bath and subsequently the crude products were
diluted with water to 15 mL and dialyzed (MWCO, 10 kDa) against water at room
temperature for two days and obtained in solid form after lyophilization. In the next step,
the acetamidomethyl (Acm) and tert-butyloxycarbonyl (Boc) protecting groups of cysteines
were removed as described before®. Briefly, Boc protecting groups of cysteines were
removed by dissolving 250 mg of the protected PNC (or mPNC) in a mixture of dry DCM and
trifluoroacetic acid (TFA) (1:1 v/v, 10 mL). These mixtures were stirred for 1 h at room
temperature, the solvent was subsequently evaporated under reduced pressure and the
crude products were dissolved in 2 mL DCM and precipitated in an excess of cold diethyl
ether. Subsequently, the Acm protecting groups of cysteines were removed by dissolving
the polymers (250 mg) in a mixture of methanol (MeOH) and water (1:1 v/v, 10 mL) under
a nitrogen atmosphere. Next, 500 pL HCI (1 M) and 1 mL iodine in MeOH (0.2 M) were added
to the mixtures and left to react for 1 h at room temperature. To quench the excess of
iodine, 1 mL of ascorbic acid (1 M) in water was added to the reaction flasks followed by
addition of an excess of tris(2-carboxyethyl)phosphine (TCEP) (1 mmol) to reduce the
formed disulfide bonds and the mixture was stirred overnight. Finally, the mixtures were
dialyzed against water for 2 days at room temperature (MWCO, 10 kDa) and the products
were obtained after lyophilization. The obtained polymers were characterized by *H-NMR
(PNC: SI-Fig. 1 A-B, mPNC: SI-Fig. 2 A-B) and GPC (PNC: SI-Fig. 5 A, and mPNC: SI-Fig. 5 C)

analyses.

2.3. Synthesis of P(NIPAM-co-HPMA-ETSA)-PEG-P(NIPAM-co-HPMA-ETSA), PNE
and m-PEG-P(NIPAM-co-HPMA-ETSA), m-PNE
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PNE and mPNE were synthesized using poly(ethylene glycol) bis(2-bromoisobutyrate)*® (50
mg, 7.9 umol) and methoxy polyethylene glycol 2-bromoisobutyrate (50 mg, 16 umol) ATRP
macroinitiators3?, respectively. In addition to the macroinitiator, CuBr (4.5 mg, 0.031 mmol),
CuBr2 (4.7 mg, 0.021 mmol), NIPAM (268.9 mg; 2.38 mmol) and HPMA-ETSA (55 mg, 0.16
mmol) were dissolved in a mixture of 2.5 mL water, 0.6 mL acetonitrile and 1.3 mL of DMSO.
The mixtures were stirred and deoxygenated by flushing with nitrogen for 15 min. at room
temperature and 15 min. in an ice bath. Next, polymerizations were started by the addition
of 16 pL (0.06 mmol) of MesTREN after which The color of the mixtures changed to blue and
the reaction mixtures were stirred for 5 h in an ice bath. The crude products were diluted
with water (final volume 15 mL) and subsequently dialyzed (MWCO, 10 kDa) against water
at room temperature for two days and the products were obtained after lyophilization and
characterized using *H-NMR analysis (PNE: SI-Fig. 3, mPNE: SI-Fig. 4) and GPC (PNE: SI-Fig. 5
B, mPNE SI-Fig. 5 D) analyses.

2.4. 'H-NMR Spectroscopy

The obtained polymers were characterized by *H-NMR using a Bruker 600 UltraShield™
spectrometer (Billerica, Massachusetts, USA). The chemical shifts were calibrated against

the residual solvent peak of CHCI3 (6 = 7.26 ppm).

2.5. Gel Permeation Chromatography (GPC)

The molecular weight and polydispersity index of the synthesized polymers were
determined by GPC using a Waters Alliance 2414 System (Waters Corporation, Milford, MA)
equipped with a refractive index detector. Samples were dissolved in DMF containing 10
mM LiCl at a concentration of 5 mg.mL? with an injection volume of 50 pL. The separation
was performed using the same solvent as eluent using 2 PLgel 5 um Mixed-D columns
(Polymer Laboratories, UK) at a temperature of 65 °C with a flow of 1 mL.min™. A series of
linear PEGs with narrow and defined molecular weights were used as calibration

standards*. Data were recorded and analyzed with Empower software v. 3.

2.6. Determination of Cloud Point

The cloud point (CP) of the synthesized polymers was determined on a Jasko FP-8300
spectrofluorometer (JASCO, Tokyo, Japan). The wavelength was set at 650 nm and the CP is

defined as the onset of increasing scattering intensity. Samples were dissolved at a
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concentration of 1 mg.mL! in PBS and heated from 10 to 50 °C with a heating rate of 1 °C

per minute.

2.7. Micelle Formation

Polymers, (m)PNC and (m)PNE, were separately dissolved at a concentration of 20 mg.mL?
at 4 °C for 3 h. Subsequently, the obtained solutions of (m)PNC and (m)PNE were mixed in
a volume ratio of 1:1 (i.e. 1:1 molar ratio of HPMA-Cys to HPMA-ETSA) and quickly heated
up to 50 °C using an oil bath and stirred at this temperature overnight. The resulting core
crosslinked micelles were purified using a PBS equilibrated PD-10 desalting column

according to the method provided by the supplier.

2.8. Preparation of the Fluorescently Labeled Micelles

Micelles were prepared and purified as described in section 2.7 and subsequently, 50 pL of
a 20 pg.mL? maleimide-Alexa fluor C5 750 solution in DMSO was added to 5 mL of the
micelle dispersion (20 mg.mL?) in PBS and left to react at 4 °C for 2 days (the maleimide
group of the dye reacts with residual thiol groups present in the micellar core after native
chemical ligation or of non-reacted cysteine moieties). Next, the labeled micelles were
purified three times by PD-10 desalting columns equilibrated with deionized water
according to the method provided by the supplier. Finally, the concentration of micellar
dispersions was adjusted to 15 mg.mL in PBS. The dispersions were filtered with a 0.45 um

syringe filter (Whatman, GE Healthcare Life Sciences) prior to injection in mice.

2.9. Zeta-potential

The micellar dispersions in PBS were diluted (1:40 v/v) with a 20 mM HEPES, pH 7.4 (final
concentration 0.5 mg.mL?). The zeta-potential of the micelles was measured using a

Zetasizer Nano-Z (Malvern Instruments Ltd., Malvern, UK).

2.10. Dynamic Light Scattering (DLS)

The diameters of the different micelles were determined by DLS using a Zetasizer Nano S
(ZEN 1600) (Malvern Instruments Ltd., Malvern, UK) equipped with a He-Ne 4 mW, 632.8
nm laser. The measurements were carried out at a 173° angle and at 37 °C controlled by

instrument; the solvent viscosity was corrected for this temperature by the software. The
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Z-average diameter and polydispersity index were calculated by the Zetasizer software v.
7.13.

2.11. Static Light Scattering (SLS)

The weight-average molecular weight, aggregation number (Nagg) and the radius of gyration
of the micelles were determined by SLS using an ALV7004 correlator, ALV/LSE-5004
Goniometer, ALV/Dual High QE APD detector unit (Langen, Germany) with fiber splitting
device with a set-up of 2 off detection system. A uniphase Model 1145P He-Ne Laser was
used at the laser wavelength of 632.8 nm and power of 22 mW. The temperature was
controlled by a Julabo (Seelbach, Germany) CF41 thermostatic bath and viscosity was

corrected by the software.

2.12. Asymmetrical Flow Field-Flow Fractionation (AF4) and Multi-Angle Light
Scattering (MALS)

AF4 experiments were performed using an AF2000 system (Postnova Analytics, Salt Lake
City, UT) coupled with an SPD-20A UV/Vis detector operated PN3212 at 280 nm (Shimadzu,
Kyoto, Japan), a refractive-index detector PN3150 (Postnova Analytics, Landsberg am Lech,
Germany) and a multi-angle light scattering (MALS) detector PN3070 (Postnova Analytics).
The system was equipped with an analytical AF4 channel (Postnova Z-AF4-CHA-611) using
a 350 um spacer. A regenerated cellulose membrane (MWCO, 10 kDa) (Z-AF4-MEM-603-
10KD, Postnova Analytics) was used as the accumulation wall. The temperature of the
channel was kept at 25 °C during the measurements. Data acquisition was carried out by
AF2000 control software v. 2.1.0.1 (Postnova Analytics). The molar mass and radius of the
micelles were calculated after subtraction of the blank using the (2" degree) Berry model.
The measurements were carried out in PBS buffer containing 0.05% NaNs. Micellar
dispersions in PBS diluted to a final concentration of 4.5 mg.mL? with human serum (1:1
v/v) either positive for anti-PEG IgM and IgG (+ Serum) or negative for anti-PEG antibodies
(— Serum) and incubated at 37 °C for 0, 1, 6, and 24 h. Serum samples (+ or —) were also
diluted to 1: 1 v/v with PBS prior to the injections. The injection volume was 10 pL and the
detector flow was kept at 0.5 mL.min.. After injection at a flow of 0.20 mL.min"%, the sample
was focused for 4 min. at a focusing flow rate of 2.3 mL.min™ and with a cross-flow (CF) of
2 mL.min. After focusing, the profile of the CF was kept constant at 2 mL.min™ for 7 min
followed by a time-delayed exponential decay (TDE; 0.5 exponent decay) over a 20 min

period until CF reached 0.1 mL.min™. The CF was then kept at 0.1 mL.min for 15 min. Lastly,
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as arinsing step, the CF was turned to zero and only the laminar detector flow of 0.5 mL.min"
! was kept for 10 min. Cross-flow programmed with a TDE was found optimal to separate

the serum proteins and the micelles.

2.13. Animal Experiments

The animal study was approved by the animal experimental committee of Utrecht
University, the Netherlands. Both female and male (2:1), 8-10 weeks old immunocompetent
BALB/c mice were used (Envigo, the Netherlands). The mice were kept in standard housing

with standard rodent chow and water available ad libitum at a 12 h light/dark cycle.
2.14. Circulation Kinetics and Biodistribution of Fluorescently Labeled Micelles

The mice were divided into different groups and the experimental design is depicted in
figure 2A. At the first time point, all mice received a single intravenous (i.v.) injection of 100
pL of either flower- or star-like micelles at a concentration of 15 mg.mL? in PBS. After
administration, blood was collected at the following time points: 1 min. (100% injection
control), 1 h, 4 h, and 24 h via submandibular puncture (50-80 pL) in
ethylenediaminetetraacetic acid (EDTA) blood tubes (SARSTEDT, Germany). From three
mice of each group, blood was drawn after 24 h via cardiac puncture under deep isoflurane
anesthesia and finally, the animals were sacrificed by cervical dislocation. Major organs
(brain, lungs, kidneys, liver, spleen, and heart) from the mice were collected and imaged for
whole organ fluorescence using a Pearl® impulse imager (LI-COR, Lincoln, Nebraska, USA).
Finally, the mentioned organs were snap-frozen in liquid nitrogen and stored at -80 °C until
further analysis.

For the second injection, seven days after the first injection, the groups that first received
either flower- or star-like micelles were divided into two subgroups receiving a second i.v.
injection of 100 pL of either flower- or star-like micelles at an equal concentration (15
mg.mL?) (see schedule figure 2A). Subsequently, the same method of blood sampling was
performed and after 24 h tissues were collected, imaged and stored at -80 °C. Plasma was
prepared by centrifugation at 1000 x g for 10 min. at 4 °C and stored at -20 °C prior to
analysis.

The groups are abbreviated as follows: the group that received star-like micelles in the first
injection: S, flower-like micelles in the first injection: F, flower-like micelles in both

injections: FF, star-like micelles in both injections: SS, flower-like micelles in the first and
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star-like micelles in the second injection: FS, and finally star-like micelles in the first and
flower-like micelles in the second injection: SF.

To assess the accumulation of fluorescently-labeled micelles in the isolated organs, parts of
frozen organs were weighed and homogenized in PBS buffer (100 mg tissue/100 uL PBS).
For this purpose, a Precellys 24, (Bertin Instruments, Montigny-le-Bretonneux, France) bead
mill homogenizer with a rotation speed of 6000 rpm for 60 s was used. The homogenates
were centrifuged for 10 min. at 12,000 x g and at 4 °C, and subsequently, the fluorescence
intensity in the supernatants was measured using an Odyssey® scanner (LI-COR, Lincoln,
Nebraska, USA). The same instrument was used for the detection of the fluorescence
intensity in plasma. A calibration curve of spiked amounts of the corresponding dye-
conjugated micelles in plasma was used to assess the concentration of micelles.

For histological examination of the collected organs, the remaining parts of the frozen
tissues were cryosectioned with 5 um thickness Leica CM1950 cryostat (Leica Biosystems,
Wetzlar, Germany). The sections were fixed in 100% methanol for 15 min. at room
temperature. Subsequently, nuclei and the actin cytoskeleton were stained at room
temperature with a 1 pg.mL? solution of HOECHST 33342 in PBS for 15 min. and phalloidin-
Alexa 488 (1:50) in PBS for 45 min., respectively. Next, the slides were imaged using a 60 x
1.49NA Nikon oil objective (Nikon Instruments Inc., New York, USA). For HOECHST staining,
a 330-380 nm excitation filter, a 400 nm longpass dichroic mirror and a 420 nm longpass
emission filter (Nikon UV-2A filterset) was used. A 450-490 nm excitation filter, a 505 nm
longpass dichroic mirror and a 520 nm longpass emission filter (Nikon B-2A filterset) was
used for Alexa 488 staining. And eventually, a 690-730 nm excitation filter, a 741 nm
longpass dichroic mirror and a 750-800 nm emission filter (Semrock Cy7-A-NTE-ZERO
filterset) were applied for Alexa 750-labeled micelles. The images were recorded with an

Andor NEO sCMOS camera and were analyzed using Image) software v. 10.2.

2.15. Determination of Anti-PEG Antibodies Using ELISA

To determine the concentrations of anti-PEG antibodies (IgG and IgM) in plasma, 96 well
plates (Greiner, 655101) were coated overnight with a solution of PEGylated granulocyte
colony-stimulating factor (PEG-G-CSF; 1 ug.mL?) at 4°C. Plates were then blocked for 2 h at
room temperature with a 2% solution of bovine serum albumin (BSA) in PBS. Mouse plasma
was added to the wells at different dilutions. The plate was incubated at room temperature
for 1.5 h and washed five times with a 0.05% solution of 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) in PBS. Next, 100 pL of

detection antibodies of either horseradish peroxidase (HRP)-conjugated anti-mouse IgG
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(2000 times in 2% BSA/PBS) or biotinylated anti-mouse IgM (diluted 8000 times in 2%
BSA/PBS) were added. Subsequently, the plate was incubated for 1 h at room temperature
and then washed five times. Streptavidin-horseradish peroxidase (SA-HRP; 100 pL, diluted
1000 times in 2% BSA/PBS) was added to the wells containing biotinylated anti-mouse IgM.
Only PBS was added to the wells containing HRP-conjugated anti-mouse IgG and then the
plate was incubated for 30 min. at room temperature. Binding of anti-PEG was visualized by
the addition of 100 L of 3,3',5,5'-tetramethylbenzidine (TMB) to the plates and incubated
for 12 or 5 min. in the case of IgG or IgM detection, respectively. Next, 100 puL of a 1 M HCI
was added to stop the reaction. The optical density (OD) was measured on an iMark ELISA
reader (Bio-Rad Laboratories Inc., Hercules, CA) at 450 nm. To check for the specificity of
the binding, 1% mPEG (M~ of 5 kDa) was added as a competitor.

The binding of both types of micelles to commercial anti-PEG antibodies was also studied.
In this assay rabbit monoclonal antibodies, an IgM isotype specific for the PEG backbone
(ab133471) and an IgG isotype specific for the methoxy group of PEG (ab190652) were used.
The two different micelles were diluted in 10% BALB/c mouse plasma (negative for anti-PEG
antibodies) in 2%BSA/PBS, with the final concentrations of 0.05, 0.1, 0.2 and 0.4 mg.mL™. A
negative control was taken along without any micelles. In these mixtures, the commercially
available anti-PEG antibodies were added with final concentrations ranging from 3.7-100
ng.mL’. These samples were incubated for 1 h at 37 °C before adding to PEG-G-CSF coated
plates. Subsequently, the plates were incubated at room temperature for 1.5 h and washed
five times with 0.05% CHAPS/PBS. The anti-PEG antibodies were detected with HRP-

conjugated swine anti-rabbit Ig. The rest of the protocol was followed as described above.

2.16. Statistical Analysis

The statistical differences between the experimental groups were determined by a student
test with two-tailed distribution using the software GraphPad Prism 5 (GraphPad Software

Inc., La Jolla, California). p values < 0.05 were considered as statistically significant.

3. Results and Discussions

3.1. Polymer Synthesis and Characterization

Two complementary ABA and AB block copolymers were synthesized using atom transfer
radical polymerization (ATRP)*. An overview of polymer structures is shown in figure 1 and
the polymer characteristics are summarized in table 1. The B-block in both types of

polymers was PEG with a number average molecular weight (My) of 3 and 6 kDa in AB and
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ABA, respectively. The PEG initiator used for the preparation of the AB polymers carried an
ATRP initiator on one terminal end whereas the other end was capped with a methoxy
group. The PEG macroinitiator used for ABA polymerization carried ATRP initiators at both
ends. The composition of A-blocks was either a copolymer of NIPAM and HPMA-Cys or
NIPAM and HPMA-ETSA, both synthesized at a feed molar ratio of 93:7. This strategy was
chosen to obtain AB block copolymers with half-size of ABA block copolymers and similar
comonomer compositions. After polymerization and purification, the ABA copolymers of
P(NIPAM-co-HPMA-Cys)-PEG-P(NIPAM-co-Boc-HPMA-Cys-(Acm)) (PNC) and P(NIPAM-co-
HPMA-ETSA)-PEG-P(NIPAM-co-HPMA-ETSA) (PNE) were obtained with a yield of 94 and
85%, respectively. The AB copolymers of methoxy-PEG-P(NIPAM-co-HPMA-Boc-Cys-(Acm))
(mPNC) and methoxy-PEG-P(NIPAM-co- HPMA-ETSA)(mPNE) were obtained with similar
yields of 97 and 89%, respectively. As shown in table 1, the comonomer compositions of the
A blocks in the obtained polymers were, within the experimental error, equal to the feed
ratios. GPC analysis showed that the Mn’s of mPNC (21.4 kDa) and mPNE (21.7 kDa) were
half of PNC (42.1 kDa) and PNE (40.9 kDa), as expected. The obtained polymers showed PDlIs
of 1.4-1.8, which is similar as observed before for block copolymers containing monomers
with different reactivities and synthesized by ATRP techniques®. Table 1 shows that higher
values of Mn as determined by GPC than Mx’s obtained by NMR analysis were found which
can be attributed to aggregation of PNIPAM due to inter- and intramolecular hydrogen
bonding®” “8, The Boc and Acm protecting groups of cysteines in the protected PNC and
mPNC were removed to generate free thiol and amine groups in cysteine moieties required
for native chemical ligation (NCL)*® in the micellar core (SI-Fig. 1 B and 2 B). The different
polymers exhibited a cloud point (CP) around 30 °C in aqueous solution as expected for

polymers containing a PNIPAM rich block® (Table 1).
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Figure 1: Schematic overview and structures of PNC, PNE, mPNC, and mPNE. PNC and PNE were used
for the formation of flower-like micelles, whereas mPNC and mPNE were used to prepare star-like
micelles. Native chemical ligation above the LCST of the thermosensitive PNIPAM block stabilized the

micellar structure?C.
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Table 1: Characteristics of the ABA triblock copolymers of protected PNC and PNE and AB diblock
copolymers of protected mPNC and mPNE synthesized by ATRP. ABA and AB polymers contain PEG of
6 and 3 kDa as B block, respectively. The thermosensitive blocks of different polymers are composed
of either NIPAM and HPMA-ETSA in (PNE, mPNE) or NIPAM and HPMA-Boc-Cys-(Acm) (protected PNC
and mPNC). The feed molar ratios of NIPAM to HPMA-Boc-Cys-(Acm) or HPMA-ETSA were 93:7.

Composition of the thermosensitive B blocks® M, M2 cP Yield
Polymer PDI®
[NIPAM]:[HPMA-Boc-Cys-Acm] [NIPAM]: [HPMA-ETSA] (kDa)  (kDa) (°C) (%)
PNC 92:8 - 421 69.1 1.5 34.1¢ 94
PNE - 92:8 40.9 63.9 1.8 29.2 85
mPNC 92:8 - 21.4 345 1.4 32.9¢ 97
mPNE - 93:7 21.7 40.5 1.7 29.0 89

2 Determined by 'H-NMR. b Determined by GPC. ¢ Cloud point of the deprotected polymer

3.2. Micelle Formation and Characterization

AB block copolymers of mPNC and mPNE were used for the formation of star-like, whereas
ABA block copolymers of PNC and PNE were used for the formation of flower-like micelles
by a method reported before*®. Thermosensitive self-assembly of A blocks in AB and ABA
polymers resulted in the formation of micelles with a PEG shell and a thermosensitive
PNIPAM core. During the micellization, cysteine (in HPMA-Cys) and thioester (in HPMA-
ETSA) moieties were brought in close proximity in the thermosensitive core, which
facilitated covalent crosslinking by native chemical ligation. Crosslinking of micelles is
known to improve the stability of micelles in body fluids™ >1. The obtained flower-like
micelles showed a Z-average diameter of 6512 nm (PDI 0.1), and Z-potential of -4.2+0.4 mV.
The star-like micelles were slightly larger with a Z-average of 832 nm (PDI 0.05), and a Z-
potential of -5.9+0.2. SLS characterizations (table 2) revealed a higher aggregation number
(Nagg) for star-like micelles than for flower-like micelles (~1700 vs. 400) comparable to what
has been reported for similar micelles®®. The lower Nagg for flower-like micelles is most likely
due to the more surface area occupied by PEG chains in a loop conformation as compared
to linear PEG in star-like micelles®. This results in a higher surface area per PEG chains
(SA/PEG) in flower-like micelles than star-like micelles (~37 vs. 12 nm?2). The low value of
SA/PEG for star-like micelles (~12 nm?) indicates that the surface has a high PEG grafting
density and that the PEG chains are in a highly stretched “brush” conformation3® %4, The
SA/PEG value for flower-like micelles is larger (~37 vs. 12 nm?) implying a lower PEG grafting

intensity. In such structure, PEG chains show low flexibility in a loop conformation meaning
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they are highly stretched in a “mushroom” conformation®. The ratios of radius of gyration
(Rg) to hydrodynamic radius (Rn) (Re/Rn) in both types of micelles were, within the
experimental error, similar (0.86+0.04 and 0.92+0.01), and slightly higher than the value of
0.775 for hard spherical particles®> >3, Both types of micelles showed slightly negative Z-
potential (-4.2+0.4 and -5.910.2 for flower-and star-like micelles, respectively), which is in
agreement with what has been reported for the -potential of other PEGylated
nanoparticles®. To investigate structural changes and/or possible aggregation of star-, and
flower-like micelles upon incubation with human serum either positive for anti-PEG IgM and
IgG (+ Serum) or negative (— Serum), asymmetrical flow field-flow fractionation (AF4) was
used. No significant differences in the retention times and accordingly radius of micelles

were observed indicating no micelles aggregation (SI-Fig. 7, Sl-table 1).

