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Chapter 1

General introduction

1.1 Hydrogels for the controlled delivery of biologically active agents

Hydrogels are polymer networks based on hydrophilic macromonomers that are able to retain
large amounts of water.' They generally exhibit excellent biocompatibility as a result of their high
water content. Hydrogels are currently used in a wide range of applications from cosmetics to

biomedical products (Figure 1).
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Figure 1. Examples of a hydrogel: hair gel (left) and contact lens (right).

Two classes of hydrogels are distinguished, physically crosslinked hydrogels in which the
network structure is maintained by non-covalent interactions and chemically crosslinked hydrogels
in which covalent bonds between the macromonomers provide a stable network structure. The
gelation in physically crosslinked hydrogels is in many cases reversible and can be controlled with
parameters like temperature. In biomedical applications the use of hydrogels that are formed “in
situ”, indicating that gelation is taking place upon injection, is preferred over pre-made hydrogels
since there is no need for surgical procedures. The initial flowing nature of the precursor solution
ensures proper shape adaptation and biological components can be incorporated in the hydrogel by

simple mixing with the precursor polymer solution (Figure 2).”
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Figure 2. Representation of an in situ forming hydrogel for the delivery of a biologically active

agent.

Both natural and synthetic polymers have been applied for the preparation of hydrogels. Amongst
the synthetic polymers, poly(ethylene glycol) (PEG) is most widely used as a hydrophilic
component. The versatility of PEG macromonomer chemistry and its excellent biocompatibility
have initiated the development of numerous physically and chemically crosslinked hydrogel
systems for biomedical applications.” To render the systems biodegradable, PEG is frequently used
as the hydrophilic component in amphiphilic block copolymers with biodegradable polyesters such
as poly(lactide) (PLA) and poly(e-caprolactone) (PCL) as second hydrophobic components.

Conventional drug delivery approaches such as injection and oral delivery have a number of
disadvantages, including poor control of local or systemic drug concentration and the necessity of
high initial doses due to dilution effects and drug degradation. Moreover, the effective delivery of
many therapeutic agents is challenging because of their poor solubility in biological fluids. These
issues can be addressed by using hydrogel based controlled drug delivery systems. As an example, a
solution of poly(lactide-co-glycolide)-poly(ethylene glycol)-poly(lactide-co-glycolide) (PLGA-
PEG-PLGA) triblock copolymer in PBS has become commercially available under the name
ReGel®. This system acts as a controlled release drug depot that is injected as a liquid and forms a
physically crosslinked hydrogel in response to body temperature. A formulation of ReGel® loaded
with the hydrophobic anti-cancer drug paclitaxel, called OncoGel®, exhibited a sustained release of
the drug for approximately 50 d in vitro (Figure 3).* Intratumoral injections of OncoGel® in mice
resulted in a higher concentration of paclitaxel in the tumor compared to intravenously administered
drug. As a result, OncoGel®-treated animals showed less drug-related adverse effects and higher
survival rates compared to the systemically treated animals. ReGel® also exhibited sustained

release kinetics for therapeutic proteins.
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Figure 3. In vitro release of paclitaxel from ReGel®. Reprinted from reference 4. Copyright 2001,

with permission from Elsevier.

Most physically and chemically crosslinked hydrogels that have been applied as controlled drug
delivery systems are based on linear amphiphilic PEG copolymers.”® Star block copolymers offer
various advantages over linear polymers, such as increased solubility and a higher concentration of
end groups that can be used for (bio)functionalization.” However, only a few studies report on drug
release from hydrogels which are prepared from star shaped copolymers based on PEG and

biodegradable hydrophobic blocks.'®!!

1.2 Aim of the study

The aim of the study described in this thesis was to design and prepare physically or chemically
crosslinked injectable hydrogels from PEG-PLA star block copolymers. In this respect, controlled
degradation and sufficient mechanical properties of the injectable hydrogels were taken into
account in the design. Furthermore the gelation mechanism and the eventual hydrogel degradation
mechanism were studied in detail. Their potential application as systems for the controlled delivery

of biologically active agents was evaluated.

1.3 Outline of the thesis

In this thesis physically and chemically crosslinked hydrogels based on amphiphilic PEG star
block copolymers are described. Parts of this thesis have been published elsewhere or have been
submitted for publication.'”" In Chapter 2 a literature overview is given on the physical and
chemical crosslinking methods that have been applied for the synthesis of PEG based hydrogels for
biomedical applications, with emphasis on PEG-PLA block copolymer hydrogels that can be
formed in situ. In Chapter 3 the synthesis and thermo-responsive phase behavior of 8-armed PEG-

PLA star block copolymers linked by an amide group between the PEG core and the PLA blocks
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(PEG-(PLA)g) are described. The physical and mechanical properties of hydrogels prepared from
these block copolymers are compared to previously described block copolymers containing an ester
linking unit. Moreover, the degradation mechanism of both hydrogel types is investigated in detail.
In Chapter 4 stereocomplexed hydrogels prepared from enantiomeric PEG-(PDLA)s and PEG-
(PLLA)g solutions are reported. The physical, mechanical and degradation properties of these
systems are discussed together with the release of the model protein lysozyme. Moreover, the
temperature dependent formation of stereocomplexes is studied in detail and a gelation mechanism
at a macromolecular level is proposed. The synthesis of 8-armed poly(ethylene glycol)-
poly(trimethylene carbonate) star block copolymer (PEG-(PTMC)g) by metal-free ring opening
polymerization of TMC initiated by PEG-(NH,)s is described in Chapter 5. A detailed study is
conducted towards the self-assembly of PEG-(PTMC)s in water. Although stable bridging between
polymer aggregates, necessary to form a physically crosslinked hydrogel, is disfavored due to the
high mobility of the PTMC blocks, interaggregate bridging can be achieved by UV crosslinking of
acrylated PEG-(PTMC)s. The physical, mechanical and degradation properties of the
photocrosslinked PEG-PTMC hydrogel are investigated, as well as its biocompatibility. In Chapter
6 chemically crosslinked hydrogels are reported which are synthesized from PEG-(PLA)g bearing
acrylate end groups and multifunctional PEG thiols through a Michael type addition reaction.
Protein release from these systems is studied in relation to their crosslink density and degradation
properties. In Chapter 7 PEG-PLA hydrogels are discussed which are formed by physical gelation
through stereocomplexation of PEG-(PDLA)s and PEG-(PLLA)s followed by UV
photopolymerization of PLA terminal acrylate groups. To evaluate the potential of these systems
for controlled drug delivery, the release properties of the photopolymerized gels are investigated
using lysozyme, albumin and rhodamine B as model compounds. In Chapter 8 the feasibility of
crosslinking PEG-PLA hydrogels by metal-ligand coordination is explored. The synthesis of
pyridine end functionalized PEG-(PLA)s (PEG-(PLLA)s-py) is described together with its aqueous
solution behavior. The physical, mechanical and degradation properties of PEG-(PLLA)s-py

metallo-hydrogels are compared with those of hydrogels in the absence of metal ions.
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Chapter 2

PEG-PLA block copolymer hydrogels for biomedical applications

Sytze J. Buwalda, Pieter J. Dijkstra, and Jan Feijen

Department of Polymer Chemistry and Biomaterials, Faculty of Science and Technology, MIRA
Institute for Biomedical Technology and Technical Medicine, University of Twente, P.O. Box 217,
7500 AE Enschede, The Netherlands

2.1 Introduction

Hydrogels are three-dimensional polymer networks that are able to retain a large amount of water
in their swollen state.' After their discovery in the 1960s by Wichterle and Lim? they were first
successfully applied as contact lenses. Later, hydrogels have been frequently used in biomedical
areas such as tissue engineering®> and systems for the controlled delivery of biologically active
agents.®® The popularity of hydrogels in biomedical research is partly related to their excellent
biocompatibility. Due to their high water content the properties of hydrogels resemble those of
biological tissues. Furthermore, their soft and rubbery nature minimizes inflammatory reactions of
the surrounding cells.’ The interactions responsible for the water sorption include capillary, osmotic
and hydration forces, which are counterbalanced by the forces exerted by the crosslinked polymer
chains in resisting expansion.'® The equilibrium swollen state depends on the magnitudes of these
opposing effects, and determines to a large extent some important properties of the hydrogel,
including internal transport and diffusion characteristics, and mechanical strength. Many of these
properties are governed not only by the degree of swelling, but also directly by the chemical nature
of the polymer network and the network morphology.

Hydrogels are either chemically crosslinked by covalent bonds or physically crosslinked by non-
covalent interactions. Both approaches have been used in recent years for the preparation of
hydrogels that can be applied under physiological conditions. Important developments in this area
are the “in situ” forming hydrogel systems. These are injectable fluids that can be introduced into
any tissue, organ or body cavity in a minimally invasive manner prior to gelation.'' In situ forming
hydrogels offer several advantages over systems that have to be formed into their final shape before
implantation. There is no need for surgical procedures and their initially flowing nature ensures
proper shape adaptation as well as a good fit with the surrounding tissue.

The polymers that constitute a hydrogel network may either be synthetic, or naturally derived.

Commonly used natural polymers include proteins such as fibrin,'* collagen" and gelatin.'*
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Polysaccharides such as chitosan,” alginate,'® dextran'” and hyaluronic acid'®'" have been applied
as well. Naturally derived polymers generally possess a less defined chemical structure compared to
synthetic polymers, which may result in less controlled mechanical properties and degradation.
Furthermore they may provoke a severe immunological response, accommodate viruses or
microbes and their supply from one source may be limited.”” The chemical structure of several
important synthetic polymers applied in the synthesis of hydrogels is shown in Figure 1. The most
widely used synthetic polymer is poly(ethylene glycol) (PEG), which possesses excellent
biocompatibility due to its high hydrophilicity.”' PEG can be excreted via the renal pathway up to a
molecular weight of approximately 30 kg/mol.*> PEG is also often applied as the hydrophilic
component in amphiphilic block copolymers. As a hydrophobic component poly(lactide) (PLA) has
been used extensively.” This aliphatic polyester shows excellent biocompatibility, has good
mechanical properties and degrades by hydrolytic or enzymatic cleavage of the ester linkages and
eventually is metabolized into carbon dioxide and water. Other examples of hydrophobic blocks in
amphiphilic copolymers include poly(propylene oxide) (PPO),** poly(glycolide) (PGA), poly(3-
methylglycolide) (PMG),” poly(d-valerolactone) (PVL),* poly(e-caprolactone) (PCL)*" and
poly(trimethylene carbonate) (PTMC)* as well as corresponding copolymers.

In the following sections several physical and chemical crosslinking methods are discussed which
have been applied for the synthesis of PEG based hydrogels for biomedical applications. Emphasis
will be placed on PEG-PLA block copolymers that can form hydrogels in situ.
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Figure 1. Molecular formulas of synthetic polymers that are frequently used for the preparation of

hydrogels.

2.2 Physically crosslinked hydrogels

In physically crosslinked hydrogels a substantial fraction of the polymer chains is involved in the
formation of stable interactions.”’ The interacting chain segments form junction zones, in which a
more ordered structure is maintained than in unassociated chain segments. These junction zones
behave as crosslink sites thereby forming a network. These crosslinks generally form under mild
conditions but can also be easily disrupted by a change in environmental parameters such as

temperature or pH.

Thermo-responsive hydrogels. PEO-PPO-PEO triblock copolymers, commercially known as
Pluronics (BASF) or Poloxamers (ICI), are widely studied thermo-responsive gel systems.”
Aqueous solutions of selected Pluronics exhibit a phase transition from the sol to the gel state
generally at low temperatures and from the gel to the sol state at higher temperatures when the
concentration is above the critical gel concentration (CGC). Although investigated intensively, the
exact gelation mechanism of Pluronic solutions is still being debated.’ In general, it is believed that
the triblock copolymers form micelles which equilibrate with unimers at low temperatures. As the
temperature increases, the equilibrium shifts from unimers to spherical micelles, reducing the

number of unassociated unimers in solution, leading to an increase in the micelle volume fraction.
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When the volume fraction of the micelles becomes larger than the maximum packing fraction, a gel
i1s formed. Significant drawbacks of Pluronic hydrogels are their weak mechanical properties and
intrinsic instability, which are believed to originate from the weak hydrophobic interactions
between PPO blocks. Moreover, these block copolymers are not biodegradable, which prevents the
use of high molecular weight materials since they cannot pass the kidney membranes. These
drawbacks prompted several researchers to replace the hydrophobic PPO block for a biodegradable
polyester block as a basis for thermo-responsive hydrogels. Both ABA type and BAB type
copolymers, with A as the PEG block and B the polyester block, have been synthesized using e.g.
PLA or PCL as the hydrophobic B block.

The group of Kim synthesized a number of linear AB diblock and ABA triblock copolymers, with
A as a hydrophilic PEG block (M, = 5 kg/mol) and B as a hydrophobic PLA block.*** Diblock
copolymers were synthesized by ring opening polymerization of lactide initiated by the hydroxyl
group of monomethoxy PEG, while triblock copolymers were prepared by coupling the diblock
copolymers with monomethoxy PEG using hexamethylene diisocyanate (HMDI). At low
concentrations, aqueous solutions of these copolymers consist of micelles, as indicated by dye
solubilization experiments. This micelle formation was ascribed to hydrophobic interactions of the
polyester blocks. At higher concentrations and depending on the temperature, the aqueous polymer
solutions formed gels due to association of the micelles. The gels transformed into sols when the
temperature was increased, which was attributed to shrinkage of the PEG corona and accompanying
micelle collapse, or by a change in micellar structure from a spherical to a cylindrical shape. In
comparison with diblock copolymers possessing the same PEG content and PEG molecular weight,
triblock copolymers generally yielded hydrogels at lower polymer concentrations (Figure 2). The
thermo-responsive behavior could be tuned via the hydrophilic/hydrophobic balance, the block
length, and the stereoregularity of the PLA block. For PEG-PLLA-PEG triblock copolymers, the
CGC decreased from 20 to 12 w/v % upon increase of the PLLA block length from 2 to 5 kg/mol.
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Figure 2. Gel-sol transition curves of PEG-PLLA diblock (left) and PEG-PLLA-PEG triblock
(right) copolymers.*”> The numbers indicate the molecular weight of each block. Reprinted with

permission from John Wiley & Sons, Inc.

Block copolymers with an inverted structure (BAB) can be easily prepared by ring opening
polymerization of lactide initiated by the hydroxyl groups of PEG. At room temperature the CGC of
triblock copolymers with a PEG M, of 12.5 kg/mol decreased significantly from 80 to 15 w/v %
upon an increase of the PLA block length from 10 to 15 lactyl units, showing a much stronger effect
of the PLA block length on the gelation behavior in comparison with ABA type triblock
copolymers.®® Li et al. investigated the degradation behavior of PLA-PEG-PLA triblock
copolymers of high molecular weight (total M,, 45 - 75 kg /mol).* Degradation was initially very
fast with significant weight loss. The PLA/PEG ratio of the remaining material increased rapidly,
indicating the release of PEG-rich segments. In a second phase, the degradation rate slowed down
because of the high PLA content of the remaining material. The presence of proteinase K strongly
accelerated the degradation rate of the hydrogels, showing that the enzyme was able to penetrate
inside and attack the PLA domains. The PLA/PEG ratio in the residual hydrogel was found to
increase as in the case of hydrolytic degradation.

Tew et al. investigated the effect of PLA stereoregularity on the mechanical properties and the
microstructure of PLA-PEG-PLA triblock copolymer hydrogels. They showed that polymers with
stereoregular PLLA blocks yield hydrogels with a significantly higher elastic modulus compared to
polymers with stereo-irregular PDLLA blocks due to the formation of stiff, crystalline PLLA
crystals in the gel phase.’® Small-angle neutron scattering (SANS) suggested that the copolymers
with PDLLA blocks form flower-like micelles in dilute solutions (Figure 3).”” With an increase in
polymer concentration, the hydrophobic end groups associated with the neighboring micelles to
form a network of spherical micelles. The copolymers with PLLA blocks, on the other hand,

formed non-spherical, lamellar micelles (Figure 3). The PLLA end blocks associated between
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neighboring lamellae to form a network structure of randomly oriented lamellar micelles at higher

concentrations, leading to the formation of stiff hydrogels with a high elastic modulus.

Figure 3. Representation of the networks that are formed when neighbouring micelles of PLA-
PEG-PLA triblock copolymers associate. Flower-like micelles with an amorphous PDLLA core
(left) and lamellar micelles with a semi-crystalline PLLA core (right). Reprinted with permission

from reference 37. Copyright 2008 American Chemical Society.

Hydrogels based on alternating multiblock copolymers of PEG and PLA have also been reported.
The polymers were synthesized by coupling PEG diols to PLA diols using succinic anhydride®®*’ or
by coupling hydroxyl end functionalized PLA-PEG-PLA triblock copolymers using adipoyl
chloride.* The PEG/PLLA multiblock copolymers synthesized by the group of Jeong, having a
total M, of 7 kg/mol, exhibited a CGC of approximately 30 w/v % and underwent a sol-gel-sol
transition with increasing temperature.”® The gelation mechanism was considered to be due to
micellar aggregation. The transition temperature and gel modulus could be controlled by varying
the PLLA block length and the PEG molecular weight. The in situ gel forming ability of the
polymers was demonstrated by subcutaneous injection into rats. The PEG/PLLA multiblock
copolymer showed a lower CGC and improved mechanical properties in comparison with an
analogous PEG/PDLLA multiblock copolymer,” which was attributed to a lower dynamic
molecular motion and a higher aggregation tendency of PLLA due to the isotactic localization of
the hydrophobic methyl groups.

Next to the linear PEG-PLA copolymers, also a number of star shaped and branched architectures
have been explored for the preparation of thermo-responsive hydrogels. Park et al. synthesized 3-
armed PLA centered star block copolymers by coupling monocarboxylated PEG to a 3-armed
hydroxyl terminated PLA in the presence of dicyclohexylcarbodiimide (DCC) as coupling agent.*!
At a similar PEG block length of 5 kg/mol, an increase in the PLA blocks length led to an expanded

gelation window. The 3-armed star block copolymer exhibited a lower CGC in comparison with a
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PEG-PLA-PEG triblock copolymer possessing the same PEG content. 8-Armed PEG-PLA star
block copolymers prepared by ring opening polymerization of L-lactide using 8-armed PEG with
hydroxyl end functional groups as an initiator affords a star shaped BAB type copolymer.** These
star block copolymers, with a PEG content of 74 wt %, exhibited approximately the same gelation
behavior as PLLA-PEG-PLLA triblock copolymers with a PEG content of 84 wt %. Importantly,
the CGC at room temperature decreased from 40 to 15 w/v % when the PLLA block length was
increased from 10 to 14 lactyl units. Increasing the PEG molecular weight at a constant PLLA block
length also resulted in a lower CGC possibly due to enhanced chain entanglements. Recently,
highly branched PEG-PLLA copolymers were synthesized by a coupling reaction of 8-armed amine
functionalized PEG and macromonomers having 2 PLLA arms and a N-hydroxysuccinimide

activated ester group at the center of the polymer chain (Figure 4).*
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Figuroe 4. Representation of a hydrogel prepared with the highly branched PEG-PLA block

copolymer described by Velthoen et al. (A)* and the 8-armed PEG-PLA star block copolymer

described by Hiemstra et al. (B).* Reprinted from reference 42. Copyright 2011, with permission

from Elsevier.

It was reported that 4 out of 8 PEG arms were functionalized with a branched PLA moiety. The
copolymers showed a thermo-responsive gelation behavior at low concentrations (4 w/v %). The
gel-sol transition temperature could be tuned by varying the copolymer concentration and the
molecular weight of the PLLA block. Branched block copolymers with a PLLA block length of 12
lactyl units exhibited significantly lower CGCs compared to the 8-armed PEG-PLLA star block
copolymers with a similar PEG content and a PLLA block length of 10 lactyl units.>* This was

ascribed to stronger hydrophobic interactions in the branched system, because hydrophobic
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domains may be formed more easily if only 4 out of 8 arms have to be folded into such a domain

instead of 8 out of 8 arms (Figure 4).

Stereocomplexed hydrogels. A polymer stereocomplex is defined as a stereoselective interaction
between two complementing stereoregular polymers, which interlock and form a new composite
with altered physical properties in comparison with the constituting polymers.** The
complementary enantiomeric polymers PLLA and PDLA are optically active polymers with
identical chemical structures but opposite configuration. PLLA forms a left-handed helix, while
PDLA forms a right-handed helix. It has been suggested that the Van der Waals forces between the
two helices are the driving force for a dense packing of the helices in a stereocomplex (Figure 5).*
Recently, stereocomplexation between enantiomeric PLLA and PDLA blocks in amphiphilic
copolymers has been employed for the preparation of injectable hydrogels. Because stereocomplex
crystals are formed at shorter PLA block lengths compared to homopolymer crystals, an operation
window exists in which mixing of aqueous solutions of PLLA and PDLA block copolymers results

in the formation of a hydrogel through crosslinking by stereocomplexation.

C % o' o %z
m
Figure 5. PLLA and PDLA molecular arrangements in a stereocomplex crystal.** Reprinted with

permission from John Wiley & Sons, Inc.

Kimura and coworkers investigated the influence of the architecture of stereocomplexed PEG-
PLA block copolymers on the gelation properties.*”*® Ring opening polymerization of L- or D-
lactide initiated by mono- or dihydroxyl PEG generated enantiomeric AB diblock and BAB triblock
copolymers, respectively, whereas ABA triblock copolymers were obtained by coupling the AB
diblock copolymers with HMDI. The PEG content of all copolymers in these studies was
approximately 50 wt %. Whereas BAB type copolymers may show thermo-reversible gelation,

mixing of aqueous solutions of enantiomeric BAB block copolymers afforded systems that exhibit
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an irreversible sol-gel transition upon temperature increase. The initially present PLLA-PEG-PLLA
and PDLA-PEG-PDLA type micelles consist of a core region and a PEG shell (Figure 6). When
heated, the aggregation of the PLLA and PDLA segments at the core/shell interface of the micelles
is weakened to allow the PLLA and PDLA polymer blocks (or segments thereof) to diffuse outside
of the core and interact. Consequently, stereocomplexation is facilitated and the micelles become
crosslinked and a gel is formed. Due to the high stability of the stereocomplex crystals, the gel

formation is irreversible and no gel-sol transitions do occur upon cooling or heating.
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Figure 6. Proposed gelation mechanisms of enantiomeric mixtures of BAB, ABA or AB type block
copolymers, with A as the hydrophilic PEG block and B as the hydrophobic PLA block.*
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Triblock copolymers with an ABA structure, on the other hand, formed hydrogels at high
concentrations showing a reversible gel-sol transition with temperature (Figure 6). In aqueous
solutions, the central PLLA and PDLA blocks are not easily exchanged among the micelles even
when heated to high temperatures. It is suggested that the helical conformation of the PLLA and
PDLA blocks is transmitted to the PEG chains and that aggregation of helical PEG chains with
opposite senses leads to gelation at low temperatures. When the temperature is increased, the PEG
domains collapse due to dehydration and the gel transforms into a sol. Upon cooling the
intermicellar PEG crosslinks are able to form again and the system returns to the gel state. Mixed
solutions of enantiomeric AB diblock copolymers also yielded hydrogels that exhibit a gel-sol
transition upon temperature increase. However, unlike the ABA triblock system, this transition is
irreversible (Figure 6). The authors suggested that the exchange of the core PLLA or PDLA blocks
between micelles is much faster than in the ABA system, which was supported by wide angle X-ray
scattering (WAXS) measurements showing that the stereocomplex crystals grow with increasing
temperature. Eventually most micelles comprise stereocomplexed PDLA and PLLA blocks in their
core at elevated temperatures. Intermicellar PEG interactions, which are responsible for the gelation
of the system at lower temperatures, are weakened. The change in PEG interactions from inter- to
intramicellar is the reason for the irreversibility of the gel-sol transition in the AB system.

Li et al. reported on the synthesis, characterization and stereocomplex mediated gelation of PEG-
PLA diblock and PLA-PEG-PLA (BAB) triblock copolymers.”’®> In a recent paper, they also
investigated the effect of the PLA block length on the gelation behavior of stereocomplexed PLA-
PEG-PLA triblock copolymers.* When the copolymers were synthesized by ring opening
polymerization of L- or D-lactide initiated by dihydroxyl PEG (M, 4 kg/mol) and zinc lactate as a
catalyst for 7 d, hydrogel formation by stereocomplexation was detected for copolymers with PLA
blocks of 17 lactyl units but not for copolymers with PLA blocks of 11-13 lactyl units. This was
ascribed to racemization of L-lactyl units leading to non-isotactic sequences in the PLLA chains,
which prevents the formation of stereocomplexes. Racemization was largely reduced when the
reaction time was shortened to 1 d. It appeared that 10 lactyl units per PLA block were sufficient for
the formation of stereocomplexed PLA-PEG-PLA hydrogels.

Stereocomplexing PEG-PDLA and PEG-PLLA (AB,) multiblock copolymers were prepared by
coupling BAB triblock copolymers, having a M, of 12 kg/mol and a PLA block length of 14 lactyl
units, using diisocyanobutane.”®> These stereocomplexed multiblock copolymers showed a lower
CGC, faster gelation and a higher storage modulus in comparison with the parent triblock
copolymers.

Star shaped block copolymers of PEG and PLA, showing stereocomplex mediated gelation, have
also been investigated. It was found that stereocomplexed PEG-(PLA)g star block copolymers,

prepared by ring opening polymerization of L- or D-lactide initiated by 8-armed PEG (M, 20
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kg/mol), gelate faster and form hydrogels with improved mechanical strength as compared to
stereocomplexed PLA-PEG-PLA triblock copolymers.>* This was ascribed to a higher number of
stereocomplex sites in PEG-(PLA)g. Rheological measurements showed that increasing the PLA
block length from 12 to 14 lactyl units at a polymer concentration of 10 w/v % resulted in an
increase in the storage modulus from 0.9 to 7.0 kPa and a decrease in gelation time from 40 min to
less than 1 min. The thermal reversibility of such a gel system was not reported.

Nagahama et al. prepared enantiomeric 8-armed PEG-PLA-PEG type copolymers (Figure 7) by
coupling monocarboxylated PEG to star shaped PEG-PLLA or PEG-PDLA diblock copolymers
using DCC as a coupling agent.”® At low concentrations an aqueous mixture consisting of both
enantiomers yielded a sol at room temperature exhibiting an irreversible transition to the gel state
upon temperature increase. It was suggested that partial dehydration of PEG blocks on heating leads
to perturbation of the micellar core-shell structure, which accelerates stereocomplex formation to
produce physical crosslinking of the micelles, resulting in a hydrogel. Similar to the linear BAB
type triblock copolymers described by Kimura et al.,*’ the irreversibility of the hydrogel can be
ascribed to the formation of a highly phase separated structure with high thermodynamic stability of
stereocomplexed domains in micelles and/or aggregates. In vitro degradation experiments revealed
a faster molecular weight reduction for copolymers in single enantiomer hydrogels compared to
mixed enantiomer hydrogels. This suggests that stereocomplex formation has an inhibitory effect on

the hydrolysis of the ester groups in the PLA domains.
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Figure 7. Structure of 8-armed PEG-PLA-PEG type copolymer used for the preparation of

stereocomplexed hydrogels.’® Reprinted with permission from John Wiley & Sons, Inc.

Hydrogels crosslinked by other physical interactions. Cyclodextrins (CDs) are cyclic
oligosaccharides possessing a hydrophobic cavity that can act as a host to a variety of molecules.
Aqueous solutions of CDs can form stable complexes with a range of polymers. This self-assembly

phenomenon was used to create physically crosslinked hydrogels.”” A variety of biocompatible
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polymers, including Pluronics,’® reverse Pluronics (PPO-PEO-PPO)*’ as well as linear® and star
shaped PEG®' in combination with CDs were studied. Disadvantages of these systems include low
stability and long gelation times of several hours. Faster gelation was achieved when aqueous
solutions of CDs were mixed with PCL-PEG-PCL.** These systems formed hydrogels within
minutes through a combination of inclusion complexation and micellar interactions.

Only a few reports on metallo-hydrogels, in which the reversible bonds between macromonomers

are based on metal-ligand coordination, have been published.**

Pluronics and PEG polymers end
functionalized with ligands such as 2,2°:6°,2”’-terpyridine (tpy) or 2,2’-bipyridine (bpy) yield

hydrogels in aqueous solutions in the presence of transition metal ions including Fe(IT) and Ni(I).

2.3 Chemically crosslinked hydrogels

Compared to physically crosslinked hydrogels, chemically crosslinked hydrogels usually have
better mechanical properties and are more resistant to degradation. Disadvantages are health risks
associated with reactive macromonomers and/or crosslinking agents, and practical limitations
concerning reaction initiation. However, several chemical crosslinking methods were developed

that proceed under mild reaction conditions, allowing for in situ hydrogel formation.

Photopolymerization. Although unsaturated groups can be polymerized using thermal or redox
initiation, there are benefits to using photoinitiation for network formation.”® The primary
advantage is the temporal and spatial control over the polymerization reaction, which allows control
over polymerization exotherms and time of gelation. Moreover, photopolymerization can be used
for the fabrication of complex structures via lasers or masks.®” Concerns exist about the limited
penetration depth of light in thick constructs. The presence of harmful radicals generated during the
polymerization process may damage cells or inactivate bioactive molecules. However, several

groups reported the successful encapsulation of cells®®® o

or proteins in photopolymerized
constructs.

Photocrosslinked, biodegradable hydrogels prepared by UV irradiation of (meth)acrylate
endcapped PEG-PLA block copolymers have been studied extensively. Pioneering work was
performed by the group of Hubbell, who end functionalized PLA-PEG-PLA triblock copolymers
with acrylate groups by reaction with acryloyl chloride in the presence of triethylamine.”” The
resultant reactive macromonomers showed a fast gelation in water, despite the use of a relatively
low initiator concentration, a low UV intensity and the presence of oxygen, which may act as a
radical scavenger. The rapid gelation was ascribed to the formation of a micellar structure with a
high concentration of double bonds within the hydrophobic domains, leading to a high propagation
rate of the free radical polymerization. Differential scanning calorimetry (DSC) measurements

showed that 80-90 % of the total water content in the swollen networks corresponds to free water in
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the PEG domains. The remaining water was bound strongly with the PEG chains and comprised 2-3
water molecules per oxyethylene repeating unit. The degradation times of the hydrogels could be
tuned from 0.3 to 120 d by altering the molecular weight and branching of the PEG and the length
of the PLA block. Metters et al. investigated the degradation behavior of similar photocrosslinked
PEG-PLA hydrogels in detail.”” They distinguished 3 phases during the degradation of the networks
(Figure 8).
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Figure 8. Mass loss for a hydrogel photopolymerized from a 50 w/v % solution of an acrylated
PLA-PEG-PLA (700-4600-700) triblock copolymer. Reprinted from reference 73. Copyright 2000,

with permission from Elsevier.

The initial mass loss was caused by the degradation of the PLA blocks and their diffusion out of
the gel. In the second phase the degradation rate of the ester linkages decreases with degradation
time. However, the probability of the release of polyacrylate chains, initially held in place by
numerous crosslinks, increases, resulting in a constant mass loss rate during the second phase. The
final burst of mass loss corresponds to the sudden dissolution of remaining, uncrosslinked polymer
chains. It was also shown that the volumetric swelling ratio of the networks exponentially increased
and the compressive modulus exponentially decreased with degradation. Altering the crosslink
density by changing the initial macromonomer concentration of the hydrogels modulated the timing
of this behavior. The same group developed statistical kinetic models which were capable of
accurately predicting the cleavage of crosslinks and hence the degradation behavior of
photocrosslinked PEG-PLA networks.”*"

Lee et al. prepared photocrosslinked nanogels by UV irradiation of diacrylated PLA-PEG-PLA
triblock copolymer micelles in dilute aqueous solution in the presence of ethylene glycol
dimethacrylate as a crosslinker (Figure 9).”® It was shown that several physical properties of the

nanogels, such as size, swelling behavior and drug release properties, could be manipulated by
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varying the concentration of ethylene glycol dimethacrylate. Photopolymerized hydrogels prepared
from diacrylated PLA-PEG-PLA macromonomers have been applied in various biomedical
applications, such as scaffolds for cartilage tissue engineering’’ and systems for the controlled

delivery of neural growth factors.”
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Figure 9. Formation of photocrosslinked PEG-PLA nanogels.”® Reprinted with permission from

John Wiley & Sons, Inc.

End group acrylated PEG-PLA block copolymers with an ABA structure have also been used for
the synthesis of hydrogels. Clapper et al. photocrosslinked di(meth)acrylated PEG-PLA-PEG
triblock copolymers of relatively low molecular weight (400-700-400) by UV irradiation.” The
acrylated macromonomers showed a significantly faster gelation than their methacrylated analogs,
which was attributed to the steric hindrance of the methyl substituent in the methacrylate group.
Apart from the gelation kinetics, the methacrylate and acrylate analogs displayed very similar
properties. Networks prepared at a 75 w/v % macromonomer concentration were stable for 160 d in
vitro. This is significantly longer than photocrosslinked networks prepared from diacrylated PLA-
PEG-PLA (700-4600-700) at a similar concentration as described by Metters.”” The enhanced
stability is possibly due to a higher crosslink density resulting from the low macromonomer
molecular weight.

In a recent study, stereocomplexation and photocrosslinking were combined for the preparation of
in situ forming, robust PEG-PLA networks.®® Two types of methacrylate functionalized 8-armed
PEG-PLLA and PEG-PDLA star block copolymers were prepared, bearing the methacrylate groups
either at the PLA chain ends (PEG-PLA-MA) or at the PEG chain ends (PEG-MA/PLA). It was
shown that stereocomplexed hydrogels could be formed rapidly and that the methacrylate groups

hardly interfered with the stereocomplexation. When the stereocomplexed hydrogels were
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subsequently photopolymerized, the storage moduli largely increased. The storage modulus of
stereocomplexed and photopolymerized PEG-PLA-MA hydrogels was found to be highly
dependent on the stereocomplex equilibration time before irradiation. This observation may be due
to the slow formation of the stereocomplexes. In vitro degradation experiments showed that the
stereocomplexed and photocrosslinked PEG-PLA-MA hydrogels completely dissolved after 3
weeks, whereas PEG-MA/PLA hydrogels prepared at similar macromonomer concentrations
retained their integrity after 16 weeks. This was attributed to the slower hydrolysis of the ester

bonds of the photopolymerized methacrylate groups compared to the ester bonds in the PLA chain.

Crosslinking by reaction between complementary groups. Several researchers prepared
chemically crosslinked hydrogels by reaction of macromonomers endcapped with complementary
reactive groups. Within this category, hydrogels synthesized by a Michael addition reaction
between thiols and vinylic groups constitute an important class. This reaction proceeds at room
temperature without catalysts or initiators, does not produce by-products, and is specific to thiols
rather than amines.®' Moreover, thiols in peptides and other biomolecules can also be incorporated
prior to gelation. The main disadvantages of this reaction are the relatively long polymerization
times, the risk of denaturing thiol group bearing biomolecules upon in situ gelation, and the lack of
spatial and temporal control over the network structure.®*

Hubbell et al. reported on hydrogels prepared by Michael addition between multi-armed PEG
acrylate and PEG dithiol or dithioerythritol.*'** They showed that the hydrolysis of the acrylate
ester bond increased by several orders of magnitude as a result of the proximity of the thioether
group.84 The network degradation time could be tuned from 1 week to several months by altering
the branching and molecular weight of the PEG acrylate. Several other research groups employed a
Michael addition reaction between multifunctional PEG acrylates and thiol group containing
crosslinkers for the preparation of degradable networks.®*® It has been shown that at low PEG
acrylate concentrations intramolecular reactions that lead to cyclization and network non-ideality
are favored.®® To overcome these issues, Lutolf es al. pioneered the use of vinyl sulfone
functionalized PEG for the preparation of networks by Michael addition.®” The high reactivity of
the vinyl sulfone group facilitated incorporation of cysteine containing peptides comprising the cell
adhesive RGD (arginine-glycine-aspartic acid) sequence, or sequences that can be cleaved by
matrix metalloproteinases (MMPs) excreted by cells in the proximity of the construct.®™ Networks
containing covalently attached vascular endothelial growth factor (VEGF) were shown to stimulate

angiogenesis in vivo (Figure 10).*

27



Chapter 2

4-Armed PEG-VS

MMP-cleavable peptide
Cell adhesive peptide

VEGF

Figure 10. PEG vinylsulfone (PEG-VS) hydrogel with covalently incorporated bioactive
moieties.” Reprinted with permission from the Federation of American Societies for Experimental

Biology.

Shikanov et al. reported that trifunctional thiol group containing peptides applied to 4-armed PEG
vinyl sulfones decreased gelation times and hydrogel swelling relative to bifunctional
crosslinkers.” In contrast to bifunctional peptides, the additional branching point prevents the
formation of loops (intramolecular crosslinking). Zustiak et al. synthesized degradable networks by
crosslinking PEG vinyl sulfone with PEG dithiol containing a labile ester group.”’ The degradation
time could be extended from several hours to several days by increasing the crosslinker molecular
weight and the total polymer concentration. They also showed that the degradation rate significantly
decreased when the number of methylene units between the ester and the thiol moieties of the
crosslinker increased, which was ascribed to a more hydrophobic environment for the ester group.
Associated physical properties changed predictably with degradation, as the storage modulus
decreased whereas the swelling and the mesh size increased until the gels reached complete
degradation.

Various other combinations of complementary reactive groups have been used for the preparation

92,93

of PEG hydrogels, including amine groups in combination with (activated) ester groups and

azide groups in combination with alkyne groups (also known as click chemistry).”**

2.4 Conclusions

Over the past few decades, PEG based hydrogels have been applied in numerous biomedical
applications resulting from their excellent biocompatibility. Hydrogels based on block copolymers
of PEG and aliphatic polyesters are of particular interest because they can be degraded in the body
by hydrolysis, thus eliminating the need for explantation after their function. Within this category,
PEG-PLA block copolymers have been widely investigated. Several research groups devoted much
effort to hydrogels that can be formed in situ under physiological conditions because of the
significant advantages compared to gel constructs pre-made before implantation, such as ease of
application, proper shape adaptation and the facile incorporation of biological components. Physical

crosslinks, such as hydrophobic interactions and stereocomplexation, can be formed under mild
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conditions, but the resulting hydrogels often suffer from weak mechanical properties. Chemical
crosslinking in general provides mechanically stable gels, but potential drawbacks include the
toxicity of reactive macromonomers and crosslink agents as well as practical limitations concerning
reaction initiation. Recent advances in photopolymerization technology allow for the preparation of
complex structures in which the presentation of bioactive moieties can be spatially controlled.
Alternatively, a Michael addition reaction between thiol and acrylate groups has proven a
particularly suitable mechanism for in situ chemical crosslinking because it occurs at physiological
conditions without the need for toxic initiators.

The examples discussed in this chapter represent some of the approaches that have been used to
synthesize hydrogels for the treatment of biological and medical problems. The development of
new materials and a deeper understanding of underlying gelation mechanisms will inevitably result

in an even greater role for hydrogels in biomedical applications.
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Abstract

Water soluble 8-armed poly(ethylene glycol)-poly(L-lactide) star block copolymers linked by an
amide or ester group between the PEG core and the PLA blocks (PEG-(NHCO)-(PLA)g and PEG-
(OCO)-(PLA)g) were synthesized by the stannous octoate catalyzed ring opening polymerization of
L-lactide using an amine- or hydroxyl terminated 8-armed star PEG. At concentrations above the
critical gel concentration, thermo-sensitive hydrogels were obtained, showing a reversible single gel
to sol transition. At similar composition PEG-(NHCO)-(PLA)s hydrogels were formed at
significantly lower polymer concentrations and had higher storage moduli. Whereas the hydrolytic
degradation/dissolution of the PEG-(OCO)-(PLA)s takes place by preferential hydrolysis of the
ester bond between the PEG and PLA block, the PEG-(NHCO)-(PLA)g hydrogels degrade through
hydrolysis of ester bonds in the PLA main chain. Because of their relatively good mechanical
properties and slow degradation in vitro, PEG-(NHCO)-(PLA)g hydrogels are interesting materials
for biomedical applications such as controlled drug delivery systems and matrices for tissue

engineering.
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3.1 Introduction

Hydrogels are polymer networks which are able to retain large amounts of water in their swollen
state.' They generally exhibit excellent biocompatibility and are accordingly of interest for
biomedical applications such as tissue engineering and systems for controlled delivery of
biologically active agents. Several types of physical and chemical hydrogels are responsive to
external stimuli like temperature and pH.* Among the thermo-responsive hydrogels, poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) triblock copolymers,
commercially known as Pluronics or Poloxamers, have been widely investigated. At room
temperature, a 20 w/v % Pluronic F127 solution behaves as a viscous liquid, which is transformed
into a semi-solid gel at body temperature.” Gel formation is believed to occur as a result of
dehydration of the PEG chains at elevated temperatures. A significant drawback of Pluronic
hydrogels is their low mechanical strength, which originates from the weak hydrophobic
interactions between PPO blocks.® Furthermore, the absence of biodegradable groups in the
backbone severely limits the use of relatively high molecular weight Pluronics in biomedical
applications because of the limits to renal excretion.’ These drawbacks prompted several
researchers to develop block copolymers of PEG and biodegradable polyesters as a basis for
thermo-sensitive hydrogels. Kim and coworkers synthesized ABA triblock copolymers, with A as a
hydrophilic PEG block and B as a hydrophobic poly(lactic acid) (PLA) block.”* Aqueous solutions
of these copolymers form micelles at low concentrations and a gel at higher concentrations and
temperatures, which is ascribed to the association of micelles. The gels transform into sols when the
temperature is further increased, which was attributed to PEG corona shrinkage and accompanying
micelle collapse, or to the change in micellar structure from a spherical to a cylindrical shape. Upon
an increase of the PLA molecular weight from 2000 to 5000 g/mol, the critical gel concentration
(CGC) at room temperature decreases as a result of increased hydrophobic interactions. Block
copolymers with an inverted structure (BAB), with A as the hydrophilic block, are generally
prepared by ring opening polymerization of lactide initiated by the hydroxyl groups of PEG.” At
room temperature the CGC of for example triblock copolymers with a PEG M, of 12500 g/mol
drastically decreases from 80 to 10 w/v % upon an increase of the PLA block length from 10 to 19
lactyl units, indicating a much stronger effect of the hydrophobic chain length on the gelation
behavior in comparison with ABA type triblock copolymers.7’8 Bae et al. reported on the gelation
behavior of aqueous solutions of ABA- and BAB type triblock copolymers of PEG and poly(e-
caprolactone) (PCL)." Compared to PEG-PCL-PEG triblock copolymers possessing similar
hydrophilic and hydrophobic block lengths, PCL-PEG-PCL polymers exhibited a larger gel window
and a higher storage modulus. This was ascribed to the possibility of intermicellar PCL bridging for
the BAB type triblock copolymers, leading to more facile micellar aggregation. Various other

aliphatic polyesters have been used in linear block copolymers with PEG for the preparation of
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thermo-sensitive  hydrogels, including  poly(lactide-co-glycolide) ~ (PLGA),""™"  poly(s-
valerolactone)'* and poly(3-methylglycolide)."

More recently, star shaped block copolymers of PEG and aliphatic polyesters, showing a thermo-
sensitive gelation behavior, have been investigated. Lee ef al. prepared 3- and 4-armed star block
copolymers with PEG arms and a PLGA core.'® These star shaped block copolymers formed a gel
at higher polymer concentrations than PEG-PLGA-PEG triblock copolymers with the same PEG
block length and similar PLGA content due to hampered hydrophobic interactions and micellar
aggregation. In a recent study, star shaped block copolymers with a PEG core and PLA arms were
prepared by ring opening polymerization of lactide initiated by the hydroxyl groups of §-armed
PEG.”"” These 8-armed PEG-PLA star block copolymers showed a much lower CGC than linear
PLA-PEG-PLA block copolymers with a similar PEG content due to the increased interactions
between hydrophobic blocks. A gel to sol transition was found upon elevation of the temperature,
and the transition temperature increased with increasing polymer concentration and hydrophobic
chain length.

Physically crosslinked hydrogels are generally mechanically weak and appear to degrade rapidly
or the network may be disrupted by local changes (pH, ionic strength or temperature) in the
environment. It has been suggested that preferential hydrolysis of the ester bond between the PEG
and poly(lactide) may cause the rapid degradation of this type of block copolymers.'®" This
prompted us to investigate the properties and stability of PEG-poly(lactide) block copolymers
linked through a hydrolytically stable amide bond. In this paper, we describe the synthesis and
properties of 8-armed PEG-PLA star block copolymer gels, prepared from amine end functionalized
8-armed PEG. The physical, mechanical and degradation properties of hydrogels prepared from
these block copolymers were compared to previously described block copolymers containing an

ester linking unit.

3.2 Experimental section

Materials. Hydroxyl terminated 8-armed poly(ethylene glycol) (PEG-(OH)g, My, nmr = 20600
g/mol and 23700 g/mol) was purchased from Jenkem (Allen, Texas, USA) and purified before use
by dissolution in dichloromethane and precipitation in cold diethyl ether. L-lactide was obtained
from Purac (Gorinchem, the Netherlands) and used as received. Tin(Il) 2-ethylhexanoate (stannous
octoate), methanesulfonyl chloride (mesyl chloride), triethylamine (TEA) and 25 % aqueous
ammonia solution were all from Sigma-Aldrich (St Louis, Missouri, USA). Dichloromethane, TEA
and toluene were dried over calcium hydride, potassium hydroxide and sodium, respectively, and

distilled prior to use.
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Synthesis. The 8-armed poly(ethylene glycol)-poly(L-lactide) star block copolymers (PEG-
(NHCO)-(PLA)g) were synthesized by ring opening polymerization of L-lactide in toluene at 110
°C. Amine terminated 8-armed star PEG (PEG-(NH;)s) and stannous octoate were used as initiator
and catalyst, respectively.

PEG-(NH;)s was synthesized starting from PEG-(OH)g (My, nmr = 23700 g/mol) following a two-
step procedure analogous to that described by Elbert and Hubbell for linear hydroxyl terminated
PEGs.” In a typical procedure, PEG-(OH)s (30 g, 1.3 mmol) dissolved in 250 ml of toluene was
dried by azeotropic distillation of approximately 100 ml of toluene in a nitrogen atmosphere. After
cooling the solution with an ice bath, 100 ml of dichloromethane was added. Subsequently, TEA
(4.0 ml, 28.8 mmol) and mesyl chloride (2.2 ml, 28.8 mmol) were added dropwise under stirring.
The reaction mixture was allowed to warm to room temperature and stirred overnight in a nitrogen
atmosphere. The mixture was filtered, concentrated in vacuo and precipitated in a large excess of
cold diethyl ether. The product was collected by filtration and dried in vacuo overnight. The PEG-
(mesylate)s was added to 400 ml of a 25 % aqueous ammonia solution in a tightly closed bottle. The
mixture was vigorously stirred for 4 d at room temperature, after which the ammonia was allowed
to evaporate for 2 d. The pH of the solution was raised to 13 with 60 ml of a 1 M sodium hydroxide
solution, and the resulting solution was extracted 3 times with 100 ml of dichloromethane. The
combined extracts were dried with magnesium sulfate, concentrated in vacuo and precipitated in a
large excess of cold diethyl ether. PEG-(NH,)s was obtained by filtration and dried over
phosphorus pentoxide. Conversion: >97 %, yield: 89 %. '"H NMR (CDCls): & = 3.63 (m, PEG
protons), 2.94 (t, CH,CH,NH,).

A typical procedure for the synthesis of a PEG-(NHCO)-(PLA)g star block copolymer with a
degree of polymerization of the PLA arms of 13 was as follows. To a solution of PEG-(NH,)s (5.00
g, 0.2 mmol) in 22 ml of dry toluene, L-lactide (3.16 g, 21.9 mmol) and stannous octoate (0.8 g, 2.0
mmol) were added. The reaction was allowed to proceed for 4 h at 110 °C in a nitrogen atmosphere.
The mixture was filtered and concentrated under reduced pressure. The product was purified by
precipitation in a 20-fold excess of a mixture of cold diethyl ether and methanol (20/1 v/v). PEG-
(NHCO)-(PLA3)s was obtained by filtration and dried overnight in vacuo at room temperature over
phosphorus pentoxide. "H NMR (CDCL): & = 6.54 (s, CH,NHCO), 5.17 (m, CH;CH), 4.35 (q,
CH;CHOH), 3.64 (m, PEG protons), 2.68 (s, CH3;CHOH), 1.57 (m, CH3CH), 1.48 (d, CH;CHOH).

The 8-armed PEG-(OCO)-(PLA}3)g star block copolymer was prepared similarly, using PEG-
(OH)s (M, nvr = 20600 g/mol) as the initiator. 'H NMR (CDCl): & = 5.17 (m, CH;CH), 4.35 (m,
CH;CHOH), 4.29 (m, CH,OCO), 3.64 (m, PEG protons), 2.69 (s, CH;CHOH), 1.57 (m, CH3;CH),
1.48 (d, CH;CHOH).
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Characterization. 'H NMR (300 MHz) spectra were recorded on a Varian Inova 300 NMR
spectrometer. Polymers were dissolved in CDCl; at a concentration of 15 mg/ml.
Intrinsic viscosities were determined by single point measurements (CHCls, C = 0.1 g/dl, 25 °C)

using an Ubbelohde 0C capillary viscometer. The following empirical relation was applied:

Nyw =¥2/C- 0, —Inm, (1)

Thermal properties of polymers were determined using DSC. Heating and cooling rates of 20
°C/min were applied. Samples were heated from 25 to 200 °C, kept at 200 °C for 1 min, cooled to -
50 °C, kept at -50 °C for 1 min, and finally heated to 200 °C. Crystallization temperatures (T.) and

corresponding enthalpies (AH.) were obtained from the cooling scan, while melting temperatures

(Tyn) and enthalpies (AH,) were obtained from the second heating scan.

Aqueous solution properties. The critical association concentration (CAC) values of aqueous
solutions of the PEG-PLA star block copolymers were determined using a dye solubilization
method.?! Aqueous solutions of PEG-(NHCO)-(PLA)s and PEG-(OCO)-(PLA;3)s star block
copolymers in the concentration range of 0.001 to 5 w/v % were prepared using distilled water.
Repeated heating cycles were necessary to dissolve the polymer. A solution of the hydrophobic dye
1,6-diphenyl-1,3,5-hexatriene (DPH) was prepared in methanol at a concentration of 0.5 mM.
Approximately 1 ml of polymer solution was added to a polystyrene vial, followed by addition of
10 ul of the DPH solution. The samples were allowed to equilibrate for at least 3 h in the dark, after
which the absorption at 357 nm relative to a blank (polymer solution containing no DPH) was
measured using a Varian Cary 300 Bio UV-visible spectrophotometer. The absorption was plotted
against the polymer concentration and the intercept of the extrapolated straight lines was taken as
the CAC.

Dynamic light scattering (DLS) of dilute solutions (0.5 w/v %) of PEG-PLA star block
copolymers in water was performed to determine aggregate sizes. Experiments were carried out at
25 and 40 °C using a Malvern Nano ZS, a laser wavelength of 633 nm and a scattering angle of

173°. At each temperature, the sample was allowed to equilibrate for 10 min.

Gel properties. The vial tilting method was used to determine the critical gel concentration
(CGC) at room temperature as well as the temperature dependent gelation behavior of aqueous
solutions of PEG-PLA star block copolymers. Polymers were dissolved in distilled water in tightly
capped glass vials. The temperature dependent gelation behavior was studied in the range of 2 to 80
°C with temperature increments of 2 °C. At each temperature, the sample was allowed to equilibrate
for 10 min. If there was no flow after tilting the vials 90° for 1 min, the sample was regarded as a

gel; otherwise it was regarded as a sol.
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'H NMR spectra were recorded on PEG-(NHCO)-(PLA 13)s (12 w/v %) and PEG-(OCO)-(PLA 3)s
(22 w/v %) hydrogel samples in D,O. The samples were prepared directly in the NMR tube by
adding D,0 (99.98 % Eurisotop) to the dry polymer. The 'H NMR experiments were carried out on
a Bruker AMX-300 WB spectrometer working at 300.13 MHz, using a 5 mm probe head, with a
90° pulse of 6 us, a recycle delay of 60 s, and acquiring 8 scans. The spectra were recorded every 5
°C from 25 °C to 70 °C; the temperature was controlled within 0.1 °C. Relative peak intensities
within each spectrum were determined by integration of the peaks obtained by spectral
deconvolution using the SPORT-NMR software,”> and were then calibrated using a sample of 3-
(trimethylsilyl)-1-propanesulfonic acid sodium salt at known concentration in D,O as external
standard. The same sample was also used as reference for the 'H chemical shifts.

Oscillatory rheology experiments were performed to determine the mechanical properties of the
hydrogels. The storage (G’) and loss (G’’) modulus of hydrogels were monitored for 30 min at 20
°C on an Anton-Paar Physica MCR 301 rheometer. The samples were heated to 70 °C at a heating
rate of 1 °C/min and cooled to 20 °C at the same rate. A layer of oil was applied on top of the gels
to prevent water evaporation. Experiments were performed using a flat plate measuring geometry
(diameter 25 mm, gap 0.3 mm) utilizing a strain of 0.5 % and a frequency of 1 Hz. To confirm that
the strain is within the viscoelastic regime, an amplitude sweep from 0.1 to 10 % was performed at

1 Hz.

Degradation. Gravimetric degradation/dissolution experiments were performed to determine the
stability of the hydrogels. On top of 0.5 ml of hydrogel 3 ml of PBS was placed and the samples
were kept at 37 °C. To prevent bacterial growth, 0.02 w/v % NaN3 was added to the buffer solution.
At regular time intervals, 2.5 ml of the supernatant was removed and replaced by fresh buffer. The
supernatant samples, taken at the various time points, were freeze-dried and the mass of solubilized
polymer was determined gravimetrically by subtracting the mass of the PBS salts from the mass of
the sample. Degradation/dissolution experiments were performed twice. The structure of the
remaining polymers in fully solubilized hydrogel samples was analyzed by '"H NMR spectroscopy.
After freeze-drying of a sample, polymers were dissolved in a minimal amount of dichloromethane.
The solution was filtered and precipitated in an excess of a mixture of cold diethyl ether and
methanol (20/1 v/v). The precipitate was collected by filtration, dried under a nitrogen flow and
analyzed by "H NMR.

3.3 Results and discussion

Synthesis and characterization of PEG-PLA star block copolymers. PEG-(NHCO)-(PLA)g
and PEG-(OCO)-(PLA)s star block copolymers were prepared by ring opening polymerization of L-
lactide initiated by PEG-(NH;)s and PEG-(OH)s, respectively (Figure 1). PEG-(NH,)s was prepared
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in high yield from PEG-(OH)s by first converting the hydroxyl groups in their mesylate esters
followed by a reaction with ammonia.”’ The conversion into amine end groups was confirmed by

the appearance of a triplet at 2.94 ppm of the -CH,CH,NH, protons in the 'H NMR spectrum (data

not shown).
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Figure 1. Synthesis scheme for the preparation of PEG-(NHCO)-(PLA)g and PEG-(OCO)-(PLA)sg

star block copolymers.

Similarly as PEG-(OH)s™'” the PEG-(NH,)s was used as an initiator in the stannous octoate
catalyzed ROP of L-lactide in toluene at 110 °C. The average PLA block length was calculated
from the '"H NMR spectrum using the integrals of peaks corresponding to the methine protons of the
lactyl units and the main chain protons of PEG (Figure 2). A signal at 6.5 ppm showed the presence
of amide groups, whereas no peaks were found relating to unreacted amine groups, indicating that
each of the 8 arms initiated the ROP of L-lactide. The "H NMR spectrum of PEG-(OCO)-(PLA 3)s
showed the characteristic multiplet at 4.29 ppm of the terminal methylene protons in the linking

ester unit.
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Figure 2. "H NMR spectrum of PEG-(NHCO)-(PLA 3)s. Solvent: CDCls.

Table 1. Characterization of PEG initiators and PEG-PLA star block copolymers.

"HNMR
Nintr Tm AHm Tc AHC
Polymer . M,
DP (dlig) | (°C) | (J/g) | (°C) | (J/g)
(kg/mol)
PEG-(NH;)sg - 23.7 - 53 126 28 118

PEG-(NHCO)-(PLA)s | 10.8 | 300 | 037 | 47 | 88 | 8 | 61
PEG-(NHCO)-(PLA;3)s | 13.3 | 314 | 039 | 39 | 51 | -4 | 55
PEG-(NHCO)-(PLAs)s | 147 | 322 | 047 | 38 | 48 | -20 | 51
PEG-(OH)s - 20.6 - 54 | 141 | 31 | 126
PEG-(OCO)-(PLA;3)s | 13.3 | 283 032 | 40 | 53 | 15 | 5l

“ Degree of polymerization of the PLA blocks, expressed in lactyl units per arm.

The thermal properties of all block copolymers as determined with differential scanning
calorimetry (DSC) revealed a single transition in both the second heating and the cooling scan,
corresponding to melting and crystallization of the PEG domains, respectively (Table 1). No
melting endotherms were detected at higher temperatures, indicating that no crystallization of the

PLA phase took place. All PEG-PLA star block copolymers exhibit lower melting transitions and
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accompanying enthalpies than their PEG precursors. Apparently, the crystallization of PEG is
hampered by the presence of PLA blocks.

No large differences were observed between the melting transitions and enthalpies of the PEG-
(NHCO)-(PLA3)s and PEG-(OCO)-(PLA3)s polymers. However, PEG-(OCO)-(PLA}3)s
crystallizes at a significantly higher temperature. Possibly the rigidity of the amide linkages, which

are preferably in a trans configuration, hampers crystallization of the PEG chains.

Gelation behavior. Critical association concentration (CAC) values of the star copolymers in
aqueous solution were determined with the solubilization method using the hydrophobic dye 1,6-
diphenyl-1,3,5-hexatriene (Table 2).”' As expected, the CAC values decrease with increasing PLA
block length. The CAC values of PEG-(OCO)-(PLA;3)s and PEG-(NHCO)-(PLA3)s are
approximately the same, indicating that the linkage between the PEG and PLA blocks does not have
a large influence on the tendency of the polymers to aggregate. The results indicate that at low
concentrations all star copolymers form micelles or small aggregates with a hydrophobic PLA

interior surrounded by a PEG shell.'”*

Table 2. Critical association concentrations (CAC) and critical gel concentrations (CGC) of PEG-

PLA star block copolymers at room temperature.

CAC CGC
Star block copolymer
(W/v %) | (Ww/v %)
PEG-(NHCO)-(PLA )8 0.48 12
PEG-(NHCO)-(PLA;3)s | 0.24 10
PEG-(NHCO)-(PLA5)s 0.19 7
PEG-(OCO)-(PLA3)s 0.21 20

In water all polymers form hydrogels above the CGC. The PEG-(NHCO)-(PLA,)s polymers
yielded translucent gels, whereas the PEG-(OCO)-(PLA3)s polymers formed white, opaque
hydrogels. It is thought that the translucency of hydrogels based on PEG-(NHCO)-(PLA)g star
block copolymers may be the result of phase separation between the PEG and PLA phases into
smaller domains as compared to the PEG-(OCO)-(PLA)s star block copolymer. The CGC of PEG-
(OCO)-(PLA3)s was significantly higher (20 w/v %) than the CGC of PEG-(NHCO)-(PLA3)s (10
w/v %) (Table 2).

The temperature dependent gelation behavior, determined with the vial tilting method in the range
of 2 to 80 °C (Figure 3), shows that both PEG-(NHCO)-(PLA)s and PEG-(OCO)-(PLA3)s exhibit a
reversible phase transition from the gel to the sol state. Moreover, changing the linkage between

PEG and PLA from an ester to an amide group resulted in a shift of the boundary curve to lower
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concentrations. Upon increasing the hydrophobic block length of PEG-(NHCO)-(PLA)s
copolymers, the gel to sol transitions are shifted to higher temperatures due to increased
hydrophobic interactions. At higher concentrations, the gel to sol transition shifts to higher

temperatures due to an increased number of physical crosslinks between micelles.
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Figure 3. Gel-sol transition temperatures of PEG-PLA star block copolymers in water determined
with the vial tilting method. PEG-(NHCO)-(PLA,;)s (o), PEG-(NHCO)-(PLA3)s (m), PEG-
(NHCO)-(PLA5)s (V), PEG-(OCO)-(PLA13)s (D).