Table 2: Characteristics of core crosslinked flower- and star-like micelles at 37 °C as determined by

dynamic and static light scattering (DLS and SLS).

Rg Rn ® Mw© SA/PEG  Z-potential
Micelle Re/Rn Nagg ¢
(nm) (nm) (108 Da) (nm?) (mV)
Flower-like 29.3+1.2 33.8+0.4 0.86+0.04 14.7+¢3.4 38949 36.9+1.7 -4.2+0.4
Star-like 37.0£1.0 40.3+0.3 0.92+0.01 36.3+1.2 1690+60 12.1+0.6 -5.9+0.2

a Radius of gyration determined by SLS, ® Hydrodynamic radius determined by DLS, € molecular
weight of micelles. (The calculation methods for Rg, Ry, and molecular weight are shown in supporting

information section SLS). 9 Aggregation number of the micelles.

3.3. Circulation Kinetics of Star- and Flower-like Micelles

Fluorescently labeled micelles were prepared by conjugation of maleimide functionalized
Alexa Fluor™ 750 to residual thiol moieties after native chemical ligation in the micellar core
via maleimide-thiol conjugation chemistry®®>. The obtained micelles were extensively
purified to remove non-conjugated dye. The resulting fluorescently labeled micelles
displayed a Z-average diameter of 753 nm (PDI 0.1) and 90+2 nm (PDI 0.1), Z-potential of -
4.8+0.3 and -5.0%0.6 for flower-, and star-like micelles at 37 °C, respectively. The slight
increase in the size of micelles after dye conjugation (65+2 vs. 7543 for flower-like micelles
and 8312 vs. 90+2 for star-like micelles) can be explained by repulsion of negative charges
of the coupled dye molecules in the core of the micelles. The labeled micelles were used to
investigate the effect of PEG conformation on circulation kinetics and tissue distribution in

immunocompetent BALB/c mice. Additionally, to study the possible occurrence of the so-
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called ABC phenomenon?® 22, 3 second injection was given 7 days after the first injection
(Fig. 2 A). This timing was chosen based on publications stating that the concentration of
anti-PEG IgM in circulation peaks around 5 to 10 days after the first administration of
PEGylated therapeutics in mice® 7. For the second injection, each group of flower- and
star-like micelles was divided into two subgroups to receive either flower- or star-like
micelles. The results are depicted in figure 2 B (first injection) and C (second injection). It
was observed that in group F, 32+10% of the injected dose (I.D.) was in the circulation 24 h
after injection, while in group S, 13+4% of I.D. was detected at this time point (Fig. 2 B, SI-
Fig. 6 A). The circulation data were used to calculate circulation half-life (t12) by applying
non-compartmental pharmacokinetic model using PKsolver®8, The ti/2 of flower-like micelles
(18.6%3.1 h) was significantly longer (p < 0.05) than the ti; of star-like micelles (10.7+0.7 h)
(Fig. 2 D, SI-Fig. 6 C). Particle size is an important factor for circulation kinetics and
biodistribution of (pegylated) nanoparticles®®. Sub ~100 nm pegylated nanoparticles have
relatively long circulation times and high tumor accumulation®. The presence of
fenestrated endothelium (~60 nm) in glands, digestive mucosa, kidneys, and discontinuous
endothelium in liver and spleen (~50-100 nm) allows nanoparticles to selectively pass
through theses organs®l. Besides particle size, it has been demonstrated in many papers
that the PEG density also affects circulation kinetics. Nanoparticles of equal size but with
higher PEG density circulate generally longer than nanoparticles with low PEG grafting
density> 3% 62 63 |n this study, the investigated flower-like micelles were slightly smaller
than star-like micelles (Z-average of dye conjugated micelles 75+3 vs. 9012 nm), however,
both types are sub 100 nm. In contrast, the PEG density on the surface of star-like micelles
is substantially higher than that of flower-like micelles (SA/PEG of 37 vs. 12 nm?, table 2).
Based on previous studies, no significant difference in the circulation kinetics of
nanoparticles in this size range (having similar zeta potential) can be expected® 3> ¢, The
longer circulation time of flower-like micelles can therefore be explained by the reduced
flexibility of PEG in the loop structure®. Likely, such conformation presents a steric barrier,
which is kinetically less favorable for protein adsorption than linear (brush-like) PEG in the

corona of micelles thereby yielding longer circulation times38,
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Figure 2: Circulation kinetics of fluorescently labeled (Alexa Fluor™ 750) flower-like (F) and star-like
(S) micelles investigated in immunocompetent BALB/c mice. A) Schematic representation of the
animal study design B) Circulation kinetics of flower-like (in gray) and star-like (in light red) micelles
after the first injection. The presented data are mean values of blood samples of 6 mice. C) Circulation
kinetics of micelles in mice after the second injection; each data point represents an average of three
samples. The concentration of micelles in SS group at 24 h was below detection limit. D) Circulation
half-life (ty) calculated based on circulation kinetics of micelles using pharmacokinetics non-
compartmental model by means of PKsolver. The error bars are the standard deviations of the mean.

*p<0.05; ** p<0.01; *** p<0.001.

In the FF group, 24 h after the second injection, ~19% of the I.D. was present in the
circulation, while the fluorescence signal for the SS group was below the detection limit
meaning that less than 0.1% of the micelles were in the circulation. After the second
injection, micelles in the FF and SS groups displayed ti> of 15.4%2.1 and 2.3+0.3,
respectively. Notably, a significant difference between ti2 of micelles in S and SS groups
was observed (10.7£0.7 vs. 2.3+0.3 h, p=0.0001), while t1/2 of micelles in F and FF remained
similar (18.6£3.1 h vs. 15.442.2 h; p= 0.56).

In the SF and FS groups, after 24 h, ~22 and 4% of the |.D. was detected in the circulation,
respectively. The ti/2 of micelles in SF (14.411.1 h) group was not significantly different from

the t1/2 of micelles of the F group (15.4+2.2, p= 0.44). Also, the ti/2 of star-like micelles in the
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FS group (7.313.0 h) was not significantly different from ti/2 of micelles in the S (p=0.092) or
SS (p=0.073) groups. It should be mentioned that in the FS group the concentration of
micelles in two mice out of three was below detection whereas one mouse showed 11% of
I.D. 24 h after the second injection. Taken together, mice that received flower-like micelles
and subsequently flower- or star-like micelles (FF and FS groups) showed the same
circulation kinetics for flower-like micelles as their first injection (F group) , whereas, star-
like micelles were cleared rapidly from the circulation in 2 out of 3 mice (FS group). Mice
that received star-like micelles and thereafter either flower- or star-like micelles (SF and SS
groups) showed rapid clearance of star-like micelles, whereas the circulation kinetics of the
flower-like micelles was the same as observed after their first injection (F group) (Fig. 2 C-
D). The rapid elimination of star-like compared to flower-like micelles can be explained by
the ABC phenomenon, which is associated with the induction of anti-PEG antibodies upon
administration of the first dose® 1% 3% QObviously, these formed anti-PEG antibodies do not
seem to recognize PEG in the looped conformation as present in the shell of the flower-like

micelles. This is discussed in more detail in the next section.

3.4. Determination of Anti-PEG Antibodies in Mice Plasma Using ELISA

An ELISA was used to investigate the presence of anti-PEG antibodies in plasma of mice that
received the micelles. Samples collected 24 h after the second injection were used in this
assay to quantify anti-PEG IgM and IgG titers in plasma. To check the specificity of the
formed antibodies, 1% free mMPEG (M 5 kDa) was added as a competitor to the plasma
samples. No anti-PEG IgG antibodies were detected in any of the groups 24 h after the
second injection of either flower- or star-like micelles (data not shown), which is not
surprising since normally 1gG antibodies are detected 3-4 weeks after administration of a
vaccine/antigen®> . Furthermore, many papers have shown that PEG induces the
formation of IgM type rather than IgG antibodies!® 17 56, No anti-PEG IgM titers were
detected in plasma of mice that did not receive any types of micelles (Fig. 3 A). Anti-PEG
IgM antibodies were detected in FF and SF groups demonstrating that the mice produced
anti-PEG IgM upon injection of both types of micelles (Fig. 3 A). The anti-PEG IgM titers in
the SS and FS groups were very low, which can be ascribed to binding of the produced anti-
PEG IgM to the micelles and their subsequent clearance (Fig. 3 A, SI-Fig. 8). To investigate
interaction of micelles and anti-PEG IgM and 1gG antibodies, micelles were added in
different concentrations (0.05-0.4 mg.mL%; concentration of micelles directly after injection
is ~1 mg.mL?; see legend Fig. 3) to control mouse plasma (previously tested negatively for

IgM and IgG anti-PEG antibodies). Subsequently, they were tested in an ELISA set up with
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commercial anti-PEG IgM and IgG, specific for the PEG backbone and methoxy group,
respectively. Figures 3 C-D show that in the presence of flower-like micelles, a slight
decrease in anti-PEG IgM and IgG titers was observed, independent of micelle
concentration. No binding of anti-PEG IgG to flower-like micelles was expected as this
antibody was specific to methoxy group (Fig. 3 D). Surprisingly, no binding of anti-PEG IgM
to flower-like micelles was observed although this antibody was specific for the PEG
backbone (Fig. 3 C). Likely, the loop conformation of PEG in flower-like micelles prevents
effective interaction between micelles and the anti-PEG IgM. In contrast, Fig. 2 E and F show
that addition of star-like micelles resulted in a drastic reduction in titers of both types of
anti-PEG antibodies demonstrating that the PEG chains are recognized by both the IgM
(specific for the PEG backbone) and IgG (specific for the methoxy end group of PEG)
antibodies.

The observed concentrations of micelles and anti-PEG IgM antibodies present in plasma 24
h after the second injection (Fig. 3 A, SI-Fig. 8) can provide mechanistic insights into the
clearance of the micelles (Fig. 3 B). Detection of anti-PEG IgM in the SF group shows that
the star-like micelles after the first injection induced the formation of anti-PEG IgM. It has
been shown before that the methoxy end group of PEG is crucial for the induction of anti-
PEG IgM, anti-PEG IgM binding, and complement activation?> 25, Therefore, injection of star-
like micelles resulted in the formation of anti-PEG IgM that are directed against the methoxy
end group of PEG. The similar circulation kinetics of the micelles in the SF and F groups
(14.4+1.1 vs. 18.6%3.1 h; p= 0.44) strongly suggests that the produced anti-PEG IgM
antibodies do not bind to flower-like micelles because the PEG-loops lack methoxy groups.
In the plasma of mice of the SS group, neither micelles (24 hour after the second injection)
nor anti-PEG IgM (8 days after the first injection) were detected. This might indicate that
the produced anti-PEG IgM antibodies bind to the star-like micelles causing opsonization of
the micelles which in turn triggers the recognition of star-like micelles by the immune
system, resulting in faster clearance of the micelles (ti/2 of 10.7£0.7 vs. 2.320.3 h in S vs. SS
groups; p= 0.0001) but also of anti-PEG IgM. The strong binding of anti-PEG antibodies to
star-like micelles (Fig. 3 E-F) supports the proposed explanation. Detection of anti-PEG IgM
in the FF group (Fig. 3 A) demonstrates that flower-like micelles upon intravenous
administration induced the production of anti-PEG IgM. However, the produced anti-PEG
IgM did not trigger the faster clearance of the second dose of flower-like micelles (ti2in F
and FF groups are 18.6+3.1 and 15.4+2.2 h, respectively; p= 0.56). The mechanism behind
this observation is not fully clear and could be hypothesized in number of ways: a) the anti-
PEG IgM antibodies induced by flower-like micelles have lower affinity than the anti-PEG
IgM antibodies induced by star-like micelles; b) the anti-PEG IgM antibodies induced after
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injection of flower-like micelles bind in such a configuration to the micelles that it does not
activate complement; c) binding sites in anti-PEG IgM do not match properly with the loop
conformation in flower-like micelles due to the low mobility of PEG chains. In the FS group,
anti-PEG IgM antibodies were hardly detected (Fig. 3 A, SI-Fig. 8). This can be explained by
binding of the produced anti-PEG IgM to star-like micelles and consequently clearance of
the micelles in 2 out of 3 mice. It cannot be excluded that in the mouse in which star-like
micelles were detected after 24 h (11% of the I.D.) anti-PEG IgM antibodies were present,
however, these were not detected due to the presence of micelles in the plasma sample (SI-
Fig. 8). The anti-PEG IgM formed after injection of flower-like micelles are most likely
directed against the ethylene oxide units present in the loop of PEG. As suggested, they do
not strongly bind to flower-like micelles yielding the same circulation kinetics as observed
after the first injection (Fig. 2 B-D). Surprisingly, these antibodies do bind to the PEG chains
of the star-like micelles resulting in the rapid clearance of micelles (in 2 out of 3 mice the
concentration of star-like micelles after 24 h was below detection (SI-Fig. 8)). A possible
explanation is that due to the higher PEG density in star-like micelles the avidity of the anti-
PEG IgM for these micelles is higher than for flower-like micelles. However, further research

is required to substantiate this hypothesis.
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Figure 3: A) Detection of anti-PEG IgM by means of ELISA in plasmas collected from mice 24 h after the second
injection. 1% mPEG (5 kDa) was added to determine the specificity of the formed anti-PEG antibodies. BALB/c mice
that did not receive any type of micelles were used as control. Data represented meanzSD of three samples. * p <
0.05. B) Schematic overview of possible interaction of anti-PEG IgM with flower- and star-like micelles. C)
Competition of flower-like micelles with detection of commercial anti-PEG IgM antibody specific for the PEG
backbone, D) Competition of flower-like micelles with detection of commercial anti-PEG IgG antibody specific for
the methoxy end groups of PEG. E) Competition of star-like micelles with detection of anti-PEG IgM antibody
specific to PEG backbone, F) Competition of star-like micelles with detection of anti-PEG IgG antibodies specific to
methoxy end groups of PEG. X-axes in C to F refers to the concentration of the commercial anti-PEG antibodies
(IgM or IgG). It must be noted that the concentration of micelles in the mice directly after injection was ~1 mg.ml
1(100 pL of a 15 mg.mL* dispersion was injected, the blood volume of a mouse is ~1.5 mL). This means that the
lowest concentration of micelles in figures C-F of 0.05 mg.ml corresponds with ~5% of the injected does still in

the circulation.
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3.5. Biodistribution of Flower- and Star-like Micelles After Intravenous

Administration

The biodistribution of flower- and star-like micelles 24 h after injections was studied by
measuring the fluorescence intensity of the micelles in different organs (Fig. 4). After the
first injection of flower-like micelles, 1.0+0.0, 9.2+1.5, and 3.0+0.1% of the injected dose
accumulated in the spleen, liver, and kidneys, respectively. In the star-like micelle group,
2.1+0.1, 13.944.3, and 7.3+2.4% of the I.D. accumulated in spleen, liver, and kidneys,
respectively. In both groups, micelle accumulation in brain, heart, and lungs was negligible.
The relatively low accumulation of both types of micelles seen after the first injection in
spleen and liver is in accordance with what has been reported for core crosslinked mPEG-
b-P((20% HEMAm-Lac1)-co-(80%HEMA-Lacz) micelles of similar size®” and can be explained
by the dense PEG corona of micelles (SA/PEG was ~37 and 12 nm?for flower- and star-like
micelles, respectively) which prevents their opsonization in comparison with less densely
PEGylated nanoparticles (SA/PEG ~70-300 nm?)®2. Further, It has been shown that sub 100
nm pegylated nanoparticles display reduced plasma protein adsorption on their surface
thereby undergoing reduced hepatic filtration®. Accumulation of micelles was also
observed in the kidneys, which cannot be ascribed to free dye since first, micelles were
extensively purified before injection and second, excretion half-life of free hydrophilic dye
in mice is around 2.5 min®. Accumulation of micelles in kidneys is in agreement with what
has been reported for other nanoparticles with similar sizes. For instance, Davis et al. has
shown that PEGylated gold nanoparticles of 75+25 nm in diameter target the mesangium
of kidneys’®.

After the second injection, 2.6+0.7, 2.0£0.4, 4.2+0.6, 4.7+0.8% of the |.D. accumulated in
the spleens of mice of FF, SF, SS and FS groups, respectively. On the other hand 27.019.7,
21.3+6.1, 40.743.4, and 54.61£14.1% of the I.D. were found in livers of mice of the FF, SF, SS
and FS groups, whereas, 7.1+6.8, 5.0+0.8, 8.6+2.2, and 12.3+2.0% of the I.D. were detected
in kidneys, respectively. The micelles accumulation in brain, heart, and lungs was negligible.
The significant difference in the accumulation of star- and flower-like micelles in the liver
and spleen coincides with blood circulation kinetics. Concentration of micelles in blood
circulation 24 h after the second injection in FS and SS groups were 4% of I.D. and below
detection limit, respectively. This confirms that the liver and spleen were actively involved
in the clearance of star-like micelles after the second injection.

The part of the organs that was not used for quantification of micelles was sectioned and

subsequently stained for nuclei and actin (SI-Fig. 9 and 10). The highest fluorescence was
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detected in livers where Kupffer cells are known to play an important role in the clearance

of nanoparticles’% 72,
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Figure 4: In vivo distribution of Alexa 750-labeled micelles in the major organs (brain, heart, lungs,
spleen, liver, and kidneys) of immunocompetent BALB/c mice. Micelles were injected intravenously
at a concentration of 15 mg.mL? (100 uL) and mice were sacrificed 24 h after administration. A)
Fluorescence image of excised tissues after the first injection taken by LI-COR Pearl® impulse imager.
B, C) Quantification of micelle biodistributions in mice by measuring the fluorescence intensity of
homogenized tissues that were collected 24 h after the first (B) and the second injection (C). * p <

0.05, ** p < 0.01.

4. Conclusion

This study demonstrates that, first, flower-like micelles circulate significantly longer than
star-like micelles upon the first injection. Second, both types of micelles induce production
of anti-PEG IgM. Third, the anti-PEG IgM induced by star-like micelles causes rapid clearance

of a second dose of star-like micelles but not of flower-like micelles. Fourth, the anti-PEG
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IgM induced upon injection of flower-like micelles reduced the circulation time of the
second dose of star-like micelles but not of flower-like micelles. Therefore, regardless of the
presence of anti-PEG antibodies, flower-like micelles showed similar circulation kinetics
after the first and the second injection. In contrast, circulation kinetics of star-like micelles
was affected by the presence of anti-PEG IgM and circulation kinetics was dramatically
shorter after the second injections compared to the first injection. However, better
understanding of these observations needs mechanistic studies and bigger animal groups.
Taken together, the results of this study show the great potential of looped PEG in
preventing recognition by anti-PEG antibodies and thereby opsonization and clearance of
PEGylated nanocarriers. This finding proposes that for clinical applications of pegylated
nanoparticles especially the ones that are repeatedly administered, surface decoration with

looped PEG should be considered.
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SI-Figure 5: GPC chromatogrammes of A) PNC, B) PNE, C) mPNC, and D) mPNE in DMF containing 10

mM LiCl.
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SI-Figure 6: Circulation kinetics of fluorescently labelled (Alexa Fluor™ 750) flower-like (F) and star-
like (S) micelles in immunocompetent BALB/c mice. A) circulation kinetics of flower-like and star-like
micelles after the first injection. The presented data are mean values of blood samples of 6 mice. B)
circulation kinetics of micelles in mice after the second injection; each data point represents the
average of three samples. C) circulation half-life (tx) calculated based on plasma concentration-time

curves of micelles using non-compartmental model by means of PKsolver?.
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SI-Figure 7: AF4-MALS analysis of micelles upon incubation with human serum either positive for anti-
PEG IgM and 1gG (+ Serum) or negative for both (— Serum). Micelles were diluted 1:1 v/v in plasma to
a final concentration of 4.5 mg.mL! and incubated at 37 °C for O, 1, 6, and 24 h. Serum samples (+ or
—) were also diluted 1:1 v/v with PBS prior to the injections. A) flower-like micelles in — serum, B)

flower-like micelles in + serum, C) star-like micelles in — serum, and D) star-like micelles in + serum.

Sl-table 1: Radius of gyration of micelles (nm) upon incubation with human serum either positive for
anti-PEG IgM and IgG (+ Serum) or negative for both (— Serum). Radius of gyration of flower- and star-

like micelles in PBS was 28.6 and 35 nm, respectively.

Flower-like micelles Star-like micelles

Time (h)
— serum + serum — serum + serum
0 30.0 29.5 35.5 34.2
1 29.8 28.7 35.1 349
6 28.7 29.5 34.9 353
24 28.4 28.2 35.7 36.7
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SI-Figure 8: Concentration of anti-PEG IgM in the corresponding blood samples (m1-3 in X-axis refer

to mice number). The bars represent the anti-PEG IgM titers and the symbols show %l.D. in the plasma

24 h after the second injection.
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nuclei actin micelles overlay

SI-Figure 9: Staining of major organs harvested from mice 24 h after the first injection of flower-like
micelles. The images are taken at 60 x magnification and processed using ImageJ. Nuclei are stained
with HOECHST 33342 and depicted in blue, the actin cytoskeleton was stained using Phalloidin-

Alexad88 and shown in green and Alexa 750-labeled micelles are in red.
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nuclei actin micelles overlay

a*

SI-Figure 10: Staining of major organs collected from mice 24 h after the first injection of star-like
micelles. The images are taken at 60 x magnification and processed using ImageJ. Nuclei are stained
with HOECHST 33342 and depicted in blue and stained. The actin cytoskeleton stained with Phalloidin-

Alexad88 and shown in green and Alexa 750-labeled micelles are in red.

133



Chapter 4

Static light scattering (SLS)

Both static light scattering (SLS) and dynamic light scattering (DLS) were performed as a
function of the detection angle O. For SLS the scattering intensities for sample (Is), solvent
(PBS) (lo) and toluene (ltl) as a function of the scattering angle ©® were measured.
Furthermore the dark current liark (detector intensity with laser switched off) was
measured. The obtained intensities were converted into Rayleigh scattering (R) to obtain

absolute scattering of the sample using equation 1:

15(0)-1g() n}
(1) R(O) = =——2=_T5 R,y

2
It01(0)— lgark Nior

In which ntor is the refractive index of the reference (n:w = 1.494), ns is the refractive index
of the solvent (ns = 1.332) and Rt is the known absolute Rayleigh scattering for toluene at
632.8 nm wavelength. For Rioj we used 1.02 103 m™ 2, then the scattering angle 6 was

converted into the wave vector g using equation 2:

4mng sing
(2) g=—""

where A is the wavelength in the vacuum.

* R, was obtained according to Guinier® by plotting In(R) as a function of g2 in

RZ
which the slope is equal to: ?‘q

J Rn was obtained by DLS by plotting the decay rate I extracted from the second order
cumulant as a function of g2. In case of monodisperse particles this should result in a
straight line in which the slope equals to the diffusion coefficient D and from that

R, was obtained using equation 3:

(3) D= kT
6TINRy

e M, was obtained by plotting the absolute scattering intensity R as a function of g

and extrapolated to g = 0. The absolute scattering R should equal to:
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(4) R =K.CM, S(Q) P(qR)

At low concentration, the structure factor S(q) = 1 and at q — 0, the form factor was
considered P(qR) = 1, therefore, R (g = 0) = K,, C, Mw where K, an optical constant

(equation 5) and C the particle concentration in kg.m™=.

(5) K, = 2 (any”

- A*N 4y \dc
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Abstract

In this study, a new type of injectable hydrogel called “HyMic” that can convert into core
crosslinked (CCL) micelles upon exposure to matrix metalloproteinases (MMP’s), was
designed and developed for drug delivery applications. HyMic is composed of CCL micelles
connected via an enzyme cleavable linker. To this end, two complementary ABA block
copolymers with polyethylene glycol (PEG) as B block were synthesized using atom transfer
radical polymerization (ATRP). The A blocks were composed of a random copolymer of N-
isopropylacrylamide (NIPAM) and either N-(2-hydroxypropyl)methacrylamide- cysteine (HPMA-
Cys) or N-(2-hydroxypropyl) methacrylamide-ethylthioglycolate succinic acid (HPMA-ETSA).
Mixing the aqueous solutions of the obtained polymers and rising the temperature above
the cloud point of the PNIPAM block resulted in the self-assembly of these polymers into
flower-like micelles composed of a hydrophilic PEG shell and hydrophobic core. The micellar
core was crosslinked by native chemical ligation between the cysteine (in HPMA-Cys) and
thioester (in HPMA-ETSA) functionalities. A slight excess of thioester to cysteine groups
(molar ratio 3:2) was used to allow further chemical reactions exploiting the unreacted
thioester groups. The obtained micelles displayed a Z-average diameter of 801 nm (PDI
0.1), and -potential of -4.2+0.4 mV and were linked using two types of pentablock
copolymers of P(NIPAM-co-HPMA-Cys)-PEG-Peptide-PEG-P(NIPAM-co -HPMA-Cys) (Pep-
NC) to yield hydrogels. The pentablock copolymers were synthesized using a PEG-peptide-
PEG ATRP macroinitiator and the peptide midblock (lysine-glycine -proline-glutamine-
isoleucine-phenylalanine-glycine-glutamine-lysine (Lys-Gly-Pro-GIn-Gly -lle-Phe-Gly-GIn-
Lys)) consisted of either L or D amino acids (L-Pep-NC or D-Pep-NC), of which the L-amino
acid sequence is a substrate for matrix metalloproteases 2 and 9 (MMPs 2 and 9). Upon
mixing of the CCL micelles and the linker (L/D-Pep-NC), the cysteine functionalities of the
L/D-Pep-NC reacted with remaining thioester moieties in the micellar core via native
chemical ligation yielding a hydrogel within 160 minutes as demonstrated by rheological
measurements. As anticipated, the gel crosslinked with L-Pep-NC was degraded in 7-45 days
upon exposure to metalloproteases in a concentration dependent manner, while the gel
crosslinked with the D-Pep-NC remained intact even after 2 months. Dynamic light
scattering analysis of the release medium revealed the presence of nanoparticles with a Z-
average diameter of ~120 nm (PDI <0.3) and Z-potential of ~-3 mV indicating release of core
crosslinked micelles upon HyMic exposure to metalloproteases. An in-vitro study
demonstrated that the released CCL micelles were taken up by Hela cells. Therefore, HyMic

as an injectable and enzyme degradable hydrogel displaying controlled and on-demand
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release of CCL micelles has potential for intracellular drug delivery in tissues with

upregulation of MMPs, e.g. in cancer tissues.
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1. Introduction

Hydrogels are three-dimensional networks of crosslinked hydrophilic polymers that can
retain large amounts of waters while maintaining their structure'2. Hydrogels have been
extensively studied for delivery of a variety of therapeutics ranging from small molecules®
to large proteins*> and nucleic acids®”. Various water-soluble therapeutics can be loaded
into the hydrogel matrixes during their formation®® or encapsulated in carriers such as
polymeric nanoparticles'?, liposomes!*2, or micelles'®. Characteristics of the hydrogel such
as pore size, swelling kinetics, and degradation mechanism play an important role in the
release kinetics of loaded therapeutics'®. Regarding the release of drug-loaded
nanoparticles from hydrogels, characteristics of the nanoparticles, in particular size, charge,
stability, as well as uniform distribution into the gel matrix, affect particle release kinetics>
16, In recent years hydrogels that are converted into nanoparticles have gained interest for
drug delivery applications. For instance, de Graaf et al. reported on the development of a
drug-loaded hydrogel based on an ABA block polymer having A blocks of poly(N-
isopropylacrylamide) PNIPAM and a B block of polyethylene glycol (PEG). They
demonstrated that this hydrogel gradually and spontaneously converts into drug-loaded
flower-like micelles®’. In other studies, micelles have been connected to each other using a
linker exploiting e.g. an aldehyde and hydroxylamine reaction?, radical polymerization®®,
and metal-ligand interactions?®?! to yield a macroscopic hydrogel structure. Although the
mentioned systems showed interesting properties for drug delivery applications, they lack
a triggered drug release mechanism upon disease induced stimuli.

Hydrogels can be designed as stimuli-responsive materials that respond to signals from the
surrounding environment resulting in e.g. triggered drug release?*?*. Incorporation of
functional groups or enzyme responsive blocks such as trans azobenzene®®, N-
isopropylacrylamide (NIPAM)?8, acrylic acid?’ or cleavable peptides?® in polymer structures
can result in stimuli-responsive hydrogels. These materials can release the loaded
therapeutics upon a trigger by e.g. light exposure, temperature or pH changes, or the
presence of enzymes upregulated in diseased tissues and organs.

Among stimuli-responsive materials, enzyme degradable hydrogels have shown to exhibit
autoregulated degradation and accordingly they release their drug payload (for drug
delivery purposes) or enhance cell migration (for tissue engineering purposes)?*. For
instance, Burdick et aP’. reported a matrix metalloproteinase (MMPs) responsive hydrogel
loaded with a recombinant tissue inhibitor of MMPs (rTIMP-3). This polysaccharide-based
hydrogel was crosslinked by MMP cleavable peptides. The authors demonstrated that the
presence of MMP caused degradation of the gel and consequently release of the loaded

rTIMP-3, which in turn resulted in a reduction in MMP activity in the overexpressed region3'.

140



Conversion of an injectable MMP-degradable hydrogel into core-crosslinked micelles

In another study, it was shown that MMP responsive blocks in a heparin/PEG hydrogel
network in the presence of the matching enzyme enhanced cell viability and proliferation
of mesenchymal stromal cells (MSC), which is important for cell-based -cartilage
regeneration32,

MMPs are upregulated in blood and tissues of patients with many types of human
cancers3*3%, The expression of MMPs varies in different cancers as well as in different stages
of the disease and can serve as a cancer biomarker>. MMPs promote cancer progression
by supporting cancer cell proliferation, migration, invasion, metastasis, and angiogenesis®.
Therefore, designing a therapeutic tool such as a hydrogel that undergoes degradation to
yield nanoparticles triggered by overexpressed MMPs in pathological tissues, is of high
interest for the intracellular delivery of e.g. anti-cancer drugs and biotherapeutics. In this
contribution, an enzyme responsive hydrogel consisting of core-crosslinked (CCL) flower-
like micelles named “HyMic” is developed and investigated. To construct HyMic, core
crosslinked flower-like micelles based on two complementary thermosensitive ABA triblock
copolymers of P(NIPAM-co-HPMA-Cys)-PEG-P(NIPAM -co-HPMA-Cys) (PNC) and P(NIPAM-
co-HPMA-ETSA)-PEG-P(NIPAM-co-HPMA-ETSA) (PNE), were prepared using Native
Chemical Ligation (NCL) as core-crosslinking method®. The formed micelles were
subsequently linked together using a pentablock copolymer of P(NIPAM-co-HPMA-Cys)-
PEG-peptide-PEG-P(NIPAM-co-HPMA-Cys) (Pep-NC) yielding a micellar hydrogel network.
The selected peptide block (Lys-Gly-Pro-GIn-Gly-lle-Phe -Gly-GIn-Lys) is an MMP responsive
sequence3®, Additionally, uptake of the released CCL micelles by Hela cells (human
epithelial cervix carcinoma cell line) was explored to investigate the possibility of

intracellular drug delivery by HyMic.
2. Materials and Methods

2.1 Materials

All commercial chemicals were obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands)
and used as received unless indicated otherwise. N-(2-hydroxypropyl) methacrylamide
(HPMA) was synthesized by a reaction of methacryloyl chloride with 1-aminopropan-2-ol in
dichloromethane according to a previously published procedure®. Peptide grade
dichloromethane (DCM), tetrahydrofuran (THF) and hexafluoro-2-propanol (HFIP) were
obtained from Biosolve (Valkenswaard, the Netherlands). N-(2-hydroxypropyl)
methacrylamide-Boc-S-acetamidomethyl-L-cysteine (HPMA-Boc-Cys(Acm)) and N-(2-
hydroxypropyl)methacrylamide-ethylthioglycolate succinic acid (HPMA-ETSA) were
synthesized as described previously3” %, Phosphate buffered saline 10X (PBS) pH 7.4 (1.37
M NacCl, 0.027 M KCl and 0.119 M phosphates) BioReagents were purchased from B. Braun
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(Melsungen, Germany). Alexa Fluor™ 750 and 568 C5 maleimide dyes were obtained from
Thermo Fisher Scientific (Massachusetts, United States). Alpha-t-butyloxycarbonylamino -
w-carboxy succinimidyl ester poly(ethylene glycol) (Boc-NH-PEG-NHS) (PEG-M, 3 kDa) was
purchased from lIris Biotech GMBH (Marktredwitz, Germany). Acetylated N-terminal L and
D peptides (sequence: Lys-Gly-Pro-GIn-Gly-lle-Phe-GLy-GIn-Lys) were purchased from
GenScript (Leiden, the Netherlands). PD-10 desalting columns were purchased from GE
Healthcare (Uppsala, Sweden). Dialysis tubes (molecular weight cutoff (MWCO) 3.5 and 10
kDa) were obtained from Fisher Scientific (Bleiswijk, the Netherlands). PEG standards
(molecular weights ranging from 106 to 969000 Da) for GPC characterization were

purchased from Agilent Technologies BV (Santa Clara, US).

2.2 Polymer synthesis and characterization

2.2.1 Synthesis of D or L-Pep-(NH:z-PEG3k)2

D and L-peptides (40 mg, 36 pumol) (lysine—glycine—proline—glutamine—isoleucine—
phenylalanine—glycine—glutamine—lysine) (Lys-Gly-Pro-GIn-Gly-lle-Phe-Gly-GlIn-Lys), figure
1) were separately dissolved in 2 mL of DMSO followed by the addition of 60 pL
triethylamine. Subsequently, Boc-NH-PEG-NHS (221 mg, 72 umol) was added and dissolved
in the reaction mixture and allowed to react for 48 hours at room temperature. The crude
product, D or L-Pep-(Boc-NH-PEGsk)2 was dialyzed against water (MWCO, 3.5 kDa) at room
temperature for two days and subsequently lyophilized. The obtained product was analyzed
by *H-NMR and GPC (NMR: Fig. 2, SI-Fig.2B and GPC: Fig. 3).

To remove the Boc protecting group from L/D-Pep-(Boc-NH-PEG)2, 200 mg of the polymers
were dissolved in a 4 mL solution of dry DCM and trifluoroacetic acid (TFA) (1:3 v/v) and left
to react for 1 hour at room temperature. Subsequently, the solvents were evaporated, and
the residues were dissolved in water and dialyzed against water (MWCO, 3.5 kDa) for two
days at room temperature and then lyophilized. The obtained products were characterized
by GPC (Fig. 3) and *H-NMR (Fig. 3, SI-Fig. 2).

2.2.2. Synthesis of D- and L-Pep-(Br-C(CHs)z-CO-NH-PEGsk)2 macroinitiator for
ATRP

D and L-Pep-(NH2-PEGzk)2 (220 mg, 30 umol) (section 2.2.1) were separately dissolved in 9
mL dry THF followed by the addition of 1 mL hexafluoro-2-propanol (HFIP). Under a nitrogen
atmosphere, triethylamine (20 pL) and a-bromoisobutyryl bromide (15 puL, 120 umol) (2 eq.
to the amine end groups of D- and L-Pep-(NH2-PEGsk)2) were added and the reaction

mixtures were stirred overnight at room temperature. Next, the formed ammonium
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bromide salts were filtered off and the solvents were evaporated under reduced pressure.
The crude products were dissolved in water and the obtained solutions were dialyzed
against water (MWCO, 3.5 kDa) for 2 days and subsequently lyophilized. The obtained
macroinitiators were characterized by *H-NMR (Fig. 2, SI-Fig. 2C, 3) and GPC (Fig. 3, SI-Fig.4).

2.2.3. Synthesis of Peptide-(PEG-P(NIPAM-co-HPMA-Cys))2, Pep-NC

D and L-Pep-(Br-C(CHs).-CO-NH-PEGsk). macroinitiators (section 2.2.2) (60 mg, 8.0 umol),
together with CuBr (4.5 mg, 31 umol), CuBr2 (4.7 mg, 21 umol), NIPAM (264 mg; 2.3 mmol)
and HPMA-Cys (67 mg, 0.16 mmol) were separately dissolved in a mixture of 2.0 mL water
and 0.84 mL acetonitrile*’. The mixtures were stirred and deoxygenated by flushing with
nitrogen for 15 minutes at room temperature, followed by 15 minutes in an ice bath.
Polymerization started after the addition of 16 puyL (0.06 mmol) of tris[2-
(dimethylamino)ethyllamine (MesTREN) and the reaction mixtures were stirred for 2 hours
in an ice bath. Next, the formed polymers were diluted in water to 15 mL, then dialyzed
(MWCO, 10 kDa) against water at room temperature for one day and subsequently
lyophilized and analyzed by *H-NMR (SI-Fig. 5A) and GPC (Fig. 3). Finally, the Acm and Boc
protecting groups of cysteine were removed as described previously*?. Briefly, Boc
protecting group of cysteines were removed by dissolving 250 mg of the polymer in dry
DCM and trifluoroacetic acid (TFA) (1:1 v/v, 10 mL) and the mixture was stirred for 1 hour
at room temperature in a nitrogen atmosphere. Subsequently, the solvent was evaporated
under reduced pressure and the crude product was dissolved in 2 mL DCM and
subsequently precipitated in cold diethyl ether. The Acm protecting groups were removed
by dissolving 250 mg of the Boc deprotected polymer in methanol (MeOH) and water (1:1
v/v, 10 mL) under a nitrogen atmosphere followed by the addition of 500 pL HCI (1 M) and
1 mLiodine 0.2 M in MeOH. The mixture was stirred for 1 h at room temperature, followed
by the addition of 1 mL of ascorbic acid (1 M) in water to quench the excess of iodine.
Subsequently, excess of tris(2-carboxyethyl)phosphine (TCEP) (250 mg) was added to
reduce the formed disulfide bonds. The mixture was stirred overnight, dialyzed against
water for 2 days at room temperature (MWCO, 10 kDa), and the final product was obtained
after lyophilization. The obtained product was analyzed by *H-NMR (SI-Fig 5B) and GPC (SI-
Fig. 9). The same method was used for deprotection of (NIPAM-co-HPMA-Cys)-PEG-D-
Peptide-PEG-P(NIPAM-co-HPMA-Cys) (D-Pep-NC). The obtained polymer was characterized
by H-NMR (SI-Fig. 6A and 6B) and GPC (Fig. 3, SI-Fig. 9).

2.2.4. Synthesis of P(NIPAM-co-HPMA-Cys)-PEG-P(NIPAM-co-HPMA-Cys)(PNC)
and P(NIPAM-co-HPMA-ETSA)-PEG-P(NIPAM-co-HPMA-ETSA)(PNE)
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The polymerization solvent for the synthesis of PNC was a mixture of 2.8 mL of water and
0.9 mL acetonitrile. For the synthesis of PNE, a mixture of 2.5 mL water, 0.6 mL acetonitrile,
and 1.3 mL of DMSO was used. Poly(ethylene glycol) bis(2-bromoisobutyrate)®” (50 mg, 7.9
pmol), CuBr (4.5 mg, 31 pmol), CuBr2 (4.7 mg, 21 pmol), NIPAM (264 mg; 2.3 mmol) and
either HPMA-ETSA (56 mg, 0.16 mmol) for synthesis of PNE or HPMA-Boc-Cys(Acm) for
synthesis of PNC (67 mg, 0.16 mmol) were dissolved in the corresponding polymerization
solvent. Next, the mixtures were deoxygenated by flushing with nitrogen for 15 minutes at
room temperature and subsequently for 15 minutes upon cooling in an ice bath. To initiate
the polymerization, the ligand MesTREN (16 pL, 60 pmol) was added to the solution, and
the reaction mixture was stirred for 2 and 5 h in an ice bath for PNC and PNE, respectively.
The final products were diluted with 15 mL water and subsequently dialyzed (MWCO, 10
kDa) against water at room temperature for one day and lyophilized. The obtained polymers
were characterized by *H-NMR (PNE: SI-Fig. 7, protected PNC: SI-Fig. 8A) and GPC (PNE: SI-
Fig. 10, PNC: SI-Fig. 11A).

Finally, the Acm and Boc protecting groups of cysteine in protected PNC were removed as
described in section 2.2.3. The obtained PNC was characterized by *H-NMR (SI-Fig. 8B) and
GPC (SI-Fig. 11B).

2.2.5. NMR spectroscopic analysis

The obtained polymers were characterized by *H-NMR using a Bruker 600 UltraShield™
spectrometer (Billerica, Massachusetts, USA). The chemical shifts were calibrated against
residual solvent peaks of CHClz (6§ = 7.26 ppm) and DMSO (6 = 2.50 ppm).

2.2.6. Gel permeation chromatography (GPC) analysis

The molecular weights and molecular weight distribution of the synthesized polymers were
determined by GPC using a Waters Alliance 2414 System (Waters Corporation, Milford, MA)
equipped with a refractive index detector. The separation was performed using 2 PLgel 5
pm Mixed-D columns (Polymer Laboratories, UK) at a temperature of 65 °C and DMF
containing 10 mM LiCl at a flow of 1 mL.min! was used as mobile phase*®. Samples were
prepared in the same solvent at a concentration of 5 mg.mL? and 50 pL was injected into
the column for each measurement. A series of linear PEGs with narrow and defined
molecular weights were used as calibration standards. Data were recorded and analyzed

with Empower software v. 3. 2010.

2.2.7. Determination of cloud points of polymers
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The cloud point (CP), defined as the onset of increasing scattering intensity, was measured
using a Jasko FP-8300 spectrofluorometer (JASCO, Tokyo, Japan) at 650 nm. The polymers
were dissolved at a concentration of 1 mg.mL? in PBS (0.13 M NaCl, 2.7 mM KCl and 11.9
mM phosphates pH 7.4). The scattering intensity was monitored while heating the sample
from 10 to 50 °C at 1 °C per minute.