NMR analysis of hydrogels. The 'H spectra of PEG-(NHCO)-(PLA3)s and PEG-(OCO)-
(PLA3)s in DO (12 w/v % and 22 w/v %, respectively) at different temperatures in the gel and sol
phases (Figure 4) show distinguishable peaks ascribed to CH (5.23 ppm) and CH; (1.43 and 1.56
ppm) groups of PLA and to CH, groups (3.68 ppm) of PEG. Broader lines are observed for PEG-
(OCO)-(PLA3)s due to the higher polymer concentration. The HDO signal shifts upfield with
increasing temperature, as commonly found.”* Two signals are distinguishable for the PLA methyl
protons, as previously reported for PEG-PLA diblock® and PLA-PEG-PLA triblock*® copolymers,
which can be ascribed to the presence of different chemical environments within a relatively mobile
interfacial region. At room temperature (Figure 4a), the intensities of the PLA peaks in the spectrum
are lower than expected on the basis of stoichiometry with respect to the methylene peaks of the
PEG chain. Instead all the PEG CH; protons at all temperatures are detected, as inferred from a
comparison with an external standard. With increasing temperature, variations in the relative

intensities of the PLA and PEG signals are observed (Figure 4b).
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Figure 4. '"H NMR spectra of (left) PEG-(NHCO)-(PLA3)s (12 w/v %) and (right) PEG-(OCO)-
(PLA3)s (22 w/v %) in D,0O: (a) full spectrum at 25 °C; (b) spectra recorded from 25 °C (bottom

spectrum) to 70 °C (top spectrum) with 5 °C increments are shown with an expanded vertical scale.

As shown in Figure 5, as the temperature increases the PLA peak intensities increase and show an
inflection in the region of the gel to sol transition. However the peak intensities do not reach, even
at the highest temperature, the values expected on the basis of stoichiometry with respect to the
PEG methylene protons (i.e. 0.051 for CH and 0.146 for CH3 in the case of PEG-(NHCO)-
(PLA3)s; 0.059 for CH and 0.169 for CHj; in the case of PEG-(OCO)-(PLA}3)g). In particular,
spectral deconvolution of the methyl signal (Figure 4) showed that, with increasing temperature, the
intensity of the CHj3 peak at 1.56 ppm steadily increases, whereas the intensity of the peak at 1.43

remains nearly constant.
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Figure 5. Temperature dependence of the relative intensities of "H NMR peaks of CH (m) and CH;
(o) of PLA in (left) PEG-(NHCO)-(PLA3)s (12 w/v %) and (right) PEG-(OCO)-(PLA3)s (22 w/v
%) in D,0. Intensities are normalized with respect to the PEG methylene proton peak intensity. The

dotted line represents the gel to sol transition as determined with the vial tilting method.

The observations on the relative signal intensities of PEG and PLA protons are similar to those

#2728 and can be ascribed to the formation of

reported in literature for PEG-PLA block copolymers
hydrophobic PLA aggregates with sensibly lower mobility with respect to the hydrophilic PEG
chains. For both PEG-(NHCO)-(PLA 3)s and PEG-(OCO)-(PLA 3)s the 'H NMR data clearly show
that over 70 % of the PLA units are quite rigid at room temperature in the gel phase, displaying
however a significant increase in mobility with increasing temperatures up to the gel-sol transition.
In the sol phase the fraction of mobile PLA units continues to increase reaching about 80 % at the
highest temperature. All the above findings concur on a description of hydrated PEG-PLA polymer
systems where two types of domains are present, with rigid hydrophobic PLA aggregates
surrounded by hydrophilic mobile PEG chains and water, with a relatively mobile interfacial region
containing about 20 % of the PLA units. The main effect of heating is an increase of the mobility of

the PLA units within both the gel and sol phases, with a larger variation around the transition

temperature.
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Rheology. The storage (G’) and loss (G’’) modulus of hydrogels at various polymer
concentrations were determined with oscillatory rheology measurements at 20 °C (Figure 6). For all
copolymers, G* exceeded G*°, confirming that the systems were in the gel state.”” It is apparent
from Figure 6a that replacing the ester group between the PEG and PLA blocks with an amide
group results in a marked increase in the storage modulus. As an example, a 20 w/v % PEG-(OCO)-
(PLA3)s hydrogel has a storage modulus of 6.9 kPa whereas a 20 w/v % PEG-(NHCO)-(PLA3)s
hydrogel has a storage modulus of 17 kPa. Possibly, the rigidity of the amide groups results in
restricted conformational freedom leading to more effective physical crosslinks between
hydrophobic domains. This is supported by the presence of larger aggregates in PEG-(NHCO)-
(PLA)g star block copolymer solutions as compared to PEG-(OCO)-(PLA)g star block copolymer
solutions (vide infra) and may be a reason for the enhanced mechanical properties. Furthermore, it
can be observed that the gel stiffness is strongly dependent on the hydrophobic block length.
Increasing the number of lactyl units from 11 to 13 results in an increase in G’ from 6.2 to 17 kPa
for 20 w/v % PEG-(NHCO)-(PLA;3)s hydrogels, probably due to increased hydrophobic
interactions between the PLA arms. The increase in G* with concentration can be ascribed to the
formation of a more densely physically crosslinked network. These rheological experiments
indicate that hydrogels can be designed with storage moduli up to 27 kPa by varying the

concentration and the hydrophobic chain length.
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Figure 6. Storage modulus (G’) (a) and loss modulus (G’*) (b) at 20 °C versus concentration for
hydrogels prepared from various PEG-PLA star block copolymers. PEG-(NHCO)-(PLA )z (o),
PEG-(NHCO)-(PLA3)s (m), PEG-(NHCO)-(PLAs)s (¥), PEG-(OCO)-(PLA3)s (D).

The temperature dependent gel-sol transition of the hydrogels in the temperature range of 20 to 70
°C was determined from the crossover point of G’ and G”’. The gel-sol transition temperatures as

presented in Figure 7 clearly show the large differences in the thermal stability of the hydrogels.
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The gel-sol transition temperatures for 14 w/v % PEG-(NHCO)-(PLA3)s and 20 w/v % PEG-
(OCO)-(PLA3)s hydrogels were 53 °C and 29 °C, respectively. These temperatures are in good
accordance with the gel-sol transitions found via the vial tilting method as shown in Figure 3. G’
and G”’ showed little variation when an amplitude sweep from 0.1 to 10 % was performed at the
end of each rheological experiment, indicating that a strain of 0.5 % is within the linear viscoelastic

range of the hydrogels.
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Figure 7. Storage (G’) and loss modulus (G”) of 14 w/v % PEG-(NHCO)-(PLA3)s (grey lines) and
20 w/v % PEG-(OCO)-(PLA3)s (black lines) hydrogels upon heating from 20 to 60 °C.

Aggregate size and size distribution. The temperature dependent gelation of the star block
copolymers results from a close packing of micelles or small aggregates upon an increase in
hydrophobicity due to partial dehydration of the PEG chains. When the total aggregate volume
fraction exceeds the maximum packing fraction gelation will occur.’® Using dynamic light
scattering (DLS) the aggregate size and aggregate size distributions of the star copolymers in 0.5
w/v % aqueous solutions were determined. As depicted in Figure 8 two size distributions are
present in all PEG-(NHCO)-(PLA,)s solutions. The results show that these materials form micelles
as well as larger sized aggregates at concentrations above the CAC. Small aggregates with
diameters ranging from 20-40 nm and larger aggregates with an average diameter of 100 nm are
present. An increase in the hydrophobic block length shifts the distribution to larger aggregates. In
contrast, PEG-(OCO)-(PLA;3)s shows only one distribution with an average diameter of
approximately 25 nm, indicative of micellar type structures.”’ At low concentrations, all star
copolymers form aggregates with a hydrophobic PLA interior surrounded by a PEG shell. The
increased rigidity of a linking amide group as compared to a linking ester group may hamper

individual molecules to adapt their micellar conformation, resulting in larger aggregates.
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Figure 8. Aggregate size distributions of 0.5 w/v % aqueous PEG-(NHCO)-(PLA,)s and PEG-

(OCO)-(PLA3)s copolymer solutions at room temperature.

The presence of the larger aggregates in the PEG-(NHCO)-(PLA;3)s star block copolymer
solutions may be a reason for the shift of the reversible gel to sol transitions to lower
concentrations. This is also reflected in the gel window of the PEG-(NHCO)-(PLA 3)s copolymer,
which is much larger, compared to the PEG-(OCO)-(PLA 3)s copolymer (Figure 3).

It should be noted that the intensity of scattered light cannot directly be related to the number of

aggregates, because larger aggregates scatter light more intensely than smaller aggregates.
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Hydrogel degradation/dissolution. The in vitro stability of various hydrogels was investigated
by determining the mass of dissolved/degraded copolymer that diffused into the supernatant PBS at
37 °C in time (Figure 9). It was observed that the 22 w/v % PEG-(OCO)-(PLA3)s hydrogel
completely solubilized within 5 d. The 22 w/v % PEG-(NHCO)-(PLA3)s hydrogel exhibits a
significantly improved stability, and complete degradation/dissolution is only observed at day 15.
These hydrogels may loose their structural integrity because the micellar and aggregate packing is
disrupted due to the concentration difference of the copolymer in the hydrogel and supernatant
buffer. Increasing the polymer concentration from 12 to 22 w/v % in the PEG-(NHCO)-(PLA3)s
hydrogel results in prolonged stability, as does increasing the number of lactyl units per PLA arm
from 13 to 15. A higher physical crosslink density and increased hydrophobic interactions are most

likely the reasons for this increased stability.
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Figure 9. Relative mass loss of PEG-(NHCO)-(PLA,)s and PEG-(OCO)-(PLA3)s hydrogels in
PBS at 37 °C. 22 w/v % PEG-(OCO)-(PLA3)s (¥), 12 w/v % PEG-(NHCO)-(PLA3)s (0), 22 w/v
% PEG-(NHCO)-(PLA3)s (m), 12 w/v % PEG-(NHCO)-(PLA5)s ().

The remarkable difference in degradation rates of the star block copolymers having an ester or
amide linkage between the PEG and PLA blocks prompted us to investigate the
degradation/dissolution mechanism in detail. The degraded and dissolved material released in the
PBS degradation medium was analyzed by '"H NMR spectroscopy. In Figure 10 the spectrum of a
fully solubilized PEG-(NHCO)-(PLAs)s hydrogel sample after 13 d at 37 °C in PBS is presented
together with the spectra of the starting star block copolymer and an almost fully degraded sample
of PEG-(NHCO)-(PLAs)s. The fully degraded PEG-(NHCO)-(PLA5)s was prepared by dissolving
the copolymer in 2-(cyclohexylamino)ethanesulfonic acid (CHES) buffer at pH 10.4 and stirring for

18 h at room temperature. Similar conditions have been reported to cause rapid degradation of
PLA.?
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Figure 10. '"H NMR spectra of 3 PEG-(NHCO)-(PLA 5)s samples: PEG-(NHCO)-(PLA 5)s (A), a
fully solubilized PEG-(NHCO)-(PLA 5)s hydrogel (B) and PEG-(NHCO)-(PLAs)s that was stirred
in CHES buffer for 18 h at pH 10.4 (C). Solvent: CDCl;.

By comparing Figure 10A and Figure 10B, it can be seen that the ratio of the peak areas of non-
terminal lactyl protons to terminal lactyl protons (¢ to ¢’ + ¢’ and d to d’ + d’’) decreases when
PEG-(NHCO)-(PLA5)s is degraded for 13 d. The ratio further decreases for PEG-(NHCO)-
(PLA5)s that was stirred in CHES buffer at pH 10.4 for 18 h (Figure 10C). The signal at 4.25 ppm
of the methine protons (¢’”) and the signal at 1.40 ppm of the methyl protons (d’”) are characteristic
for single lactyl units coupled to the PEG via an amide group. Signals typical of methylene protons
next to an amine group at 2.9 ppm were not observed in any of the spectra. These data show that the
amide groups are not affected in the hydrolysis reaction. By comparing the integrals of peaks
corresponding to the methine protons of PLA lactyl units and the main chain protons of PEG, it was
found that the M,, of the PEG-(NHCO)-(PLA5)s star block copolymer decreased from 32.2 kg/mol
in a freshly prepared hydrogel to 28.9 kg/mol in a fully solubilized hydrogel sample (t; in Figure
11). Degradation of the PEG-(NHCO)-(PLAs)s copolymer in CHES buffer at pH 10.4 for 18 h
revealed a reduction to a M, of 25.0 kg/mol corresponding to a copolymer comprising two lactyl

units per arm (t; in Figure 11).
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PEG-(NHCO)-(PLA5)s

to < t4 < 19}

Figure 11. Schematic representation of the degradation of PEG-(NHCO)-(PLA5)s.

The loss of lactyl units occurs through hydrolysis of ester groups in the PLA arms. It is thought
that the PLA arms degrade by intramolecular transesterification, also called backbiting, which
mechanism was proposed by de Jong et al. for the degradation of lactic acid oligomers in neutral or
alkaline medium.” According to this mechanism, nucleophilic attack of the hydroxyl end group on
the penultimate carbonyl group leads to the elimination of one lactide unit. It has to be noted that
the PLA phase is amorphous, which leads to a rather fast degradation.

As has been previously suggested, the degradation of the PEG-PLA block copolymers proceeds
through preferential hydrolysis of the linking ester bond."®" In Figure 12 the '"H NMR spectra of a
PEG-(OCO)-(PLA3)s (A) and a fully solubilized PEG-(OCO)-(PLA3)s hydrogel sample after 5 d
in PBS (B) are presented. In Figure 12C the 'H NMR spectrum of PEG-(OH)s is depicted. Because

of overlapping signals all spectra were recorded in the presence of trifluoroacetic anhydride.
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Figure 12. '"H NMR spectra of PEG-(OCO)-(PLA 3)s (A), a fully solubilized PEG-(OCO)-(PLA 3)s
hydrogel (B) and PEG-(OH)s (C). Solvent: CDCl; in the presence of trifluoroacetic anhydride.

A hydrogel that becomes fully solubilized upon degradation (Figure 12B) revealed a signal
typical of a trifluoroacetyl group linked to PEG at 4.5 ppm (z). These data show that hydrolysis of a
few PEG-PLA linking ester groups in the PEG-(OCO)-(PLA3)s make the copolymer soluble in
PBS (Figure 13). By comparing the relative peak integral values of the terminal PEG methylene
protons and the main chain PEG protons, it was found that on average 3 PLA arms per molecule
were removed. Because the ratio of the integrals of the non-terminal lactyl methine (¢) and terminal
lactyl methine (¢’) proton signals (Figure 12A and B) remained relatively constant only minor
degradation has taken place in the remaining PLA arms. The M, of the PEG-(OCO)-(PLA3)g star
block copolymer decreased from 28.3 kg/mol in a freshly prepared hydrogel to 24.8 kg/mol in a
fully solubilized hydrogel sample (t; in Figure 13).

PEG-(OCO)-(PLA43)s

ester
).— linkage
EG PLA * PEG ™ PLA * *PEG
to < t1 < tz

Figure 13. Schematic representation of the degradation of PEG-(OCO)-(PLA3)s.
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The PEG-(OCO)-(PLA3)s hydrogels likely loose their structural integrity relatively fast because
the micellar packing is disrupted due to the decreased hydrophobic interactions upon preferred
hydrolysis of the linking ester groups.

The end group analysis as presented clearly proves the different degradation mechanisms for the
ester and amide type star block copolymers and actually confirms the mechanism as was suggested

in earlier literature.'®"

3.4 Conclusions

PEG-(NHCO)-(PLA)s and PEG-(OCO)-(PLA)g star block copolymers were prepared by ring
opening polymerization of lactide initiated by PEG-(NH;)s and PEG-(OH)s, respectively. Dye
solubilization experiments showed that aqueous solutions of these copolymers formed micelles and
aggregates at low concentrations. At higher concentrations, thermo-sensitive gels could be obtained,
exhibiting a gel to sol transition upon temperature elevation. In comparison with PEG-(OCO)-
(PLA)g the PEG-(NHCO)-(PLA)g hydrogels exhibited a lower CGC and a larger gel window.
Furthermore, oscillatory rheology measurements revealed that a 20 w/v % PEG-(NHCO)-(PLA 3)s
hydrogel exhibits a high storage modulus of 17 kPa, whereas a 20 w/v % PEG-(OCO)-(PLA3)s
hydrogel has a storage modulus of 7 kPa. Hydrolytic degradation of these hydrogels revealed that
the PEG-(OCO)-(PLA 3)s hydrogel becomes completely solubilized through preferential hydrolysis
of linking ester groups between the PEG and PLA blocks. In contrast, the stable amide linking unit
in the PEG-(NHCO)-(PLA)s hydrogels only allowed degradation to take place via hydrolysis of
ester groups in the PLA chains affording materials which are more slowly degrading. The enhanced
mechanical properties and stability towards hydrolytic degradation make the PEG-(NHCO)-(PLA)g
hydrogels interesting for biomedical applications such as controlled drug delivery systems and

matrices for tissue engineering.
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Stereocomplexed 8-armed PEG-PLA star block copolymer hydrogels
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Abstract

Mixing aqueous poly(ethylene glycol)-poly(D-lactide) and poly(ethylene glycol)-poly(L-lactide)
star block copolymer solutions (>4 w/v %) leads to spontaneous gelation at room temperature due
to the formation of poly(lactide) stereocomplexes which act as stable physical crosslinks between
micelles and micellar aggregates. The enantiomeric water soluble 8-armed star block copolymers,
linked by an amide group (PEG-(NHCO)-(PLA);g) or ester group (PEG-(OCO)-(PLA)sg) between the
PEG core and the PLA blocks were synthesized by the stannous octoate catalyzed ring opening
polymerization of D-lactide and L-lactide, respectively, using amine- or hydroxyl terminated 8-
armed star PEG as an initiator. Stereocomplexed PEG-(NHCO)-(PLA)s hydrogels are formed at
low polymer concentration and exhibit storage moduli up to 26 kPa. Rheology and nuclear
magnetic resonance experiments revealed that formation of stereocomplexes is facilitated at higher
temperatures, possibly due to rearrangement in the original aggregates thereby exposing more PLA
units available for stereocomplexation. The gels formed become temperature irreversible due to the
presence of highly stable semi-crystalline stereocomplexed PLA domains. Furthermore,
stereocomplexed PEG-(NHCO)-(PLA)s hydrogels showed improved in vitro stability and a more
sustained release of lysozyme compared to stereocomplexed PEG-(OCO)-(PLA)s hydrogels.
Because of their good mechanical properties, their potential to be formed in situ and their slow
degradation, stereocomplexed PEG-(NHCO)-(PLA)s hydrogels are interesting materials for

biomedical applications and as controlled drug delivery systems.
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4.1 Introduction

Hydrogels are polymer networks which are able to swell considerably and retain large amounts of
water in their swollen structures.'” Biodegradable poly(ethylene glycol)-poly(lactide) (PEG-PLA)
type hydrogels generally exhibit excellent biocompatibility and are accordingly of interest for
biomedical applications such as tissue engineering and systems for controlled delivery of
biologically active agents. Recently, much effort has been devoted to hydrogels that can be formed
in situ under physiological conditions. /n situ forming hydrogel systems are injectable fluids that
can be introduced into any tissue, organ or body cavity in a minimally invasive manner prior to
gelation.” In situ forming hydrogels offer several advantages over systems that have to be formed
into their final shape before implantation: there is no need for surgical procedures, their initially
flowing nature ensures proper shape adaptation as well as a good fit with surrounding tissue, and
biologically active species such as cells or growth factors can be incorporated homogeneously in
the hydrogel by simple mixing with the precursor polymer solution. Both chemical and physical
crosslinking can be used to create three-dimensional networks in situ. Chemical crosslinking in
general provides mechanically stable gels, but care has to be taken of health risks associated with
reactive macromonomers and crosslink agents, and practical limitations concerning reaction
initiation. In the development of physically crosslinked hydrogels stereocomplexation between
enantiomeric PDLA and PLLA blocks in amphiphilic copolymers was shown a powerful tool to
provide relatively stable gels.

Early work by the group of Kimura and coworkers revealed that the architecture of
stereocomplexed PLA-PEG type block copolymers has a large influence on their solution and gel
properties.”® Whereas stereocomplexed AB diblock and ABA triblock copolymers (with A the PLA
block and B the PEG block) show irreversible sol-gel transitions, BAB triblock copolymers appear
thermo-reversible. They showed that in general stereocomplex formation cannot be directly related
to gel formation. Mixing enantiomeric AB copolymers affords hydrogels that upon heating to the
sol state do not return to the gel state because of formation of a micellar solution in which the
micelles have cores composed of highly stable stereocomplexed PLA blocks. The ABA copolymers
form gels that upon heating reorganize with the formation of stereocomplexed domains with no gel
to sol transition at high or low temperatures. A stereocomplexed gel obtained from a BAB
copolymer at high concentration, on the other hand, is thermo-reversible. Thermo-reversibility here
is possible because of the presence of bridging molecules between stereocomplexed aggregates. On
the contrary, stereocomplexed 8-armed PEG-PLA-PEG triblock copolymers (a branched BAB type
copolymer) prepared by coupling carboxylic acid terminated PEG to star shaped PEG-PLA diblock
copolymers afforded irreversible gels.” All these results may be ascribed to the formation of a
highly phase separated structure with high thermodynamic stability of stereocomplexed domains in

micelles and/or aggregates.
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Hydrogels based on stereocomplexation of PLA blocks were mainly studied for their application
as a drug delivery system. Li et al. prepared stereocomplexed hydrogels from enantiomeric AB
diblock and ABA triblock copolymers.® From these hydrogels, a controlled release of bovine serum
albumin was achieved up to 15 d. Zhang et al. investigated the release of the hydrophilic model
drug thymopentin from stereocomplexed hydrogels based on PLA-PEG-PLA triblock copolymers.’
It was shown that the thymopentin release from stereocomplexed hydrogels was more sustained in
comparison with the release from single enantiomer hydrogels. More recently, star shaped block
copolymers of PEG and aliphatic polyesters, showing stereocomplex mediated gelation, have been
investigated.'® It was found that these stereocomplexed PEG-(PLA)g star block copolymers gelate
faster and form hydrogels with improved mechanical strength as compared to stereocomplexed
PLA-PEG-PLA triblock copolymers. It was shown that the release of the relatively small protein
lysozyme followed first order kinetics and approximately 90 % was released in 10 d."' The
relatively large protein immunoglobulin G could be released from stereocomplexed hydrogels with
nearly zero order kinetics, wherein up to 50 % was released in 16 d.

Previously we found that PEG-(NHCO)-(PLA)s star block copolymers, possessing an amide
linkage between PEG and PLA, yield hydrogels with good mechanical properties and improved
stability towards hydrolytic degradation compared to PEG-(OCO)-(PLA)g star block copolymers
having an ester linkage between PEG and PLA blocks.'? Based on these data, stereocomplexed
hydrogels prepared from PEG-(NHCO)-(PLA)s were expected to have good mechanical properties
and may be well applicable as an injectable controlled drug delivery system. In this paper, the
physical, mechanical and degradation properties of stereocomplexed PEG-(NHCO)-(PLA)g

hydrogels are described together with the release of the model drug lysozyme from these systems.

4.2 Experimental section

Materials. Hydroxyl terminated 8-armed poly(ethylene glycol) (PEG-(OH)s, My, nmr = 20600
g/mol and 23700 g/mol) was purchased from Jenkem (Allen, Texas, USA) and purified before use
by dissolution in dichloromethane and precipitation in cold diethyl ether. The PEG-(OH)s was
converted in PEG-(NH,)s as described previously.'? D-lactide and L-lactide were obtained from
Purac (Gorinchem, the Netherlands) and used as received. Tin(II) 2-ethylhexanoate (stannous
octoate), methanesulfonyl chloride (mesyl chloride), triethylamine (TEA) and 25 % aqueous
ammonia solution were all from Sigma-Aldrich (St Louis, Missouri, USA). Dichloromethane, TEA
and toluene were dried over calcium hydride, potassium hydroxide and sodium, respectively, and
distilled prior to use.

The 8-armed poly(ethylene glycol)-poly(D-lactide) and poly(ethylene glycol)-poly(L-lactide) star
block copolymers (PEG-(NHCO)-(PDLA)g and PEG-(NHCO)-(PLLA)sg) were synthesized by ring

opening polymerization of D-lactide and L-lactide, respectively, in toluene at 110 °C. Amine
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terminated 8-armed star PEG (PEG-(NH,)s) and stannous octoate were used as initiator and

catalyst, respectively. This procedure was described in detail previously.'?

Characterization. 'H NMR (300 MHz) spectra were recorded on a Varian Inova 300 NMR
spectrometer. Polymers were dissolved in CDCl; at a concentration of 15 mg/ml. Thermal
properties of polymers were determined using differential scanning calorimetry (DSC). Heating and
cooling rates of 20 °C/min were applied. Samples were heated from 25 to 200 °C, kept at 200 °C
for 1 min, cooled to -50 °C, kept at -50 °C for 1 min, and finally heated to 200 °C. Crystallization
temperatures (T.) and corresponding enthalpies (AH.) were obtained from the cooling scan, while
melting temperatures (Tm) and corresponding enthalpies (AH,,) were obtained from the second

heating scan.

Aqueous solution properties. The critical association concentration (CAC) values of aqueous
solutions of the PEG-PLA star block copolymers were determined by a fluorescence technique
using pyrene as a probe."” In a hydrophobic environment such as a micellar core, pyrene molecules
exhibit a much stronger fluorescence than in a hydrophilic environment, leading to a redshift of
their excitation spectrum. The onset of this redshift relates to the CAC. Mixed enantiomer solutions
(D/L ratio 1/1) of star block copolymers in the concentration range of 0.0025 to 2 w/v % were
prepared using distilled water. An aqueous solution of pyrene was prepared at a concentration of
1.2:10° M. Approximately 100 ul of polymer solution was added to a well in a 96-well culture
plate, followed by addition of 100 pul of the pyrene solution. Fluorescence spectra were obtained
with a Tecan Safire microplate reader at room temperature. The detection wavelength was set at
383 or 390 nm. The fluorescence intensity ratio (Isz¢/I311 or Isps/l314) of pyrene excitation spectra
was plotted against the logarithm of the polymer concentration and the intercept of the extrapolated
straight lines was taken as the CAC.

Dynamic light scattering (DLS) of dilute solutions (0.5 w/v %) of mixed enantiomer PEG-PLA
star block copolymers (D/L ratio 1/1) in water was performed to determine aggregate sizes.
Experiments were carried out at 25 °C using a Malvern Nano ZS, a laser wavelength of 633 nm and

a scattering angle of 173°.

Gel properties. The vial tilting method was used to determine the critical gel concentration
(CGC) at room temperature as well as the gel to sol transition of PEG-PLA star block copolymers.
Polymers were dissolved in distilled water in tightly capped glass vials. The reversible gel to sol
transition of polymer solutions containing the D- and L-enantiomer in equal amounts was studied in

the range of 2 to 80 °C with temperature increments of 2 °C. At each temperature, the sample was
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allowed to equilibrate for 10 min. If there was no flow after tilting the vials 90° for 1 min, the
sample was regarded as a gel; otherwise it was regarded as a sol.

'H NMR experiments on aqueous solutions and gels were carried out on a Bruker AMX-300 WB
spectrometer working at 300.13 MHz for proton and 46.04 MHz for deuterium, using a 5 mm probe
head. The samples, containing 5 and 10 w/v % of PEG-(NHCO)-(PDLA,)s, PEG-(NHCO)-
(PLLA,)s, or 1:1 mixtures of the two copolymers, were prepared by dissolving the appropriate
amounts of copolymer in D,O (99.98 % D, Eurisotop); repeated heating cycles were necessary to
obtain homogeneous samples. "H NMR spectra were recorded on all samples at 25, 40, 55, and 70
°C using a 90° pulse of 5.7 ps and a recycle delay ranging from 5 to 30 s, depending on sample and
temperature, and acquiring 64 scans. Relative peak intensities within each spectrum were
determined by integration of the peaks and were then calibrated using 3-(trimethylsilyl)-1-
propanesulfonic acid sodium salt (DSS) at known concentration as a standard. DSS was also used
as reference for the 'H chemical shifts. Spin-lattice relaxation times (T;) of polymer protons were
determined in the 10 w/v % samples at 25, 40, 55 and 70 °C, using the inversion recovery pulse
sequence with a recycle delay ranging from 5 to 30 s, depending on sample and temperature, and
acquiring 32 scans. The baseline corrected areas of the peaks (I(t)) at different values of the
characteristic delay of the pulse sequence were measured and T, values were determined by fitting
the inversion recovery curve using the equation:

() =1,(1-aexp(-t/T,)) (1)
where I, i1s the signal intensity at time o and o is a parameter accounting for non-complete
magnetization inversion.'* *H inversion recovery experiments were also performed on 10 w/v %
samples at 25, 40, 55 and 70 °C, using a 9.5 us 90° pulse, a recycle delay of 8 s, and acquiring 8
scans. The area of the baseline corrected D,O peak was measured in the spectra and used to
determine water “H T, values through equation (1). For all experiments the temperature was
controlled within 0.1 °C.

Oscillatory rheology experiments were performed to determine the mechanical properties of
stereocomplexed hydrogels. The storage (G’) and loss (G’’) modulus of hydrogels were monitored
at temperatures ranging from 20 to 60 °C on an Anton-Paar Physica MCR 301 rheometer. To
determine the kinetics of gel formation, separate solutions of D-enantiomer and L-enantiomer (D/L
ratio 1/1) were mixed, homogenized and quickly applied to the rheometer. Experiments were
performed using a flat plate measuring geometry (diameter 25 mm, gap 0.3 mm) utilizing a strain of
0.5 % and a frequency of 1 Hz. To prevent water evaporation, a solvent trap was placed over the
geometry. To confirm that the strain is within the viscoelastic regime, an amplitude sweep from 0.1

to 10 % was performed at 1 Hz.
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Release experiments. Hydrogels were loaded with lysozyme by dissolving the lyophilized
protein in macromonomer PBS solutions prior to gelation. The initial protein concentration was 10
wt % relative to the total polymer mass. For the in vitro release of lysozyme, 3 ml of PBS was
placed on top of 0.5 ml of hydrogel and the vials were kept at 37 °C. To prevent bacterial growth,
0.02 w/v % NaN3; was added to the buffer solution. At regular time intervals, 50 pl of supernatant
was removed and replaced by fresh buffer. The concentration of lysozyme in the release samples
was determined using the BCA® Protein Assay. Briefly, 25 ul of release sample was mixed with
200 ul of working reagent (BCA reagent A : BCA reagent B, 50:1 v/v) in a 96-wells plate. The
plate was incubated at 37 °C for 30 min and the absorbance was read at 562 nm using a Tecan
Safire microplate reader. A calibration curve was constructed using protein solutions of known
concentration. For selected samples, the activity of the released lysozyme was determined using an
assay based on Micrococcus lysodeikticus.” Lysis of the outer cell membranes by lysozyme results
in solubilization of the bacteria and, as a consequence, a decrease in light scattering. Briefly, 20 pl
of release sample was added to 2.6 ml of a bacterial suspension (0.2 mg/ml in PBS) and the
decrease in absorbance at 450 nm was measured for 1 h. The enzymatic activity of the lysozyme in
the release sample was determined by comparing the decrease in absorbance with that in a bacterial

suspension containing freshly prepared lysozyme solution.