2.2.8. Kinetics of Pep-NC cleavage

To investigate the cleavage rate of the peptide in the Pep-NC polymer, 40 mg of L-Pep-NC
polymer was dissolved in 8 ml of PBS (0.13 M NaCl, 2.7 mM KCl, 11.9 mM phosphates, 0.9
mM CaCl, 0.02% NaNs, pH 7.4) at a concentration of 5 mg.mL? at 4 °C for 3 h and
subsequently at 37 °C. Metalloprotease (type IV) collagenase from C. histolyticume (a
mixture of enzymes with molecular weight distribution 63-130 kDa) was used as a model
enzyme for MMP-2 and MMP-9%. Subsequently, polymer solutions were incubated with
collagenase at a concentration of 0.5 units.mL™ at 37 °C (this concentration is close to the
total tissue concentration of MMP-1 and MMP-9 (500 ng.mL™) reported for breast cancer)®.
At several time points, 1 mL samples were withdrawn and diluted with 1 mL of an
ethylenediaminetetraacetic acid (EDTA) solution (0.1 M) in PBS (0.13 M NacCl, 2.7 mM KCl,
11.9 mM phosphates, pH 7.4) and incubated for 1 h at room temperature. EDTA inhibits the
enzyme activity via chelation of the metal ions (calcium and magnesium) required for
catalytic activity*® 7. Next, the samples were dialyzed against water (MWCO, 10 kDa) for 2
days at 4 °C and subsequently lyophilized. D-Pep-NC at a polymer concentration of 5 mg.mL
Ywas dissolved in 1 mL PBS (0.13 M NaCl, 2.7 mM KCl, 11.9 mM phosphates, 0.9 mM CaCls,
0.02% NaNs, pH 7.4) and incubated with collagenase at a concentration of 30 units.mL? for
24 h. Next, the sample was treated with 1 mL of EDTA solution (0.1 M) for 1 h and then
dialyzed against water (MWCO, 10 kDa) for 2 days at 4 °C and subsequently lyophilized. The
obtained polymers were dissolved at a concentration of 5 mg.mL™ in DMF containing 10
mM LiCl and the molecular weights were analyzed by GPC (section 2.2.6). The results are

shown in Fig. 4 and SI-Fig. 12.

2.3. Micelle preparation and characterization

2.3.1. Micelle preparation

Micelles were formed by a fast heating method as follows: PNC and PNE were dissolved
separately in PBS (0.13 M NaCl, 2.7 mM KCl and 11.9 mM phosphates, pH 7.4) at a
concentration of 10 mg.mL? and left at 4 °C for 3 hours. Subsequently, the solutions were
mixed in a 2:3 (PNC:PNE) volume ratio (i.e. the molar ratio of HPMA-Cys to HPMA-ETSA was
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2:3). Subsequently, the mixture was heated to 50 °C using an oil bath and stirred at this
temperature overnight. The resulting micellar dispersion was dialyzed against water
(MWCO, 10 kDa) for two days at room temperature and subsequently lyophilized. The
obtained micelles were characterized by DLS before and after lyophilization (Fig. 7-A, 7-C).

2.3.2. Preparation of fluorescently labeled micelles

Micelles were formed following the same procedure as described in section 2.3.1. Then, the
buffer medium was refreshed using a PD-10 desalting column equilibrated with PBS (0.13
M NaCl, 2.7 mM KCl and 11.9 mM phosphates, pH 7.4) according to the method provided
by the supplier. Subsequently, 10 pL of a 20 ug.mL™* maleimide-Alexa fluor C5 750 or C5 568
solution in DMSO was added to 1 mL of micellar dispersion (10 mg.mL?) and left to react at
4 °C for two days. Next, the labeled micelles were dialyzed against water (MWCO, 10 kDa)
at room temperature for one day and subsequently purified three times by PD-10 columns

equilibrated with deionized water and finally lyophilized.

2.3.3. Dynamic light scattering (DLS)

The size of the obtained micelles at a concentration of 1 mg.mL? in PBS (0.13 M NaCl, 2.7
mM KCl and 11.9 mM phosphates, pH 7.4) was measured by DLS using a Zetasizer Nano S
(ZEN 1600) (Malvern Instruments Ltd., Malvern, UK) equipped with a He-Ne 4 mW, 632.8
nm laser. The measurements were carried out at a 173° angle at 37 °C controlled by the
instrument. The Z-average and polydispersity index was calculated by Zetasizer software

v7.13. The solvent viscosity was corrected for temperature changes by the software.

2.3.4. Zeta potential
The obtained micelles in PBS were diluted (1:20) in HEPES (20 mM, pH 7.0) to the final
concentration of 0.5 mg.mL? and their Zeta potential was measured at 37 °C using a

Zetasizer Nano Z, (Malvern Instruments Ltd., Malvern, UK).

2.4. HyMic preparation, characterization, and degradation

2.4.1. Preparation of micellar hydrogel (HyMic)

HyMic was prepared at a total polymer concentration of 20 wt% as follows: 6 mg of
lyophilized micelles were weighed in a 1.5 mL Eppendorf vial followed by the addition of 15
plL of PBS (0.13 M NacCl, 2.7 mM KCl and 11.9 mM phosphates, pH 7.4), and hydrated for 1
h at 4 °C. In a separate vial, 15 pL of PBS was added to 1.3 mg of D- or L-Pep-NC (23 wt% of

the amount of micelles) and left to dissolve for 1 h at 4 °C. Next, the D- or L-Pep-NC solution
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was added to the micellar dispersions and the mixtures were incubated at 4 °C for 1 h and

subsequently incubated for 6 h at 37 °C for hydrogel formation.

2.4.2. Rheological characterization

Rheological analysis of the hydrogel samples and micellar dispersions was performed on a
DHR-2 rheometer (TA Instrument, New Castel, DE) using a 20 mm aluminum cone (1 °)
geometry equipped with a solvent trap. Time sweeps were performed for 3 hours at 37 °C

at a frequency of 1 Hz and 1% strain. For each measurement, 70 uL samples were used.

2.4.3. Swelling and degradation study

HyMic (fluorescently labeled) hydrogels with a volume of ~30 uL were prepared as
described in section 2.4.1. The obtained hydrogels were transferred into 2 mL glass vials
and the gel weights were recorded (Wo). The samples were then immersed into 500 pL of
PBS (0.13 M NaCl, 2.7 mM KCl, 11.9 mM phosphates, 0.9 mM CaCl,, 0.02% NaNs, pH 7.4)
with 0.0, 7.5, 15.0 or 30.0 units.mL? of collagenase and incubated at 37 °C. At regular time
points, the medium was removed, and the weight of the gel was recorded (W), and
subsequently, 500 uL of fresh medium was added and the samples were further incubated
at 37 °C. The gel release medium was analyzed by DLS for size, polydispersity index (PDI),
and derived count rate of the released core crosslinked micelles. In addition, fluorescence
intensity of the supernatant was analyzed as described in section 2.4.4. The swelling and
degradation was recorded three times a week until complete degradation or until 2 months
after which the experiment was stopped. The swelling ratio (SR= W: /W) is reported as the
weight of the gel at a certain time point (W:) divided by the initial gel weight (Wo). The mesh

sizes of the hydrogels were estimated based on the following equation:

1

£= (%)

where Na is Avogadro constant, R is the molar gas constant, and T is temperature.

For cell internalization study, hydrogels composed of Cy5-conjugated micelles were made
using the L-Pep-NC linker. These samples were incubated with collagenase at a
concentration of 10 units.mL?. The fluorescence intensity of the medium was measured in
time to quantify the concentration of the released micelles. On day 21, the concentration
of the released CCL micelles reached ~8 mg.mL™. The released micelles were used for

incubation with cells as detailed in section 2.5.
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2.4.4. Fluorescence intensity measurement

To measure the fluorescent signals of Cy7 labeled micelles in the gel release medium, 30 uL
of the release medium was transferred into a clear 384-well plate and analyzed using
Odyssey” infrared scanner (LI-COR Biosciences, Westburg, the Netherlands) at 700 nm. To
measure the fluorescent intensity of the Cy5-conjugated micelles (released from hydrogel
and used in cell study), 100 uL of release medium was transferred into a black 384-well plate
and analyzed using a Jasko FP-8300 spectrofluorometer (JASCO, Tokyo, Japan). The
excitation and emission wavelengths were set at 578 and 603 nm, respectively. Standard
curves of the corresponding dye conjugated micelles were used for quantification of
fluorescent signals.

Images of the gels and release medium were taken by a LI-COR Pearl® impulse imager (LI-
COR, Lincoln, Nebraska, USA).

2.5. Cellular internalization study

Cellular uptake of the released micelles was investigated using Hela cells. The cells were
seeded in a glass-bottomed 96 well-plate at a density of 8000 cells/well and incubated at
37 °C for 24 h. Then, the fluorescently labeled micelles either released from the gel or
control micelles (freshly prepared micelles that were not converted into a gel) were added
at a concentration of 400 pg.mL* for 1, 6 and 24 h at 37 °C. The cells were washed twice
with PBS (0.13 M NaCl, 2.7 mM KCI, 11.9 mM phosphates, pH 7.4) and the plate was
transferred into a Yokogawa CV7000 (Tokyo, Japan) spinning disk microscope with a 60x

1.2NA water objective.

3. Results and Discussion

3.1. Polymer synthesis and characterization

3.1.1. Synthesis and characterization of Peptide-PEG ATRP macroinitiator

Figure 1A shows the three-step synthesis route of the PEG-Pep-PEG atom transfer radical
polymerization (ATRP)*® macroinitiator. The commercial Boc-NH-PEG-NHS (Fig. 1, step A-1,
compound 2) was characterized by GPC and *H-NMR. NMR analysis confirmed the presence
of tert-butyloxycarbonyl (Boc) and succinimidyl ester (NHS) groups in compound 2 with a
molar ratio of 1:1 (SI-Fig. 2A). GPC characterization displayed a peak at 15.6 minutes
corresponding to polymer with a number-average molecular weight (Mn) of 3.4 kDa in
agreement with the specifications of the supplier and a shoulder at a retention time of 14.7

minutes (~7% of the total peak area), corresponding with a polymer of Mn = 7.3 kDa (Fig. 3).
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This shoulder can most likely be attributed to the presence of PEG chains of higher
molecular weight possibly also derivatized with NHS and Boc functionalities. The two free
amines of the N-terminus acetylated Lys-Gly-Pro-GIn-Gly-lle-Phe-Gly-GIn-Lys were
conjugated to the NHS-end group of PEG (Fig. 1, step A-1). After dialysis and lyophilization,
PEG-Pep-PEG (Fig. 1, step A-1, compound 3) was obtained in a yield of 87%. The *H-NMR
spectrum showed that the molar ratio of the phenyl group of phenylalanine in the peptide
sequence and Boc group in the PEG was 1:2 (Fig. 2-2) (SI-Fig. 2B) demonstrating the
successful synthesis of the macroinitiator. Additionally, GPC analysis showed that the
retention time of compound 3 was shifted to a lower retention time representing a polymer
of higher molecular weight (Mn: 7.8 kDa) (Fig. 3), which again confirms the formation of
PEG-Pep-PEG. A small peak with a retention time of 15 minutes (~7% of the total peak area)
was detected, which corresponds to non-conjugated PEG (Mn: 3.4 kDa), while the peak at
13.8 minutes may be assigned to conjugation of peptide to the higher M» PEG derivative
present in the commercial starting compound 2. The Boc groups at both ends of the PEG-
Pep-PEG were removed by trifluoroacetic acid (TFA) and the crude product was dialyzed
and lyophilized to result in deprotected PEG-Pep-PEG in a yield of 79% (Fig. 1, step A-2,
compound 4). 'H-NMR analysis of compound 4 showed that the signal corresponding to Boc
at 6 = 1.4 had indeed disappeared (Fig. 2-3) demonstrating the quantitative removal of Boc
groups. As expected, the molecular weight of the deprotected PEG-Pep-PEG (Mn: 8.1) was
similar to the Boc protected PEG-Pep-PEG (Mn: 8.3 kDa) (Fig. 3). It should be noted that the
acetyl protecting group of the N-terminal peptide is stable under the deprotection
procedure applied*®, which means that there is no risk for functionalization of this moiety
by ATRP initiator. To functionalize the PEG-Pep-PEG with an ATRP initiator group at both
chain ends, the free terminal amine groups were reacted with a-bromoisobutyryl bromide
to result in a PEG-Pep-PEG ATRP macroinitiator with a yield of 78% (Fig. 1, step A-3,
compound 6). The presence of the *H-NMR signal at 1.8 ppm belonging to the methyl groups
of the ATRP initiator (12 protons per polymer chain) confirmed that all chains were
functionalized with an ATRP initiator (Fig. 2-4) (SI-Fig. 2C). GPC and *H-NMR showed an Mn
of 8.6, and 7.5 kDa for this macroinitiator, respectively. As a control, the same peptide
sequence made of unnatural amino acids (D-amino acids) was conjugated to PEG and
subsequently to the ATRP initiator. The resulting initiator was obtained in the yield of 71%
and had an My of 7.9 kDa as determined by GPC (SI-Fig. 4). *H-NMR analysis confirmed

guantitative modification of the chain ends by a-bromoisobutyryl bromide (SI-Fig. 3).

3.1.2. Synthesis and characterization of thermosensitive ABCBA pentablock
copolymers and ABA triblock copolymers
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The pentablock (ABCBA) copolymers were synthesized by ATRP using the above described
PEG-Pep-PEG macroinitiator (PEG as B block and peptide as C block) (section 3.1.1). The
polymer structure is shown in figure 1B, SI-Fig. 1, and the polymer characteristics are
summarized in table 1. The A blocks consisting of NIPAM (N) and HPMA-Cys (C) with a feed
molar ratio of 93:7 were polymerized from either the L or D-peptide-PEG macroinitiator (L-
Pep or D-Pep) using a previously established method3” (Fig. 1B). In the present work, the
resulting copolymers are referred to as L-Pep-NC and D-Pep-NC. Incorporation of HPMA-
Cys in the thermosensitive domain provides cysteine functionalities that can be exploited
for native chemical ligation (NCL)>°. After polymerization, the final products were obtained
after dialysis and lyophilization in high yields (82-87%).

Two complementary thermosensitive triblock copolymers of P(NIPAM-co-HPMA-Cys)-PEG-
P(NIPAM-co-HPMA-Cys) (PNC) and P(NIPAM-co-HPMA-ETSA)-PEG-P(NIPAM-co-HPMA-
ETSA) (PNE) (SI-Fig. 1) are needed for micelle formation, as reported before®”. PNC and PNE
were synthesized by ATRP using a PEG ATRP macroinitiator?” (Ma: 6 kDa) and a feed molar
ratio of NIPAM:HPMA-Cys or NIPAM:ETSA of 93:7. After polymerization and purification by
dialysis, the final polymers (protected) PNC and PNE were obtained in yields of 93 and 88%,
respectively. The My's as determined by GPC were higher than Mx’'s obtained by NMR
analysis, which has been observed before for PNIPAM based (co)polymers due to inter- and
intramolecular hydrogen bonding®>2. The PDIs of the obtained polymers (1.4-1.7) were
similar to what has been reported for these types of polymers. The different reactivity of
acrylamide (NIPAM) and methacrylamide (HPMA) has shown to result in blocky structures
in PNC and PNE polymers rather than a random distribution of the two types of
monomers®’.

The cysteine moieties in HPMA-Cys carry two protecting groups, namely a Boc group on the
terminal amine groups and an Acm group on the thiol side chain groups. Therefore, the
polymers containing HPMA-Cys groups underwent deprotection of Boc groups under acidic
conditions and an inert atmosphere®3. Thiol protecting groups (Acm) were removed by first
oxidation by iodine under acidic conditions and were subsequently reduced to free thiols
using TCEP40-54,

The synthesized PNC and PNE polymers exhibit a cloud point (CP) in aqueous solutions,
attributed to the thermosensitive PNIPAM block?®, at 34.1 and 29.2 °C, respectively, which
is similar to values reported before for the same polymers®’. The CPs of the Pep-NC
polymers were very similar (31.8 and 31.4 °C for L and D-Pep-NC, respectively) and slightly
lower than the CP of PNC (34.1 °C) likely because the peptide sequence in Pep-NCs contains

several hydrophobic amino acid residues® (Table 1).
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Table 1: Characteristics of PNC and PNE ABA triblock copolymers containing a PEG B-block of 6 kDa.
ABCBA pentablock copolymers: L-Pep-NC and D-Pep-NC containing L-Pep-(PEGsk); or D-Pep-(PEGsk)2
as mid BCB-blocks, respectively. The outer blocks of the different polymers are composed of either
NIPAM and HPMA-Boc-Cys-(Acm) (PNC, L-Pep-NC, and D-Pep-NC) or NIPAM and HPMA-ETSA (PNE).
In all polymerizations, the feed molar ratio of NIPAM to either HPMA-Boc-Cys-(Acm) or HPMA-ETSA

was 93:7.
Obtained molar ratio?
Mp2 MpP CP Yield
Polymer [NIPAM]: [NIPAM]: PDIb
(kDa) (kDa) (°C) (%)
[HPMA-Boc-Cys-(Acm)]  [HPMA-ETSA]

PNC 919 - 43.6 58.9 1.42 34.1¢ 93
PNE - 92:8 40.1 64.1 1.78 29.2 88
L-Pep-NC 90:10 - 44.8 62.5 1.75 31.8¢ 87
D-Pep-NC 919 - 44.2 64.3 1.72 31.4¢ 82

a Determined by !H-NMR. ® Determined by GPC. ¢ Cloud point of the deprotected polymer.
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Figure 1: Synthesis route for A) D- or L-Pep-(Br-NH-PEGs), ATRP macroinitiator, B) ABA tri-block
copolymer of D- or L-Pep-NC containing D- or L-Pep-(PEGsk)2 as mid-blocks and copolymer of NIPAM
and HPMA-Cys as outer-blocks.
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Figure 2: 'H-NMR spectra of the peptide Lys-Gly-Pro-GIn-Gly-lle-Phe-Gly-GIn-Lys (1), peptide-PEG
conjugated product with Boc protecting groups at the terminal ends (2), peptide-PEG conjugated
polymers after Boc deprotection of the terminal amine groups (3), the ATRP peptide-PEG

macroinitiator (4). Deuterated DMSO was used as solvent.
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Figure 3: GPC chromatograms of starting compound (Boc-NH-PEG-NHS), peptide-conjugated products
((Boc-NH2-PEG 3kDa),-Pep and (NH,-PEG 3 kDa),-Pep), ATRP peptide-PEG macroinitiator ((Br-C(CHs)»-
CO-NH-PEG 3kDa);-Pep), and final products (D-Pep-NC and L-Pep-NC).
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3.1.3. Enzymatic cleavage of the thermosensitive ABCBA pentablock polymers
(Pep-NC)

The pentablock copolymer, Pep-NC, forms flower-like micelles in PBS with a Z-average of
87+1 nm (PDI 0.1) at temperatures above the lower critical solution temperature (LCST ~31
°C, table 1) (Fig. 4A). To study the accessibility of the peptide block in the polymer backbone
for metalloproteases, D/L-Pep-NC polymers were incubated with metalloprotease type IV
collagenase (a model for MMP type 2 and 9) above the LCST. Analysis of the obtained
polymers by GPC showed that the molecular weight of D-Pep-NC did not change after
incubation with collagenase while that of L-Pep-NC reduced to half its original molecular
weight under the same conditions (SI-Fig. 12). These results demonstrate that the peptide
sequence in L-Pep-NC in the micelles is indeed accessible for collagenase. As expected,

cleavage of the peptide block in D-Pep-NC by the enzyme did not occur.

254 0 min
10 min
20 min
40 min
80 min
160 min

™ (kDa)

8 10 12 1a 16 50 75 100 125 150 175
Retention time (min.) Time (min.)

Figure 4: A) Formation of flower-like micelles from pentablock copolymer Pep-NC and cleavage of
peptide midblock by collagenase. B) GPC chromatograms (IR detection) of L-Pep-NC incubated with
collagenase (0.5 units.mL1) at different times at 37 °C. C) M, of L-Pep-NC as a function of time as

determined by GPC.

To investigate the kinetics of peptide cleavage of L-Pep-NC, the polymer was incubated with
and without collagenase at 37 °C and thus above the LCST of the polymer in PBS and samples
were collected at different time points and analyzed by GPC (Fig. 4 B, C). No change in the
molecular weight was observed in the absence of the enzyme even after 24 h of incubation
(SI-Fig. 12). In contrast, in the presence of collagenase, a gradual increase in the retention
time as a function of incubation time was observed. The change in the retention time (from
11.9 to 12.7 min) corresponds to a decrease in Mn from 64 to 35 kDa indicating cleavage of
the peptide block within 160 minutes. The cleavage of the peptide at 37 °C (above LCST of
the Pep-NC) demonstrates the accessibility of the peptide block for the enzyme, even
though other reported PNIPAM-peptide conjugates have shown the opposite®®. The
cleavage of the peptide in the L-Pep-NC pentablock copolymer can be explained by the
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presence of PEG as flanking blocks that force the peptide blocks to be exposed in the loops
of hydrophilic PEG shells of the flower-like micelles formed above the LCST (Fig. 4A).

3.2. Preparation of micellar hydrogel (HyMic), characterization, and

degradation

3.2.1. Preparation of micellar hydrogel and characterization

Preparation of HyMic was performed in two steps. In the first step, PNC and PNE polymer
solutions were mixed followed by increasing the temperature above LCST of the polymers,
which resulted in self-assembly of the polymers into flower-like micelles. The micellar core
was crosslinked by native chemical ligation of the cysteine and thioester functionalities
present in PNC (HPMA-Cys) and PNE (HPMA-ETSA), respectively®’. The obtained micelles
displayed a Z-average of 80+1 nm (PDI 0.09) and Z-potential of -4.2+0.4 at 37 °C.
Subsequently, the prepared micelles were purified by dialysis against water and then
lyophilized without cryo-protectant. The slight increase in their size after lyophilization of
micelles from 80+1 to 93+2 nm (PDI: 0.1) indicates that aggregation occurred to a limited
degree. The excess of PNE for the preparation of micelles resulted in reactive thioester
functionalities in the micellar core, which can be used for bridging the micelles using Pep-
NC linkers via native chemical ligation to yield a hydrogel network. In the second step, Pep-
NC having free cysteine moieties was added to the CCL micelle dispersion with free thioester
functionalities in the micellar cores at a temperature below the LCST of PNIPAM. At this
temperature, Pep-NC and the polymeric chains in the core of the CCL micelles are swollen
and consequently, Pep-NC molecules can diffuse into the hydrated core of the CCL micelles.
The close proximity of thioester functionalities in the core of micelles to the cysteine
functionalities in the Pep-NC linker facilitates native chemical ligation and triggers gel
formation. Subsequent incubation of the CCL micelle-Pep-NC mixture above the LCST of the
PNIPAM blocks resulted in a hydrogel, while the sample composed of only CCL micelles
displayed a low viscous dispersion (Fig. 5A). The storage modulus of sample composed of
only micelles remained constant (around 2 Pa) during the entire experiment (SI-Fig. 13). In
more detail, the CCL micelle-Pep-NC mixture displayed a G’ of 600 Pa shortly after heating
to 37 °C, which increased up to 1300 Pa after 160 minutes. A decrease in tan & from 0.20 to
0.06 confirmed formation of a chemically crosslinked hydrogel. The relatively high G’ (and
low tan &) value of the CCL micelle-Pep-NC mixture at the start of the measurement can
likely be attributed to crosslinking of the micelles that occurred during sample preparation
and before the start of the measurement. Although the G’ is relatively high (600 Pa), 150 uL
of the CCL micelle-Pep-NC mixture was easily passed through a needle (gauge 23) at 37 °C,

therefore, it can be considered as an injectable material at body temperature. This is in line
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with what has been shown before by Van Tomme et al. that hydrogels with G’< 4000 Pa are
suitable for injection®’. These results demonstrate the formation of a crosslinked network
of micelles, which is further abbreviated as “HyMic” (Fig. 5A). The overall gel concentration
can be adjusted according to the final application and the required gel stiffness. Stable gels
can be formed at polymer concentrations above 12% and at least up to 30%. The gel
stiffness can be increased by increasing the total polymer concentration. However, the ratio
between the cysteine functionalities in the linker and thioester functionalities in the

micellar core should be considered for optimal crosslinking.
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Figure 5: Formation of HyMic A) lyophilized core crosslinked flower-like micelles were dispersed in
PBS and subsequently mixed with L-Pep-NC to form a hydrogel. B) Storage modulus (G’) and tan 6 as

a function of time for micelles after mixing with L-Pep-NC at 37 °C.