Degradation. Gravimetric degradation/dissolution experiments were performed to determine the
stability of the stereocomplexed hydrogels. The experiments were conducted for unloaded
hydrogels and for hydrogels loaded with lysozyme (10 wt % relative to the total polymer mass). On
top of 0.5 ml of hydrogel 3 ml of PBS was placed and the samples were kept at 37 °C. At regular
time intervals, 2.5 ml of the supernatant was removed and replaced by fresh buffer. The supernatant
samples, taken at various time points, were freeze-dried and the mass of solubilized polymer was
determined gravimetrically by subtracting the mass of the PBS salts from the mass of the sample.
Degradation/dissolution experiments were performed in duplo. The structure of the remaining
polymers in hydrogel samples was analyzed by '"H NMR spectroscopy. After freeze-drying of a
sample, polymers were dissolved in a minimal amount of dichloromethane and the solution was
precipitated in an excess of a mixture of cold diethyl ether and methanol (20/1 v/v). The precipitate
was collected by filtration, dried under a nitrogen flow and analyzed by 'H NMR. Oscillatory
rheology was used to investigate the mechanical properties of the hydrogels upon degradation by

determining G” and G’ of hydrogels as described above.
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4.3 Results and discussion

Synthesis and characterization of PEG-PLA star block copolymers. Enantiomeric PEG-
(NHCO)-(PDLA)s and PEG-(NHCO)-(PLLA)s star block copolymers were prepared by the
stannous octoate catalyzed ring opening polymerization of D-lactide and L-lactide, respectively,
initiated by PEG-(NH,)s (My, nmr = 23700 g/mol) (Figure 1).'* The 8-armed PEG-(OCO)-(PDLA)g
and PEG-(OCO)-(PLLA)g star block copolymers were prepared analogously, using PEG-(OH)s
(Mp, nvr = 20600 g/mol) as the initiator (Figure 1).10

PEG-(OH), PEG-(NH,),
OH OH OH C"%‘C“a \H, NH, N
PEG PEG PEG — 9% o fEe fEC fEe
) S ) RT NH, (aa) i1 i1 ?
Ho-PEG'o\)\‘[’O\)\%O\)\/O‘[/\Om\/OH Tea' T» Hz"'PEG'ONOMOWO%OmVNHZ
o bcm t=4d o
T=110°C D-lactide Toilore D-lactide
s l 4%)1;)\ L-actide in(lgtt)z 4"\0)\:;0\ Ltactide
Toluene T o
I;-‘LA PLA PLA PLA PLA PLA
{oco) iOCO) (oco) iNHCO) {NHCO) iNHCO)
I:‘EG I:'EG I;-‘EG II’EG l'i'EG I;-‘EG
[ (o] (] (o} (o] o
PLA—(oco)-PEG’o\)\‘['o\)\'ko\)\/O'P/\O]I\/O\[‘n)\o&'n“ pLA-(OCHN)-PEG’o\)\+°\)\'k°\)\/°‘{/\0‘]'m\/n#o‘]?”
o o
PEG-(OCO)-(PDLA), PEG-(NHCO)-(PDLA),
PEG-(OCO)-(PLLA), PEG-(NHCO)-(PLLA),

Figure 1. Synthesis scheme for the preparation of PEG-(NHCO)-(PLA)g and PEG-(OCO)-(PLA)s

star block copolymers.

Star block copolymers with a degree of polymerization (DP) of 11 or 13 lactyl units per PLA arm
were selected (Table 1), because higher DPs of the PLA arms led to a decreased aqueous solubility
whereas lower DPs would hamper stereocomplex formation.'® The aqueous solubility of the 8-
armed PEG-(NHCO)-(PLA)g block copolymers appeared better than that of the 8-armed PEG-
(OCO)-(PLA)g block copolymers. Whereas the former gave transparent solutions and gels at room
temperature up to high concentrations (<20 w/v %) the latter type copolymer solutions and gels

always appeared opaque.
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Table 1. Molecular weights and thermal properties of PEG initiators and PEG-PLA star block

copolymers.
'HNMR | T [AHn| T. [AH.|CAC|CGC
Polymer .
DP*| M, [(°C)|(J/g)|(CO)|(J/g) | (wiv %)
PEG-(NH,)s - (237 53 | 126 28 | 126| - -
PEG-(NHCO)-(PDLA)3|10.8]29.9
- 41 | 56 | 13 | 57 1020 5

PEG-(NHCO)-(PLLA ;)5 | 12.0/30.6
PEG-(NHCO)-(PDLA 3)s| 13.1[31.2

+ 40 | 55| 3 | 55 (010 4
PEG-(NHCO)-(PLLA 3)s | 13.3(31.4
PEG-(OH)s - (206 54 [141] 31 [141] - | -
PEG-(OCO)-(PDLA 13)s |13.3]28.3
+ 40 | 56 | 6 | 56 |0.06]| 14

PEG-(OCO)-(PLLA3)s |13.3]28.3

* Degree of polymerization of the PLA blocks, expressed in lactyl units per arm.

® Expressed in kg/mol.

The thermal properties of enantiomeric mixtures of the block copolymers as determined with
differential scanning calorimetry (DSC) revealed major transitions in both second heating and
cooling scans, corresponding to melting and crystallization of the PEG domains, respectively (Table
1). All enantiomeric mixtures of the PEG-PLA star block copolymers exhibit lower melting
transitions and accompanying enthalpies than their PEG precursors. Apparently, the crystallization
of PEG is hampered by the presence of PLA blocks. Only in case of the stereocomplexed PEG-
(NHCO)-(PLA)g copolymers, a small exothermic peak was observed at ~165 °C. This transition,
which can be attributed to melting of stereocomplex crystals, was not observed for stereocomplexed
PEG-(OCO)-(PLA)s.

Gelation behavior. The structure of 8-armed PEG-(PLA)s block copolymers resembles to a
certain extent ABA type triblock copolymers with PLA end blocks and a central PEG block. The
single enantiomer 8-armed PEG-(NHCO)-(PLA,;)s and PEG-(OCO)-(PLA3)s block copolymers
with short PLA blocks (DP 11-15 lactyl units) show gel to sol phase transitions at concentrations
ranging from 7 to 20 w/v %.'> To study the gel to sol transitions of the stereocomplexed 8-armed
block copolymers enantiomeric polymer solutions were prepared, combined and the gel to sol phase

transitions were determined with the vial tilting method in the range of 2 to 80 °C (Figure 2).
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Figure 2. Gel to sol transition temperatures of stereocomplexed PEG-PLA hydrogels (D:L = 1:1).
PEG-(NHCO)-(PLA))s (¥), PEG-(NHCO)-(PLA3)s (m), PEG-(OCO)-(PLA}3)s (0).

The mixed enantiomer solutions of PEG-(NHCO)-(PLA,)s formed a hydrogel almost
instantaneously at low concentrations whereas the gelation times for mixed enantiomer solutions of
PEG-(OCO)-(PLA3)s were approximately 30 min at higher concentrations. Upon heating, a gel to
sol transition could be observed but it was limited to a narrow concentration range of ~4-8 w/v %
for stereocomplexed PEG-(NHCO)-(PLA,)s and ~14-18 w/v % for stereocomplexed PEG-(OCO)-
(PLA3)s. At higher concentrations no gel to sol transition was observed up to the boiling
temperature of water, whereas at lower concentrations no gels were formed. Repeating the heating
and cooling cycle revealed a progressive increase in temperature of the gel to sol phase transition.

Combining all the above reported results some general conclusions can be drawn: 1)
stereocomplexation leads to gel formation at lower concentrations and gel to sol transitions at
higher temperatures compared to single enantiomer 8-armed PEG-PLA star block copolymers, ii)
an increase in polymer concentration shifts the gel to sol transition to higher temperatures as a result
of an increased number of physical crosslinks, iii) increasing the DP of the hydrophobic block shifts
the gel to sol transition to higher temperatures, which is likely a result of the more facile formation
of stereocomplexed crystals at higher DP, iv) replacing the ester group with an amide group as
linking unit between the hydrophilic PEG and hydrophobic PLA block gives a shift of the boundary
curve to lower concentrations indicating an even more efficient interaction between PLA chains, v)
hydrogels formed from stereocomplexed 8-armed block copolymers become irreversible after

repeated heating and cooling cycles due to the slow formation of stereocomplexed crystals.

Aggregate size and size distribution in dilute aqueous solution. The critical association
concentration (CAC) values of the single enantiomers of the 8-armed block copolymers (0.20 to

0.50 w/v %) are in general somewhat higher than the values of the corresponding stereocomplexed
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PEG-(PLA)s (Table 1). The CAC value decreases at higher PLA block length as a result of
increased hydrophobic interactions. The enhanced tendency of these stereocomplexed block
copolymers to form aggregates, compared to single enantiomer copolymers, can be ascribed to the
stronger interaction between PLLA and PDLA blocks."” Dynamic light scattering (DLS)
experiments revealed that two size distributions are present in dilute aqueous solutions of mixed
enantiomers (Figure 3). The results show that above the CAC these materials form small aggregates
with diameters ranging from 20-50 nm, indicative of micellar type structures, as well as larger
aggregates with a diameter between 100 and 400 nm. For all stereocomplexed materials the size

distribution is shifted to larger aggregates compared to the single enantiomers,'? similar to previous

observations on stereocomplexing systems.'*!”
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Figure 3. Aggregate size distributions in 0.5 w/v % aqueous solutions containing mixed
enantiomers at room temperature. PEG-(NHCO)-(PLA;)s (solid line), PEG-(NHCO)-(PLA3)s
(dashed line), PEG-(OCO)-(PLA3)s (dotted line).

NMR spectroscopy on aqueous solutions and hydrogels. 'H NMR spectroscopy was employed
to investigate the aggregation behavior of stereocomplexes in water in comparison with that of the
single enantiomer. To this aim 'H NMR spectra were recorded at different temperatures (i.e. 25, 40,
55, and 70 °C) on 5 w/v % and 10 w/v % samples of PEG-(NHCO)-(PDLA)s, PEG-(NHCO)-
(PLLA;)s and 1:1 mixtures of the two copolymers in D,O. It must be emphasized that the
aggregation behavior was investigated at concentrations lower than the critical gel concentration
(CGC) for the single enantiomers, and equal to or higher than the CGC for the 5 w/v % and the 10
w/v % copolymer mixtures, respectively (Table 1). As previously reported,' the spectra of the
single enantiomers in water show a peak ascribable to the PEG methylene protons at 3.698 ppm,
several signals ascribable to the PLA methyl protons in the spectral region between 1.3 and 1.6 ppm
and the signals arising from the PLA methine protons in the regions 4.2-4.5 and 5.0-5.3 ppm, as
well as the signal of HDO at approximately 4.8 ppm. All the PEG methylene protons were detected
at all temperatures, as inferred from comparison with an external standard, whereas the intensities

of the PLA peaks in the spectra were lower than expected on the basis of stoichiometry with respect
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to the methylene peaks of the PEG chain. In particular, the fraction of PLA units detected at 25 °C
for both PEG-(NHCO)-(PDLA;)s and PEG-(NHCO)-(PLLA)s was 27 + 2 % and 23 + 2 % for the
5 w/v % and 10 w/v % samples, respectively. On increasing the temperature up to 70 °C, this
fraction increased up to 81 £ 2 % and 73 = 2 % for the 5 w/v % and 10 w/v % samples,
respectively. The variation of the PLA methyl signals with temperature is shown for the 10 w/v %
PEG-(NHCO)-(PLLA/)s sample in Figure 4a. This behavior is due to the formation of solid-like
aggregates of PLA chains which prevents the observation of all PLA protons in solution state NMR
experiments. The PLA proton signals detected at room temperature were attributed, on the basis of
their chemical shift and trend with temperature, to chains dangling in water and to chains in
unimolecular or flower-like micelles; the increase in intensity with temperature could be ascribed to
a progressive increase in PLA chain mobility within intermicellar aggregates, which were also

observed in DLS experiments (vide supra).'®
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Figure 4. 'HNMR methyl spectral region of 10 w/v % samples of PEG-(NHCO)-(PLLA ;)5 (a) and
PEG-(NHCO)-(PDLA;)s + PEG-(NHCO)-(PLLA )z (b) in D,O at the indicated temperatures.

At 25 °C the '"H NMR spectrum of the 5 w/v % sample of the 1:1 PEG-(NHCO)-(PDLA )5 /
PEG-(NHCO)-(PLLA)s mixture in DO was very similar to those of the single enantiomer
copolymers, whereas that of the 10 w/v % sample was characterized by broader lines due to the
formation of the gel phase. In the gel phase the PLA methyl and methine signals were both roughly
represented by two peaks at approximately 1.58 and 1.45 ppm, and 5.26 and 5.10 ppm, respectively,
while a peak at 3.70 ppm was observed for PEG methylene protons. These chemical shifts are
similar to those previously reported for the single enantiomers at concentrations above the CGC. '
Also for the enantiomeric mixtures all the PEG methylene protons were detected at all
temperatures, whereas the fraction of detected PLA protons was always lower than that expected on
the basis of stoichiometry with respect to the PEG methylene protons. However, differently from

the case of the single enantiomers at concentrations below (here investigated) and above'>'® the
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CGC, the increase of the amount of PLA protons detected on increasing the temperature was quite
small (see Figure 4b). In fact, the fraction of observed PLA units increased from 20 + 2 to only 28 +
2 % on going from 25 °C to 70 °C for both the 5 and 10 w/v % samples, indicating that in this case
the intermolecular PLA aggregates remain solid-like also at 70 °C. The different behavior observed
for single enantiomers and stereocomplex can be ascribed to the different state of PLA chains in the
hydrophobic aggregates. For single enantiomers, the PLA domains are mainly amorphous, with a
glass transition in the temperature range investigated,’” whereas for the stereocomplex, also
crystalline PLA domains are present, with a melting temperature of approximately 165 °C.
Importantly, since no spectral differences were detected for PEG methylene protons between the
single enantiomer samples and the mixtures, the formation of a stronger network does not seem to
influence the dynamics of the PEG chains. Moreover, the fact that the PEG signal did not show any
temperature dependence is a strong indication that PEG entanglements or deswelling do not occur
at least in the temperature range investigated. The trends with temperature (25-70 °C) of the PEG
'H spin-lattice relaxation times (T;) measured on the 10 w/v % samples of the single enantiomers
and of the 1:1 mixture in D,O confirmed that the PEG chains are in all cases well swollen in water
and quite mobile. In fact, essentially the same T; values were determined for PEG methylene
protons in all samples at the different temperatures (T, ranging from 550 + 10 ms to 1350 £ 10 ms
on going from 25 °C to 70 °C), and these values were quite similar to those reported for pure PEG

in water,zo’21

where the PEG chains undergo fast motions. Finally, water “H T values measured for
the same samples in the 25-70 °C temperature range (T, ranging from 350 £ 10 ms to 990 + 10 ms

on heating) were indicative of a bulk-like behavior of water,'® irrespective of the network strength.

Rheology. The storage (G’) and loss (G’”) moduli of stereocomplexed PEG-(NHCO)-(PLA;)s
and PEG-(OCO)-(PLA3)s hydrogels were determined with oscillatory rheology measurements at
20 °C. For all samples, G* exceeded G”°, confirming that the systems were in the gel state.”” The

dependence of G’ on polymer concentration (Figure 5) was almost linear, but is shifted to lower
concentrations for the stereocomplexed PEG-(NHCO)-(PLA)s.
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Figure 5. Storage modulus (G’) as a function of the polymer concentration at 20 °C for
stereocomplexed PEG-PLA hydrogels. PEG-(NHCO)-(PLA )z (m), PEG-(OCO)-(PLA}3)s (0).

It is apparent from Figure 5 that at the same concentration hydrogels based on a racemic mixture
of PEG-(NHCO)-(PLA;)s exhibit a much higher gel stiffness than hydrogels based on a racemic
mixture of PEG-(OCO)-(PLA;3)s. As an example, a 16 w/v % stereocomplexed PEG-(OCO)-
(PLA3)s hydrogel has a storage modulus of 6 kPa, whereas a 16 w/v % stereocomplexed PEG-
(NHCO)-(PLA /) hydrogel has a storage modulus of 21 kPa. These results show that replacing an
ester bond with an amide bond in the PEG-(PLA);g results in a more efficient crosslinking, a trend
similar to the difference in CGC between the two systems. In comparison with single enantiomer
hydrogels at similar polymer concentrations,'? stereocomplexed hydrogels exhibit a 10-15 kPa
higher gel stiffness, suggesting a higher effective crosslink density. The increase in G’ with
concentration can be ascribed to the formation of a more densely physically crosslinked network.

Gel formation kinetics were studied by monitoring the storage modulus (G’) and loss modulus
(G”) in time after mixing solutions of macromonomers with opposite chirality. When 6 w/v %
PEG-(OCO)-(PDLA3)s and PEG-(OCO)-(PLLA3)s solutions were mixed, the crossover point of
G’ and G’, which can be regarded as the gel point, was observed after 33 min (Figure 6A and 6B).
The storage modulus levels off after approximately 48 h, showing that gelation is complete. When 6
w/v % PEG-(NHCO)-(PDLA3)s and PEG-(NHCO)-(PLLA3)s solutions were mixed, G’ crossed
G”> within 1 min (Figure 6C and 6D). Importantly, the stereocomplexed PEG-(NHCO)-(PLA3)s
hydrogels show much lower damping factors (tan 6 = G’’/G’) compared to the stereocomplexed
PEG-(OCO)-(PLA3)s hydrogels. This indicates a more elastic, i.e. gel-like, behavior of the
stereocomplexed PEG-(NHCO)-(PLA3)3 hydrogels.23 The faster gelation kinetics and lower
damping factor of stereocomplexed PEG-(NHCO)-(PLA3)s hydrogels (Figure 6) and their higher
storage moduli (Figure 5) may be explained by the conformational rigidity of the amide groups,

which may result in better phase separation between the hydrophilic and hydrophobic blocks. This
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enhanced phase separation allows for easier crystallization of PLA stereocomplexes as indicated by
the DSC results and thereby a better physically crosslinked network. For all samples G* and G’
showed little variation when an amplitude sweep from 0.1 to 10 % was performed at the end of each
rheological experiment, indicating that a strain of 0.5 % is within the linear viscoelastic range of the

hydrogels.**

1000 11,01

_ 100] 105
© ©
o o
e -~ 10,0
O 10 o
) )
: 2 o5
O 1 (O)
9,0
A ’ B
: , , , , , o
0 500 1000 1500 2000 2500 3000 026 28 30 32 34 36 38
Time (min) Time (min)
1000
1,6
7 1% 7 14
e .
© 10 i 1,2
E E
& & 1,0
° © 0,8
c 0,0% D
0 20 40 60 80 100 120 140 160 ,0,0 02 04 06 08 10 1,2 14 16
Time (min) Time (min)

Figure 6. Storage modulus (G’) and loss modulus (G’’) as a function of time after mixing 6 w/v %
macromonomer solutions of opposite chirality at 20 °C. PEG-(OCO)-(PDLA3)s + PEG-(OCO)-
(PLLA5)s (A, B), PEG-(NHCO)-(PDLA3)s + PEG-(NHCO)-(PLLA3)s (C, D). Graphs B and D

show the crossover points of G’ and G’’ in graphs A and C, respectively.

To investigate the effect of repeated heating cycles on the gel stiffness, PEG-(NHCO)-(PDLA 3)s
and PEG-(NHCO)-(PLLA 3)g solutions were mixed at a low concentration of 7 w/v %, equilibrated
for 24 h and subjected to rheological measurements with temperature profiles as specified in Figure
7A. During the entire measurement G’ exceeded G”’ (G’’ values not shown), showing that the
system retained the gel state. After reaching equilibrium, as shown in interval I, G’ is constant.
Upon heating the gel from 20 °C to 60 °C (interval II) G’ decreases rapidly because physical
crosslinks are lost due to an increased mobility of the PLA chains. Keeping the temperature
constant at 60 °C for 15 min (interval III), a large increase in G’ is observed. This indicates that new

crosslinks are formed which are stable even at 60 °C. During cooling from 60 °C to 18 °C (interval
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IV) G’ increased likely due to crystallization of the PLA domains. Bringing the system to
equilibrium a small decrease of G’ can be seen which is mainly due to a shift in temperature up to
22 °C. In this temperature cycle G’ thus increases to a value 4 times higher than its initial value.
Repeating this temperatures cycle results in consecutive increments in G’ and the final value is one

order of magnitude higher then the initial value (Figure 7B).
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Figure 7. Storage modulus (G’) as a function of time for a 7 w/v % stereocomplexed PEG-
(NHCO)-(PLA3)s hydrogel. After equilibration at 20 °C (I). Increasing the temperature from 20 °C
to 60 °C (II). Equilibration at 60 °C (III). Cooling to 18 °C (IV). Equilibration at 20 °C (V). A

single temperature cycle (A). Four consecutive temperature cycles (B).

The temperature dependent mechanical properties observed can be illustrated by a mechanism
depicted in Figure 8. In aqueous solution the PEG-(PDLA)s and PEG-(PLLA)s star block
copolymers form flower-like micelles and aggregates consisting of a PLA core and a PEG shell.
These aggregates do contain PLA blocks dangling in water.'® After mixing PEG-(PDLA)g and
PEG-(PLLA);g solutions, stereocomplexation of these dangling PLA chains results in interaggregate
bridges. The resulting stereocomplexes lead to spontaneous gel formation at room temperature.
Upon heating, the increased mobility of the PLA units facilitates intermicellar and interaggregate
bridging to a greater extent resulting in the formation of stereocomplexes which are irreversible.
Consequently, the higher strength of the crosslinks results in a stiffer gel as shown by the increased
storage modulus. Repeated heating cycles result in higher G’ values, but the effect becomes
progressively smaller (Figure 7B). Because of the high stability of the stereocomplexes formed a

temperature irreversible system is established.
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Sol state Sol state
PEG-(PDLA), micelles

%% %
%%% &% %

PEG-(PLLA); micelles
* l equilibration

Stereocomplex site Micellar bridge

Enhanced gel state Gel state
Figure 8. Proposed gelation mechanism for an enantiomeric mixture of PEG-(PLA)g star block

copolymers in water.

Hydrogel degradation/dissolution and release of lysozyme. Stereocomplexed hydrogels were
prepared by mixing single enantiomer aqueous solutions and a PBS solution was put on top of the
gels. The stereocomplexed PEG-(OCO)-(PLA 3)s hydrogel was completely dissolved within 12 d
(Figure 9). The stereocomplexed PEG-(NHCO)-(PLA3)s hydrogel exhibits a significantly higher
stability and complete degradation/dissolution is not observed until day 29. Comparing these data to
22 w/v % single enantiomer PEG-(OCO)-(PLA3)s and PEG-(NHCO)-(PLA 3)s hydrogels, which
are stable in vitro for 5 and 15 d respectively,'? shows that stereocomplexation prolongs the stability
considerably. Similar findings were reported in a study towards the degradation of films prepared
from PDLA/PLLA stereocomplexes or plain PLLA.* The higher hydrolytic stability of the
PDLA/PLLA stereocomplexes was attributed to the higher degree of crystallinity as well as to the
strong secondary interactions in the stereocomplexed material. In general, physically crosslinked
hydrogels eventually dissolve because the micellar and aggregate packing is disrupted as a result of
the concentration difference of the copolymer in the hydrogel and the surrounding medium. The
higher stability of stereocomplex crystallites in comparison to PLLA amorphous aggregates, which

act as crosslinks, most likely leads to less facile disruption of the micellar and aggregate packing.
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Figure 9. Relative polymer mass loss from 14 w/v % stereocomplexed PEG-(NHCO)-(PLA 3)s
(squares) and stereocomplexed PEG-(OCO)-(PLA;3)s (circles) hydrogels in PBS at 37 °C.
Unloaded hydrogels (open symbols); hydrogels initially loaded with 10 wt % lysozyme (closed
symbols).

Injectable hydrogels are interesting materials to be used in the controlled delivery of biologically
active agents. Lysozyme, having a molecular weight of 14 kDa, was chosen as a model protein in
release experiments with a similar set-up as the degradation experiments. Lysozyme is released
from 14 w/v % stereocomplexed PEG-(OCO)-(PLA3)s hydrogels up to 15 d (Figure 10).
Gravimetrical degradation/dissolution experiments showed that within this time period also the
hydrogel is completely solubilized (Figure 9). Release from the stereocomplexed PEG-(NHCO)-
(PLA3)s hydrogel is considerably more sustained and lysozyme continues to be released until day
36. Also here the hydrogel becomes solubilized within the same time frame. The activity of the

released lysozyme was retained, as indicated by bacteria lysis experiments (data not shown).

100 o . .
s
S 80 ©

| ]
U o
2 [ |
S 60- o
Q
2 | o
®
E 40 L
5 { O
© 200
0 5 10 15 20 25 30 35
Time (days)

Figure 10. Lysozyme release from stereocomplexed PEG-(NHCO)-(PLA3)s hydrogels (m) and
stereocomplexed PEG-(OCO)-(PLA 3)g hydrogels (o) in PBS at 37 °C.
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Interestingly, the presence of lysozyme slightly increases the stability of the hydrogels (Figure 9).
Amongst all interactions between a protein and its environment, hydrophobic interactions have been
reported to play an important role.”® Possibly the hydrophobic domains of lysozyme interact with
the PLA arms, resulting in the formation of additional physical crosslink sites. Analysis of
degrading hydrogel samples by '"H NMR spectroscopy confirmed that lysozyme has an inhibitory
effect on the degradation of the star block copolymers. It was found that the DP in the PLA arms of
the unloaded PEG-(NHCO)-(PLA3)s hydrogel decreased from 13.3 lactyl units at day 0 to 7.5
lactyl units at day 29 as a result of the hydrolysis of ester groups. In the PEG-(NHCO)-(PLA3)s
hydrogel initially loaded with 10 w/v % lysozyme, the degradation was less pronounced as the DP
decreased from 13.3 to 9.3 lactyl units after 29 d in vitro. The release of lysozyme was found to be
proportional to the square root of time up to a cumulative release of approximately 85 % for both
the stereocomplexed PEG-(NHCO)-(PLA3)s and the stereocomplexed PEG-(OCO)-(PLA;3)s
hydrogel, suggesting that the release is first order from these systems.”’ However, several other
factors influence the release of the lysozyme from the stereocomplexed hydrogels. Hydrolytic
degradation in the PLA arms causes removal of physical crosslinks, leading to increased swelling
and eventual dissolution of the hydrogel. Although the hydrogel degradation takes place in a similar
time period as the lysozyme release, the diffusion coefficient appears not to change considerably
and first order kinetics are maintained. Possibly the degradation does not influence the number of
effective crosslinks present or an enhanced interaction of the protein with the surrounding matrix
becomes important.

'H NMR analysis of remaining polymers in degrading hydrogel samples revealed that
degradation in stereocomplexed PEG-(OCO)-(PLA;3)s hydrogels occurs through preferential
hydrolysis of the linking PEG-PLA ester groups. In contrast, the linking amide groups in the
stereocomplexed PEG-(NHCO)-(PLA 3)s were found unaffected during the in vitro experiments.
Degradation in these systems occurs by hydrolysis of ester groups in the PLA arms. These
observations are similar to those on single enantiomer hydrogels'” and are most likely the reason for
the enhanced stability of stereocomplexed PEG-(NHCO)-(PLA 3)s hydrogels over stereocomplexed
PEG-(OCO)-(PLA3)s hydrogels. The more sustained release of lysozyme from the
stereocomplexed PEG-(NHCO)-(PLA3)s hydrogels (Figure 10) is probably the result of this higher
stability.

The stabilizing effect of lysozyme on stereocomplexed hydrogels was also found during
oscillatory rheology experiments on degrading gels. Figure 11 shows that during the in vitro
experiments the storage modulus G’ decreases as a result of the degradation and dissolution of the
star block copolymer. It should be noted that for some hydrogel samples, additional rheological
measurements at later time points could not be performed because of severe hydrogel degradation.

The enhanced mechanical properties of the stereocomplexed PEG-(NHCO)-(PLA3)s hydrogels in
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comparison with PEG-(OCO)-(PLA;3)s hydrogels (Figure 5) are maintained throughout the
degradation period. It follows from Figure 11 that the storage modulus G’ is significantly higher for
hydrogels initially loaded with 10 wt % lysozyme in comparison with unloaded hydrogels during
the entire degradation period. These data provide further evidence that the interaction of lysozyme

with the surrounding matrix results in the formation of additional crosslink sites.
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Figure 11. Storage modulus (G’) as a function of degradation time for stereocomplexed PEG-
(NHCO)-(PLA3)s hydrogels (squares) and stereocomplexed PEG-(OCO)-(PLA;3)s hydrogels
(circles) in PBS at 37 °C. Unloaded hydrogels (open symbols); hydrogels initially loaded with 10

wt % lysozyme (closed symbols).