3.2.2. Enzymatic degradation of HyMic

As shown in section 3.1.3, the peptide midblock in the L-Pep-NC polymer can be cleaved by
collagenase. To investigate the accessibility of L-Pep-NC in the gel structure and
consequently enzyme responsivity of HyMic, the gel composed of CCL micelles and the L-
Pep-NC (L-HyMic) was incubated with collagenase at different concentrations at 37 °C (Fig.
6A). HyMic composed of CCL micelles and D-Pep-NC (D-HyMic) was only treated with the
highest concentration of collagenase used for L-HyMic treatment (30 units.mL?).

Both types of gels displayed a maximum swelling ratio of 2.0 and no gel erosion was
observed in the absence of the enzyme. L-HyMic exhibited complete degradation in seven
days at an enzyme concentration of 30 units.mL, while D-HyMic remained intact even after
2 months at the same enzyme concentration (Fig. 6A), which demonstrates that

degradation is indeed triggered by cleavage of L-Pep-NC linker. Interestingly, the
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degradation rate of L-HyMic was significantly slower than of L-Pep-NC (7 days vs. 160 min
(Fig. 4)) even though, the substrate to enzyme ratio was 5 times lower (see section 3.1.3).
This slower degradation of L-HyMic could be attributed to the limited accessibility of
collagenase to the peptide block in the hydrogel network. The gel degradation as a function
of enzyme concentration (Fig. 6) can reveal insights into the degradation mechanism. The
observed degradation times were 45, 21, and 7 days, in the presence of 7.5, 15.0, and 30.0
units of enzyme per milliliter, respectively. The samples incubated with 30 units.mL?
exhibited a weight loss after reaching maximum swelling while the gels incubated with 15
and 7.5 units.mL? of collagenase showed a constant gel weight for about 10 and 25 days,
respectively (Fig. 6A). The plateau value in hydrogel weight can be ascribed to absorption
of water due to a decreasing crosslink density of the hydrogel network, which is
compensated by shedded particles. At the decaying point of the graph (Fig. 6A), (around
day 10 and day 25 for gels incubated with 15 units.mL? and 7.5 units.mL? of collagenase,
respectively) the gel network became very weak, resulting in rapid disintegration of the gels.
Figure 6B shows that the degradation time of the gels decreased with increasing enzyme
concentration. It is known that for surface erosion, the degradation rate is not affected by
enzyme concentration above a certain concentration due to saturation of the surface with
enzyme molecules. On the other hand, for bulk degradation the degradation rate increases
with increasing enzyme concentration®® 5°. Estimation of hydrogel mesh size (¢) based on
rubber elasticity theory®® ¢! (equation in section 2.4.3) showed a mesh size of ~7 nm for the
gel with a G’ of 1300 Pa. This means that collagenase with a molecular weight of 63-130
kDa®% 8 (Rn ~3.5-4.5 nm)® can penetrate into the hydrogel network and initiate bulk
degradation. Therefore, the observed degradation is very likely due to combination of bulk
degradation and surface erosion.

The release medium of the L-HyMic and D-HyMic hydrogels incubated with 30 units.mL? of
collagenase was refreshed daily and analyzed using DLS. Additionally, the fluorescence
intensity of the release medium was measured to determine the concentration of the
released dye-conjugated CCL micelles (Fig. 7). The D-HyMic release medium only exhibited
a detectable signal for the derived count rate on the first day, which was much lower than
the recorded value for L-HyMic (1800 vs. 48000). From day 2 on, no signal above background
was recorded and thus no nanoparticles were present in the D-HyMic release medium (Fig.
7 B). The released particles at day one exhibited a Z-average of ~ 100 nm and PDI of 0.1
suggesting the release of intact CCL micelles (Fig. 7A, C). Measuring the concentration of
the released dye-conjugated CCL micelles using fluorescence showed 10% release of the
CCL micelles on the first day (Fig. 7D). Taken together, during the first day CCL micelles were
released from the D-HyMic that were not connected to the gel network. Clearly, collagenase

is unable to cleave D-Pep-NC to result in shedding of CCL micelles over time.
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Figure 6: A) Enzymatic degradation of L-HyMic at different concentrations of collagenase. B)
Degradation time as a function of enzyme concentration at 37 °C and pH 7.4. Degradation time is

reported as the recorded time for full degradation of a gel (n=3).

In contrast to D-HyMic, the release medium of L-HyMic exhibited high values for the derived
count rate in the first days, which decreased over time (Fig. 7B). The released particles
displayed size of ~110 (PDI ~0.2) which raised to ~200 nm (PDI ~0.3) from day 2 on. The high
derived count rate values in the first days can be explained by the release of CCL micelles
on the surface, which may have a low number of connections to the micellar network. The
latter can also explain the similar size and PDI of the released particles compared with
lyophilized micelles that were used for L-HyMic formation (Fig 7A). The bigger size and PDI
after the first day indicate release of nanosized gel fragments composed of more than one
CCL micelle (Fig. 7A). Measuring the fluorescence intensity of the released dye-conjugated
CCL micelles showed that approximately 50% of the CCL micelles were released upon gel
exposure to 30 unit.mL™ collagenase at day one and the CCL micelle release was completed
after seven days. This is in line with the high value of the derived count rated on the first
day (Fig. 7B), low swelling ratio, and immediate weight loss of this gel (Fig. 6A). Fluorescence
imaging of L-HyMic and D-HyMic hydrogels and their release medium was performed after
2 and 30 days incubation with collagenase (Fig. 7 E, F). As expected, a strong fluorescent
signal was detected in the release medium of L-HyMic while the signal in D-HyMic release
medium was below the detection limit. Interestingly, fluorescence imaging showed a fluffy
structure for the L-HyMic gel while the D-HyMic displayed a dense structure even after one
month incubation with collagenase. This fluffy swollen structure is most likely due to
cleavage of Pep-NC linkers inside the gel network due to diffusion of the enzyme in the

hydrogel matrix as mentioned above. This observation supports that degradation of the
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hydrogel in the presence of collagenase is due to a combination of surface erosion and bulk
degradation. Such a micellar hydrogel could be injected in tumor tissues. The upregulation
of MMPs in tumor tissues would then trigger the gel degradation resulting in the release of
micelles. When micelles are loaded with anti-cancer therapeutics the internalization of the

released micelles in cancer cells can cause cytotoxicity and consequently tumor regression.
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Figure 7: DLS analysis of the gel medium of L and D-HyMic upon incubation with collagenase, A) Z-
average B) derived count rate, C) PDI, D) the percentage of the released dye-conjugated micelles from
HyMic (n=3). Fluorescence imaging of E) the release medium and F) HyMic hydrogels incubated with
collagenase at 30 units.mL? (incubation time for L-HyMic and D-HyMic were 2 and 30 days,

respectively).
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3.3. Cellular internalization of CCL micelles by HeLa cells

The suitability of the released CCL upon enzymatic degradation of L-HyMic for intracellular
drug delivery was investigated using Hela cells. To this end, dye-conjugated CCL micelles
were formulated into HyMic using L-Pep-NC and subsequently incubated with collagenase.
The concentration of the released CCL micelles was monitored by measuring the dye
concentration in the release medium. The released CCL micelles obtained after 21 days of
incubation with collagenase displayed a Z-average of 120+2 nm (PDI 0.2) and {-potential of
-2.740.0 at 37 °C. The confocal images (Fig. 8) showed punctate fluorescence confirming the
internalization of both control micelles and released CCL micelles after 24 h incubation with
the cells. The uptake of released CCL micelles from L-HyMic upon its enzymatic degradation

shows the potential of enzymatic cleavable L-HyMic for intracellular drug delivery.

Figure 8: Internalization of freshly prepared micelles and micelles released from the L-HyMic hydrogel
upon enzymatic degradation. Laser confocal scanning microscopy of Hela cells incubated for 24 h with
(A) freshly prepared fluorescently labeled CCL micelles at a concentration of 400 pug.mL?, (B) CCL
micelles released from the gel at a concentration of 400 pug.mL?1. Micelles are visualized with

maleimide-Alexa fluor C5 568 in red.

4. Conclusion

This paper describes the design and synthesis of an enzyme responsive hydrogel (HyMic)
consisting of CCL flower-like micelles and an enzyme responsive linker (Pep-NC). The
complete degradation of HyMic in the presence of collagenase in a concentration
dependent manner shows the programmability of this hydrogel. Upon enzymatic

degradation, HyMic is converted into CCL micelles that can be taken up by Hela cells. These
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results demonstrate the great potential of HyMic for sustained release of CCL micelles for
intracellular drug delivery in tissues with upregulation of MMP e.g. cancer tissue. The
introduced micellar hydrogel technology can be easily used for the development of other
types of enzyme responsive micellar hydrogels. To this end, the peptide block in the linker
can be substituted by a peptide that matches the specificity of the desired enzyme.
Moreover, micelles can be decorated with targeting ligand to improve their cellular uptake

upon release from the hydrogel.
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SI-Figure 2: 1H-NMR spectra of A) starting material of alpha-t-butyloxycarbonylamino-w-carboxy
succinimidyl ester poly(ethylene glycol) (Boc-NH-PEG-NHS) (PEG-M, 3 kDa), B) L-Pep-PEG conjugate
before deprotection of boc group, C) L-Pep-PEG ATRP macroinitiator. The integrations are normalized
based on the number of hydrogens in the corresponding PEG molecules. Deuterated DMSO was used

as solvent.
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SI-Figure 4: GPC chromatogram of D-Pep-PEG ATRP macroinitiator in DMF containing 10 mM LiCl.
Peak 1 corresponds to conjugation of peptide to the higher M, PEG derivative present in the
commercial starting compound 2 (see Fig. 1.), peak 2 confirms formation of PEG-D-Pep-PEG with a M,

of 7.9 kDa, and peak 3 belongs to non-conjugated PEG (M,: 3.4 kDa).
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SI-Figure 6: A) TH-NMR spectrum of protected D-Pep-NC in CDCl; B) H-NMR spectrum of D-Pep-NC
in CDCls.
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SI-Figure 10: GPC chromatogram of PNE in DMF containing 10 mM LiCl.
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SI-Figure 11: GPC chromatograms of A) protected PNC B) PNC in DMF containing 10 mM LiCl.
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Chapter 6

Abstract

In this study, temperature dependent behavior of dense dispersions of core crosslinked
flower-like micelles is investigated. To this end, micelles were prepared by mixing aqueous
solutions of two ABA block copolymers carrying groups that react with each other. The B-
block in the polymers was poly(ethylene glycol) (PEG) and the A-blocks were composed of
thermosensitive copolymers of either NIPAM and N-(2-hydroxypropyl) methacrylamide-
cysteine (HPMA-Cys) (PNC) (molar ratio ~91:9) or NIPAM and N-(2-hydroxypropyl)
methacrylamide-ethylthioglycolate succinic acid (HPMA-ETSA) (molar ratio ~92:8) (PNE). At
a temperature (50 °C) above the lower critical solution temperature (LCST) of the
thermosensitive blocks, self-assembly of the polymers resulted in the formation of flower-
like micelles with a hydrophilic PEG shell and a hydrophobic core based on PNIPAM. The
micellar core was stabilized by native chemical ligation (NCL) between thioester groups in
HPMA-ETSA and cysteine groups in HPMA-Cys. Above the LCST of the thermosensitive
blocks, micelles displayed a radius of ~35 nm, which increased to ~48 nm by decreasing the
temperature below the LCST due to hydration of the PNIPAM core. Concentrated
dispersions of these micelles (C = 7.5 wt%) showed glassy state behavior below a critical
temperature (T,.: 28 °C) which is close to the LCST of PNC (~34 °C) and PNE (~29 °C). The G’
of the glassy state was dependent on the concentration of micellar dispersions e.g. ~700,
3000, and 6000 Pa at concentrations of 10, 12.5 and 15 wt%, respectively, with a tan § of
~0.05. Hydration of PNIPAM in the core of crosslinked micelles at temperatures below the
T, and the subsequent increase in the micelle volume results in compression of micelles
together above a certain concentration and formation of a glass. The effective volume
fraction, @ =V,,/V, in which V;, is the micelles’ volume at a specific concentration and
V, is the sample volume, was used to quantify and compare micelle packing at different
concentrations and temperatures. The storage moduli (G") of the dispersions showed a
universal dependence on the effective volume fraction, which increased substantially above
a certain effective volume fraction of ¢ = 1.2. Furthermore, a disordered lattice model
describing this behavior fitted the experimental data and revealed a critical volume fraction
of ¢, = 1.35 close to the experimental value of ¢ = 1.2. It was shown that two
dispersions with equal ¢ = 2.2 at different temperatures (10 and 40 °C), different micelles’
radius (~35 and ~48 nm), and different concentrations (12.5 and 30 wt%) displayed a similar
G' (~2500 Pa) and yield stress (~220 Pa) due to equal effective volume fraction validating
the proposed model. In contrast to previously studied PNIPAM microgel dispersions, neither
precipitation nor gelation of the micelles above the LCST was observed due to the presence

of PEG on the micelles’ corona. The findings reported in this study provide insights for the
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molecular design of novel thermosensitive PNIPAM nanoparticles with tunable structural

and mechanical properties.
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1. Introduction

Poly(N-isopropylacrylamide) (PNIPAM) is an attractive polymer for biomedical,
biotechnological and pharmaceutical applications due to its thermo-responsive phase
transition at a temperature close to body temperature'™. This polymer exhibits a lower
critical solution temperature (LCST) in aqueous solution at 32 °C. Below this temperature,
the polymeric chains are hydrated and therefore soluble in water, while upon increasing
the temperature above the LCST, dehydration occurs and thus the polymer becomes
insoluble?. Amphiphilic di- or triblock (co)polymers of PNIPAM and polyethylene glycol
(PEG) have been extensively studied for the preparation of thermosensitive polymeric
micelles as potential drug delivery vehicles®®. During the past years, there is a growing
interest in strategies to convert PNIPAM based hydrogels into micelles for drug delivery
applications®*,

Unlike micelles, several studies have been devoted to the rheological characterization of
dense dispersions of PNIPAM based microgels'>'3. PNIPAM (sub)micron gel particles are
usually synthesized using free radical precipitation polymerization to yield small hydrogel
particles (~0.2 to 0.5 um radius). PNIPAM based microgels display thermosensitivity* and a
volume phase transition temperature (VPTT)®, which is close to the LCST of the polymer?®.
This reversible transition temperature plays a crucial role in the viscoelastic behavior of
dense dispersions of PNIPAM microgels. In general, when the temperature is below the
VPTT, soft PNIPAM microgels are swollen resulting in high repulsive interparticle
interactions caused by the steric hindrance of swollen polymer chains. At this temperature,
the hydrated particles can be packed well above the random close packing fraction @, =
0.64'78 due to compression and deformation of the particles. Under this condition, a glass
is formed which exhibits viscoelastic properties resembling pastes and colloidal glasses of
hard spheres!®?. At temperatures above the VPTT, dehydration of PNIPAM chains leads to
shrinkage of the microgels and in this state, a raise in hydrophobic and van der Waals
interactions due to high polymer density results in increasing attractive interparticle
interactions'®. A variety of states depending on the magnitude of repulsive and attractive
interactions have been reported for PNIPAM microgel particles. A balance between
attractive and repulsive interactions results in the formation of colloidal gels??, while
excessive repulsive interactions lead to a stable liquid dispersion of the microgels?3, whereas
when the attractive forces exceed the repulsive interactions, macroscopic precipitation
occurs?®. Dominancy and magnitude of repulsive or attractive interparticle interactions can
be altered by introducing hydrophobic and/or hydrophilic monomers into PNIPAM

microgels®. For instance, gelation properties of PNIPAM microgels have been tuned by
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changing surface charge density through copolymerization of NIPAM with monomers such
as acrylic acid?? 25, and fumaric acid?®. Ata pH < pKa, microgels composed of copolymers
of NIPAM and fumaric acid behaved similarly as PNIPAM microgels without the comonomer
and displayed colloidal gel behavior at T > VPTT. On the other hand ata pH > pKa, the
surface of the particles is negatively charged due to deprotonation of carboxylic groups,
which in turn led to significant charge repulsion between the microgel particles and
consequently, due to the high repulsive forces at this pH, the microgels displayed liquid
behaviorat T > VPTT?. Very recently, Es Sayed et al. reported on the synthesis of NIPAM
based microgel particles by surfactant-free precipitation copolymerization of NIPAM and
PEG-methacrylate. In the so-obtained microgel particles, PEG chains are present on their
surface, however, this arrangement is not in a well-defined core-shell structure. They
demonstrated that this microgel system has a higher colloidal stability than non-PEGylated
ones?’. However, the effect of PEG on rheological characteristics of microgels was not
described in this publication'® 27, In contrast to microgels, PNIPAM based micelles are
nanosized particles (10 -100 nm diameter) formed by self-assembly of amphiphilic block
copolymers of PNIPAM-PEG in aqueous solutions at concentrations above the critical
micelle concentration (CMC) and above the LCST of PNIPAM block. Therefore, PNIPAM
based micelles with a PEG shell have a great potential as a well-defined core-shell structure
particle for investigating the effect of PEG on rheological properties of dense PNIPAM based
colloids.

In the present contribution, the rheological characteristics of concentrated dispersions of
core crosslinked flower-like micelles having a PEG shell and a thermosensitive PNIPAM core
were explored. Diluted dispersions of micelles were studied at temperatures above and
below the LCST of the polymers using dynamic light scattering (DLS). Subsequently, the
rheological properties of a series of concentrated micellar dispersions were studied over a
temperature range of 10 to 40 °C and a theoretical model?®?® was used to describe the

observed rheological behavior of the dispersions.

2. Materials and Methods

2.1. Materials

All commercial chemicals were obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands)
and used as received unless indicated otherwise. N-(2-hydroxypropyl) methacrylamide
(HPMA) was synthesized by a reaction of methacryloyl chloride with 1-aminopropan-2-ol in
dichloromethane according to a literature procedure®. N-(2-hydroxypropyl) methacrylamide-Boc-S-

acetamidomethyl-L-cysteine (HPMA-Boc-Cys-(Acm)) and N-(2-hydroxypropyl)
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methacrylamide-ethylthioglycolate succinic acid (HPMA-ETSA) were synthesized according
to previously reported procedures®'®. Viscous Blue 420 Maleimide™ was obtained from
Ursa BioScience (Maryland, USA). Phosphate buffered saline 10X (PBS) pH 7.4 (1.37 M NaCl,
0.027 M KCl and 0.119 M phosphates) BioReagents was purchased from B. Braun
(Melsungen, Germany). Poly(ethylene glycol) bis(2-bromoisobutyrate) with a molecular
weight of 6 kDa was synthesized by a method previously reported®. Dialysis tubes
(molecular weight cutoff (MWCO) 10 kDa) were obtained from Fisher Scientific (Bleiswijk,
the Netherlands). PD-10 desalting columns were purchased from GE Healthcare (Uppsala,
Sweden). PEG standards (molecular weights ranging from 106 to 969000 Da) for GPC

characterization were purchased from Agilent Technologies BV (Santa Clara, US).

2.2. Polymer Synthesis and Characterization

2.2.1. Synthesis of P(NIPAM-co-HPMA-Cys)-PEG-P(NIPAM-co-HPMA-Cys), PNC
and P(NIPAM-co-HPMA-ETSA)-PEG-P(NIPAM-co-HPMA-ETSA), PNE

PNC and PNE were synthesized by atom transfer radical polymerization (ATRP) in solvent
mixtures of 2.8 mL water and 0.9 mL of acetonitrile for PNC and 2.5 mL water and 2.0 mL
ethanol for PNE. Poly(ethylene glycol) bis(2-bromoisobutyrate)® (50 mg, 7.9 umol), CuBr (4.5
mg, 31 umol), CuBr2 (4.7 mg, 21 pmol), NIPAM (264 mg; 2.3 mmol) and either HPMA-Boc-
Cys-(Acm) (67 mg, 0.16 mmol) for PNC or HPMA-ETSA (56 mg, 0.16 mmol) for PNE were
dissolved in the corresponding polymerization solvents. The mixtures were deoxygenated
by flushing with nitrogen for 15 minutes at room temperature and 15 minutes in an ice bath.
Subsequently, 16 pL (60 pmol) of tris[2-(dimethylamino) ethyllamine (MesTREN) as copper
ligand was added to the polymerization flasks. The reaction mixtures were stirred for 2 and
5 hours in the ice bath for the synthesis of PNC and PNE, respectively. The crude products
were purified by dilution of the reaction mixtures in water to 15 mL, followed by dialysis
(MWCO, 10 kDa) against water at room temperature for two days and subsequently
lyophilized. The obtained polymers were characterized using *H-NMR (SI-Fig. 1A, 3) and GPC
(SI-Fig. 3) analysis. Acetamidomethyl (Acm) and tert-butyloxycarbonyl (Boc) protecting
groups of cysteines (in PNC polymer) were removed as described before32. Briefly, Boc
protecting groups of cysteines were removed by dissolving 250 mg of the protected PNC in
dry DCM and trifluoroacetic acid (TFA) (1:1 v/v, 10 mL) and stirred for 1 hour at room
temperature. Next, the solvent was evaporated under reduced pressure and the crude
product was dissolved in 2 mL DCM followed by precipitation in 60 mL of cold diethyl ether.
The Acm protecting group of cysteines was removed by dissolving 250 mg of the Boc

deprotected polymer in a mixture of methanol (MeOH) and water (1:1 v/v, 10 mL) under a
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nitrogen atmosphere. Next, 500 uL HCI (1 M) and 1 mL iodine 0.2 M in MeOH were added
and left to react while stirring for 1 h at room temperature. Subsequently, 1 mL of ascorbic
acid (1 M) in water was added to the reaction flask to quench the excess of iodine followed
by addition of excess of tris(2-carboxyethyl)phosphine (TCEP) (250 mg) to reduce the
formed disulfide bonds and the reaction mixture was subsequently stirred overnight.
Finally, the mixture was dialyzed against water for 2 days at room temperature (MWCO, 10
kDa) and the final product was obtained after lyophilization and characterized by H-NMR
(SI-Fig. 1B) and GPC (SI-Fig. 3).

2.2.2. NMR Spectroscopy Analysis

The obtained polymers were characterized by *H-NMR using a Bruker 600 UltraShield™
spectrometer (Billerica, Massachusetts, USA). The chemical shifts were calibrated against

the residual solvent peak of CHCIz (6 = 7.26 ppm).

2.2.3. Gel Permeation Chromatography (GPC) Analysis

The molecular weights and molecular weight distribution of the synthesized polymers were
determined using a Waters 2685 Alliance 2414 System (Waters Corporation, Milford, MA)
equipped with a refractive index detector. Samples were dissolved in DMF containing 10
mM LiCl at a concentration of 5 mg.mL? and separation was carried out by 2 PLgel 5 pm
Mixed-D columns (Polymer Laboratories, UK) in series at a temperature of 65 °C using the
same solvent as mobile phase. The flow rate was 1 mL.min! and a series of linear PEGs with
narrow and defined molecular weights were used as calibration standards3. Data were

recorded and analyzed with Empower software v.3. 2010.

2.2.4. Determination of Cloud Point of PNC and PNE

The could point (CP) of the synthesized polymers was determined using a Jasko FP-8300
spectrofluorometer (JASCO, Tokyo, Japan). The polymers were dissolved at a concentration
of 1 mg.mL?t in PBS (0.13 M NaCl, 2.7 mM KCl and 11.9 mM phosphates, pH 7.4). The
temperature was ramped from 10 to 50 °C at 1 °C.min! and the measurements were

performed at 650 nm. The CP was taken as the onset of increasing scattering intensity.

2.3. Micelle Preparation and Characterization

2.3.1. Preparation of the Core Crosslinked Flower-like Micelles
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To form micelles, PNC and PNE were dissolved separately in PBS (0.13 M NaCl, 2.7 mM KCl
and 11.9 mM phosphates, pH 7.4) at a concentration of 10 mg.mL? and left at 4 °C for 3
hours. Subsequently, the polymer solutions were mixed in a 1:1 volume ratio (i.e. 1:1 molar
ratio of HPMA-Cys to HPMA-ETSA) and heated to 50 °C using an oil bath. The mixture was
stirred at 50 °C overnight. The resulting micellar dispersion was dialyzed against water

(MWCO, 10 kDa) for two days at room temperature and subsequently lyophilized.

2.3.2. Labeling Micelles with a Viscosity Fluorescence Probe

Micelles were prepared as described in section 2.3.1. Subsequently, the buffer medium was
refreshed, and the micelles were purified by PD-10 desalting columns equilibrated with PBS
(0.13 M NaCl, 2.7 mM KCI and 11.9 mM phosphates, pH 7.4) according to the protocol
provided by the supplier. Next, 10 pL of a 50 mg.mL? Viscous Blue 420 Maleimide™ stock
solution in DMSO was added to 1 mL micellar dispersion and left to react at 4 °C for two
days under a nitrogen atmosphere343>, Next, the labeled micelles were purified three times

by PD-10 desalting columns equilibrated with PBS to remove non-conjugated dye.

2.3.3. Dynamic Light Scattering

The radius of micelles at different temperatures was measured at a concentration of 3
mg.mLtin PBS (0.13 M NaCl, 2.7 mM KCl, and 11.9 mM phosphates, pH 7.4) using an
ALV7004 correlator, ALV/LSE-5004 Goniometer, ALV/Dual High QE APD detector unit with
fiber splitting device with a set-up of 2 off detection system (Langen, Germany). A Uniphase
Model 1145P He-Ne Laser was used at a laser wavelength of 632.8 nm and power of 22 mW.
The measurements were performed at a 90° angle. The temperature was increased from 10
to 40 °C with 10 minutes equilibration time at each temperature. The temperature was
controlled by a Julabo CF41 (Seelbach, Germany) thermostatic bath and changes in viscosity

were taken into account by the software.

2.3.4. Zeta Potential

The prepared micelles in PBS were diluted (1:20 v/v) in HEPES (20 mM, pH 7.0) to a final
concentration of 0.5 mg.mL? and the zeta potential was measured at 10 and 40 °C using a

Zetasizer Nano Z (Malvern Instruments Ltd, Malvern, UK).

2.3.5. Fluorescence Intensity Measurements

The fluorescence intensity of dye-conjugated micelles was measured using a Jasko FP-8300

(JASKO, Tokyo, Japan) spectrofluorometer; the excitation and emission wavelengths were
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set at 320 and 400 nm, respectively. Micelles were dispersed at a concentration of 3 mg.mL"
Lin PBS (0.13 M NaCl, 2.7 mM KCl and 11.9 mM phosphates, pH 7.4) and heated from 10 to
40 °C. Samples were allowed to equilibrate at each temperature for 10 minutes before

measurement.

2.4. Micelle Dispersion Preparation and Characterization

2.4.1. Preparation of Dense Micellar Dispersions

Lyophilized micelles were dispersed in PBS (0.13 M NaCl, 2.7 mM KCl and 11.9 mM
phosphates, pH 7.4) at concentrations of 7.5, 10, 12.5, 15, 20, and 30 wt% and left to
hydrate for 3 hours at 4 °C prior to the measurement. For instance, a sample at a
concentration of 20 wt% was prepared by dispersing 200 mg of lyophilized micelles in 800
puL of PBS. Details of the preparation of individual samples are provided in supporting

information section 2, Sl-table 2.

2.4.2. Rheological Characterization of Dense Micellar Dispersions

Rheological analyses of dense micellar dispersions were performed on a DHR-2 rheometer
(TA Instruments, New Castle, DE) using a 20 mm aluminum cone (1 °) geometry equipped
with a solvent trap. Temperature sweeps were performed from 40 to 10 °C at 1 °C per
minute steps with a 30 second equilibration time for each temperature. The measurements
were conducted at a fixed frequency of 1 Hz and a strain of 1% and the sample volume was
70 L.

The vyield stress measurements were performed using 12.5 and 30 wt% dispersions, at
temperatures of 10 and 40 °C, respectively. The samples (70 pL) were subjected to a strain

sweep from 1 to 40% at oscillation frequency of 1 Hz.

3. Results and Discussions

3.1. Polymer Synthesis and Characterization

Figure 1 shows the structures of polymers investigated in this study synthesized using atom
transfer radical polymerization (ATRP)3. As reported previously®, PNE and protected PNC
were obtained by copolymerization of NIPAM/HPMA-ETSA and NIPAM/HPMA-Boc- Cys-
(Acm), respectively. The feed molar ratio of the monomers in both polymerizations was 93:7
and a poly(ethylene glycol) bis(2-bromoisobutyrate) with a number-average molecular
weight (Mn) of 6 kDa was used as bifunctional ATRP initiator®. The protected PNC triblock
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copolymer was obtained with a yield of 94% and the Mn of the polymer was ~42 kDa as
determined by *H-NMR (SI. Fig. 1A) and ~69 kDa (PDI 1.5) by GPC analysis (table 1, SI. Fig.
3). The purified PNE was obtained with a yield of 85% and had an Mn of ~41 kDa as
determined by H-NMR analysis (SI. Fig. 2) and M, of ~64 kDa (PDI of 1.8) as determined by
GPC (Table 1, SI. Fig. 3). The difference in the recorded My's by GPC and NMR analysis of
these polymers can be ascribed to the presence of strong inter- and intramolecular
hydrogen bonding in PNIPAM based polymers as reported before3”:38,

The incorporation of HPMA-Cys and HPMA-ETSA units in the thermosensitive domains of
the polymers provides terminal cysteine and thioester functionalities that can be exploited
for native chemical ligation (NCL)*°. PNC underwent a deprotection procedure®! to remove
Acm and Boc protecting groups to yield a polymer with free cysteine moieties. *H-NMR
analysis showed that the deprotection of cysteines indeed was successful (SI-Fig. 1B) and
GPC analysis showed an Mn of ~72 kDa for the deprotected polymer. As expected, both
polymers exhibited a cloud point of 34.1 °C for PNC and 29.2 °C for PNE due to the presence
of thermosensitive PNIPAM-blocks and to the obtained values were similar as reported

before for the same polymers® (Table 1).

Table 1: Characteristics of the synthesized ABA triblock copolymers of (protected) PNC and PNE. Both
ABA polymers contain PEG (6 kDa) as midblock, whereas the thermosensitive outer blocks are
composed of either NIPAM and HPMA-ETSA (PNE) or NIPAM and HPMA-Boc-Cys-(Acm) (protected
PNC). The feed molar ratios of NIPAM to HPMA-Boc-Cys-(Acm) and HPMA-ETSA were 93:7.

Obtained molar ratio @ M2 M,b CP Yield
Polymer PDIP
[NIPAM]:[HPMA-Boc-Cys-Acm]  [NIPAM]:[HPMA-ETsA]  (kDa)  (kDa) (°C) (%)
PNC 91:9 - 421 691 15 34.1¢ 94
PNE - 92:8 40.9 639 1.8 292 85

a Determined by H-NMR. ® Determined by GPC. ¢ Cloud point of the deprotected polymer
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Figure 1: Reaction schemes for the synthesis of PNC and PNE.

3.2. Micelle Formation and Characterization

Micelles were prepared following a previously reported method by mixing PNC and PNE
solutions (10 mg.mL!) at a volume ratio of 1:1 (i.e. molar ratio 1:1 for HPMA-Cys and HPMA-
ETSA) followed by increasing the temperature to 50 °C>*°. The close proximity of thioester
and thiol functionalities in the micellar core induces native chemical ligation leading to the
stabilization of the micellar structures (Fig. 2A). Figure 2B shows the radius of the micelles
as a function of temperature in a dilute dispersion (3 mg.mL?) as measured by DLS. By
varying the temperature from 10 to 40 °C, the radius of the micelles changed from ~48 to
~35 nm with an inflection point at approximately 28 °C, which is close to the LCST of both
polymers. Static light scattering at 10 and 40 °C demonstrated that the micelle’s molecular
weights (~15.5 x 10° kDa) and aggregation number (Nagg) (~400) were equal within the
experimental error confirming the formation of core crosslinked micelles. SLS data has been
reported before for this type of micelles®, but for sake of readability are also shown in Sl
table 1. The micelles displayed a {-potential of -2.3 + 0.4 and -4.2 + 0.2 mV at 10 and 40 °C,
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respectively, showing a slight negative charge of the micelles above and below the LCST, in
line with findings for other pegylated polymeric nanoparticles*.

To visualize the shrinking of the micellar core due to dehydration of PNIPAM chains above
the LCST, a rigidochromic fluorescent probe was used3> %2, Rigidochromic fluorescent
probes are excited by absorbing a photon of a specific wavelength. After excitation, there
are two possible pathways to deactivate the excited-state: non-radiative and radiative. The
non-radiative pathway (non-fluorescent) results in rotation of a specific bond that prevents
effective i conjugation in the molecule. When this pathway is hampered by confinement
induced by molecular structural changes or enhanced viscosity of the environment, the
probe is forced to follow the radiative pathway and emit light to the deactivated excited
state®®. To this end, the maleimide functionalized rigidochromic dye (Viscous Blue 420
Maleimide™) was conjugated to free thiol groups in the micellar core remaining after native
chemical ligation and/or to non-reacted cysteine moieties in the micellar core. This
conjugation positioned the rigidochromic molecule as a confinement probe in the PNIPAM
core of the micelles. The fluorescence intensity of dye conjugated micelles was monitored
as a function of temperature (Fig. 2C). First, a decrease in the fluorescence intensity with
increasing temperature from 10 to 25 °C was observed, as it has been observed before for
this dye in aqueous solution which was attributed to the decrease in viscosity of water with
temperature3®. Since the core in this temperature range (10 to 25 °C) is highly hydrated, the
lower fluorescence intensity with increasing temperature can be explained by the low local
viscosity in the micellar core. Interestingly, by further increasing the temperature from 25
to 40 °C, the fluorescence intensity did not further decrease but instead increased. Most
likely, the dehydration of PNIPAM and accordingly shrinkage of the micellar core resulted
in an increase in the confinement of the rigidochromic probes. Therefore, these molecules
follow the radiative pathway which in turn resulted in an increase in fluorescence intensity.
Figure 2D shows the change in fluorescence intensity as a function of the radius of the
micelles. From 10 to 25 °C, when the radii are hardly changed (from 47 to 45 nm), a decrease
in fluorescence intensity from 680 to 590 A.U. was observed as explained above. With
decreasing the radius from 45 to 35 nm (from 25 to 35 °C) a significant change in intensity
from 590 to 850 A.U. was observed, which shows that indeed shrinkage of micelles due to
the dehydration of PNIPAM chains increased dye confinement and consequently increased
dye intensity. Subsequently, when the radius of the micelles remained relatively constant,
(35.7 to 35.0 nm) at a temperature from 35 to 40 °C, fluorescence intensity slightly
decreased again, which indicates a slight decrease in viscosity of the dye microenvironment.
According to Wu et al. PNIPAM based nanoparticles retain water (~70%) in their

hydrophobic core even in a highly collapsed state at temperatures above the LCST®.
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Therefore, probably a decrease in the viscosity of water in the micellar core upon increasing
temperature resulted in an overall decrease in the viscosity of dye microenvironment,

which led to a slight decrease in dye intensity.
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Figure 2: A) Schematic view of the flower-like micelles crosslinked by native chemical ligation®. B) The
change in the radius of micelles as a function of temperature at a micelle concentration of 3 mg.mL™.
C) Change in the dye intensity as a function of temperature at different wavelengths. D) Change in the

dye fluorescence intensity as a function of the micelle radius at the wavelength of 387 nm.

3.3. Rheological Characterization of Dense Micellar Dispersions

The rheological properties of dense micellar dispersions were investigated as a function of
temperature. The number of micelles (n) in different dispersions was calculated based on
the concentration of samples and the molecular weight of the micelles (the details are
shown in supporting information section 2, Sl-table 2). This number was used to calculate
the total volume of micelles (V},,) in each dispersion based on the radius of the micelles in

a dilute dispersion (3 mg.mL?). In addition, an effective volume fraction (i.e. packing
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fraction), defined as ¢ =1V,,/V; in which V, is the volume of a micelle dispersion, is
reported (see supporting information section 2, Sl-table 2). The calculations show that the
total volume of micelles (1;,) at concentrations > 7.5 wt% and at 10 °C is larger than V;
(Sl-table 2). This indicates that the effective volume fraction (@) can be even above the
maximum random packing fraction for monodisperse hard spheres @, ~ 0.64 1%
possibly due to compressible deformation of the relatively soft micelles. Consequently, at

the same temperature the volume of a given micelle in a dilute dispersion is larger than its

volume in a concentrated dispersion as visualized schematically in Fig. 3.
A B
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noooooﬂ
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Figure 3: A) Micelles in a dilute dispersion B) Compression of micelles in a concentrated dispersion.

The storage modulus (G') of several micellar dispersions was measured while the
temperature was increased from 10 to 40 °C (Fig. 4A). The sample at a concentration of 7.5
wt% displayed a low G’ of ~10 Pa with tan § =~ 0.85 at 10 °C. By increasing temperature
to 40 °C, this sample displayed a liquid state (tan § =~ 4). Below the LCST (10 °C), samples
at concentrations of 10, 12.5, and 15 wt% showed G’ values of ~700, 3000, and 6000 Pa,
respectively with tan § = 0.05, demonstrating solid-like behavior with a concentration
dependent G'. By increasing the temperature above the LCST (40 °C), the G’ values
decreased significantly to about a few Pascals (< 2 Pa) with tan & = 1, indicating a
transition from solid-like to liquid-like. The samples with 20 and 30 wt% micelles exhibited
substantial G’ values of ~17000 and ~28000 Pa, respectively, with tan § ~0.05 below the
LCST (10 °C), and above the LCST (40 °C), their G' decreased to ~150 Pa (tan § ~0.5) and
~3000 Pa (tan § ~0.2), respectively.

The temperature dependency of storage modulus for micellar dispersions differing in
concentrations can be described by critical-like behaviour: G'~(T. — T)" **, in which
T, is the critical temperature and y is the critical exponent. The critical temperature T,

is set at 28 °C as evidenced from the sharp decrease in the experimental values of G’ in
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samples with 10, 12.5, and 15 wt% (Fig. 4A). This temperature coincides with the inflection
point of the size-temperature curve in Fig. 2 and is close to the LCST of PNC (~34 °C) and
PNE (~29 °C). The solid curves in Fig. 4A show the best fits of the above equation to data
points of samples 10, 12.5, and 15 wt% with a fixed T,.=28 °C and yielded y values of 2.1,
1.6, and 1.3 (all with an absolute error of ~0.1), respectively. This demonstrates that the
critical exponent Yy decreases with increasing concentration of the samples. Below the
critical temperature, the core of micelles is hydrated, which results in an increase in micelle
size (¥35 nm vs. ~48 nm at 40 and 10°C, respectively, Fig. 2B). Consequently, micelles were
jammed together (¢ = 1.8) and formed a colloidal glass with a substantial value of G'.
Increasing temperature above T, and consequent reduction in the size of micelles resulted
in a decrease in the effective volume fraction (¢ < 1), and thus the average number of
neighbors in direct contact with each other decreases?® resulting in a lower G'value and
also in flow (tan & = 1). This observation suggests that ¢ is the main parameter
controlling the rheological properties of the system. The samples with concentrations of 20
and 30 wt% did not show a sharp transition at 28 °C but represented a solid-like behavior
above and below this temperature. This is due to the fact that at these concentrations ¢
values are so high (1.4 < ¢ < 5.6) that the reduction in the size of micelles is not
significant enough to result in a glass-liquid transition (tan § < 0.5 below and above T,).
Therefore, the reduction in the size of micelles only reduces the extend of compression of
micelles into each other which results in a lower G' and a higher tan § above T, (e.g.
micellar dispersion 20 wt% displayed a G’ of 150 (tan § of 0.5) and 17000 Pa (tan § of
0.05) at 40 and 10 °C, respectively).

Fig. 4 B shows G’ as a function of ¢ for micellar dispersions of different concentrations
and temperatures. This figure shows that data points of different samples coincide on a
master curve demonstrating that ¢ is the main parameter controlling the transition
behavior of the system. As shown in this figure, G’ substantially increases ata ¢ of ~1.2
(black arrow) above which the system shows solid-like behavior with 0.05 < tand§ < 0.85.
To quantitatively link the sharp transition of G' to ¢, a disordered lattice model for hard-
sphere colloidal glasses was used that gives the non-affine expression of the storage
modulusas G'~@(z — z.), in which z isthe average number of neighbors of one micelle
in the dispersion (coordination number)?®2° and z, = 4 is the critical number at the glass
transition when ¢ = ¢, 2. ¢, is the critical volume fraction at which the glass transition
occurs. According to Zaccone et al. 28, ¢ and z are related via z —z, = (¢ — ¢.)P. The
exponent b depends on the micelle-micelle interaction, including steric contributions. For
the micellar system investigated in this study, b = 1 provides a good description of the

experimental data and indicates that ¢ and z are linearly proportional. Therefore, z —
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Z. can be replaced by ¢ — ¢, leading to G' = k@(¢p — ¢.). The solid curve in Fig. 4B
shows that G’ as a function of ¢ is well described by this model when b is fixed at 1,
yielding the fitting parameters k =1575 Pa and ¢, =1.35. This finding is supported by the
data of Fig. 4B in which it is shown that the two high concentration micellar dispersions
display 1.4 < ¢ < 5.6 over the whole temperature range which is well above ¢, .
Therefore, these two samples only display solid state behavior above and below T, and do
not exhibit a transition from solid- to liquid state.

The behavior of our micellar system is in contrast with previous studies on PNIPAM
microgels. For example, Weitz et al.?® observed that a dense dispersion of PNIPAM microgel
particles (radius of 260 nm at 41° C) first showed a glass transition and then after
liguefication formed a gel upon an increase in temperature above the LCST which is ascribed
by the authors to the formation of stable clusters of aggregated PNIPAM microgels above
the LCST?%. The different behavior of the micelle dispersion system described in this study
compared to the previous microgel systems could be attributed to the presence of the PEG
corona that covers the micelles. Hence, above the LCST the hydrophilic PEG corona is
exposed (SI-Fig. 4), which avoids hydrophobic interactions between the dehydrated and
hydrophobic PNIPAM cores and consequent particle aggregation. Besides, the slightly
negative zeta potential (-4.2+0.2 mV) may also contribute to the stability of the dispersions
of micelles by preventing their aggregation due to charge repulsion.