4.4 Conclusions

In the present study, stereocomplexation was shown a facile method for the in situ formation of
robust, physically crosslinked hydrogels starting from enantiomeric PEG-(PLA)g type copolymer
solutions. Upon mixing PEG-(PDLA)s and PEG-(PLLA)g solutions, interaggregate bridging of
dangling PLA chains by the formation of stereocomplexes leads to spontaneous gelation. When
these gels are heated, rearrangements leading to an increase in the amount of stereocomplexes take
place. '"H NMR experiments revealed that stereocomplexes in the mixed enantiomer PEG-(NHCO)-
(PLA)g hydrogels are rigid and highly stable up to even 70 °C. Stereocomplexation in these systems
thus results in a temperature irreversible gel system. Compared to single enantiomer hydrogels of
similar concentration, stereocomplexed PEG-(PLA)s hydrogels exhibited enhanced mechanical
properties and in vitro stability. By changing the linking unit between the hydrophobic and
hydrophilic block from an ester to an amide group in the PEG-(PLA)s copolymers gels can be
formed at lower polymer concentration, showing a larger gel window and improved mechanical
properties. Moreover, because stereocomplexed PEG-(NHCO)-(PLA)g hydrogels are more stable
towards hydrolysis than stereocomplexed PEG-(OCO)-(PLA)s hydrogels a prolonged release of the

small protein lysozyme was found. The robust mechanical properties, the possibility to be formed in
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situ and the stability towards hydrolytic degradation make the stereocomplexed PEG-(NHCO)-

(PLA)s hydrogels interesting for biomedical applications such as controlled drug delivery systems

and matrices for tissue engineering.
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Abstract

Eight-armed poly(ethylene glycol)-poly(trimethylene carbonate) star block copolymers (PEG-
(PTMC)g) linked by a carbamate group between the PEG core and the PTMC blocks were
synthesized by the metal-free, HCI catalyzed ring opening polymerization of trimethylene carbonate
using an amine terminated 8-armed star PEG in dichloromethane. Although dye solubilization
experiments, nuclear magnetic resonance spectroscopy and dynamic light scattering clearly
indicated the presence of aggregates in aqueous dispersions of the copolymers, no physical gelation
was observed up to high concentrations. PEG-(PTMCy)s was end group functionalized using
acryloyl chloride and photopolymerized in the presence of Irgacure 2959. When dilute aqueous
dispersions of PEG-(PTMCy)s-AC were UV irradiated, chemically crosslinked PEG-PTMC
nanoparticles were obtained, whereas irradiation of more concentrated PEG-(PTMCy)s-AC
dispersions resulted in the formation of photocrosslinked hydrogels. Their good mechanical
properties and high stability against hydrolytic degradation make photocrosslinked PEG-PTMC
hydrogels interesting for biomedical applications such as matrices for tissue engineering and

controlled drug delivery systems.
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5.1 Introduction

Hydrogels are polymer networks that receive much interest for their use in biomedical
applications because they generally exhibit excellent biocompatibility due to their high water
content.'” Chemically crosslinked hydrogels are generally more stable and have better mechanical
properties compared to physically crosslinked systems. Poly(ethylene glycol) (PEG) is a widely
used hydrophilic component in hydrogels because of its good biocompatibility. As a hydrophobic
component, aliphatic polyesters such as poly(lactide) (PLA) and poly(e-caprolactone) (PCL) have
been investigated extensively in block copolymers with PEG for the preparation of physically
crosslinked hydrogels. Chemically crosslinked hydrogels are often prepared by photocuring of
polymers which are functionalized with e.g. acrylic end groups.! Hubbell et al. prepared
photocrosslinked hydrogels from end acrylated PLA-PEG-PLA and PLGA-PEG-PLGA triblock
copolymers.” The degradation times of the hydrogels varied from 0.3 to 120 d depending on the
molecular weight of the PEG and the length and nature of the hydrophobic polyester block. A
drawback of hydrogels based on PEG-polyester copolymers is the formation of acidic components
upon degradation, which may deactivate pH-sensitive compounds such as growth and
differentiation factors.® In this respect poly(trimethylene carbonate) (PTMC) is an interesting
alternative for it is enzymatically degraded in vivo with the formation of water soluble and non-
acidic products such as 1,3-propanediol, carbon dioxide and PTMC oligomers.” During the last
decade, much effort has been devoted to the synthesis of PEG-PTMC block copolymers. Most often
stannous octoate is used as the catalyst for the ring opening polymerization of TMC initiated by
hydroxyl end groups of PEG. Recently, low molecular weight PEG-PTMC block copolymers were
prepared by the ring opening polymerization of TMC from hydroxyl functional PEGs and HCl as a
catalyst via an activated monomer mechanism.® This method avoids the use of potentially cytotoxic
organometallic catalysts and is preferred when the resultant polymers are to be used in biomedical
applications.” Using mono-, di- or multifunctional PEGs, polymers with one, two, four or eight
PTMC arms were prepared with constant hydrophobic content (50 wt % PTMC) and a total
molecular weight of 4000 g/mol.® The critical association concentration (CAC) of these polymers as
well as the aggregate diameter in aqueous solution increased with increasing arm number, which
was attributed to hampered hydrophobic interactions. Temperature dependent gelation of PEG-
PTMC diblock and PTMC-PEG-PTMC triblock copolymers has been shown by Kim et al.'® and
Bat et al.,'" respectively. For the diblock polymers the transition temperature could be controlled in
a range of 20-75 °C by varying the polymer concentration, molecular weight and composition of the
polymer. In the triblock system, sol to gel transitions were observed for polymers with a PEG
content between 68 and 82 wt %. Gelation only occurred for polymers with a M,, of 14 kg/mol and
higher, indicating that the total molecular weight is an important polymer property for the

temperature dependent gelation behavior. Whereas diblock copolymers afford hydrogels with low
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storage moduli, PTMC-PEG-PTMC triblock copolymer hydrogels at similar polymer
concentrations showed storage moduli up to 3 kPa.

Chemically crosslinked hydrogels based on PEG and PTMC only have been prepared from low
molecular weight triblock copolymers by end group acrylation and subsequent
photopolymerization.12 Upon immersion in PBS at 37 °C, a photocrosslinked PEG-PTMC triblock
copolymer (600-1000-600 g/mol) exhibited a mass loss of 7 % after 4 weeks as a result of bulk
degradation.

In previous research we have shown that 8-armed PEG-PLA star block copolymers yield
physically crosslinked hydrogels at much lower concentrations compared to linear PLA-PEG-PLA
triblock copolymers.'® This prompted us to investigate the aggregation behavior of analogous PEG-
PTMC star block copolymers in aqueous solutions. In this paper, we describe the synthesis of 8-
armed PEG-PTMC star block copolymer by metal-free ring opening polymerization of TMC
initiated by amine end functionalized 8-armed PEG. The self-assembly of the star polymers in water
was studied. It was found that stable bridging between polymer aggregates, necessary to form a
hydrogel, is disfavored due to the high mobility of the PTMC blocks. We show that interaggregate
bridging can however be stabilized by UV crosslinking; an acrylated 8-armed PEG-PTMC star
block copolymer was used to prepare a photocrosslinked hydrogel or nanoparticles by UV
irradiation. The physical, mechanical and degradation properties of the hydrogel were investigated,

as well as its biocompatibility.

5.2 Experimental section

Materials. Hydroxyl terminated 8-armed poly(ethylene glycol) (PEG-(OH)s, M;, nmr = 21400
g/mol) was purchased from Jenkem (Allen, Texas, USA) and purified before use by dissolution in
dichloromethane and precipitation in cold diethyl ether. The PEG-(OH)s was converted in PEG-
(NH,)s following a two-step procedure analogous to that described by Elbert and Hubbell for linear
hydroxyl terminated PEGs.'* Trimethylene carbonate (TMC) was obtained from Boehringer
(Ingelheim, Germany) and used as received. HCI (1.0 M solution in diethyl ether), acryloyl
chloride, methanesulfonyl chloride (mesyl chloride), triethylamine (TEA), lipase from porcine
pancreas and 25 % aqueous ammonia solution were from Sigma-Aldrich (St Louis, Missouri,
USA). Toluene, hexane, diethyl ether, methanol and dichloromethane were all from Biosolve
(Valkenswaard, The Netherlands). Dichloromethane, TEA and toluene were dried over calcium
hydride, potassium hydroxide and sodium, respectively, and distilled prior to use. Irgacure 2959
was obtained from Ciba (Basel, Switzerland). Chondrocytes from bovine cartilage were used for
cytotoxicity measurements in this study. The cells were cultured at 37 °C in a humidified
atmosphere of 5 % CO, in air in 175 cm® flasks containing Dulbecco’s Modified Eagle Medium
(DMEM, Gibco) supplemented with 10 % fetal bovine serum (Gibco) and 1 %
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penicillin/streptomycin (Gibco). The medium was refreshed twice a week until cells reached
confluency. When confluent, cells were detached using trypsin solution (0.25 % trypsin / 0.05 %
EDTA, Invitrogen), and diluted 1:5 in a fresh culture flask. In this study, cells from passage 2 were

used.

Synthesis. The 8-armed poly(ethylene glycol)-poly(trimethylene carbonate) star block copolymer
(PEG-(PTMCy)s) was synthesized by the ring opening polymerization of trimethylene carbonate
using amine terminated 8-armed star PEG (PEG-(NH;)s) as an initiator and HCI as a catalyst in
dichloromethane at room temperature.

PEG-(NH2)s (5 g, 0.23 mmol) and toluene (15 ml) were introduced in a round bottomed flask.
The toluene was distilled off and CH,Cl, (5 ml) and TMC (2.04 g, 20 mmol) were added. The
polymerization was started by the addition of 1 M HCI solution in diethyl ether (8 ml, 8 mmol) at
25 °C in a nitrogen atmosphere. After 48 h, the product was purified by precipitation in a 20-fold
excess of a mixture of diethyl ether and methanol (40/1 v/v). PEG-(PTMCy)s was obtained by
filtration and dried under vacuum at ambient temperature overnight. 'H NMR (CDCls): & = 7.92 (s,
CH,NHCOO), 4.28 (t, CH,NHCOO), 4.22 (t, OCH,CH,CH-0), 3.72 (t, CH,CH,OH), 3.63 (PEG
protons), 2.03 (q, OCH,CH,CH,0), 1.90 (q, CH,CH,OH).

PEG-(PTMCy)s star block copolymer was functionalized with acrylate end groups (PEG-
(PTMCy)s-AC) according to a procedure described in literature.'> PEG-(PTMCy)s (6.70 g, 0.24
mmol) was dissolved in 15 ml of dichloromethane. Acryloyl chloride (3.23 ml, 40 mmol) was
added and the reaction mixture was stirred under a N, atmosphere for 16 h at 50 °C. The product
was precipitated in a 20-times excess of cold hexane and dried under vacuum for 1 d. "H NMR
(CDCl3): 8 = 6.83 (s, CH,NHCOO), 6.41 (dd, OCOCHCH,), 6.10 (dd, OCOCHCH;), 5.84 (dd,
OCOCHCH,), 4.23 (t, OCH,CH,CH:0), 3.80 (t, CH,CH,OH), 3.63 (PEG protons), 2.79 and 2.65
(t, CH,CH,0OH), 2.04 (q, OCH,CH,CH;0).

Chemically crosslinked PEG-PTMC nanoparticles were prepared by UV irradiation of PEG-
(PTMCy)s-AC star block copolymer. In a typical procedure, a 1 w/v % mixture of PEG-(PTMCy)s-
AC in water containing 10 mol % Irgacure 2959 photoinitiator relative to acrylate groups was
prepared. The mixture was irradiated by UV light (~5 mW/cm?) at 365 nm for 2 h. Chemically
crosslinked PEG-PTMC hydrogels were prepared similarly. Typically, a 40 w/v % mixture of PEG-
(PTMCy)s-AC in water containing 10 mol % photoinitiator relative to acrylate groups was prepared.

The mixture was irradiated by UV light at 365 nm for 2 h.

Characterization. 'H NMR (300 MHz) spectra were recorded on a Varian Inova 300 NMR

spectrometer. Polymers were dissolved in CDCl; at a concentration of 15 mg/ml. For NMR analysis
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of PEG-PTMC nanoparticles, an aqueous PEG-PTMC nanoparticle dispersion (1 w/v %) was

freeze-dried and the particles were redispersed in CDCl; at a concentration of 15 mg/ml.

Aqueous solution properties. The critical association concentration (CAC) value of the PEG-
(PTMCy)s star block copolymer in water was determined using the 1,6-diphenyl-1,3,5-hexatriene
(DPH) dye solubilization method." Mixtures of PEG-(PTMCy)s in distilled water were prepared in
the concentration range of 1-10° to 5 w/v %. A solution of DPH was prepared in methanol at a
concentration of 0.5 mM. Approximately 1 ml of the polymer dispersion was added to a polystyrene
vial, followed by addition of 10 pl of the DPH solution. The samples were allowed to equilibrate for
at least 3 h in the dark, after which the absorption at 357 nm relative to a blank (polymer dispersion
containing no DPH) was measured using a Varian Cary 300 Bio UV-visible spectrophotometer. The
absorption was plotted against the logarithm of the polymer concentration and the intercept of the
extrapolated straight lines was taken as the CAC.

Dynamic light scattering (DLS) of the PEG-(PTMCy)s star block copolymer in water (1-107 - 10
w/v %) was performed to determine aggregate sizes. Experiments were carried out between 25 °C
and 55 °C using a Malvern Nano ZS, a laser wavelength of 633 nm and a scattering angle of 173°.
At each temperature, the sample was allowed to equilibrate for 5 min.

NMR experiments were carried out on a Bruker AMX-300 WB spectrometer working at 300.13
MHz for proton and at 75.47 MHz for carbon-13 using either a 5 mm probe head or a 4 mm
CP/MAS probe head for solution state and solid state measurements, respectively. The temperature
was controlled within 0.1 °C.

Solution state '"H NMR experiments were performed on samples of 0.1, 1, and 10 w/v % PEG-
(PTMCy)s in D20 (99.98% D, Eurisotop) with a 90° pulse of 5.7 ps and a recycle delay of 10 s; 8 to
4000 scans were acquired, depending on sample concentration. The samples were prepared by
dissolving the appropriate amount of copolymer in D,0O. Relative peak intensities within each
spectrum were determined by integration of the peaks obtained by spectral deconvolution using the
SPORT-NMR software,'® and were calibrated using 3-(trimethylsilyl)-1-propanesulfonic acid
sodium salt (DSS) at known concentration as internal standard. DSS was also used as reference for
the 'H and °C chemical shifts. Solution state °C NMR experiments were performed on the 10 w/v
% sample of PEG-(PTMCy)s in D,O with a pulse of 4 us, corresponding to a 40° pulse, and a
recycle delay of 30 s, and acquiring 2400 scans.

Solid state *C magic angle spinning (MAS) NMR experiments were performed under proton
decoupling conditions on a dry PEG-(PTMCy)s sample and on a 50 w/v % sample of PEG-
(PTMCy)s in D;0. In the "*C direct excitation (DE) experiments the 90° pulse length was 4 ps and

recycle delays of 12 and 120 s were used. In the 'H-">C cross polarization (CP) experiments the 'H
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90° pulse length was 4 ps and a contact time of 1 ms and a recycle delay of 12 s were used. The

MAS spinning rate was 3 kHz and 1 kHz for the dry and hydrated samples, respectively.

Hydrogel properties. Oscillatory rheology experiments were performed to determine the
mechanical properties of the PEG-PTMC hydrogels. The storage (G’) and loss (G’”) modulus of
hydrogels were monitored for 12.5 min at 25 °C on an Anton-Paar Physica MCR 301 rheometer.
Experiments were performed using a flat plate measuring geometry (diameter 25 mm, gap 0.3 mm)
utilizing a strain of 1 % and a frequency of 1 Hz. To prevent water evaporation, a solvent trap was
placed over the geometry.

Hydrolytic and enzymatic degradation experiments were performed to determine the stability of
the hydrogels. Freshly prepared hydrogel samples were dried in air and the initial weight W, was
determined. The samples were immersed in PBS at 37 °C. To prevent bacterial growth, 0.02 w/v %
NaNj3 was added to the buffer solution. At regular times, samples were taken out, wiped with tissue
paper, and their mass in the swollen state (W;) was determined. Subsequently, the samples were
allowed to dry in air overnight to yield the dry weight (Wp). The degree of swelling during
degradation was calculated from:

degree of swelling = w 100 % (1)
D

The remaining relative polymer mass during degradation was calculated from:

relative polymer mass = o 100 % (2)
0

Enzymatic degradation was studied by immersing hydrogel samples in PBS containing 1 w/v %
lipase. The remaining relative polymer mass was determined as described above. All degradation
experiments were performed in duplo.

The direct cell contact method was employed to assess the cytotoxicity of photocrosslinked PEG-
PTMC hydrogels."” Chondrocytes from bovine cartilage (6:10° cells/ml) were seeded in 50 ul
DMEM in a 96-well culture plate. Plates were incubated at 37 °C in a humidified 5 % CO,
atmosphere until the cells formed a monolayer. The culture medium was aspirated and hydrogel
pieces (1 x 1 x 1 mm), pre-swollen in culture medium, were placed carefully on the monolayer in
200 pl culture medium. The cell viability after 20 h was determined by the colorimetric MTS assay,
according to the manufacturer’s instructions (CellTiter 96 Aqueous One Solution Cell Proliferation
Assay, Promega). Briefly, MTS solution was added to the wells (20 pl to 100 pl of medium) and
incubated for 2 h at 37 °C in the dark. Afterwards, the supernatant of each sample was collected and
its absorbance was measured at 540 nm using a Tecan Safire microplate reader. Data (n = 3) are

expressed as mean + standard deviation (SD).
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The morphology of chemically crosslinked PEG-PTMC nanoparticles was evaluated by scanning
electron microscopy (SEM). One drop of a nanoparticle dispersion in water was applied to a
carbon-coated grid and the water was evaporated overnight in air. Images were obtained with a
scanning electron microscope (LEO Gemini 1550 FEG-SEM) at 1.6 kV.

5.3 Results and discussion

Synthesis. The acid catalyzed ring opening polymerization of TMC in the presence of alcohols as
initiators is a highly efficient method recently evaluated.'® Moreover, this method avoids the use of
metal based catalysts which may cause adverse effects when these materials are used in biomedical
applications. The HCI catalyzed ring opening polymerization of TMC also appeared a convenient
method to prepare PEG-PTMC block copolymers when amine end group functionalized 8-armed
star PEG was used as an initiator (Figure 1). In this case, the blocks are connected through
carbamate bonds. The ring opening polymerization was performed in dichloromethane at room

temperature in high yield (>95%).

PEG-(OH)g o PEG-(NH,)g
2
OH oH oH Cl=5-CH, NH, NH; NH,
PEG PEG PEG 0 PEG PEG PEG
[¢] [¢] [¢] RT NHj; (aq) o o [o]
t=12h
HO-PEG”™ ONO\)\/”P\)\/O‘P/\O’K\/ OH e RT H N-PEG /ONO\)\/I?O\)\/O‘P/\O/}:\/ NH;
DCM t=4d
o
RT
t=48h o)k °
HCI
DCM [\
Ac Ac Ac o
PIMC  PTMC PTMC /\H/ PTNC  PTMC PTMC
PEG PEG PEG 5 PEG PEG PEG

[o] [o] [o] o [e] [o]
H o H o o
AC-PTMC-PEG/ONO\)\%O\)\/O‘L/\O%‘\/N#\IJOW ‘19\(&(\ tsf;gh PTMC-PEG/ONO\/I\/I/‘O\)\/O‘F/\O/]:‘\/N#\{)( o tH
DCM
PEG-(PTMC,g)g-AC PEG-(PTMC,)g

Figure 1. Synthesis scheme for the preparation of PEG-(PTMCy)s and PEG-(PTMCy)s-AC star

block copolymers.

The '"H NMR spectrum of the PEG-(PTMCy)s star block copolymer shows the methylene protons
of the PTMC blocks at 4.22 and 2.03 ppm (Figure 2A). The signal of the methylene protons next to
the amine functional groups (CH>-NH;) of the starting PEG amine completely disappeared,
revealing full end group conversion. Signals of the carbamate NH and methylene -CH>-NH-COO-
protons appeared at 7.92 ppm and 4.28 ppm, respectively. The degree of polymerization of the
PTMC blocks was calculated using the integrals of peaks corresponding to the methylene protons of
the TMC units and the main chain protons of PEG and was close to the ratio based on the feed

composition.
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Figure 2. '"H NMR spectra of PEG-(PTMCo)z (A) and PEG-(PTMCy)s-AC (B). Solvent: CDCl;.

Acrylation of PEG based block copolymers has proven an efficient way to prepare chemically
crosslinked hydrogels through photopolymerization.'” The PEG-(PTMCy)s star block copolymer
was end group functionalized using acryloyl chloride in dichloromethane. In the '"H NMR spectrum
of the PEG-(PTMCy)s-AC new signals appeared at 6.41, 6.10 and 5.84 ppm corresponding to the
vinylic protons (Figure 2B). Furthermore, signals correlating to protons of the terminal PTMC
repeating unit shifted downfield (¢’ and d’ in Figure 2B). The degree of acrylation was calculated to
be higher than 90 % by comparing the respective areas of the peaks corresponding to the acryloyl
groups and the PEG methylene groups.

Self-assembly of PEG-(PTMC,)s in water. In water PEG-(PTMCy)s star block copolymers gave
turbid dispersions and no gelation was observed at room temperature even for a polymer
concentration of 60 w/v %, despite the fact that they have hydrophobic and hydrophilic block
lengths (M, prmc = 7400 g/mol, My, peg = 21400 g/mol) similar to those of 8-armed PEG-PLA star
block copolymers (My, pLa = 6300 - 8600 g/mol, M,, peg = 23800 g/mol) which have been observed
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to give thermo-sensitive hydrogels at relatively low concentration.”’ PEG-(PTMC,)s star block
polymers with longer PTMC blocks (n up to 23) showed the same behavior.

The critical association concentration (CAC) of the PEG-(PTMCy)s star block copolymer as
determined with the DPH solubilization method afforded a value of 0.004 w/v %. This value is of
the same magnitude as earlier reported CAC values of multi-armed PEG-PTMC block copolymers
of low molecular weight (M,, peg = 2000 g/mol, M, prmc = 2000 g/mol).8 However, it is two orders
of magnitude lower than the CAC value (0.19 w/v %) of PEG-PLA star block copolymer of similar
molecular weight and hydrophobic content.”® Using dynamic light scattering (DLS) the aggregate
size and aggregate size distribution of PEG-(PTMCy)s in water were investigated at different
concentrations and temperatures. At concentrations of 1-10* w/v % up to the CAC aggregates with
an average dimension of 300 nm were observed. At a concentration of 0.1 w/v % a broad
distribution around a mean aggregate size of 234 nm was found; with increasing PEG-(PTMCy)sg
concentration the aggregate size distribution became clearly bimodal with maximum dimensions
increasing, reaching 1 pm at a concentration of 10 w/v % (Figure 3A). The size of the aggregates
was independent of the temperature in between 25 and 55 °C. Aggregates with average sizes on the
order of a few hundred nm were reported for other 8-armed PEG-PTMC copolymers® and were also
formed by a (PTMC,)-PEG-(PTMCy) triblock (M, 1000-8000-1000 g/mol) copolymer (see Figure
3B). Immediately after mixing (1/1 v/v) of dispersions of (PTMC,()-PEG-(PTMC,p) and PEG-
(PTMCy)s, aggregates with a size in between the values of the two separate dispersions were
detected by DLS. This indicates that the aggregates quickly reorganize, i.e. that the individual PEG-
PTMC molecules are able to exchange between aggregates and to form new aggregates with
another dimension. These results suggest that due to the instability of the highly constrained
supramolecular aggregates a new thermodynamic equilibrium is rapidly formed even at high

concentrations.
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Figure 3. (A) Aggregate size distributions of PEG-(PTMCy)sg star block copolymers in water at 25
°C. 0.1 w/v % (solid line), 1 w/v % (dotted line) and 10 w/v % (dashed line). (B) Aggregate size
distributions of PEG-PTMC triblock and star block copolymers in water at 25 °C. 1-10™ w/v %
(PTMC,0)-PEG-(PTMC() (solid line), 1-10* w/v % PEG-(PTMCy)s (dashed line) and their mixed
(1/1 v/v) solution (dotted line).

The formation of aggregates of PEG-(PTMCy)s in water was confirmed by solution state 'H and
BC NMR spectroscopy measurements on samples at several concentrations and temperatures. In
fact, in the 'H NMR spectra of 0.1, 1, and 10 w/v % PEG-(PTMCy)s samples in D,O at room
temperature the methylene protons of PEG (peak a in Figure 4) and those of PTMC resonating at
1.91 ppm, belonging to the terminal PTMC units (peak f in Figure 4), were fully detected, whereas
the PTMC protons resonating at 2.06 and 4.17 ppm (peaks e and d in Figure 4) gave signals with

lower intensity than expected on the basis of stoichiometry.
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Figure 4. 'H (left) and Bc (right) NMR spectra of 10 w/v % PEG-(PTMCy)s in D,O at different

temperatures with peak assignment. Unassigned small peaks belong to impurities.

In particular 50 %, 66 %, and 74 % of the latter protons were observable in the spectrum of the
10, 1, and 0.1 w/v % sample, respectively. Furthermore, the 'H signals of PTMC were much
broader than those of PEG. These observations on relative intensities and line widths of PTMC and
PEG signals are similar to those reported for linear, Y shaped, and star shaped PEG-PTMC block

8,21-25
copolymers.™

They are evidence that the PEG chains are well swollen in water and undergo fast
motions, while the PTMC chains are aggregated in hydrophobic domains. The PTMC chain
mobility was reduced at room temperature and increased upon heating, as highlighted by the
increase in intensity and the narrowing of the PTMC 'H signals with increasing temperature (Figure
4). However, while the linewidth progressively decreased with increasing temperature up to 70 °C,
the intensities reached a plateau value at 40 °C corresponding to 65 %, 90 % and 100 % of PTMC
protons for the 10, 1, and 0.1 w/v % samples, respectively. On the other hand, the intensity and
linewidth of the PEG 'H signal did not change throughout the temperature range investigated. The
solution state *C NMR spectra, although acquired with experimental parameters which do not
guarantee quantitative results, showed temperature trends similar to those described for the 'H

spectra (see Figure 4). The increase of undetected PTMC units with increasing concentration

suggests an increase in aggregate dimensions.
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Solid state ?C NMR experiments were performed on a 50 w/v % sample of PEG-(PTMCy)g in
D0 in order to investigate the degree of rigidity of the PTMC aggregates (Figure 5). The direct
excitation (DE) spectra recorded with a short and a long recycle delay were identical, with the
relative intensities of the different peaks reflecting the copolymer stoichiometry; furthermore, the
cross polarization (CP) spectrum showed very little intensity. These findings concur to put in
evidence a high mobility of the PTMC chains, differently from what was observed for PEG-PLA
star block copolymers.*” This behavior is not surprising since it reflects the high mobility of PTMC
in the solid state, as shown by the DE and CP spectra recorded on a sample of dry PEG-(PTMCy)s
(Figure 5). In fact, as in the hydrated sample, the DE spectra recorded with a short and a long
recycle delay were identical, with peaks relative to PTMC at 28.02, 31.54, 64.74, and 155.18 ppm.
On the other hand, the CP spectrum showed for PTMC only narrow peaks ascribable to a minor
crystalline component, at 25.58, 31.10, 62.41, 63.45, and 154.62 ppm, not distinguishable in the DE
spectra due to their very small intensity with respect to the overlapping broader resonances of the

dominant amorphous component.

50 w/v%

L L A R L I R I N
160 140 120 100 80 60 40 20 160 140 120 100 80 60 40 20

ppm ppm
Figure 5. °C CP- and DE-MAS NMR spectra of dry PEG-(PTMCo)s and of a 50 w/v % PEG-
(PTMCy)s sample in D,O at room temperature. CP and DE spectra were recorded acquiring 1600

and 800 scans, respectively. Letters refer to the formula in Figure 4.

The aggregation behavior of PEG-(PTMCy)g in water was further investigated using oscillatory
rheology.?® In Figure 6 the plateau value of G’, denoted as G’o, which is the value determined in the
region where the storage modulus is nearly independent of frequency, is plotted as a function of
concentration. For comparison, (PTMC;)-PEG-(PTMC;y) triblock (M,, 3000-8000-3000 g/mol) and
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PEG-(PLA 3)s star block copolymers were investigated as well. First of all, PEG-(PTMCy)g showed
weak elasticity with G’ values on the order of 10 - 100 Pa, significantly lower than those found for
the other systems. Moreover, a very different dependence of G’ on concentration was found for the
three copolymers. In fact, the PEG-(PLA3)s star block copolymer showed a linear dependence,
whereas the other copolymers showed a power law dependence of the type G’o ~ C%, with a = 5.2
for (PTMC3)-PEG-(PTMCsp) and a = 13.8 for PEG-(PTMCy)s. Indeed a linear dependence of G’
on concentration is predicted by the transient network theory according to which the plateau
modulus is given by G’¢ = gNkgT, where N is the number density of polymer chains and g is a
correction factor denoting the fraction of elastically active chains, which does not change with
concentration.”’” In the case of PEG-(PLA 3)g star block copolymer the application of this theory
gave g = (.13, corresponding to one bridging chain per molecule. The power law found for the
other systems suggests a different network topology in which the fraction of elastically active
chains increases with concentration. Values of a similar to that found for (PTMCs()-PEG-(PTMCsy)

26,28 :
™ protein

are reported in literature for ABA telechelic polymer and polyampholyte hydrogels,
gels,” and poly(N-isopropylacrylamid) (PNiPAM) microgels.”® On the other hand, the value
determined for PEG-(PTMCy)s is exceptionally high. The high exponent found for these systems
could be better rationalized within theories for aggregation of colloidal particles in terms of either

fractals’' or soft spheres.*
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Figure 6. Plateau storage modulus (G’¢) as a function of concentration at 25 °C. PEG-(PTMCy)s
(@), (PTMC30)-PEG-(PTMC3) (m), PEG-(PLA3)s (A). Lines represent fitting curves.

Combining results from DLS, NMR and rheology measurements, a tentative description of the
aggregation behavior of PEG-(PTMCy)s in water can be given. On the basis of DLS findings, PEG-
(PTMCy)s forms aggregates with minimal dimensions of approximately 200 nm already well below
the CAC. The aggregate size distribution broadens with increasing concentration, becoming clearly

bimodal for concentrations higher than 1 w/v %. Moreover, the average size increases with
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concentration reaching micrometer dimensions (Figure 3). In contrast to the analogous 8-armed
PEG-PLA star block copolymers,”’*? no aggregates with dimensions on the order of a few tens of
nm, compatible with core-shell type micelles or flower-like micelles, were detected. This result,
added to the very low CAC value, is evidence of the formation at low concentration of large
micelles with dimensions of approximately 200 nm, probably resulting from secondary
aggregation.”® Although with increasing concentration further aggregation of these large micelles
occurs and the system becomes weakly elastic, there is no evidence of gel formation up to high
concentrations (60 w/v %). Indeed the observed rheological properties are similar to those reported
for microgel and colloid dispersions.® The very different aggregation behavior observed for PEG-
(PTMCy)s with respect to PEG-(PLA,)s can be ascribed to the differences in interactions between
chains displayed by PTMC and PLA. Evidence of this was obtained from NMR experiments which
clearly showed that PTMC chains are quite mobile within the aggregates also at high concentration
(Figure 5) whereas PLA chains form rigid aggregates even at concentrations below the CAC.*
Possibly the close packing of micelles or aggregates, which is required for gelation, is hampered by
the amorphous nature of and possibly low Van der Waals interactions between the PTMC blocks in

comparison with PLA blocks.

Chemically crosslinked nanoparticles and hydrogels. When dilute aqueous PEG-(PTMCy)s-
AC dispersions (<5 w/v %) were subjected to UV irradiation, covalently crosslinked nanoparticles
were obtained. The average particle size, determined by DLS, yielded an average diameter of 240
nm. A scanning electron microscope (SEM) image of the nanoparticles, which have a diameter of
approximately 200 nm, is presented in Figure 7. Comparing the slightly higher value in the hydrated
state (240 nm) to the value determined by SEM (200 nm) suggests that these particles do not swell

considerably in water.
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Figure 7. SEM image of PEG-PTMC nanoparticles prepared by UV irradiation of a 1 w/v %
mixture of PEG-(PTMCy)s-AC in water.

NMR spectroscopy was used to investigate the formation of the covalently crosslinked PEG-
PTMC nanoparticles in more detail. An aqueous dispersion (1 w/v %) of PEG-(PTMCy)s-AC was
UV irradiated in the presence of Irgacure 2959 as a photoinitiator. The nanoparticles were
subsequently lyophilized and redispersed in CDCl;. The 'H NMR spectrum (CDCl;) of the
covalently crosslinked PEG-PTMC nanoparticles revealed that the vinylic protons disappeared
upon UV irradiation (data not shown). Furthermore, the relative intensity of the PTMC methylene
signal at 4.28 ppm decreased threefold in comparison with the starting PEG-(PTMCy)s-AC star
block copolymer. In aqueous environment, the hydrophobic PTMC blocks and the acrylate end
groups are condensed into hydrophobic domains. Upon UV irradiation, the free radical
polymerization of acrylate groups into polyacrylate chains will mainly occur in these domains. It is
expected that after UV irradiation, due to the crosslinks introduced, the PTMC domains are
confined to the interior of the particle even in a good solvent such as CDCls, which results in a
decreased PTMC signal intensity. The absence of any signals typical for polyacrylate chains may be
explained analogously. The results show that UV irradiation of dilute aqueous PEG-(PTMCy)s-AC
dispersions represents a facile method for the preparation of chemically crosslinked PEG-PTMC
nanoparticles. Studies exploring the applicability of covalently crosslinked PEG-PTMC
nanoparticles as drug delivery vehicles are currently in progress.

Photopolymerization of an aqueous dispersion of PEG-(PTMCy)s-AC at concentrations above 5
w/v % yielded chemically crosslinked star block copolymer hydrogels. In preliminary experiments
the effects of UV wavelength, reaction time and initiator concentration on the gel formation and the
mechanical properties were determined. The PEG-(PTMCy)s-AC was dispersed in water at a
concentration of 40 w/v % and photopolymerized under various conditions. Oscillatory rheology
measurements were then performed at 25 °C by monitoring the storage (G’) and loss (G’”) modulus
of the preformed hydrogels. It followed that an initiator concentration of 10 mol % relative to

acrylate groups, an UV irradiation time of 120 min and an UV irradiation wavelength of 365 nm
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resulted in the highest hydrogel stiffness. The effect of the polymer concentration on hydrogel
stiffness was investigated using these optimized irradiation conditions (Figure 8). The increase in
G’ with concentration can be ascribed to the formation of a more densely crosslinked network.
These rheological experiments indicate that hydrogels can be designed with storage moduli up to 26
kPa.
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Figure 8. Storage modulus (G’) of PEG-(PTMCy)s-AC hydrogels as a function of the initial

polymer concentration at 25 °C.

Hydrogel degradation and cytotoxicity. The in vitro degradation of chemically crosslinked
PEG-(PTMCy)s-AC hydrogels was investigated by a gravimetrical procedure. The swelling of
hydrogels during degradation, as well as the polymer mass loss were monitored up to 6 weeks
(Figure 9). Hydrogel samples were prepared at a 40 w/v % polymer concentration in water and then
immersed in PBS at 37 °C. At regular time intervals, samples were taken out and their mass in the
swollen state was determined. Subsequently, the samples were allowed to dry overnight to yield the
dry polymer weight after degradation. It follows from Figure 9 that the PEG-(PTMCy)s-AC
hydrogels possess excellent stability in PBS, showing only 10 % mass loss after 6 weeks. Such a
relatively slow degradation rate is commonly observed for PTMC homopolymers®* and PEG-PTMC
block copolymers'? in buffer solution and can be ascribed to the high hydrolytic stability of the
carbonate linkage at physiological pH. The swelling of the hydrogels remains constant at
approximately 550 %. The slight decrease in swelling during the first week of immersion may be
due to the loss of non-crosslinked material. The observed mass loss is likely due to bulk degradation
as a result of the slow hydrolysis of carbonate groups in the PTMC domains. An adequate 'H NMR
end group analysis could not be performed for the expected hydroxy propyl end groups coincide
with the PEG signal.
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Figure 9. Relative polymer mass loss and degree of swelling of PEG-(PTMCy)s-AC hydrogels in
PBS at 37 °C.

The addition of lipase, an enzyme that has been shown to degrade PTMC polymers,* did not
significantly alter the degradation behavior of the PEG-(PTMCy)s-AC networks (data not shown).
This is possibly due to the low molecular weight of the PTMC blocks in these PEG-(PTMCy)s-AC
networks, as it was reported that the enzymatic degradation rate of PTMC films decreases with
decreasing PTMC molecular weight.’® On water insoluble substrates, at water-lipid interfaces and
on hydrophobic supports the conformation of the lipase molecule is open and the structure is
hyperactive.’’® In the absence of such an interface, however, the active center of the lipase
molecules is buried under a short helical segment.” Because of the high PEG content of the PEG-
(PTMCy)s-AC hydrogels, the slow enzymatic degradation may therefore also be the result of a low
lipase activity.

The direct contact method was used to assess the cytotoxicity of photocrosslinked PEG-
(PTMCy)s-AC hydrogels. The viability of bovine cartilage chondrocytes in contact with the PEG-
(PTMCy)s-AC hydrogels for 20 h is similar to the viability of cells grown on a tissue culture
polystyrene (TCPS) substrate (Figure 10). On the other hand, cells grown in contact with latex
rubber, a positive control, exhibited a significant reduction in viability. The obtained results indicate

that photocrosslinked PEG-(PTMCy)s-AC hydrogels are non-toxic to bovine cartilage chondrocytes.
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Figure 10. Viability of chondrocytes in contact with PEG-(PTMCy)s-AC hydrogel or latex for 20 h.
Control viability (cells grown on TCPS) was taken as 100 %.

5.4 Conclusions

A PEG-(PTMCy)s star block copolymer was prepared by ring opening polymerization of TMC
initiated by PEG-(NH3)s in the presence of HCI as a catalyst. Dye solubilization experiments
showed that aqueous dispersions of the copolymer form aggregates at very low concentrations and
DLS experiments on PEG-(PTMCy)s in water afforded aggregate sizes with a minimum dimension
of 200 nm, corresponding to large micelles resulting from secondary aggregation. Smaller micelles
with dimensions on the order of a few tens of nm, present in hydrogel forming systems such as
PEG-(PLA,)s, were not detected. Oscillatory rheology measurements at high concentrations showed
properties similar to those reported for microgel and colloid dispersions. NMR experiments clearly
showed that PTMC chains are quite mobile within the aggregates and DLS experiments revealed
fast diffusion of macromolecules between aggregates. The short residence time of the PTMC blocks
in the hydrophobic regions appears thus too short to obtain a stable network.

PEG-(PTMCy)s was functionalized with acrylate end groups and photopolymerized in the
presence of Irgacure 2959. UV irradiation of dilute (<5 w/v %) PEG-(PTMCy)s-AC dispersions
resulted in covalently crosslinked PEG-PTMC nanoparticles, whereas more concentrated
dispersions yielded chemically crosslinked PEG-PTMC hydrogels. Rheological experiments
showed that hydrogels can be designed with storage moduli up to 26 kPa by varying the precursor
concentration and the irradiation conditions. Gravimetrical degradation experiments revealed that
PEG-PTMC star block copolymer hydrogels possess excellent in vitro stability with 10 % mass loss
after 6 weeks. Furthermore, cytotoxicity experiments indicated that photocrosslinked PEG-PTMC
hydrogels are non-toxic to chondrocytes. This study shows that photocrosslinkable PEG-(PTMCy)s-
AC represents a versatile system which holds promise for biomedical applications such as

controlled drug delivery systems and matrices for tissue engineering.
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In situ forming PEG-PLA hydrogels via Michael addition.

Mechanical properties, degradation and protein release
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Abstract

Protein release from in situ forming chemically crosslinked poly(ethylene glycol)-poly(lactide)
(PEG-PLA) hydrogels was studied in relation to their crosslink density and degradation properties.
Chemically crosslinked hydrogels were prepared from 8-armed PEG-PLA star block copolymers
bearing acrylate end groups (PEG-(PLA,)s-AC with n = 4 or 12) and multifunctional PEG thiols
(PEG-(SH), with n = 2, 4 or 8) through a Michael type addition reaction. Oscillatory rheology
measurements showed that hydrogels can be obtained within 1 minute after mixing PEG-(PLA4)s-
AC and PEG-(SH)s in PBS, quickly reaching a relatively high storage modulus of 16.6 kPa.
Degradation times increased with crosslink density and varied from 3 days for PEG-(PLA,)s-AC /
PEG-(SH); hydrogels to several months for PEG-(PLA,)s-AC / PEG-(SH)g hydrogels. The model
proteins lysozyme and albumin were released over a period of 4 weeks from PEG-(PLA;)s-AC /
PEG-(SH)s hydrogels. The release of lysozyme from PEG-(PLA,)s-AC / PEG-(SH), and PEG-
(PLA2)s-AC / PEG-(SH)4 hydrogels was significantly faster with complete release in 3 and 12
days, respectively. Because the mesh sizes of all hydrogels are larger than the hydrodynamic
diameters of the proteins the release is rate is mainly governed by diffusion, whereas for rapidly
degrading hydrogels, degradation also plays a role. The PEG-PLA hydrogels, which are obtained at
remarkably low macromonomer concentrations, can be tuned with a broad range of mechanical,
degradation and release properties and therefore hold promise as a versatile system for the

controlled delivery of biologically active agents.
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6.1 Introduction

Hydrogels have received much interest for use in biomedical applications such as tissue
engineering and the controlled delivery of biologically active agents, because they generally exhibit
excellent biocompatibility due to their high water content.'” Hydrogels are highly water swollen
polymer networks comprising either physical crosslinks, by e.g. hydrophobic or ionic interactions,
or chemical crosslinks. Poly(ethylene glycol) (PEG) is a widely used hydrophilic component in
hydrogels because of its good biocompatibility. As a hydrophobic component, aliphatic polyesters
such as poly(lactide) (PLA) and poly(e-caprolactone) (PCL) have been used extensively in block
copolymers with PEG because they can be degraded in the body by hydrolysis, thus eliminating the
need for explantation after their function. Hydrogels are preferably designed such that they will
form in situ from precursor solutions and these systems are called injectable hydrogels. Such
hydrogels offer several advantages over gel constructs pre-made before implantation.* There is no
need for surgical procedures, the initial flowing nature of the precursor solution ensures proper
shape adaptation, and biological components can be incorporated in the hydrogel by simple mixing
with the precursor polymer solution. Compared to in situ physically crosslinked hydrogels,
chemically crosslinked hydrogels usually have better mechanical properties and are more resistant
to degradation. Injectable chemically crosslinked hydrogels have been mostly prepared by
photocuring of polymers functionalized with vinylic groups.” The presence of photoinitiators and
the generated radicals in the polymerization process, however, may be toxic to cells.” Further
drawbacks of photocrosslinkable systems include the limited penetration depth of UV radiation and
its potentially damaging effects on living tissue. These issues prompted several researchers to study
alternative pathways to prepare chemically crosslinked hydrogels like the Michael addition reaction
between thiols and vinylic groups under physiological conditions. Applying this methodology in
situ forming chemically crosslinked networks were prepared by reacting acrylate end group
functionalized PEG with thiol group containing conjugates of natural polymers, such as chitosan,’

hyaluronic acid®® and dextran.'®"

In situ forming hydrogels gained much interest for the delivery
of therapeutic proteins. Elbert ef al. showed that by mixing aqueous solutions of a multi-armed PEG
acrylate and a PEG dithiol, gelation occurred in less than 1 min at 37 °C."? For gels made from PEG
tetra-acrylate (M, 15 kg/mol) at a concentration of 40 w/v % it was found that 65 % of the
incorporated albumin as a model protein was released with zero order kinetics over a period of 4 d.
Increasing the functionality of the PEG acrylate from 4 to 8 resulted in a slower degradation of the
networks and a decreased release rate of albumin. In Michael type addition reactions vinyl sulfones
are an alternative to acrylates because of their high reaction rates towards thiols. Hubbell et al.
prepared various hydrogels by a Michael addition reaction between multi-armed PEG vinyl

sulfones and peptides bearing thiol groups. Moreover, incorporation of protease cleavable sites

allowed for enzyme-mediated degradation as well as cellular migration within these hydrogels.

96



In situ forming PEG-PLA hydrogels via Michael addition

When biomolecules such as bone morphogenetic protein-2 (BMP-2) or vascular endothelial growth
factor (VEGF) were incorporated, these hydrogels stimulated bone formation'® and angiogenesis in
vivo,"* respectively. Zustiak et al. synthesized degradable networks by crosslinking PEG vinyl
sulfones with a linear PEG dithiol containing a labile ester group.'” They showed that the
degradation time could be extended from several hours to several days by increasing the molecular
weight of the PEG dithiol and the number of methylene units between the ester and the thiol
moieties. When the networks were modified by covalent attachment of a thiol containing peptide
including the cell adhesive RGD (arginine-glycine-aspartic aid) sequence, the hydrogels supported
the attachment and proliferation of fibroblasts in vitro. The use of branched PEG thiols containing a
labile ester group with linear PEG acrylates in the preparation of hydrogels was described by
Pritchard ef al.."® The gelation time could be tuned from a few seconds to 20 min by altering the pH
of the solution. The hydrogels showed 15 % mass loss after 9 weeks, resulting in an estimated total
degradation time of 12 months. A controlled release of the steroid drug methylprednisolone was
achieved for 20 d, and the amount of drug released could be controlled by the drug load.

In this paper we report on hydrogels that are formed rapidly by a Michael type addition reaction
between linear or multi-armed PEG thiols and 8-armed acrylated PEG-PLA star block copolymers.
By varying the degree of branching of the PEG-(SH), and the degree of polymerization of the PLA
blocks of the acrylated PEG-PLA star block copolymers the hydrogel properties like swelling and
degradation can be controlled. Importantly, the release of lysozyme and albumin as model proteins
can be controlled over a broad time period. Compared to previously reported synthetic hydrogel
systems crosslinked by a Michael type addition reaction, these networks are prepared using low

precursor concentrations.

6.2 Experimental section

Materials. Hydroxyl terminated 8-armed poly(ethylene glycol) (PEG-(OH)s, M,, nmr = 20600
g/mol and 21400 g/mol) were purchased from Jenkem (Allen, Texas, USA) and purified before use
by dissolution in dichloromethane and precipitation in cold diethyl ether. PEG-(OH)g was converted
in PEG-(NH;)s following a two-step procedure analogous to that described by Elbert and Hubbell
for linear hydroxyl terminated PEGs."” L-lactide was obtained from Purac (Gorinchem, the
Netherlands). Hydroxyl terminated linear poly(ethylene glycol) (PEG-(OH),, M;, nmr = 4600
g/mol), acryloyl chloride, methanesulfonyl chloride (mesyl chloride), tin(Il) 2-ethylhexanoate
(stannous octoate), triethylamine (TEA), 25 % aqueous ammonia solution, sodium hydride, allyl
bromide, 2,2'-azobis(2-methylpropionitrile) (AIBN), 5,5'-dithiobis(2-nitrobenzoic acid) (Ellman’s
reagent), Micrococcus lysodeikticus, lysozyme from chicken egg white and albumin from bovine
serum were all from Sigma-Aldrich (St Louis, Missouri, USA). Thioacetic acid and sodium

thiomethoxide were purchased from Acros (Geel, Belgium). Thiol terminated 4-armed

97



Chapter 6

poly(ethylene glycol) (PEG-(SH)4, M,,, nvr = 10000 g/mol) was from SunBio (Orinda, California,
USA). Toluene, hexane, diethyl ether, methanol and dichloromethane were all from Biosolve
(Valkenswaard, the Netherlands). Dichloromethane, TEA and toluene were dried over calcium

hydride, potassium hydroxide and sodium, respectively, and distilled prior to use.

Synthesis. Acrylate terminated PEG-PLA star block copolymers. The 8-armed poly(ethylene
glycol)-poly(lactide) star block copolymers (PEG-(PLA)g) were synthesized by ring opening
polymerization of L-lactide in toluene at 110 °C. Amine terminated 8-armed star PEG (PEG-
(NH>)s) and stannous octoate were used as initiator and catalyst, respectively. Acrylate end groups
were introduced on PEG-(PLA);g by reaction with acryloyl chloride.

A typical procedure for the synthesis of a PEG-(PLA)g star block copolymer with a degree of
polymerization (DP) of the PLA arms of 12 was as follows. To a solution of PEG-(NH,)s (15 g, 0.7
mmol) in 75 ml of toluene, L-lactide (6.18 g, 42.8 mmol) and stannous octoate (1.1 g, 2.7 mmol)
were added. The reaction was allowed to proceed for 4 h at 110 °C in a nitrogen atmosphere. The
mixture was filtered and concentrated under reduced pressure. The product was purified by
precipitation in a large excess of a cold mixture of diethyl ether and methanol (20/1 v/v). PEG-
(PLA2)s was obtained by filtration and dried overnight in vacuo at room temperature over
phosphorus pentoxide. "H NMR (CDCL): & = 6.54 (s, CH,NHCO), 5.17 (m, CH;CH), 4.35 (q,
CH;CHOH), 3.64 (m, PEG protons), 2.68 (s, CH3;CHOH), 1.57 (m, CH3CH), 1.48 (d, CH;CHOH).

PEG-(PLA;)s star block copolymer was functionalized with acrylate end groups (PEG-(PLA )s-
AC) according to a procedure described in literature.'”® PEG-(PLA2)s (10 g, 0.35 mmol) was
dissolved in 50 ml of dichloromethane. Acryloyl chloride (0.46 ml, 0.6 mmol) and TEA (0.79 ml,
0.6 mmol) were added and the reaction mixture was stirred under a N, atmosphere overnight at
room temperature in the presence of freshly activated molecular sieves. The reaction mixture was
filtered and washed twice with brine, dried with magnesium sulfate, concentrated in vacuo and
precipitated in a large excess of a cold mixture of diethyl ether and methanol (40/1 v/v). PEG-
(PLA2)s-AC was obtained by filtration and dried overnight in vacuo at room temperature over
phosphorus pentoxide. 'H NMR (CDCl3): & = 6.53 (s, CH,NHCO), 6.48 (dd, OCOCHCH), 6.18
(dd, OCOCHCH,), 5.90 (dd, OCOCHCH;), 5.14 (m, CH3CH), 3.64 (PEG protons), 1.57 (d,
CH;CH), 1.48 (d, CH;CHOCO). Acrylated PEG-(PLA)s star block copolymer with a DP of the
PLA arms of 4 (PEG-(PLA4)s-AC) was synthesized similarly.

PEG-(AC)¢/(PLA43), star polymer, possessing 6 PEG homopolymer arms with acrylate end
groups and 2 PEG-PLA4; block copolymer arms with hydroxyl end groups, was synthesized in two
steps starting from PEG-(NH)s. In the first step, PEG-(NH,)s was partially end group
functionalized with acrylate groups to give PEG-(AC)¢/(NH;),. Briefly, PEG-(NH,)s (6 g, 0.29

mmol) dissolved in 60 ml of toluene was dried by azeotropic distillation of approximately 20 ml of
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toluene in a nitrogen atmosphere. After cooling the solution with an ice bath, 25 ml of
dichloromethane was added. Then TEA (0.16 ml, 1.2 mmol) and acryloyl chloride (0.10 ml, 1.2
mmol) were added dropwise under stirring. The reaction mixture was allowed to warm to room
temperature and was stirred for 24 h in a nitrogen atmosphere. The mixture was filtered,
concentrated in vacuo and washed twice with brine. The product was purified by precipitation in a
large excess of a cold mixture of diethyl ether and methanol (20/1 v/v) and after filtration dried in
vacuo. Degree of acrylation: 75 %, yield: 88 %. '"H NMR (CDCls): & = 6.83 (s, CH,NHCO), 6.29
(dd, OCOCHCH,), 6.16 (dd, OCOCHCH,), 5.60 (dd, OCOCHCH>), 3.63 (m, PEG protons), 3.17
(s, CH,NHa).

The remaining amine groups in PEG-(AC)s/(NH;), were subsequently used for the ring opening
polymerization of lactide, catalyzed by stannous octoate. To a solution of PEG-(AC)s/(NH3), (5.3 g,
0.25 mmol) in 10 ml of toluene, L-lactide (1.83 g, 12.6 mmol) and stannous octoate (0.2 g, 0.46
mmol) were added. The reaction was allowed to proceed for 4 h at 110 °C in a nitrogen atmosphere.
The mixture was filtered and concentrated under reduced pressure. PEG-(AC)s/(PLA43), was
obtained by precipitation in a large excess of a cold mixture of diethyl ether and methanol (20/1
v/v). '"H NMR (CDCls): § = 6.83 (s, CH;NHCO), 6.29 (dd, OCOCHCH>), 6.16 (dd, OCOCHCH,),
5.60 (dd, OCOCHCH»), 5.16 (m, CHsCH), 4.35 (q, CH3CHOH), 3.63 (m, PEG protons), 1.57 (m,
CH;), 1.48 (d, CH;CHOH).

Thiol terminated PEG polymers. Thiol terminated 8-armed PEG (PEG-(SH)s) was synthesized
starting from PEG-(OH); (M,, nmr = 20600 g/mol) according to previously described
procedures.'*?° Typically, PEG-(OH)z (10 g, 0.49 mmol) dissolved in 350 ml of toluene was dried
by azeotropic distillation of approximately 100 ml of toluene in a nitrogen atmosphere.
Subsequently, a suspension of NaH (0.86 g, 36 mmol) in 10 ml of toluene was added. After 30 min
of stirring, allyl bromide (2.7 ml, 31 mmol) was added dropwise and the reaction was allowed to
proceed at 110 °C overnight in a nitrogen atmosphere. After removal of the sodium salts by
filtration, the reaction mixture was concentrated in vacuo and redissolved in 50 ml of
dichloromethane. The organic phase was washed 3 times with brine, dried with MgSO,4 and treated
with activated charcoal. The product was recovered by precipitation in a large excess of cold
hexane, collected by filtration and dried in vacuo overnight. In the second step of the synthesis
procedure, PEG-(allyl)s (8.2 g, 0.39 mmol) was dissolved in 20 ml of toluene. The solution was
degassed by nitrogen bubbling for 20 min. Subsequently AIBN (5.1 g, 0.3 mol) was added,
followed by the dropwise addition of thioacetic acid (2.3 ml, 32 mmol). The reaction was allowed
to proceed at 65 °C for 24 h in a nitrogen atmosphere. The product was purified by repeated
precipitations in a large excess of cold diethyl ether. PEG-(thioacetate)s was obtained by filtration
and dried under reduced pressure. In the final step of the synthesis procedure, PEG-(thioacetate)s (5

g, 0.23 mmol) was dissolved in 15 ml of methanol. Sodium thiomethoxide (0.12 g, 1.8 mmol) was
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added and the mixture was allowed to react for 30 min at room temperature. Subsequently 40 ml of
0.1 M HCI was added and the resulting solution was extracted twice with dichloromethane. The
combined organic phases were washed with brine, dried with MgSO,4 and after evaporation of the
solvent the product was purified by multiple precipitations in a large excess of cold diethyl ether.
PEG-(SH); was collected by filtration and dried in vacuo. Conversion: 75 %, yield: 52 %. '"H NMR
(CDCl3): & = 3.64 (m, PEG protons), 2.62 (q, CH,CH>SH) 1.87 (q, CH,CH-CH,SH) 1.38 (t,
CH,SH).
Thiol terminated linear PEG (PEG-(SH),) was prepared analogously, starting from PEG-(OH)s.

PEG-PLA hydrogels. Macromonomer solutions were prepared by dissolving PEG-(SH), and
PEG-(PLA,)s-AC or PEG-(AC)s/(PLA43), in PBS (pH 7.4) at a concentration of 5 w/v %, with thiol
and acrylate end groups present in equimolar amounts. The macromonomer solutions were mixed
and the Michael addition reaction was allowed to proceed for 48 h under gentle shaking in an inert

atmosphere, resulting in the formation of a hydrogel.

Characterization. 'H NMR (300 MHz) spectra were recorded on a Varian Inova 300 NMR
spectrometer. Polymers were dissolved in CDCl; at a concentration of 15 mg/ml.

Thermal properties of polymers were determined using differential scanning calorimetry (DSC).
Heating and cooling rates of 20 °C/min were applied. Samples were heated from 25 to 100 °C, kept
at 100 °C for 1 min, cooled to -50 °C, kept at -50 °C for 1 min, and finally heated to 100 °C.
Crystallization temperatures (T.) and corresponding enthalpies (AH;) were obtained from the
cooling scan, while melting temperatures (Ty,) and enthalpies (AH,,,) were obtained from the second
heating scan.

Ellman’s reagent was used to determine the number of thiol groups in PEG-(SH),.*' PEG-(SH),
solutions were prepared by dissolving the polymer in PBS at known concentration. To a polystyrene
cuvette 1 ml of the thiol containing PBS solution and 1 ml of a 300 uM 5,5'-dithiobis(2-
nitrobenzoic acid) solution in PBS were added. A Cary 300 BIO UV-visible spectrometer was used
to measure the absorption at a wavelength of 412 nm. A calibration curve was constructed using 2-

mercaptoethanol.

Gel properties. Ellman’s test was also used to determine the remaining number of thiol groups in
chemically crosslinked hydrogels after 48 h of reaction. Freshly prepared hydrogel samples were
dried in vacuo and their weight was determined. The dry networks were immersed in 2 ml of a 150
uM 5,5'-dithiobis(2-nitrobenzoic acid) solution in PBS. After equilibration for 3 h, the samples

were analyzed as described above.
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Oscillatory rheology experiments were performed to determine the kinetics of gel formation and
the mechanical properties of the chemically crosslinked hydrogels. Separate solutions (1 ml) of
PEG-(SH), and PEG-(PLA4)s-AC in PBS were mixed, homogenized and quickly applied to an
Anton-Paar Physica MCR 301 rheometer. The storage modulus G’ and the loss modulus G’ were
monitored as a function of time at 20 °C. Experiments were performed using a flat plate measuring
geometry (diameter 25 mm, gap 0.3 mm) utilizing a strain of 0.5 % and a frequency of 1 Hz. To
prevent water evaporation, a solvent trap was placed over the geometry.

The mesh size & in freshly prepared hydrogels was approximated using:***’

1 1
£=¢,3-1-(n-C, ) (1)
where @, is the polymer fraction in the swollen state, 1 is the average bond length, n is the average
number of bonds between crosslinks and C, the Flory characteristic ratio. C,, was taken as 3.5,
which is a weighted average of the values for PEG** and PLA.%

Gravimetric degradation/dissolution experiments were performed to determine the stability of the
hydrogels. Freshly prepared hydrogel samples were dried in air, their initial weight W, was
determined and samples were immersed in PBS at 37 °C. To prevent bacterial growth, 0.02 w/v %
NaN; was added to the buffer solution. At regular times, samples were taken out and their mass in
swollen state (W) was measured after wiping the surface with tissue paper. Subsequently, the
samples were allowed to dry in air overnight to yield the dry weight (Wp). The degree of swelling
during degradation was calculated from:

degree of swelling = w- 100 % (2)
D

The remaining relative polymer mass during degradation was calculated as:

. W
relative polymer mass = —2--100 % (3)
0

Chemically crosslinked hydrogels were loaded with lysozyme or albumin by dissolving
lyophilized protein in a PEG-(SH), solution in PBS (pH 7.4). The loaded PEG-(SH), solution was
then mixed with PEG-(PLA2)s-AC or PEG-(AC)e/(PLA43), solution in PBS in cylindrically shaped
vials and the Michael addition reaction was allowed to proceed for 48 h in an inert atmosphere. The
initial protein concentration was 10 wt % relative to the total polymer mass. For the in vitro release
of the model proteins, 12.5 ml of PBS was placed on top of 1.5 ml of hydrogel and the vials were
kept at 37 °C. At regular time intervals, 0.1 ml of supernatant was removed and replaced by fresh
buffer. The concentration of lysozyme and albumin in the release samples as well as the enzymatic

activity of the lysozyme in selected release samples were determined as described previously.*®
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6.3 Results and discussion

Synthesis and characterization of acrylate- and thiol terminated macromonomers. To
achieve tunable protein release rates from PEG-PLA type hydrogels, we prepared end acrylated
PEG-PLA macromonomers with different DPs of the PLA blocks and thiol end functionalized
PEGs. In networks based on these macromonomers degradation may occur by hydrolysis of the
PLA ester or acrylate ester groups. To vary the crosslink density we prepared PEG thiols with 2, 4
or 8 arms with a constant molecular weight of 2.5 kg/mol per arm. A PEG-(AC)s/(PLA43), in which
the acrylate groups are attached directly to PEG via an acrylamide linkage and with two PLA
blocks was used as a control. The hydrolytically stable acrylamide linkages result in networks that

are significantly slower degrading.
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Figure 1. Synthesis scheme for the preparation of PEG-(SH)s, PEG-(PLA,)s-AC and PEG-
(AC)¢/(PLA43); star polymers.