To clarify the storage modulus dependency on ¢ shown in Fig. 4B, G' of six dispersions of
different concentrations of 7.5, 10, 12.5, 15, 20, and 30 wt% at 10 and 40 °C were compared.
Fig. 5A shows the total volume of micelles (1},,) for each sample which increases linearly
with concentration. As expected, the slope is higher for samples at 10 °C than at 40 °C due
to the hydration of the PNIPAM chains in the micellar core. A horizontal dashed line in Fig.
5A shows that 1}, of the 12.5 wt% dispersion at 10 °C (2.2 mL) is very close to 1, of 30
wt% dispersion at 40 °C (2.1 mL) (SI-table 2). According to the model presented in Fig. 4B it
is expected that these two samples display similar G’ although their concentration and
temperatures are very different. Fig. 5B shows that G’ of the 12.5 wt% micellar dispersion
at 10 °C (~2600 Pa) is indeed very close to G’ ~2400 Pa found for the 30% sample at 40 °C
(horizontal dashed line in Fig. 5B).
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Figure 4: A) Storage moduli (G') of micellar dispersions as a function of temperature and for
different concentrations in PBS. The solid curves are the best fit of G'~(T, — T)? to the data of
samples with concentrations 10, 12.5, and 15 %. B) G' as a function of effective volume fraction (¢)

at different micellar concentrations at different temperatures. The solid curve is the best fit of

G'~¢p(p — @) with ¢, = 1.35.
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Figure 5: A) Total volume of micelles (V,,) as a function of concentration at 10 and 40 °C. 1}, for
each dispersion was calculated based on the radius of micelles in a diluted micellar dispersion (3
mg.mL?) (see Sl-table 2). B) G’ as a function of the concentration of micellar dispersion for the two

temperatures.
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Yield stress is an important parameter for materials that need to undergo extrusion
processes such as 3D-printing. Fig. 6A shows that a micellar dispersion with a concentration
of 20 wt% can be easily extruded through a nozzle even below the T,. When the applied
stress is larger than the yield stress of the material, the dispersion flows and can thus be
extruded. However, after extrusion when the applied stress is below the yield stress the
material retains its shape and shows solid-like behavior®. To investigate the yield behavior
of the micellar dispersions, amplitude sweep rheology measurements were performed on
micellar dispersions of 12.5 and 30 wt% concentrations. In Fig. 6B, G' and G'' are shown
as a function of applied stress for the two samples with the same packing fraction ¢ ~2.2
at different concentrations and temperatures. Both samples show similar G’ and G"
values at low shear stresses. For both samples, with increasing stress, G’ drops and
becomes comparable to G" (~660 Pa) at a stress of about 220 Pa (with an oscillation
frequency of 1 Hz). This point is known as the yield point of the material and the
corresponding stress is called yield stress*. Therefore, the samples with similar packing

ratio not only show similar G'and G" but also display the same yield stresses.

A B

G': 30 %, 40°C
G": 30 %, 40°C
G125 %,10°C
G":12.5 %, 10°C

L

200 300

Stress (Pa)

100

Figure 6: A) Extrusion of a micellar dispersion at a concentration of 20 wt% at 10 °C through a 100 pL
tip of a positive displacement pipet. B) G’ and G" as a function of shear stress for two dispersions

with the same packing fraction (¢ ~ 2.2).
4. Conclusion

In this study, the rheological properties of dense dispersions of flower-like micelles have
been investigated. Temperature dependent change in the size of micelles resulted in
formation of a colloidal glass with predictable storage modulus by changing the micelles’
concentration from 7.5 to 30 wt% at temperatures from 10 to 40 °C. When the storage

modulus of different micellar dispersions at different concentrations and temperatures is

192



Rheological properties of dense dispersions of thermosensitive core-crosslinked polymeric micelles

plotted as a function of the effective volume fraction, the data points coincide onto a master
curve. This indicates that the effective volume fraction of the micellar dispersions is the
main parameter controlling their rheological properties. Furthermore, the volume fraction
induced glass transition in the system is described by a theoretical model indicating a critical

volume fraction of 1.35, which is very close to the experimental value (¢ = 1.2).
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Supporting information:

1. Static and Dynamic Light Scattering (SLS and DLS)

Static light scattering (SLS) and dynamic light scattering (DLS) were conducted as a function
of the detection angle 0. In SLS measurement, the scattering intensities for sample (ls),
toluene (lto1), and PBS as solvent (lo) were measured as a function of the scattering angle 6.
Furthermore the dark current luark (detector intensity with laser switched off) was measured.
The obtained intensities were converted into Rayleigh scattering (R) to obtain absolute

scattering of the sample according to equation 1:

15(0)-1p(0) n?
(1) R(O) = === TSRy

2
It01(0)— Igark Mo

In which ntw = 1.494 and ns = 1.332 are the refractive index of the reference and solvent,
respectively, and R is the known absolute Rayleigh scattering for toluene at 632.8 nm
wavelength. For Riw; we used 1.02 103 m™ !, Then the scattering angle @ was converted

into the wave vector g based on equation 2:

. 0
4Ting sin—

2 q=—7

where A is the wavelength in the vacuum.

* Therefore, R, was obtained according to Guinier? by plotting In(R) as a function

RZ
of g2 in which the slope is equal to: ?‘q (results are shown in table 1)

J Hydrodynamic radius (Rn) was obtained by DLS. Decay rate I extracted from the
second order cumulant was plotted as a function of g?2. For monodisperse particles this
should result in a straight line with a slope equals to the diffusion coefficient D and

from that R;, was obtained using equation 3: (results are shown in table 1)

_ kT
- 6TINRy

(3)

e To obtain M,, absolute scattering intensity R was plotted as a function of g and
extrapolated to g = 0. The absolute scattering R should equal to: (results are shown in
table 1)
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(4) R = K,CM,, S(q) P(qR)

At low concentration, the structure factor S(q) = 1 and at ¢ = 0 the form
factor was considered P(qR) = 1, therefore, R (¢ » 0) = K,, C, Mw where K, an

optical constant (equation 5) and C the particle concentration in kg.m™.

5) K, = nir (d_n)z

- A%N gy \dc

SI-Table 1: Characteristics of core crosslinked flower-like micelles measured at 10 and 40 °C.

Reproduced with permission from ref3 (https://doi.org/10.1021/acs.biomac.8b00908). Permission for

reusing this data should be directed to the ACS.

T(°C) Rg (nm)? Rh (nm)Pb Rg/Rn My (mic.) Nagg?
(106 Da)
10 46.0+0.8 48.2+0.9 0.95+0.00 16.3+0.4 430+10
40 30+0.8 35.4+0.4 0.85+0.01 14.8+0.2 381+10

2. Calculation of Effective Volume Fraction ( ¢ )

V., = Micelles (mg) x 0.83 cm.g~! (partial specific volume of PNIPAM)') +
PBS (mL)

Number of micelles = —icelles (gr)

= N o micelle ’ where N, is Avogadro constant and M, is
A w

the micelle molecular weight 15.55x10° kDa (as the average molecular weight of micelles
at 10 and 40 °C was considered)

Vi, = number of micelles X volume of micelles at the corresponding temperature
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Sl-Table 2: The summary of results for calculation of . T, is 28 °C.

Sample  Micelles PBS Sample  Number  Volume of micelles

v
conc. (mg) (mL) volume of (Vi )(mL) @ orl ﬁ)
(wt%) (V) micelles Below Above Below  Above
(mL) (x10%3) T, T, T, T,
7.5 75 0.925 0.987 2.89 1.34 0.52 1.36 0.53
10 100 0.900 0.983 3.86 1.79 0.69 1.82 0.7
12.5 125 0.875 0.979 4.82 2.23 0.87 2.28 0.88
150 150 0.850 0.975 5.79 2.68 1.04 2.75 1.07
200 200 0.800 0.966 7.72 3.57 1.39 3.7 1.43
300 300 0.700 0.949 11.6 5.36 2.08 5.65 2.19
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SI-Figure 1: 1H-NMR spectra of A) protected PNC, B) PNC in CDCls.
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SI-Figure 2: 'H-NMR spectrum of PNE in CDCls.

1500 NG
PNE
5 1000+
8
Q
3
© 500+
0 T

0 5 10 15 20

Retention time (min.)

SI-Figure 3: GPC chromatograms of PNC and PNE in DMF containing 10 mM LiCl.
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Figure 4: 'H-NMR spectra of the core-crosslinked micelles in D,O below and above LCST of the
polymers. At temperature above LCST, the intensity of PNIPAM signal drastically dropped while PEG
signals are still present, which indicates the exposure of hydrophilic PEG in the corona of micelles. The
peak shifts are due to the change in temperature. Reproduced with permission from reference3?

(https://doi.org/10.1021/acs.biomac.8b00908).
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1. Summary

Advancements in polymer chemistry and pharmaceutical sciences have resulted in the
rationale design of nanosized drug delivery systems'. Polymeric micelles (PM) with a
diameter ranging from 10-100 nm with a core-shell structure can be formed from
amphiphilic block copolymers®’. The hydrophobic core and hydrophilic shell, together with
tunable properties e.g. chemical conjugation of a drug to the micellar core and a targeting
ligand to the shell, make polymeric micelles well suited for drug delivery applications® and
a great variety of micellar systems are under clinical evaluations® 1°. Hydrogels are another
type of well-known polymeric materials that have been extensively studied for drug delivery
applications. Hydrogels are three-dimensional (3D) networks of chemically or physically
crosslinked hydrophilic polymers that absorb large amounts of water while maintaining
their structure'> 2, In recent years, micellar-hydrogel systems that combine unique features
of both micelles and hydrogels have gained increasing interest. In such systems, among
others, hydrogels are converted into micelles upon stimuli or simply by dilution in the
surrounding aqueous medium?3 . This thesis reports research on the development of core
crosslinked flower-like micelles, on their in-vivo behavior in comparison with star-like
micelles, and on their formation upon enzymatic degradation of a macroscopic hydrogel.
Chapter 1 introduces the main concepts investigated in this thesis. In this chapter,
polymeric micelles and the role of micelle crosslinking in improving micellar stability are
described. The stealth effect of poly(ethylene glycol) (PEG) in improving the circulation
kinetics of nanoparticles is described and the accelerated blood clearance (ABC
phenomenon) of subsequent doses of PEGylated therapeutics and particles is discussed®®.
Furthermore, stimuli-responsive hydrogels and their potential as local drug delivery systems
are disputed.

Chapter 2 gives an overview of the physicochemical properties and biomedical applications
of poly(N-isopropylacrylamide) (PNIPAM). PNIPAM is considered an interesting polymer to
prepare materials for biomedical and pharmaceutical applications because of its lower
critical solution temperature (LCST) behavior around 32 °C in aqueous media'®. The use of
this thermosensitive polymer has been widely reported in the literature for several
applications such as PNIPAM functionalized substrates in cell culture!”*°, bioseparation?®
21 biosensing®® 23 and drug delivery applications?*. Incorporation of functional groups such
as pH-sensitive?>-, photo-sensitive?® or enzyme hydrolyzable?” groups in the PNIPAM
structure allows engineering of responsive drug carriers®® 2°. This chapter discusses the
copolymerization of NIPAM with functional monomers using several polymerization
techniques including atom transfer radical polymerization (ATRP)*°, reversible

addition—-fragmentation chain-transfer polymerization (RAFT), and free radical
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polymerization (FRP). Self-assembly of the synthesized polymers into organized structures,
e.g. micelles and hydrogels are described, together with several crosslinking methods to
tailor the stability of these materials. For instance, matrix metalloproteinase (MMP)
responsive PNIPAM based micelles as a peptide-polymer hybrid system and their potential
for enzyme-triggered drug delivery are described?’. It is further discussed that the self-
assembly of ABA tri-block copolymers of PNIPAM (A-block) and PEG (B-block) results in
flower-like micelles in aqueous media3!. This concept was exploited in a previous PhD thesis
of our department for the formulation of a micelle-shedding PNIPAM based hydrogel for
the sustained release of an anti-cancer drug®® 32,

To improve stability of PNIPAM-based materials under biological conditions, physical
crosslinking (by hydrogen bonding) of PNIPAM at a temperature above LCST has been
combined with several chemical crosslinking methods®. In the case of PNIPAM based
hydrogels, in-situ crosslinking methods allow designing of injectable hydrogels. Native
chemical ligation as a crosslinking method for the formation of injectable hydrogels is
highlighted in this chapter3* 35, In Chapter 3, native chemical ligation (NCL)%* is employed as
a selective and efficient method for core crosslinking of flower-like micelles3®. This reaction
involves coupling of an N-terminal cysteine to a thioester to form a thioester-linked
intermediate product that after spontaneous S-N-acyl rearrangement yields an amide bond.
This crosslinking method benefits from proceeding catalyst-free, at ambient temperature, in
aqueous media, and at physiological pH. Moreover, after NCL, free thiol moieties remain
available, which can be exploited for conjugation of desirable molecules (a dye or drug) via
e.g. a disulfide bond, Michael addition, or thiol-ene reactions. Two complementary ABA
block copolymers containing A blocks of NIPAM and either N-(2-
hydroxypropyl)methacrylamide-ethylthioglycolate succinic acid (HPMA-ETSA) or N-(2-
hydroxypropyl)methacrylamide-cysteine (HPMA-Cys) and a B block of PEG were synthesized
by ATRP. The obtained P(NIPAM-co-HPMA-Cys)iskpa-PEGekpa-P(NIPAM-co- HPMA-Cys)iskpa
and P(NIPAM-co-HPMA-ETSA)1skpa-PEGekpa-P(NIPAM-co-HPMA- ETSA)iskpa polymers are
abbreviated as PNC and PNE, respectively. Mixing the aqueous solutions of these polymers
and raising the temperature above the LCST of the PNIPAM blocks resulted in the self-
assembly of polymers into flower-like micelles with a PEG shell, and a PNIPAM based core.
Subsequently, native chemical ligation in the micellar core yielded stabilized micellar
structures with a Z-average of ~65 nm at body temperature. The ratio between the
functional groups (cysteines and thioesters) in the micellar core could be tuned by simply
adjusting the ratio between the polymers before micellization yielding a defined number of
functional groups available for conjugation of dye or drug molecules. A comprehensive
structural study of micelles using Cryo-TEM and static light scattering (SLS) confirmed the

formation of uniform and spherical micelles. Interestingly, we observed dark patches in the
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tomographic view representing more dense areas in the micelles, which coincide with the
relatively high content of HPMA-Cys/ETSA close to the PEG chain as revealed by a
polymerization kinetics study. Furthermore, we demonstrated that these micelles could be
taken up by human epithelial cervix carcinoma cells (Hela cells), while good cell viability was
retained. Although the cellular uptake was rather low, these results demonstrate the
potential of these core crosslinked flower-like micelles as a drug carrier. Whereas several
reports have shown the application of flower-like micelles as nanocarriers®” 38, the possible
advantages of flower-like micelles over star-like micelles for pharmaceutical applications
have not been described yet. Therefore, in Chapter 4, circulation kinetics and biodistribution
of the flower-like micelles introduced in chapter 3 were compared with star-like micelles.
The star-like micelles were composed of two complementary AB block copolymers; the A
blocks had same size and composition as the A blocks in flower-like micelles and the B block
was methoxy polyethylene glycol (mPEG) (Mn 3 kDa). Star-like micelles core crosslinked by
native chemical ligation were prepared according to the same micellization method as used
for the flower-like micelles in chapter 3. The flower- and star-like micelles displayed Z-
average of ~65 and 83 nm, respectively. SLS characterization of the obtained micelles
showed aggregation numbers (Nagg) of ~400 and 1700 for flower- and star-like micelles,
respectively. The lower Nagg in flower-like micelles in comparison with star-like micelles is
due to the loop conformation of PEG. In this conformation, PEG chains occupy more surface
area compared to linear PEG in star-like micelles, which led to fewer chains fitting in one
micelle3!. Consequently, the surface area per PEG chain (SA/PEG) for flower- and star-like
micelles was calculated to be ~37 vs. 12 nm?, respectively. The low value of SA/PEG for star-
like micelles (~12 nm?) indicates that the surface has a high PEG grafting density and PEG
chains are in a highly stretched “brush” conformation3% %%, The large value of SA/PEG for
flower-like indicates low PEG grafting intensity. In such structure, PEG chains show low
flexibility in a loop conformation meaning they are highly stretched in a “mushroom”
conformation®l. The circulation kinetics of flower- or star-like micelles were studied in
immunocompetent BALB/c mice upon intravenous (i.v.) injection. Flower-like micelles
exhibited significantly longer circulation half-life compared to star-like micelles upon the first
injection (ti2 ~18.64£3.1 vs. 10.74£0.7 h). The longer circulation kinetics of the flower-like
micelles can be ascribed to the reduced flexibility of PEG in the loop structure. To investigate
the effect of PEG conformation on the ABC phenomenon, seven days after the first injection,
each of the above groups was divided into two groups receiving another i.v. injection of
either flower- or star-like micelles. Upon the second administration, accelerated blood
clearance was observed after the injection of star-like micelles in mice that received star-
(t2 of ~2.320.3 h) or flower-like micelles as first injection (in 2 out of 3 mice no micelles

were detected in the circulation after 24 hours). On the other hand, injection of flower-like
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micelles, whether applied as a first, second of both injections, resulted in similar in vivo
kinetics (t12 ~14.4+1.1 and 15.4%2.2 h). An ELISA study revealed binding of commercial anti-
PEG antibodies (IgM and IgG) to star-like micelles but not to flower-like micelles.
Determination of anti-PEG IgM titers in the blood collected 24 hours after the second
injection showed that indeed anti-PEG IgM antibodies are present upon injection of both
type of micelles. Taken together, different binding of anti-PEG IgM to star-like micelles
compared to flower-like micelles was observed, which is probably due to the presence of
methoxy end group in the linear PEG present in the corona of star-like micelles*™ 42,
Moreover, biodistribution of micelles was studied after the first and the second injections
by measuring the fluorescence intensity of micelles in excised organs (24 h after injections).
All groups showed similar results and micelles showed accumulation in liver and spleen as
main clearance organs. These findings suggest that introducing PEG in a looped rather than
a linear/brush conformation on nanoparticles could be used to enhance circulation time and
reduces the occurrence of the ABC phenomenon upon repeated injections.

In chapter 5, an enzyme responsive micellar hydrogel is introduced. Flower-like micelles
(introduced in chapter 3) were prepared with a slight excess of PNE compared to PNC (molar
ratio 3:2). The obtained micelles were linked together by pentablock copolymers of
P(NIPAM-co-HPMA-Cys)-PEG-Peptide-PEG-P(NIPAM-co-HPMA-Cys) (Pep-NC) to vyield a
hydrogel. The peptide midblock consisted of either L or D amino acids (lysine-glycine-
proline-glutamine-isoleucine-phenylalanine-glycine-glutamine-lysine (Lys-Gly-Pro-GIn-Gly-
Ile-Phe-Gly-GlIn-Lys)) (L-Pep-NC or D-Pep-NC), of which the L-amino acid sequence is a
substrate for matrix metalloproteases 2 and 9 (MMPs 2 and 9). Native chemical ligation
between thioester functionalities in the micellar core and cysteine functionalities in the D/L-
Pep-NC polymers resulted in a hydrogel (D or L-HyMic) that was confirmed by increasing
storage modulus (G’) from ~600 to ~1300 Pa and a decrease in tan § from ~0.2 to ~0.06.
Incubation of both types of hydrogels with collagenase type IV (a model for MMPs) showed
that the gels linked with L-Pep-NC (L-HyMic) degraded in 7-45 days upon exposure to
collagenase in a concentration-dependent manner, while the gel linked by D-Pep-NC (D-
HyMic) remained intact even after 2 months. These observations demonstrate that
degradation is indeed triggered by the enzymatic cleavage of L-Pep-NC. Additionally, the
hydrogel supernatant was investigated by dynamic light scattering (DLS), which confirmed
the presence of nanosized particles with a size close to the that of micelles before linking
into the gel (~120 vs. 93 nm). Moreover, internalization of the released core-crosslinked
micelles by Hela cells was observed. These results show the potential for HyMic for triggered
release of CCL micelles for intracellular drug delivery in tissues with upregulation of MMPs.
The core crosslinked flower-like micelles (introduced in chapter 3) display a radius of ~35

nm above the LCST, which rises to ~48 nm by decreasing the temperature below the LCST
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due to hydration of the PNIPAM core. The change in the size as a function of temperature
displays an inflection point at ~28 °C. In chapter 6, the rheological characterization of dense
dispersions of core crosslinked flower-like micelles is investigated. Micelle dispersions
displayed solid-like behavior below 28 °C with a G’ depending on the sample
concentration e.g. ~700, 3000, and 6000 Pa at concentrations of 10, 12.5, and 15 wt%,
respectively, with a tan § of ~0.05. The effective volume fraction ¢ =1,,/V, was
calculated for each concentration and temperature (1}, is the total micelles’ volume at a
specific concentration and V, is the sample volume). ¢ was used to quantify and
compare micelle packing in different samples at different concentrations and temperatures.
We observed that the soft nature of micelles and their compressibility allow them to pack
well above the random close packing fraction for hard spheres (®=0.64)*44, which resulted
in glassy dynamics below 28 °C. When the storage moduli of different micellar dispersions
at different concentrations and temperatures were plotted as a function of the effective
volume fraction (¢), the data points coincided onto a master curve. This master curve
demonstrated that ¢ of the micellar dispersions is the main parameter controlling their
rheological properties. The experimental data were described with the theoretical
disordered lattice model® G'~@(p — ¢.) and yielded the critical volume fraction of
@, = 1.35 close to the experimental value of ¢ = 1.2. It was shown that two dispersions
with equal ¢ = 2.2 at different temperatures (10 and 40 °C), different micelles’ radius (~35
and 48 nm), and different concentrations (12.5 and 30 wt%) displayed similar G’ (~2500
Pa) and vyield stress (~220 Pa) due to equal effective volume fraction. In contrast to
previously studied PNIPAM microgel dispersions®, neither precipitation nor gelation of the
micelles above the LCST was observed, most likely due to the presence of PEG on the

micelles’ corona.