PEG-(PLA,)s-AC, PEG-(AC)¢/(PLA43), and PEG-(SH)g star polymers were all prepared starting
from PEG-(OH)s (Figure 1). For the synthesis of PEG-(PLA,)s-AC and PEG-(AC)s/(PLA43),, PEG-
(OH)g was end group modified to PEG-(NH;)s in high yield by converting the hydroxyl groups in
their mesylate esters followed by a reaction with ammonia.'” PEG-(NH,)s was subsequently used as
an initiator in the stannous octoate catalyzed ring opening polymerization (ROP) of L-lactide in

toluene at 110 °C, resulting in PEG-(PLA,)s with a hydrolytically stable amide linkage between
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PEG and PLA blocks. The average PLA block length was calculated from the "H NMR spectrum
using the integrals of peaks corresponding to the methine protons of the lactyl units and the main
chain protons of PEG. The isolated polymers had a PLA degree of polymerization (DP) of either 4
or 12 lactyl units depending on the monomer to initiator feed ratio. The PEG-(PLA,)s star block
copolymers were subsequently end group functionalized using acryloyl chloride. In the '"H NMR
spectrum of the PEG-(PLA,)s-AC signals appeared at 6.48, 6.18 and 5.90 ppm corresponding to the
vinylic protons (Figure 2, bottom). The signal at 4.35 ppm corresponding to the terminal PLA
methine protons of the starting PEG-(PLA)s completely disappeared, indicating quantitative end
group conversion.

PEG-(AC)¢/(PLA43), was also synthesized starting from PEG-(NH;)s (Figure 1). First
approximately 75 % of the amine end groups were converted to acrylamide end groups by reaction
with acryloyl chloride. Subsequently, the remaining amine groups on the partially acrylated PEG
were used for the ROP of L-lactide in toluene at 110 °C in the presence of stannous octoate as a
catalyst. In the 'H NMR spectrum of PEG-(AC)s/(PLA43), signals were present at 6.29, 6.16 and
5.60 ppm corresponding to the vinylic protons, whereas a peak at 6.83 confirmed the presence of
the acrylamide groups (data not shown). Furthermore, a signal at 4.35 ppm was found
corresponding to the terminal methine protons of hydroxyl terminated PLA chains. By rationing the
respective areas of the peaks corresponding to the vinyl groups, the lactyl methine groups and the
PEG methylene groups a DP of 43 lactyl units per arm was calculated. This copolymer has the same

PEG to PLA weight ratio as the PEG-(PLA;)s-AC macromonomer.
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Figure 2. '"H NMR spectra of PEG-(PLA 5)s-AC (bottom) and PEG-(SH); (top). Solvent: CDCls.

PEG-(SH), was synthesized starting from PEG-(OH),."” First the PEG hydroxyl end groups were
converted into allyl ether groups using allyl bromide. In the second step the PEG allyl ether was
converted in PEG thioacetate by a radical mediated addition of thioacetic acid. For the conversion
of the thioacetate groups in thiol groups sodium thiomethoxide was used.”’ In the 'H NMR
spectrum of PEG-(SH), (Figure 2, top) a signal appeared at 2.61 ppm typical for methylene protons
next to thiol functional groups. No signals corresponding to protons of the starting PEG-(OH),, or
the intermediate PEG-(allyl), and PEG-(thioacetate), were observed, indicating that full end group

conversion was achieved. Analysis by Ellman’s reagent confirmed an almost quantitative
conversion (Table 1).
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Table 1. Molecular weights and thermal properties of thiol terminated PEG macromonomers.

'H NMR Degree of
functionalization” | T, | AHn | Te AH,
Polymer M,
(% thiol end °O) | J/g | CO | /g
(kg/mol)
groups)
PEG-(SH), 4.8 98 58 154 38 139
PEG-(SH)4 10.0° 100 51 113 32 100
PEG-(SH)s 21.2 98 52 104 31 96

“ Determined using Ellman’s test. ° According to the manufacturer’s specifications.

Table 2. Molecular weights and thermal properties of acrylated PEG-PLA macromonomers.

'H NMR
Degree of
Tm AHm TC AHC
Polymer . M, functionalization | .
DP O | J/g) | CO) | (/g
(kg/mol) | (% acrylate end
groups)

PEG-(PLA4)s-AC 4.3 24.3 >95 41 56 14 65

PEG-(PLA)s-AC | 11.9 28.7 >95 38 43 15 49

PEG-(AC)¢/(PLA43), | 43 27.0 75 46 59 25 58

“ Degree of polymerization of the PLA blocks, expressed in lactyl units per arm.

The PEG-PLA star block copolymers (Table 2) exhibit lower melting transitions and
accompanying enthalpies than the PEG-(NH;)s precursor (T, = 53 °C) because the crystallization
of PEG is impeded by the presence of PLA blocks.?” For PEG-(AC)¢/(PLA43); a small exothermic
peak was observed at 140 °C corresponding to melting of PLA domains formed by the relatively
long PLA arms. The branched polymers, PEG-(SH); and PEG-(SH)s, exhibit lower melting
temperatures and accompanying enthalpies than the linear PEG-(SH), (Table 1), indicating that the

PEG crystallization is hampered by the star architecture.?®

Synthesis of chemically crosslinked hydrogels by a Michael addition reaction. Different
combinations of macromonomer solutions of acrylated PEG-PLA and PEG-(SH), in PBS (pH 7.4)
were applied to prepare hydrogels via a Michael type addition reaction. The reaction was carried
out at room temperature and in an inert atmosphere to prevent intra- and intermolecular disulfide
bond formation due to auto-oxidation of thiols. In foregoing research it was shown that PEG-
(PLA,)s forms hydrogels above the critical gel concentration of 10 w/v %.”” It was therefore

decided to set the concentration of all solutions to 5 w/v %. At this concentration the hydrogels
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based on PEG-(PLA,)s-AC appeared yellow and transparent, while hydrogels based on PEG-
(AC)¢/(PLA43), were almost colorless and opaque. Ellman’s test”’ was used to determine the
amount of free thiol groups after network formation for the PEG-(PLA;)s-AC / PEG-(SH)g and
PEG-(PLA2)s-AC / PEG-(SH), hydrogels. It was found that after hydrogel formation only 1 % free
thiol groups remained. Rheological measurements on a 5 w/v % solution of PEG-(SH)s in PBS did
not show any increase in the storage modulus G’ after 30 min (data not shown). This observation
implies that the formation of disulfide bonds due to auto-oxidation of thiols was negligible and that

gelation only occurred as a result of Michael addition between thiols and acrylates.

Hydrogel swelling. It was anticipated that the tunable hydrogel parameters designed to
manipulate the protein release, i.e. the architecture of the acrylated PEG-PLA macromonomer and
the number of arms of the PEG-(SH), crosslinker, would also affect the swelling behavior and
rheological properties. The degree of swelling of the networks was determined by immersing the
dry networks in water for 1 h and measuring their weight (Table 3). Preliminary experiments
confirmed that equilibrium swelling was reached within 1 h, whereas significant hydrolytic
degradation was not observed at these timescales (vide infra). Incorporation of multi-armed PEG-
(SH), rather than PEG-(SH), affords additional intramolecular branching points yielding networks
with a higher crosslink density as well as fewer elastically inactive loops formed by the reaction of
the PEG-(SH), with arms of a single PEG-PLA star molecule,”" resulting in a lower degree of
swelling. The data in Table 3 show that not only the number of arms in PEG-(SH),, but also the
hydrophobicity of the acrylated PEG-PLA macromonomer can be employed to manipulate the
swelling behavior of the networks. Increasing the PEG content in the networks by incorporating
macromonomers with a shorter PLA block leads to a higher water uptake. Despite the similar
hydrophobic/hydrophilic weight ratio as in PEG-(PLA,;)s-AC, in networks based on PEG-
(AC)¢/(PLA43)> the location of the acrylamide and thiol groups at the ends of PEG arms in the
constituent macromonomers leads to relatively large PEG domains and hence a high degree of
swelling. This is contrary to networks based on PEG-(PLA,)s-AC and PEG-(SH), in which PEG
sequences between crosslinks are interrupted by PLA blocks leading to a microdomain type

structure.
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Table 3. Equilibrium degree of swelling in H,O at room temperature of freshly prepared networks
synthesized from thiol terminated and acrylate terminated macromonomers.

Thiol terminated macromonomers | PEG-(SH), PEG-(SH)s; | PEG-(SH)s

Acrylate terminated macromonomers

PEG-(PLA4)s-AC 610 (£40°) | 520(£10) | 490 (= 10)
PEG-(PLA 2)s-AC 540 (£20) | 410(£10) | 370 (+ 10)
PEG-(AC)¢/(PLA43), 1400 (£ 100) | 860 (£ 100) | 750 (% 60)

“ Standard deviation (n = 4).

Rheology. When 5 w/v % PEG-(PLA4)s-AC and PEG-(SH), solutions were mixed in the
rheometer, the crossover point of G’ and G’’, which can be regarded as the gel point,”' was
observed after 26 min (Figure 3, left). The storage modulus levels off after 4 h and eventually
reaches a value of 10 kPa, after which gelation is complete. A very fast gelation occurred when 5
w/v % PEG-(PLA4)s-AC and PEG-(SH)s solutions were mixed. G’ crossed G’ after 1 min,
showing that a gel is formed (Figure 3, right) and the gel stiffness continues to increase rapidly.
After 20 min the storage modulus reaches a high value of 16.6 kPa. These data show that the
mechanical properties can be modulated, similar to the swelling behavior, by manipulating the
hydrogel crosslink density. The gelation times of the PEG-(PLA4)s-AC / PEG-(SH), networks are
similar to those found for 4-armed PEG-PLA acrylates crosslinked with dithiothreitol.** It should be
noted that these materials were crosslinked at concentrations ranging from 10 to 40 w/v %, whereas
the PEG-(PLA4)s-AC / PEG-(SH), networks were crosslinked at a very low concentration of 5 w/v
%. The results indicate that networks with excellent mechanical properties can be obtained rapidly
by simple mixing of macromonomer solutions in PBS. Both the gelation times and the stiffness of

the hydrogels can be tuned within a broad range.
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Figure 3. Storage modulus (G’) and loss modulus (G’’) as a function of time after mixing separate
acrylate terminated and thiol terminated macromonomer PBS solutions at 20 °C. PEG-(PLA4)s-AC
+ PEG-(SH); (left), PEG-(PLA4)s-AC + PEG-(SH)s (right).
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Hydrogel degradation. All PEG-(PLA;)s-AC / PEG-(SH), hydrogels were degradable under
physiological conditions. Figure 4 (left) shows that PEG-(PLA,)s-AC / PEG-(SH)s networks loose
approximately 30 % of polymer mass after 30 d in PBS at 37 °C. The degradation of the networks is

accompanied by an increase in swelling (Figure 4, right).
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Figure 4. Polymer mass (left) and degree of swelling (right) as a function of time for PEG-(PLA4)s-
AC / PEG-(SH)s networks (A), PEG-(PLA;)s-AC / PEG-(SH)s networks (M) and PEG-
(AC)¢/(PLA43)2 / PEG-(SH)g networks (%) in PBS at 37 °C. The data points represent average

values of two measurements.

The degradation is likely due to predominant hydrolysis of ester bonds in the PLA chains upon
which chemical crosslinks are lost, resulting in a less crosslinked hydrogel which will eventually
dissolve. The PEG-(PLA4)s-AC / PEG-(SH)s networks exhibit a faster degradation (Figure 4, left),
possibly due to a higher solvent uptake (Table 3). As anticipated, the functionality of the PEG-
(SH), used in the crosslinking reaction gives control over the degradation rate of the networks.
Networks based on PEG-(PLA|,)s-AC and PEG-(SH)4 or PEG-(SH), showed a fast degradation
with complete dissolution in approximately 2 weeks and 3 d, respectively. Because these networks
quickly became mechanically too weak to be handled, their degradation time was determined
visually. In these networks fewer bonds need to be broken to decrease the number of chemical
crosslinks in the gel. Especially the occurrence of loops in the networks based on PEG-(SH), (vide
supra) can be a reason for the very fast degradation of these materials. By tailoring the functionality
of the macromonomers the degradation time can thus be varied from 3 days to several months.

As expected, the networks based on PEG-(AC)¢/(PLA43), and PEG-(SH)s show a significantly
higher stability compared to PEG-(PLA,)s-AC type networks with 13 % mass loss after 9 weeks.
The degree of swelling remains constant (Figure 4, right), which indicates that no chemical
crosslinks are lost during the experiments. This shows that the acrylamide groups between
crosslinks are not affected, despite the proximity of the electron-withdrawing thioether group which

has been shown to increase the hydrolysis rate of ester groups signiﬁcantly.33 The mass loss
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observed may be attributed to hydrolysis of ester groups in the PLA arms, which can be regarded as
dangling chains and do not form an integral part of the network structure. The mass loss probably

continues until all PLA is degraded, which would correspond to 22 % of the total polymer mass.

Release of model proteins. The proteins lysozyme and albumin could be easily loaded in the
hydrogels by dissolving them in the PEG-(SH), solution (PBS) prior to crosslinking. Lysozyme is
released from PEG-(PLA;)s-AC / PEG-(SH)g hydrogels for 18 d (Figure 5, left), after which the
release levels off. Albumin follows a similar release profile, but its release is slightly delayed. The
release of lysozyme and albumin is approximately proportional to the square root of time up to a
cumulative release of 80 % and 60 %, respectively (Figure 5, right), indicating that the release is
close to first order from this system until day 12. Calculation of the mesh size (Equation 1) of an
equilibrium swollen PEG-(PLA ,)s-AC / PEG-(SH)g hydrogel affords a value of approximately 10
nm, which is substantially larger than the hydrodynamic diameters of lysozyme and albumin (4.1
and 7.6 nm, respectively). These results show that the release of lysozyme and albumin is diffusion
controlled during the first 12 d. The release remains approximately first order during this period
despite a 10 w/v % mass loss and consequent increased swelling due to PLA degradation (Figure 4).
After 27 d, neither lysozyme nor albumin was completely retrieved. The non-complete release may
be due to reaction of some of the amine groups of the proteins with the acrylate groups of the
macromonomers, leading to incorporation of the protein in the network structure by covalent

bonds.** Importantly, the released lysozyme retained 100 % activity as determined by bacteria lysis

experiments.
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Figure 5. In vitro release of lysozyme (M) and albumin (O) from PEG-(PLA,)s-AC / PEG-(SH)s
networks. Cumulative release as a function of time (left); cumulative release as a function of the

square root of time (right).

109



Chapter 6

100- A *
= 1 *
< 80 N
[] *
] ]
S
3 60- s
e 1 1
= 404
©
S &
E 20k
(&)
0 T T T T T T T T T T T 1
0 2 4 6 8 10 12
Time (days)

Figure 6. In vitro release of lysozyme from PEG-(PLA),)s-AC / PEG-(SH), (A) and PEG-
(PLA2)s-AC / PEG-(SH)4 (%) networks.

Compared to PEG-(PLA2)s-AC / PEG-(SH)g networks, hydrogels prepared using PEG-(SH), or
PEG-(SH)4 exhibit a lower crosslink density and a faster degradation. As anticipated the release of
lysozyme from PEG-(PLA,)s-AC / PEG-(SH), and PEG-(PLA;)s-AC / PEG-(SH)4 networks is
significantly faster and the release was complete within 3 and 12 d, respectively (Figure 6). The
mesh sizes of the PEG-(PLA,)s-AC / PEG-(SH), and PEG-(PLA,)s-AC / PEG-(SH)4 networks
were approximately 16 nm and 10 nm, respectively, but these values likely increase rapidly during
the in vitro experiments. Hydrolytic degradation of the ester bonds in the PLA arms causes removal
of chemical crosslinks, leading to increased swelling and eventual complete dissolution of the
hydrogel at day 3 and day 12. The release from these networks is likely to be governed by a
combination of diffusion and degradation.

PEG-(AC)¢/(PLA43), / PEG-(SH)g networks show an expected very slow degradation (Figure 4),
allowing lysozyme to be released only by diffusion through the hydrogel mesh (initial size 11 nm).
Release of lysozyme from these networks followed a profile comparable to that of PEG-(PLA)s-
AC / PEG-(SH)s networks (data not shown). The similarity between the two release profiles
confirms that the release from the PEG-(PLA,)s-AC / PEG-(SH)s networks (Figure 5) is controlled
by diffusion only.

The results indicate that the release of the investigated proteins is mainly dependent on the
crosslink density of the gels which can be tailored by the functionality of the PEG-(SH), used for

gel preparation.

6.4 Conclusions

Chemically crosslinked PEG-PLA hydrogels were prepared by a Michael addition reaction
between multi-armed PEG-(SH), and acrylated PEG-PLA star block copolymers. Several hydrogel
properties could be controlled by altering the functionality of the PEG-(SH), crosslinker. Hydrogels
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were formed rapidly by simple mixing of macromonomer solutions in PBS at low concentrations
(~5 w/v %). Rheology showed that the hydrogels prepared from PEG-(PLA;)s-AC and PEG-(SH)g
possess excellent mechanical properties which evolve quickly after mixing. The degradation of the
hydrogels, ranging from a few days to several months depending on the incorporated PEG-(SH),,
had a pronounced effect on the protein release behavior. Lysozyme was released from the highly
crosslinked PEG-(PLA;,)s-AC / PEG-(SH)s hydrogels mainly by diffusion. The release of
lysozyme from the PEG-(PLA,)s-AC / PEG-(SH), and PEG-(PLA,)s-AC / PEG-(SH)4 hydrogels
was significantly faster resulting from a combination of diffusion and degradation. Importantly, the
enzymatic activity of the released lysozyme was fully maintained. The possibility to be formed in
situ, the robust mechanical properties and the tunable degradation and release properties make these

systems very appealing as controlled drug delivery systems.
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Abstract

Biodegradable poly(ethylene glycol)-poly(lactide) (PEG-PLA) hydrogels were formed by
physical gelation through stereocomplexation of star shaped PEG-PLLA and PEG-PDLA
enantiomers followed by UV photopolymerization of PLA terminal acrylate groups. The 8-armed
PEG-PLA star block copolymers had a PEG core with a molecular weight of 20 kg/mol and PLA
blocks of 12 lactyl units connected to the PEG core via amide bonds. The PLA blocks were
terminated with an acrylate end group. Aqueous solutions of enantiomeric mixtures of the PEG-
PLA macromonomers formed physically crosslinked hydrogels above a critical gel concentration of
4 w/v %. Subsequent photopolymerization in the presence of Irgacure 2959 resulted in gels with
significantly improved mechanical properties and hydrolytic stability. The release properties of the
photopolymerized gels were evaluated using lysozyme, albumin and rhodamine B as model
compounds. A first order release of albumin and lysozyme over a period of 10 d was obtained. The
release of thodamine B from the stereocomplexed and photocrosslinked PEG-PLA hydrogels was
characterized by an initial burst followed by a degradation dependent release during several months.
Photocrosslinked hydrogels prepared from 8-armed star polymers with 2 hydroxyl terminated PEG-
PLLA arms and 6 acrylate end functionalized PEG arms were used as a reference material in the
rhodamine B release studies. The very slow release from these materials suggested that ion-dipole
interactions of rhodamine B with the acrylamide groups may play an important role. Their excellent
mechanical properties, their potential to be formed in situ and their high hydrolytic stability make
these photocrosslinked PEG-PLA hydrogels interesting materials for biomedical applications and as

controlled drug delivery systems.
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7.1 Introduction

Hydrogels are highly water swollen polymer networks whose properties resemble those of natural
soft tissues.'” Biodegradable poly(ethylene glycol)-poly(lactide) (PEG-PLA) type hydrogels
generally exhibit excellent biocompatibility and are accordingly widely investigated for their use in
biomedical applications such as tissue engineering and systems for controlled delivery of
biologically active agents. Thermo-sensitive amphiphilic block copolymers form hydrogels through
physical crosslinking. Depending on their molecular architecture and molecular weight they provide
a sol to gel transition upon a decrease or increase in temperature. Such systems offer the advantages
of a simple injection method when the sol to gel transition is close to body temperature. In this way
surgical procedures may be omitted, the shape can be properly adapted and cells or proteins can be
easily incorporated.*® Physical crosslinks, such as hydrophobic or ionic interactions, can be formed
under mild conditions, but the resulting hydrogels generally are rapidly degraded and/or dissolved.
Alternatively, chemically crosslinked hydrogels have been prepared from various combinations of
macromonomers endcapped with reactive groups. Well-known examples are hydrogels formed by
Michael addition between thiols and vinylic groups™® or by reaction between activated esters and
amines.”' Most often, however, chemically crosslinked hydrogels are prepared by
photocrosslinking of (meth)acrylate endcapped block copolymers with the aid of UV or visible
light. Pioneering work was conducted by the group of Hubbell, who prepared photocrosslinked
hydrogels from end acrylated PLA-PEG-PLA and PLGA-PEG-PLGA triblock copolymers.'' The
degradation times of the hydrogels could be tuned from 1 to 120 d by altering the molecular weight
of the PEG and the length and composition of the hydrophobic polyester block. West et al. reported
on a photocrosslinked hydrogel based on PEG diacrylate that was rendered biodegradable by
incorporation of a collagenase sensitive peptide sequence in the network.'? Fibroblasts were
encapsulated successfully in the hydrogel by exposing a cell containing macromonomer solution
briefly to UV light. An acrylated RGD (arginine-glycine-aspartic acid) cell adhesive peptide was
incorporated by light-induced reaction with remaining acrylate groups in a partially crosslinked
PEG diacrylate network. By using a photolithographic technique, the precise location of RGD could
be dictated and cells exhibited guided three-dimensional migration only into the RGD-patterned
regions of the hydrogels. The group of Anseth prepared various photocrosslinked hydrogels based
on (meth)acrylate terminated PEG copolymers. It was demonstrated that the macroscopic properties
and degradation of hydrogels prepared from PLA-PEG-PLA triblock copolymers endcapped with
acrylate moieties could be tuned by altering the polymerization conditions."” Furthermore, they
showed that a hydrogel composed of a mixture of degradable and non-degradable PEG diacrylate
macromonomers can serve as a scaffold for the engineering of cartilage.'* After implantation of the
construct in mice, encapsulated chondrocytes were capable of survival and proliferation and

integrated with surrounding native cartilage over time. Photocrosslinked hydrogels have also been
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used for the controlled release of various hydrophobic and hydrophilic drugs, including hydrogels
based on methacrylate terminated PEG'® and PEG-poly(e-caprolactone) multiblock copolymers.'®
In both systems, the drug release could be regulated via the composition of the hydrogel.

It is important that during the gelation process no flow of macromonomers or collapse of the gel
takes place.'” This issue has been addressed by a few research groups by combining physical and
chemical crosslinking. For example, thermally induced physical crosslinking of an acrylated
Pluronic was used to provide fast gelation.'® The gel was then photocrosslinked to give a highly
stable gel. More recently, the group of Hennink reported on thermo-sensitive and photocrosslinked
hydrogels based on biodegradable triblock copolymers of PEG and methacrylated poly(N-(2-
hydroxypropyl)methacrylamide lactate)."” It was found that a higher degree of methacrylation and a
lower PEG molecular weight resulted in a higher storage modulus and crosslink density, which
tailored the degradation from 25 to more than 300 d.?° It was demonstrated that the release rate of
model proteins depended on the protein size and the molecular weight between hydrogel crosslinks
and that the release was governed by Fickian diffusion.”'

Previously we found that in situ forming, robust hydrogels can be prepared by combining
stereocomplexation and photocrosslinking of methacrylate terminated enantiomeric PEG-PDLA
and PEG-PLLA star block copolymers.” Stereocomplexation provided fast gelation at relatively
low concentrations while photopolymerization of the methacrylate groups yields significantly
increased mechanical properties and prolonged degradation times. Recently we showed that the
mechanical stability and most importantly the degradation of these star block copolymers can be
controlled by replacing the highly hydrolytically labile linking ester bond with an amide bond.****
Based on these data, stereocomplexed and photocrosslinked hydrogels prepared from acrylate
terminated PEG-PLLA and PEG-PDLA star block copolymers with an amide linkage between PEG
and PLA were expected to have excellent mechanical properties and may be well applicable as an
injectable, yet robust controlled drug delivery system. In this paper, the physical, mechanical and
degradation properties of these stereocomplexed and photocrosslinked PEG-PLA hydrogels are
described together with the release of lysozyme and albumin and the model drug rhodamine B from

these systems.

7.2 Experimental section

Materials. Hydroxyl terminated 8-armed poly(ethylene glycol) (PEG-(OH)s, My, nmr = 21400
g/mol) was purchased from Jenkem (Allen, Texas, USA) and purified before use by dissolution in
dichloromethane and precipitation in cold diethyl ether. PEG-(NH,)s and all block copolymers were
synthesized as described previously.”*> L-lactide and D-lactide were obtained from Purac
(Gorinchem, the Netherlands). Acryloyl chloride, methanesulfonyl chloride (mesyl chloride), tin(II)

2-ethylhexanoate (stannous octoate), triethylamine (TEA), lysozyme, albumin and 25 % aqueous
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ammonia solution were from Sigma-Aldrich (St Louis, Missouri, USA). Irgacure 2959 was
obtained from Ciba (Basel, Switzerland). Rhodamine B was purchased from Merck (Darmstadt,
Germany). Toluene, diethyl ether, methanol and dichloromethane were all from Biosolve
(Valkenswaard, the Netherlands). Dichloromethane, TEA and toluene were dried over calcium

hydride, potassium hydroxide and sodium, respectively, and distilled prior to use.

Synthesis. Photocrosslinked PEG-PLA hydrogels were prepared by UV irradiation of aqueous
solutions of acrylate terminated PEG-PLA star block copolymers. Typically, distilled water
containing 10 mol % photoinitiator (Irgacure 2959) relative to acrylate groups was added to a
mixture of PEG-(PDLA,)s-AC and PEG-(PLLA;)s-AC (D/L ratio 1/1). The system was heated
repeatedly and subsequently equilibrated for 48 h at room temperature. The mixture was finally

irradiated by UV light (~5 mW/cm?) at 365 nm for 30 min in an inert atmosphere.

Characterization. 'H NMR (300 MHz) spectra were recorded on a Varian Inova 300 NMR
spectrometer. Polymers were dissolved in CDCl; at a concentration of 15 mg/ml.

Thermal properties of polymers were determined using differential scanning calorimetry (DSC).
Heating and cooling rates of 20 °C/min were applied. Samples were heated from 25 to 200 °C, kept
at 200 °C for 1 min, cooled to -50 °C, kept at -50 °C for 1 min, and finally heated to 200 °C.
Crystallization temperatures (T.) and corresponding enthalpies (AH;) were obtained from the
cooling scan, while melting temperatures (Ty,) and enthalpies (AH,,,) were obtained from the second

heating scan.

Gel properties. Oscillatory rheology experiments were performed to determine the mechanical
properties of the photocrosslinked hydrogels. The storage (G”) and loss (G’”) modulus of hydrogels
were monitored for 30 min at 25 °C on an Anton-Paar Physica MCR 301 rheometer. Experiments
were performed using a flat plate measuring geometry (diameter 25 mm, gap 0.3 mm) utilizing a
strain of 1 % and a frequency of 1 Hz. To prevent water evaporation, a solvent trap was placed over
the geometry.

Gravimetric degradation/dissolution experiments were performed to determine the stability of the
hydrogels. Freshly prepared semi-spherical hydrogel samples (radius 5 mm) were dried in air, their
initial weight Wy was determined and the samples were immersed in PBS at 37 °C. To prevent
bacterial growth, 0.02 w/v % NaN3 was added to the buffer solution. At regular times, samples were
taken out and their mass in swollen state (W) was measured after wiping the surface with tissue
paper. Subsequently, the samples were allowed to dry in air overnight to yield the dry weight (Wp).

The degree of swelling during degradation was calculated from:
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W. —
degree of swelling = % 100 % (1)

D

The remaining relative polymer mass during degradation was calculated from:

relative polymer mass = o 100 % (2)
0

Release experiments were performed with lysozyme and albumin as model proteins and
rhodamine B as a model drug. The proteins were dissolved in a minimal amount of PBS and this
solution was added to an 8 w/v % stereocomplexed PEG-(PDLA,)s-AC / PEG-(PLLA»)s-AC
hydrogel prepared in PBS as described above. The protein concentration was 10 wt % relative to the
total polymer mass. After vigorous mixing, the sample was allowed to equilibrate for 24 h. The
mixture was subsequently irradiated by UV light (~5 mW/cm?) at 365 nm for 30 min in an inert
atmosphere. For the in vitro release of the model proteins, the hydrogels (0.4 ml) were placed in 5
ml of PBS and kept at 37 °C. At regular time intervals, 0.5 ml of supernatant was removed and
replaced by fresh buffer. The concentration of lysozyme and albumin in the release samples as well
as the enzymatic activity of the lysozyme in selected release samples were determined as described
previously.”

Rhodamine B was dissolved in water (0.1 mg/ml) together with a 1:1 PEG-(PDLA»)s-AC / PEG-
(PLLA)s-AC mixture (8 or 16 w/v %) or PEG-(AC)e¢/(PLLA43), (16 w/v %) and 10 mol %
photoinitiator relative to acrylate groups. The system was heated repeatedly and subsequently
equilibrated for 48 h. The mixture was finally irradiated by UV light (~5 mW/cm?) at 365 nm for
150 min in an inert atmosphere. For the in vitro release of the model drug, hydrogel samples (0.25
ml) were immersed in 3 ml of PBS and kept at 37 °C. At regular time intervals, 0.2 ml of release
medium was removed and replaced by fresh buffer. The concentration of rhodamine B in the
release samples was determined by reading the absorbance at 555 nm using a Tecan Safire
microplate reader. A calibration curve was constructed using rhodamine B solutions of known

concentration.

7.3 Results and discussion

Synthesis and characterization of acrylate terminated macromonomers. Stereocomplexation
of enantiomeric PLA blocks in PEG-PLA amphiphilic block copolymers is a powerful tool to
prepare physically crosslinked hydrogels.** Although such hydrogels have good mechanical
stability their degradation/dissolution rate is generally fast in physiological media. One way to
overcome the fast dissolution is post crosslinking of stereocomplexed hydrogels through e.g.
photocrosslinking of acrylate end functionalized block copolymers.22 The degradation properties
can be tailored by varying the PLA block length and by replacing hydrolytically instable bonds,
especially the ester linking unit between PLA and PEG blocks, by a hydrolytically stable amide
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bond.” The degradation of such networks consequently is governed solely by the hydrolysis of
ester bonds in the PLA chains. In previous research it was shown that highly stable PEG-PLA type
networks were obtained when a methacrylate group is directly attached to the PEG blocks and
subsequently photopolymerized.”? Because of its slow degradation in aqueous media the PEG-
(AC)¢/(PLLA43), (Figure 1) described here was used as a reference material in release studies of a

model drug from degradable and photocrosslinked 8-armed PEG-PLA copolymers.