2. Discussion and Perspectives

2.1. Polymer choice and polymerization techniques

Degradability of polymers in physiological conditions is mostly required for biomedical and
pharmaceutical applications, and PNIPAM as such does not fulfill this requirement. The core
crosslinked micelles described in this thesis have several ester bonds in the polymer
backbone (between PEG and PNIPAM blocks) and in the crosslinked domains (originating
from the HPMA-Cys and HPMA-ETSA monomers). The cleavage of these ester bonds could
eventually lead to the slow degradation of micelles into polymer blocks with a molecular
weight below the threshold of renal clearance, which is about 30-50 kDa*’. However, the
insolubility of PNIPMA blocks at body temperature is an issue and two approaches can be

used to tackle this. The first approach is replacing PNIPAM by a biodegradable
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thermosensitive polymer such as copolymers of N-(2-hydroxypropyl)methacrylamide
mono- and dilactate (HPMAm(lac)n)** %8, Poly (HPMA-(lac),) polymers display a tunable
cloud point (CP) by varying the molar ratio of HPMA-lac1 and HPMA-lac.. Notably, in
aqueous medium hydrolysis of lactate acid groups in the side chains results in conversion of
this insoluble polymer into PHPMAm, which is a water-soluble polymer®® %, The second
approach is copolymerization of NIPAM with a degradable monomer such as dimethyl-y-
butyrolactone acrylate (DBA)* or HPMA-lac®® to obtain a bioresorbable PNIPAM based
polymer. In this way, hydrolysis of HPMA-lac or DBA moieties increases the overall
hydrophilicity of the copolymer and consequently increases the LCST of the polymer above
body temperature®® 51,

The first approach was not employed in this study since HPMA-lac, for largely unknown
reasons, cannot be polymerized with ATRP. On the other hand, free radical polymerization
as a successful method for synthesis of PHPMA-(lac)n could not be employed since this
would not results in a well-defined tri-block copolymer for formulation of flower-like
micelles. To obtain a bioresorbable polymer, RAFT polymerization was employed for
copolymerization of NIPAM, DBA, and HPMA-Cys using a bifunctional PEG RAFT agent. The
polymerization resulted in an ABA copolymer of P(NIPAM-co-HPMA-Cys-co-DBA)(2skpa)-
PEG(10kpa)-P(NIPAM-co-HPMA-Cys-co-DBA)2skpa)  (PNCD)  (PDI:  ~1.8). However, this
polymerization method was not compatible with the HPMA-ETSA monomer and resulted in
polymer with a very high PDI (~2.8). This high PDI is likely caused by the presence of a trace
amount of thiol groups remaining from the synthesis of HPMA-ETSA which can act as a chain
transfer agent during polymerization. Therefore, HPMA-ETSA was replaced by N-
hydroxysuccinimide (NAS)>! and

54
P(NIPAM-co-NAS-co-DBA)25kpa)- - DBA2.5%
PEG(10kpa)-P(NIPAM- co-NAS-co- 4- & DBAS%
DBA)@skoa) (PNND) (PDI: ~1.4) AT
. = -+ DBA 10%
was obtained. Four types of s
PNCD and PNND polymers with s

different ratios of DBA were
synthesized (molar ratio of DBA
was 2.5, 5, 7, and 10% of the
total monomers). The obtained

polymers (PNND and PNCD)
were formulated into hydrogels Figure 1: Swelling ratio (W¢/Wo) in time of four different

Days

at total polymer concentration hydrogels (15 wt%) formulations with 2.5, 5, 7 and 10% DBA

of 15 wt%. We observed that content in PNCD and PNND. Data are shown as mean %

the obtained hydrogels were standard deviation (n=3).
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degradable in physiological conditions and degradation time depended on the DBA ratio in
the polymer structure (Fig. 1). These results clearly show the tunability of degradation time
by varying the amount of DBA monomer. Preliminary data shows that these polymers can
self-assemble into core crosslinked micelles with a Z-average diameter of ~85 nm (PDI 0.1).
However, structural studies and degradation times of these micelles should be further
investigated to get insight into the possibility for e.g. the development of polymeric micelles

and/or hydrogels for local and targeted drug delivery.

2.2. Drug conjugation to micelles

In this thesis, we conjugated N-hydroxysuccinimide (NHS) and maleimide functionalized
dyes into the micellar core as a model drug. The conjugation was performed through the
reaction of thiol or amine functionalities that remained after native chemical ligation in the
micellar core with maleimide or NHS moieties in the dye. Recently, our group showed
successful conjugation of a thiol functionalized drug to the core of star-like micelles
crosslinked by native chemical ligation. Two complementary AB block copolymers having A
block of PEG and B block of NIPAM and either HPMA-Cys or NAS were polymerized by RAFT.
Then, the thiol moieties remaining after native chemical ligation were used for conjugation
of gold nanoclusters and thiolated doxorubicin. A localized cytotoxic effect of this
formulation on resilient MDA-MB-231 cancer cells triggered by near infra-red light
irradiation was demonstrated®2. Overall, the success of this method shows the potential of
conjugating functionalized (bio)therapeutics into the micellar core and their use as

responsive drug delivery systems.

2.3. Reducing PEG immunogenicity by using PEG in loop conformation

PEGylation is frequently used to improve the clinical properties of therapeutic proteins>?
and to enhance the circulation time of nanoparticles e.g. liposomes after intravenous
administration®. However, in the last decade several unexpected immune-mediated side-
effects occurred with PEGylated therapeutics. For instance, the injection of PEGylated
liposomes into mice, rats, beagle dogs, cynomolgus monkeys, and mini pigs can trigger a
PEG-related immune response that is claimed to be elicited by anti-PEG antibodies>>>%. The
results presented in chapter 4 show that introducing PEG in a looped conformation in
micelles significantly improves their circulation half-life in immunocompetent mice after
both a single and second injection. Moreover, the lower binding of anti-PEG IgM to looped
PEG compared to that of linear PEG (containing methoxy end groups) suggests the great

potential of looped PEG in preventing or limiting the recognition by anti-PEG antibodies and
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thereby opsonization and clearance of PEGylated nanocarriers. It is hypothesized that due
to the absence of PEG end group in this type of micelles and the lower avidity of the anti-
PEG IgM antibodies for looped PEG in flower-like micelles antibody binding and subsequent
opsonization do not occur. It has been shown before that the PEG end group (particularly
methoxy group) plays a role in triggering immune responses to PEGylated proteins and
liposomes* 2. Therefore, it would be interesting to develop PEGylated liposomes with
looped PEG on the corona. To this end, the synthesis of a PEG flanked by phospholipids from
two sides is required. However, translation of this finding to the field of PEGylted proteins
and peptides may be challenging due to possible crosslinking and aggregation of proteins
and peptides through PEGylation with bifunctional PEG molecules. Further investigations
however are required to obtain mechanistic insights into the generation of antibodies
towards flower-like PEGylated micelles and the binding strength of these antibodies with

PEGs of different conformations.

2.4. Enzyme responsive hydrogels

To develop the peptide polymer linker (Pep-NC) introduced in chapter 5, initially a peptide
ATRP macroinitiator was synthesized via direct conjugation of an ATRP initiator to a peptide.
Although the conjugation was successful, the resulting polymers showed a much higher
molecular weight as determined by GPC than expected (~5 times higher than the M, based
on the monomer to the initiator feed ratio) and high PDI, suggesting peptide aggregation
during the polymerization. Moreover, the obtained polymers precipitated in water rather
than forming a hydrogel due to the lack of hydrophilic segments. To address this issue,
conjugation of the peptide to PEG was performed, which showed advantages over direct
conjugation of ATRP initiator to the peptide. First, this method improved the solubility of
the peptide in aqueous solutions and prevented aggregation of the peptide during
polymerization. Second, the presence of PEG provided a hydrophilic segment in the polymer
structure, which is essential to retain water in the formed 3D polymer network. The
developed PEG-peptide macroinitiator was also successfully used for synthesis of a
pentablock copolymer having PEG-peptide-PEG midblock and outer blocks of NIPAM and
HPMA-ETSA (NIPAM-co-HPMA-ETSA)-PEG-Peptide-PEG-P(NIPAM-co-HPMA-ETSA)  (Pep-
NE). Constructing a hydrogel using Pep-NC and Pep-NE can yield an enzyme responsive
hydrogel which can be employed as scaffold in tissue engineering to mimic extracellular
matrix. MMPs, including MMP-2 and MMP-9, are produced by endothelial cells and play an
important role in regulating neovascularization and tissue remodeling® . Therefore, the

described hydrogel has a high potential for support of vascularized tissue formation.
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Moreover, the introduced micellar hydrogel technology of chapter 5 can be easily used for
development of other types of enzyme responsive micellar hydrogels. To this end, the
peptide block in the linker can be substituted by a peptide that matches the specificity of

the desired enzyme.

2.5. Internalization by target cells

As reported in chapter 3 and 6, cellular uptake of flower-like micelles is relatively low, likely
caused by the PEGylated surface. This feature enables drug loaded micelles to circulate long
and possibly reduces cytotoxicity because of their low uptake for healthy cells. To increase
uptake of micelles by e.g. tumor cells, the micelles can be decorated with targeting ligands
such as folic acid (FA) since folate receptors are upregulated on almost all cancer cells®:. To
prepare micelles with folic acid targeting ligand, micelles composed of AB and ABA block
copolymers were developed and AB copolymer carried folic acid. To this end, Boc-NH-
PEGskpa-OH was used to produce (Boc-NH-PEG)2-ABCPA as a free radical polymerization
macroinitiator. After Boc deprotection, an NHS functionalized folic acid was reacted with
the free amine to yield a folic acid-PEG-ABCPA initiator. The obtained initiator was used for
polymerization of NIPAM and HPMA-Cys yielding FA-PNC. The mixture of FA-PNC and PNE
in aqueous solution at a temperature above the LCST of the polymers resulted in micelles
with Z-average of ~100 nm (PDI 0.15). However, further research is needed to evaluate the
cellular uptake of these micelles by cells with upregulation of the folate receptor e.g. human
nasopharyngeal epidermoid (KB) carcinoma cells. Moreover, the thiolated doxorubicin
discussed in section 2.2 can be conjugated to these micelles and their in vivo efficacy can be

evaluated in tumor-bearing animals.

2.6. Large scale production

The formulation of flower-like micelles using two complementary polymers in aqueous
solution and at a moderate temperature (50 °C) can possibly be performed using
microchannel technology for large scale production of these micelles. Importantly, as
shown in chapter 3 flower-like micelles can be easily lyophilized and micelles’ size is hardly
affected by this process. This feature provides the possibility of micelles’ storage in the form

of powder which is important for pharmaceutical production and storage .
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3. Conclusion

This thesis describes the development, characterization, and application of core crosslinked
flower-like micelles and reports on their suitability for local and systemic pharmaceutical
applications. It is demonstrated that PEG in a loop conformation reduces the
immunogenicity of PEGylated micelles. It is further shown that core crosslinked flower-like
micelles can be successfully formulated into enzyme-responsive hydrogels. Moreover,
dense micellar dispersions of these micelles exhibit glassy behavior at a temperature below
LCST with predictable G'. The promising results described in this thesis encourage further

research into application of flower-like micelles for drug delivery purposes.
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Nederlandse samenvatting

Door innovaties binnen de polymeerchemie en de farmaceutische wetenschappen is het nu
mogelijk om geavanceerde geneesmiddelafgiftesystemen te ontwerpen. Een voorbeeld
hiervan zijn polymere micellen met een diameter tussen 10 en 100 nm. Deze micellen
worden gevormd door amfifiele blokcopolymeren in water te brengen, waarbij een
hydrofobe kern wordt omringd door een hydrofiele buitenkant. Polymere micellen zijn
uitermate geschikt voor geneesmiddelafgifte doordat hun karakteristieke fysisch-
chemische eigenschappen aan te passen zijn aan de gewenste toepassing en verschillende
polymere micellen worden dan ook onderzocht in klinische testen.

Een ander type polymere materialen met veelbelovende eigenschappen voor biomedische
toepassingen zijn hydrogelen. Dit zijn hydrofiele netwerken van polymeren met een hoog
watergehalte (~70-99% water). Een nieuwe trend in het onderzoek naar
geneesmiddelafgiftesystemen is de combinatie van hydrogelen en micellen om onder
andere een betere controle te krijgen over de afgiftesnelheid van geneesmiddelen.

Het doel van het werk beschreven in dit proefschrift was het ontwikkelen van een
geavanceerd hydrogelsysteem dat in staat is om micellen af te geven door activatie van
enzymen die aanwezig zijn in ziek weefsel.

Hoofdstuk 1 geeft een algemene introductie over polymere micellen en hoe hun stabiliteit
beinvloed kan worden door vernetting van de polymeerketens in de kern van de micel.
Daarnaast wordt een overzicht gegeven hoe het polymeerblok polyethylene glycol (PEG) als
hydrofiele buitenkant van de micel kan zorgen voor het zogenaamde ‘stealth effect’,
waardoor micellen in de bloedcirculatie niet worden herkend en vervolgens verwijderd.
Ondanks het stealth effect van PEG, treedt vaak een versnelde eliminatie van gePEGyleerde
nanodeeltjes uit het bloed op bij een volgende toediening. Dit wordt het ABC (‘accelerated
blood clearance’) effect genoemd. Daarnaast geeft dit hoofdstuk een introductie over
hydrogelen die kunnen reageren op een externe prikkel en hun mogelijke toepassingen voor
geneesmiddelafgifte.

Hoofdstuk 2 geeft een overzicht van de fysisch-chemische eigenschappen en biomedische
toepassingen van materialen gebaseerd op poly(N-isopropylacrylamide) (PNIPAM). Dit
polymeer heeft thermosensitieve eigenschappen in een waterige omgeving. Het polymeer
is goed oplosbaar in water beneden 32 °C, maar assembleert bij temperaturen boven 32 °C.
Doordat deze overgangstemperatuur dichtbij lichaamstemperatuur zit, zijn er verschillende
biomedische toepassingen voor materialen op basis van PNIPAM.

In hoofdstuk 3 wordt een chemische reactie gebruikt om de polymeerketens in de kern van
micellen te vernetten. Deze reactie wordt ‘native chemical ligation’ (NCL) genoemd en

bestaat uit de koppeling van een N-terminale cysteine met een thioester, waarbij via een
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thioester tussenproduct uiteindelijk een amide wordt gevormd tussen de polymeerketens.
De belangrijkste voordelen van deze reactie zijn dat er geen toxische katalysator nodig is en
dat de reactie verloopt in water bij fysiologische pH en bij kamer- of lichaamstemperatuur.
Twee complementaire ABA blokcopolymeren zijn gesynthetiseerd, waarbij het B-blok
bestond uit PEG en de A-blokken bestonden uit NIPAM en N-(2-
hydroxypropyl)methacrylamide-ethylthioglycolate succinic acid (HPMA-ETSA) of NIPAM en
N-(2-hydroxypropyl)methacrylamide-cysteine (HPMA-Cys). Deze polymeren worden
afgekort als PNC en PNE. Bloemvormige micellen (flower-like micelles genoemd in het
Engels) werden gevormd door het mengen van deze polymeren in buffer en het verhogen
van de temperatuur waarbij de A-blokken assembleren in de kern met lussen van de PEG-
B-blokken aan de buitenkant van de micel. Nadat native chemical ligation had opgetreden
in de kern, werden micellen met een grootte van ~65 nm gevormd bij lichaamstemperatuur.
Deze micellen zijn verder onderzocht met cryo-transmissie elektronenmicroscopie en
statische lichtverstrooiing waarbij uniforme ronde nanodeeltjes zijn waargenomen. Deze
micellen zijn daarna voorzien van een fluorescent label, wat het mogelijk maakte ze te
visualiseren. Celexperimenten lieten zien dat de deeltjes werden opgenomen door Hela
cellen, wat de mogelijke toepassing van deze micellen voor geneesmiddelafgifte laat zien.

Bloem- en stervormige micellen zijn beide onderzocht als nano-geneesmiddelafgifte
systemen, maar hun eigenschappen zijn nog nauwelijks met elkaar vergeleken. Daarom is
in hoofdstuk 4 de circulatiekinetiek en biodistributie van zowel ster- als bloemvormige
micellen in muizen onderzocht. Bloemvormige micellen zijn vervaardigd met de ABA
blokcopolymeren zoals beschreven in hoofdstuk 3. Stervormige micellen daarentegen zijn
vervaardigd van AB-blokcopolymeren met maar één A blok met identieke eigenschappen
als de A blokken van de bloemvormige micellen. In beide typen micellen is native chemical
ligation toegepast om de ketens in de kern te vernetten. De grootte van de bloem- en
stervormige micellen was respectievelijk 65 en 83 nm. Daarnaast bleek uit statische
lichtverstrooiing dat de bloemvormige micellen gemiddeld 400 polymeerketens bevatten
en de stervormige 1700 polymeerketens. Het kleinere aantal polymeerketens in de
bloemvormige micellen kan verklaard worden door de conformatie van de ketens in lussen
die nu eenmaal meer ruimte innemen dan lineaire ketens. Opvallend was dat bloemvormige
micellen langer in het bloed van BALB/c muizen gedetecteerd werden na intraveneuze
injectie dan stervormige micellen (t1/2 ~18.643.1 vs. 10.7+0.7 uur). De langere circulatietijd
is waarschijnlijk gerelateerd aan de gereduceerde flexibiliteit van PEG in de lussen. Om te
onderzoeken of dit ook het ABC fenomeen beinvloedt, zijn de muizen 7 dagen later
nogmaals geinjecteerd met ster- ofwel bloemvormige micellen. Na deze tweede injectie
werd een versnelde eliminatie uit het bloed waargenomen voor de groep muizen die de

tweede keer stervormige micellen hebben gekregen ongeacht welk type micellen in de
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eerste injectie was toegediend. Daarentegen, de muizen die bloemvormige micellen
ontvingen in de tweede injectie lieten geen versnelde eliminatie uit het bloed zien. Om dit
verschil in gedrag beter te bestuderen is een ELISA studie uitgevoerd met commerciéle anti-
PEG antilichamen (IgM en IgG), waaruit bleek dat deze anti-PEG antilichamen wel binden
aan stervormige micellen, maar niet aan bloemvormige. In bloedmonsters van muizen werd
anti-PEG IgM gevonden 24 uur na de tweede injectie voor beide typen micellen. Gezien het
verschil in eliminatiesnelheid uit de bloedstroom, wordt vermoed dat anti-PEG IgM op een
andere manier bindt aan stervormige micellen dan aan bloemvormige micellen.
Waarschijnlijk speelt de methoxy-eindgroep van PEG aan de stervormige micellen hierbij
een rol. In de biodistributie studie zijn geen significante verschillen gevonden tussen de
twee typen micellen. Beiden werden met name teruggevonden in de lever en de milt.
Samenvattend toont deze studie aan dat de conformatie van PEG in een lus (waarbij er geen
eindgroep aanwezig is) de circulatietijd van micellaire nanodeeltjes in het bloed kan
verlengen en het ABC fenomeen reduceert.

In hoofdstuk 5 is een enzymgevoelige hydrogel beschreven waarbij de bloemvormige
micellen uit hoofdstuk 3 met elkaar zijn verbonden tot een driedimensionaal netwerk met
behulp van een polymeerlinker. Deze linker bevat een L-peptideblok in het midden die
geknipt kan worden door matrix metalloproteinases 2 en 9. Het is bekend dat de
concentratie van deze enzymen verhoogd is in ontstoken weefsels en tumoren. Als controle
is er ook een hydrogel gemaakt met een D-peptide-linker (D-HyMic). Zoals verwacht, is er
geen degradatie waargenomen voor de D-HyMic na blootstelling aan de genoemde
enzymen. De hydrogelen met de L-peptide-linker (L-HyMic) degradeerden daarentegen
binnen 7-45 dagen afhankelijk van de gebruikte concentratie collagenase, waarbij deeltjes
vrijkwamen met een vergelijkbare grootte van  de bloemvormige micellen. De vrijgekomen
deeltjes zijn in staat om Hela cellen binnen te dringen. Dit experiment illustreert de
mogelijkheid om L-HyMic te gebruiken voor gecontroleerde afgifte van geneesmiddelen
met een intracellulaire werking.

De bloemvormige micellen hebben een grootte die afhankelijk is van temperatuur. Boven
de zogenaamde LCST (‘lower critical solution temperature’) hebben ze een radius van ~35
nm. Onder deze temperatuur neemt de radius toe tot ~48 nm doordat de PNIPAM kern van
de micellen wordt gehydrateerd. In hoofdstuk 6 zijn de reologische eigenschappen
bestudeerd van geconcentreerde dispersies van deze bloemvormige micellen als functie
van concentratie en de temperatuur. De miceldispersies vertoonden elastisch gedrag met
een G’ van 700, 3000 en 6000 Pa bij concentraties van 10, 12,5 en 15 gewichtsprocent. De
effectieve volume fractie @=Vm/Vt is uitgerekend voor monsters met verschillende
temperaturen en concentraties (/m is het totale volume van de micellen en Vt is het

monstervolume). De waarde van ¢ is gebruikt om de pakking van micellen te vergelijken
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bij verschillende concentraties en temperaturen. Doordat deze bolvormige micellen relatief
zachte en indrukbare deeltjes zijn, is het mogelijk om meer deeltjes in een bepaald volume
te persen dan theoretisch mogelijk zou zijn voor harde ronde deeltjes van dezelfde grootte.
De effectieve volume fractie (¢) bleek de enige parameter te zijn die de reologische
eigenschappen van de dispersies bepaalt. In tegenstelling tot eerdere bevindingen met
PNIPAM microgels, is hier geen precipitatie of gelering gevonden boven de LCST. Dit is te
verklaren door de aanwezigheid van PEG aan de buitenkant van de micellen, dat interacties

tussen PNIPAM ketens van verschillende micellen voorkomt.

Conclusie

Dit proefschrift beschrijft de ontwikkeling en karakterisering van bloemvormige micellen en
beschrijft hun toepasbaarheid voor lokale en systemische farmaceutische toepassingen. De
conformatie van PEG in een lus zorgt voor een gereduceerde immunogeniciteit van
gePEGyleerde micellen. Bovendien is aangetoond dat deze micellen in een enzymgevoelige
hydrogel konden worden ingebouwd en weer afgegeven worden bij blootstelling aan
collagenase. Geconcentreerde dispersies van deze micellen gedroegen zich als een
colloidaal glas en hun reologische eigenschappen konden verklaard worden aan de hand
van de grootte en de concentratie van de micellen. Samenvattend, de resultaten
beschreven in dit proefschrift moedigen verder onderzoek naar bloemvormige micellen aan

voor de ontwikkeling van nieuwe geneesmiddelafgiftesystemen.
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