NH, NH, NH,
PEG TEG II’EG

6 o o
PEG-(NH,); wpsec-O~AfoIkos oot

o
v \ g
-lactiae
° o
IAC AC NH, PLA PLA PLA
PEG PEG éEG I:’EG II’EG PEG
8 ) y ) 5 ) ) )
HZN\/-PO/\,]T"O\)\{'O\)\’]TO\)\/O{/\O‘]T“\/N\“/\ pLA_pEG~°\)\,L0\/|\J'°\)\/°‘[-/\o+\/”\[-")\o*]ZH
o m o
PEG-(AC)/(NH,), i o PEG-(PDLA,,);
o =
l \o);)\ l Y PEG-(PLLA,,),
o
II\C ?C »i\C
?C /IAC PLA TLA ITLA TLA
ZEG ZEG EEG EEG II’EG TEG o
o] o
H+0J\I“]ﬁﬂ\/{oA+m°\/l\+o\)\,];°\)\/°\/fo’q}/n\“/\ AC_P,_A_,,EG~°\)\+o\)\,];°\)\/°*[-/\o-]7"\/n\[-l(l\o‘]éj\/
o ° o
PEG-(AC)y/(PLLA,;), PEG-(PDLA,);-AC
PEG-(PLLA,,),-AC

Figure 1. Synthesis scheme for the preparation of PEG-(PLA,)s-AC and PEG-(AC)s/(PLLA43),

star block copolymers.

PEG-(PDLA;)s and PEG-(PLLA;)s star block copolymers with an amide linkage between the
PEG and PLA blocks were prepared by the stannous octoate catalyzed ring opening polymerization
of D-lactide and L-lactide, respectively, initiated by PEG-(NH;)g (Figure 1). Star block copolymers
with a degree of polymerization (DP) of 12 lactyl units per PLA arm were synthesized (Table 1),
because higher DPs led to a reduced solubility in water whereas lower DPs have been shown to
hamper stereocomplex formation.”® The PEG-(PDLA;)s and PEG-(PLLAjy)s star block
copolymers were functionalized with acrylate groups by reaction with acryloyl chloride in
dichloromethane as reported previously.” The signal at 4.35 ppm corresponding to the terminal
PLA methine protons of the starting PEG-(PLA,)s completely disappeared, indicating quantitative

end group conversion.
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Table 1. Molecular weights, thermal properties and critical gel concentrations (CGCs) of PEG-PLA

star block copolymers.

'H NMR
Degree of
Polymer M, . functionalization ;[m Aftn ;FC Al CGS
(kg/mol) bP (% acrylate end CO | U | €O Ul (wivoe)
groups)
PEG-(NH;)s 21.4 53 126 28 126
PEG-(PDLA»)s 27.7 10.9
+ 41 56 13 57 5
PEG-(PLLA»)s 28.3 11.9
PEG-(PDLA,)s-AC 28.1 10.9 >95
+ 39 44 21 50 4
PEG-(PLLA;)s-AC 28.7 11.9 >95
PEG-(AC)¢/(NH,), 21.7 75 47 86 27 84
PEG-(AC)¢/(PLLA43), 279 43 75 46 59 25 58 12

“ Degree of polymerization of the PLA blocks, expressed in lactyl units per arm.

For PEG-(AC)e/(PLLA43); first approximately 75 % of the amine end groups in PEG-(NH,)s were
converted to acrylate end groups by reaction with acryloyl chloride (Figure 1).*> Subsequently, the
stannous octoate catalyzed ring opening polymerization of L-lactide initiated by the remaining
amine groups on the partially acrylated PEG yielded the PEG-(AC)s/(PLLA43), star block
copolymer. The structural differences between PEG-(PLA,)s-AC and PEG-(AC)¢/(PLLA43), are
reflected in their '"H NMR spectra (Figure 2). Compared to PEG-(PLA ,)s-AC, additional peaks are
visible in the spectrum of PEG-(AC)¢/(PLLA43), corresponding to the acrylamide protons at 6.8
ppm and the terminal PLA methine protons at 4.35 ppm. Furthermore signals corresponding to the

vinylic protons appear more upfield resulting from the conjugation with the amide group.
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Figure 2. 'H NMR spectra of PEG-(PLLA5)3-AC (bottom) and PEG-(AC)s/(PLLA43), (top).
Solvent: CDCls.

The thermal properties of enantiomeric mixtures of the block copolymers as determined with
differential scanning calorimetry (DSC) revealed major transitions in both second heating and
cooling scans, corresponding to melting and crystallization of the PEG domains, respectively (Table
1). The PEG-PLA star block copolymers exhibit lower melting transitions and accompanying
enthalpies than their PEG precursors indicating that the crystallization of PEG is hampered by the
presence of the PLA blocks. Functionalization of PEG-PLA with acrylate groups further impedes
PEG crystallization as shown by the lower T, and AHj, values of the enantiomeric PEG-(PLA |,)s-
AC mixture. A melting transition of the PLA phase in the single enantiomer block copolymers was
not observed. Occasionally, for the stereocomplexed PLA phase we could observe a melting

transition at ~160 °C with a low AH,, value depending on the heating and cooling rates.”* A small
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exothermic peak was observed at 140 °C for PEG-(AC)s/(PLLA43),, corresponding to melting of
PLLA domains formed by the relatively long PLLA arms.

Self-assembly and physical gelation of PEG-PLA star block copolymers in water. PEG-PLA
type block copolymers typically self-assemble in water to form micelles and small aggregates with
a hydrophobic PLA core and a hydrophilic PEG corona at concentrations above the critical
association concentration (CAC). '"H NMR analysis revealed that also PLA domains and free
dangling PLA chains are present in the periphery of the aggregates.”” The CAC values depend on
several parameters including the PEG/PLA molecular weight ratio and the possibility to form
stereocomplexes between PDLA and PLLA blocks. The CACs of mixed enantiomers of PEG-
(PLA,)s are approximately 2 to 3 times lower than the values of the corresponding single
enantiomers (~0.4 w/v %) due to the stronger interactions in the PEG-PLA stereocomplexes.”**
Using dynamic light scattering (DLS) the aggregate sizes and aggregate size distributions of

PEG-PLA star block copolymers in water were measured at a concentration of 0.5 w/v % (Figure
3).

Intenzity (a.u.)

0 w0 1000
Size (nm)
Figure 3. Aggregate size distributions in 0.5 w/v % aqueous solutions at room temperature. PEG-
(PLLA»)s (dashed line), PEG-(PDLA»)s/PEG-(PLLA ;)5 (grey line), PEG-(PDLA,;)s-AC/PEG-
(PLLA2)s-AC (black line).

Above the CAC small aggregates with diameters ranging from 40-50 nm, indicative of
aggregated micelles, as well as larger aggregates with a diameter ranging from 100 to 300 nm were
observed. The distributions presented in Figure 3 show that stereocomplexation between
enantiomeric block copolymers results in larger aggregates. It has to be noted that the volume
fractions of these larger aggregates (0.4 %, 17 % and ~0.1 % for PEG-(PLLA},)s, PEG-
(PDLA,)s/PEG-(PLLA;)s and PEG-(PDLA,)s-AC/PEG-(PLLA,)s-AC, respectively) is still
small compared to the small aggregates. Upon acrylation the size distribution of the larger

aggregates is shifted to lower values, which may be due to the increased hydrophobicity of the
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acrylate functionalized PLA chains resulting in an enhanced aggregation tendency of these PLA
arms and hence more compact larger aggregates.

The physical gelation of the 8-armed block copolymers was studied by dissolving an appropriate
amount of the single enantiomer PEG-(PLLA);)s, stereocomplexed PEG-(PDLA;,)s/PEG-
(PLLA7)s mixture or PEG-(PDLA;)s-AC/PEG-(PLLA»)s-AC (1:1 weight ratio) mixture in
distilled water. Previously we showed by rheology experiments that the formation of
stereocomplexed domains in hydrogels of such mixed enantiomers is enhanced when the
temperature is elevated.”* Upon heating, the increased mobility of the PLA chains facilitates
intermicellar and interaggregate bridging to a greater extent. The enhanced formation of
stereocomplexes and the high stability of the stereocomplexed domains prohibit gel to sol
transitions at elevated temperatures and the formation of such hydrogels is irreversible. Therefore in
the current research multiple heating cycles were applied, followed by an equilibration time of 48 h
at room temperature, to allow an optimal formation of stereocomplexes. A critical gelation
concentration is observed for the PEG-(PLLA »)s and PEG-(PLLA,)s-AC single enantiomers of 12
and 6 w/v %, respectively. At these concentrations still a thermo-reversible gel-sol transition is
observed. The stereocomplexed PEG-(PDLA;)s/PEG-(PLLA;)s and PEG-(PDLA;)s-AC/PEG-
(PLLA2)s-AC behave differently. The minimum concentrations to form a hydrogel are 5 and 4 w/v
% for the PEG-(PDLA,)s/PEG-(PLLA,)s and PEG-(PDLA,)s-AC/PEG-(PLLA;)s-AC systems,
respectively (Table 1). Above these concentrations gel formation is irreversible and below these
concentrations no gels are formed. Consequently an operation window exists in which in situ
hydrogel formation is facilitated by mixing aqueous solutions of single enantiomers. Oscillatory
rheology measurements revealed that 7 w/v % PEG-(PDLA,)s/PEG-(PLLA,)s and 7 w/v % PEG-
(PDLA»)s-AC/PEG-(PLLA,)s-AC hydrogels exhibit storage moduli of 630 and 710 Pa,
respectively. The higher storage modulus of the PEG-(PDLA ,)s-AC/PEG-(PLLA»)s-AC hydrogel
is a further indication that end group acrylation results in increased formation of the
stereocomplexed domains and thus increased physical crosslinking.

The single enantiomer PEG-(AC)¢/(PLLA43), macromonomer forms physically crosslinked
hydrogels at concentrations above 12 w/v % (Table 1). Upon heating, the PEG-(AC)s/(PLLA43),
hydrogels exhibit a phase transition from the gel to the sol state which is fully reversible upon
cooling. At a concentration of 14 w/v %, the gel-sol transitions occur just above body temperature,

which makes PEG-(AC)¢/(PLLA43), hydrogels applicable for in situ gel formation as well.

Photocrosslinked PEG-PLA hydrogels. Physically crosslinked stereocomplexed hydrogels of
PEG-(PDLA;)s-AC and PEG-(PLLA,)s-AC were prepared at different concentrations in distilled
water containing Irgacure 2959 as a photoinitiator. To stabilize the initially formed

stereocomplexed hydrogel subsequent crosslinking by photopolymerization of the acrylate groups
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using UV irradiation was carried out. In preliminary experiments the effects of UV wavelength,
reaction time and initiator concentration on the mechanical properties of the resulting hydrogels
were determined by oscillatory rheology measurements. It followed that an initiator concentration
of 10 mol % relative to acrylate groups, an UV irradiation time of 30 min and an UV irradiation
wavelength of 365 nm resulted in the highest storage modulus. An UV irradiation intensity of 5
mW/cm® was used, which is low compared to commonly used intensities for photopolymerized
hydrogel systems. Although the highest storage modulus was obtained after 30 min, a substantial
increase in G’ was already observed after a short irradiation time of 5 min. Low UV intensities and
short irradiation times are preferred to prevent cell damage when these systems are

photopolymerized.*®
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Figure 4. Storage modulus (G’) as a function of the initial polymer concentration at 25 °C for
photopolymerized hydrogels based on PEG-(PDLA;)s-AC/PEG-(PLLA|;)s-AC (M) and PEG-
(AC)¢/(PLLA43)2 (O).

The effect of the polymer concentration on the storage modulus was investigated using the
optimized irradiation conditions (Figure 4). The increase in G’ with concentration can be ascribed
to the formation of a more densely crosslinked network at higher concentrations. UV irradiation of
a stereocomplexed 7 w/v % PEG-(PDLA;)s-AC/PEG-(PLLA;)s-AC hydrogel resulted in an
increase of G’ from 0.71 kPa to 10.3 kPa, indicating that the introduction of chemical crosslinks by
polymerization of the acrylate groups to polyacrylate chains significantly improves the mechanical
properties. Compared to stereocomplexed and photocrosslinked hydrogels prepared from partially
methacrylated PEG-PLA star block copolymers (degree of methacrylation 40 %) with an ester
linkage between PEG and PLA (PEG-(OCO)-(PLA,)s-METHAC),* these stereocomplexed and
photocrosslinked PEG-(PLA2)s-AC hydrogels display a much higher storage modulus. As an
example, a 15 w/v % stereocomplexed and photocrosslinked PEG-(OCO)-(PLA,)s-METHAC
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hydrogel has a storage modulus of 9 kPa, whereas a 16 w/v % stereocomplexed and
photocrosslinked PEG-(PLA;)s-AC hydrogel has a storage modulus of 25 kPa. Moreover, the
stereocomplexed and photocrosslinked PEG-(PLA,)s-AC hydrogels show significantly lower
damping factors (tan & = G’’/G’) compared to stereocomplexed and photocrosslinked PEG-(OCO)-
(PLA15)s-METHAC hydrogels™ (data not shown). The much higher degree of acrylate end group
functionalization (>95 %) in the current system results in a higher crosslink density and more elastic
behavior of the stereocomplexed and photocrosslinked PEG-(PLA»)s-AC hydrogels. Censi et al.
reported 95 % conversion of vinylic groups when methacrylated PEG-PNiPAM block copolymers
were photocrosslinked for 5 min at a macromonomer concentration of 20 w/v %.>' The conversion
was found to increase with decreasing macromonomer concentration. Since the PEG-(PDLA |,)s-
AC/PEG-(PLLA,)s-AC hydrogels were UV irradiated for 30 min at macromonomer concentrations
at or below 20 w/v %, quantitative conversion of acrylate groups to polyacrylate chains is assumed.
UV irradiation of aqueous PEG-(AC)¢/(PLLA43), solutions also leads to photocrosslinked
hydrogels (Figure 4). Especially above the CGC of PEG-(AC)s/(PLLA43)> (12 w/v %) networks
with a high storage modulus are obtained. These rheological experiments show that the mechanical
properties of the photocrosslinked PEG-PLA hydrogels can be tuned within a broad range by

altering the polymer concentration.

Hydrogel degradation. The in vitro degradation of stereocomplexed photocrosslinked PEG-PLA
hydrogels was investigated by a gravimetrical procedure. The polymer mass loss, as well as the
swelling of the hydrogels during degradation was monitored up to 9 weeks (Figure 5). PEG-
(PDLA »)s-AC/PEG-(PLLA,)s-AC hydrogels (12 w/v % in water) were prepared as described
above, photocrosslinked and the gels were immersed in PBS at 37 °C. At regular time intervals,
hydrogels were taken out and their mass in the swollen state was determined. Subsequently, the
hydrogels were allowed to dry overnight to yield the dry polymer weight after degradation. It
follows from Figure 5 that the stereocomplexed and photocrosslinked PEG-(PLA,)s-AC hydrogels
show excellent stability with approximately 40 % polymer mass loss after 45 d in vitro. In sharp
contrast, 14 w/v % PEG-(PLA,»)s hydrogels crosslinked only by stereocomplexation completely

dissolved after 30 d in vitro.**
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Figure 5. Polymer mass (left) and degree of swelling (right) versus time for 12 w/v %
photopolymerized hydrogels based on PEG-(PDLA;)s-AC/PEG-(PLLA;)s-AC (M) and PEG-
(AC)s/(PLLA43), (O) in PBS at 37 °C.

The degradation of the networks is accompanied by an increase in swelling (Figure 5, right).
These results are likely due to the loss of physical and chemical crosslinks as a result of hydrolysis
of ester bonds in the PLA blocks, which disrupts the PDLA/PLLA stereocomplex crystallites acting
as physical crosslinks. Consequently lactic acid, PLA oligomers as well as poly(ethylene glycol)
and poly(acrylate) macromolecules will diffuse out of the network as a result of the concentration
difference between the hydrogel and the surrounding medium. Eventually, the system will dissolve
completely. Oscillatory rheology measurements showed that the storage modulus of the
stereocomplexed and photocrosslinked PEG-(PLA |,)s-AC hydrogels decreased from 21.8 kPa at the
start of the degradation experiments to 0.04 kPa after 75 d. This was an expected behavior because
G’ is directly related to the crosslink density. Altering the polymer concentration prior to
photopolymerization did not significantly influence the relative mass loss rate, as 8 w/v % and 20
w/v % stereocomplexed and photocrosslinked PEG-(PLA,)s-AC hydrogels lost 33 and 43 % of
polymer mass after 45 d, respectively. The stereocomplexed and photocrosslinked PEG-(PLA ,)s-
AC hydrogels are remarkably more stable than stereocomplexed and photocrosslinked PEG-(OCO)-
(PLA2)s-METHAC hydrogels, which completely dissolved within 4 weeks.”> Previously we
showed that the degradation of the PEG-(OCO)-(PLA)s block copolymer proceeds through
preferential hydrolysis of the linking ester group resulting in rapid loss of PLA arms.”
Stereocomplexed PEG-(OCO)-(PLA)s hydrogels consequently loose their structural integrity
relatively fast because the micellar packing is disrupted due to the decreased interactions between
PLA arms.** In contrast, the stable amide linking unit in stereocomplexed PEG-(PLA)g hydrogels
only allows degradation to take place via hydrolysis of ester groups in the PLA chains, affording

materials that are more slowly degrading.
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The photocrosslinked PEG-(AC)s/(PLLA43), networks exhibit a very slow degradation rate with 5
% mass loss after 9 weeks (Figure 5). The slight decrease in swelling during the first week of
immersion may be due to the loss of non-crosslinked material. The mass loss and slight increase in
swelling at later time points are most probably due to PLA degradation, upon which hydrophobic
interactions acting as physical crosslinks are lost, resulting in a less densely crosslinked network.
The slow mass loss confirms the idea that the acrylamide linkages between PEG and the
poly(acrylate) chains are not affected and that no chemical crosslinks are lost on the time scale of
the experiment. When all PLA is degraded, corresponding to 20 wt % of the total polymer mass, a
network remains that is not or very slowly degrading. Oscillatory rheology measurements
confirmed the high stability of the photocrosslinked PEG-(AC)¢/(PLLA43), hydrogels. The storage
modulus of the photocrosslinked PEG-(AC)¢/(PLLA43), decreased from 21.0 kPa at day 0 to 5 kPa
at day 75 resulting from the loss of only physical crosslinks, which is a far less pronounced

decrease compared to stereocomplexed and photocrosslinked PEG-(PLA j,)s-AC hydrogels.

Release of model compounds. Injectable hydrogels are interesting materials to be used in the
controlled delivery of biologically active agents. The proteins lysozyme and albumin and the dye
rhodamine B were chosen as model compounds in release experiments. Lysozyme (hydrodynamic
radius 4.1 nm) is released from 8 w/v % stereocomplexed and photocrosslinked PEG-(PLA;)s
hydrogels for 10 d (Figure 6, left), after which the release levels off. The release of albumin

(hydrodynamic radius 7.6 nm) follows a similar profile, but its release is slightly delayed.
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Figure 6. In vitro release of lysozyme (O) and albumin (M) from 8 w/v % stereocomplexed and
photocrosslinked PEG-(PLA};)s hydrogels. Cumulative release as a function of time (left);

cumulative release as a function of the square root of time (right).

Hydrogels were loaded with albumin or lysozyme by vigorously mixing a stereocomplexed PEG-

(PDLA,)s-AC/PEG-(PLLA,)s-AC  hydrogel with a concentrated protein solution. After
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equilibration for 24 h, the mixture was photocrosslinked for 30 min. The burst release during the
first day may represent protein that was not distributed homogeneously throughout the hydrogel
during the preparation process and that was located near the surface. After day 1, the release of
lysozyme and albumin is proportional to the square root of time, indicating that the release is first
order (Figure 6, right). Because during the first 3 weeks only minor degradation takes place in the
stereocomplexed and photocrosslinked PEG-(PLA»)s hydrogels (Figure 5), these results suggest
that the release of lysozyme and albumin is diffusion controlled.

Bacteria lysis experiments performed on samples from the release medium after 4 d showed that
the released lysozyme maintained an activity of 33 % relative to a control (lysozyme solution kept
at 37 °C for 4 d). These results may be due to denaturation of some of the lysozyme by UV
irradiation and radicals generated during the photocrosslinking of the stereocomplexed hydrogel.*
The UV source used in this research emits a spectrum with a maximal intensity at 365 nm.
Especially UV light at low wavelengths is harmful for labile biological substances such as proteins.
Placement of a glass filter that cuts off light below 300 nm between the UV light source and the

hydrogel has been shown to prevent protein denaturation during in situ photocrosslinking.*
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Figure 7. In vitro release of rhodamine B from various photocrosslinked hydrogels. Hydrogels were
prepared using 8 w/v % PEG-(PDLA,)s-AC/ PEG-(PLLA»)s-AC (W), 16 w/v % PEG-(PDLA,)s-
AC/PEG-(PLLA);)s-AC (&) or 16 w/v % PEG-(AC)e/(PLLA43), (%).

The model compound rhodamine B, having a molecular weight of 480 g/mol, was loaded at a
concentration of 0.1 mg/ml by dissolving the dye in the PEG-PLA macromonomer solutions prior
to photocrosslinking. Figure 7 shows that 55 % of the incorporated rhodamine B is released from 8
w/v % stereocomplexed and photocrosslinked PEG-(PLA;)s hydrogels during the first 8 d.
Subsequently, the release profile levels off and the cumulative release increases from 55 to 70 %

between day 8 and day 42. The release from 16 w/v % stereocomplexed and photocrosslinked PEG-
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(PLA2)s hydrogels exhibits a similar profile with a relatively fast release during the first 10 d
which is followed by slower release kinetics. This biphasic profile may be the result of partitioning
of rhodamine B in different domains of the network. Rhodamine B is a relatively hydrophilic
molecule with a maximum solubility in water of 50 g/l and a hydrodynamic radius of approximately
0.8 nm. The fast initial release observed (Figure 7) most likely corresponds to thodamine B present
in the hydrophilic PEG phase. The release from this highly hydrated phase is probably diffusion
controlled, given the small hydrodynamic radius of thodamine B relative to the initial mesh size in
photocrosslinked hydrogels. The mesh size is assumed to be larger than 8 nm based on the similar
release curves of lysozyme (4.1 nm) and albumin (7.6 nm) (Figure 6).

The slower release observed after approximately 10 d may represent rhodamine B confined to the
hydrophobic PLA domains. Rhodamine B is a zwitterionic molecule and has been shown to interact
with polymers containing charged groups.’'=** Possibly, rhodamine B is also present in PLA rich
domains as a result of ion-dipole interactions. The release from these hydrophobic domains is likely
governed by degradation of the PLA and the accelerated release rate after approximately 40 d is
probably caused by substantial degradation and consequent mass loss (Figure 5). The 8 w/v %
stereocomplexed and photocrosslinked PEG-(PLA};)s hydrogel was completely degraded and
dissolved after 90 d, whereas the 16 w/v % stereocomplexed and photocrosslinked PEG-(PLA |,)s
hydrogel maintained its integrity and continued to release rhodamine B up to 120 d. After an initial
small burst release the release rate from photocrosslinked PEG-(AC)¢/(PLLA43), hydrogels is very
slow. This material retains its network structure even after degradation of the PLA chains. These
results suggest that ion-dipole interactions with the substituted amide groups in the poly(N-PEG
acrylamide) formed after photocrosslinking may play an important role. It can also not be excluded
that a substantial part of the rhodamine B is entrapped in vesicular type structures present in the
hydrogel. The membrane of these structures will be composed of PLLA, which is impenetrable for

charged species. Further investigations are required to elucidate the exact mechanism.

7.4 Conclusions

PEG-PLA star block copolymer hydrogels were prepared by physical crosslinking in combination
with photopolymerization. Stereocomplexation of enantiomeric PEG-PLA star block copolymers
was used for facile mixing of polymers with a model drug as well as gelation in situ.
Photopolymerization of acrylate end group functionalized polymers improved the mechanical
properties and stability of the formed gels. The PEG-(PLA,)s-AC polymers could be physically
crosslinked by stereocomplexation at very low concentrations and, upon photopolymerization,
afforded highly robust and stable hydrogels. These PEG-(PLA,)s gels degraded by hydrolysis of
ester groups in the PLA chains resulting in a loss of physical and chemical crosslinks. Rhodamine B

was released from the networks in two distinct stages as a result of partitioning of the drug in
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different domains. A relatively fast, diffusion controlled release from hydrophilic PEG domains was

observed during the early stages, whereas degradation controlled release from PLA domains

became important at later time points. The very slow release from the photocrosslinked PEG-

(AC)e/(PLLA43), hydrogels suggests strong ion-dipole interactions of rhodamine B with the

acrylamide groups. This study shows that injectable, photocrosslinked PEG-PLA star block

copolymer hydrogels are promising materials for applications in controlled drug delivery.
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Abstract

The aqueous solution behavior and thermo-reversible gelation properties of pyridine end
functionalized poly(ethylene glycol)-poly(L-lactide) star block copolymers (PEG-(PLLA)s-py) in
the presence of coordinating transition metal ions was studied. In aqueous solutions the
macromonomers self-assembled into micelles and micellar aggregates at low concentrations and
formed physically crosslinked, thermo-reversible hydrogels above a critical gel concentration
(CGC) of 8 w/v %. In the presence of transition metal ions like Cu(Il), Co(Il) or Mn(Il), the
aggregate dimensions increased. Above the CGC the gel to sol transition shifted to higher
temperatures due to the formation of additional crosslinks from intermolecular coordination
complexes between metal 1ons and pyridine ligands. Furthermore, as an example PEG-(PLLA)g-py
hydrogels stabilized by Mn(Il)-pyridine coordination complexes were more resistant against
degradation/dissolution when placed in PBS at 37 °C compared to hydrogels prepared in water.
Importantly, the stabilizing effect of metal-ligand coordination was noticeable at very low Cu(Il)
concentrations, which have been reported to be non-cytotoxic in vitro and in vivo. The results show
that PEG-(PLLA)s-py metallo-hydrogels are appealing materials that may find use in biomedical as

well as environmental applications like the removal of heavy metal ions from waste streams.
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8.1 Introduction

There is growing interest in metal containing polymer systems since they constitute a broad class
of easily processable materials with unique and valuable properties.' Polymer systems with metal
centers may find use as probes, sensors, imaging agents, macromolecular catalysts, artificial
enzymes and stimuli-responsive materials.” Most often polymers are used with pendant ligands
capable of coordinating transition metal or lanthanide ions. Well-known ligands include pyridine
(py), 2,2 -bipyridine (bpy) and 2,2°:6°,2”*-terpyridine (tpy).”” Due to the stability of metal-ligand
complexes, metal-ligand coordination can be employed to crosslink macromonomers into networks.
More recently it was envisaged that metallo-gelation can be applied in hydrogels, which are
polymer networks based on hydrophilic macromonomers that are able to retain large amounts of
water.®® Pioneering work in the field of metallo-hydrogels was conducted by Chujo et al., who
reported on hydrogels based on bpy functionalized poly(oxazoline) crosslinked by Co(II) ions.’ The
gels were stable at ambient temperatures for several days, but dissolved rapidly at higher
temperatures due to a shift in the formation of intermolecular coordination complexes to the
entropically favored intramolecular coordination complexes. Recently, Fiore ef al. showed that bpy
centered poly(ethylene glycol) (PEG) yields hydrogels in aqueous FeSO4 solutions above a polymer
concentration of 20 w/v % due to the formation of Fe(II)-tris(bpy) complexes.'’ Exposure to air
resulted in dissociation of these complexes as a consequence of oxidation of Fe(II) to Fe(III). When
the bpy centered PEG was endcapped with methacrylate groups and subsequently UV irradiated,
covalently crosslinked networks were obtained. Upon incubation of these networks in NiCl, or
CoCl, solutions, the metal ions became uniformly distributed throughout the gel, indicating that the
bpy sites remained available for metal coordination. The same group reported on linear PLA-PEG-
PLA triblock copolymers functionalized with a bpy ligand."" Nanoparticles could be prepared by
precipitation of the polymer in water using FeCl, in DMSO, but gelation properties were not
studied. Dynamic light scattering and transmission electron microscopy confirmed the presence of
star-like Fe(II)-polymer complexes of 40-80 nm in diameter. Vermonden et al. investigated the
aggregation of short PEG chains endcapped with 2,6- dicarboxypyridine groups in aqueous
solutions containing metal ions.'? The presence of Zn(II) ions or transition metal ions like Ni(II)
resulted in linear polymer structures, whereas neodymium(III) or lanthanum(III) ions yielded three-
dimensional polymer networks. This was ascribed to the larger size of the lanthanide ions which
allows for the coordination of additional ligands compared to 4™ period transition metal ions. At
high concentrations, the polymer networks behaved as viscoelastic materials that were thermo-
reversible.”” The group of Schubert prepared tpy containing dextrans which form assemblies in the
presence of Fe(Il) or Ru(II) ions.'* Depending on the degree of tpy functionalization, a shift from
inter- to intramolecular crosslinking was observed. Comb type copolymers could be obtained by the

formation of coordination complexes of bpy functionalized dextrans and mono-bpy functionalized

132



PEG-PLLA star block copolymer hydrogels crosslinked by metal-ligand coordination

PEGs using Ru(Il), but gelation studies were not reported. The same group also reported on the
association behavior of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-
PPO-PEO, commercially known as Pluronics) endcapped with tpy ligands in water."” It was found
that the addition of 0.5 equivalents of Ni(Il) ions relative to tpy groups induced the formation of
bis(tpy)-Ni(I) complexes and disrupted initially formed hydrophobic tpy aggregates. Addition of
Ni(II) ions to an 18 w/v % solution of tpy functionalized Pluronics resulted in the formation of a
hydrogel but no gel properties or temperature dependent gelation were described.

Previously we found that PEG-(PLLAj,)s star block copolymers yield thermo-reversible
hydrogels with good mechanical properties.'® These materials, which are biodegradable through
hydrolysis of PLLA ester bonds, do show a limited gel stability in aqueous environments due to the
rapid degradation and/or dissolution of the polymers in these physically crosslinked networks.
Based on these findings, dual type crosslinked networks were expected to form more robust
hydrogels. In this paper we describe the synthesis and aqueous solution properties of pyridine
functionalized star block copolymers (PEG-(PLLA)s-py). These star block copolymers were co-
crosslinked in the presence of (transition) metal ions and the resulting mechanical and degradation

properties of these novel PEG-(PLLA)s-py metallo-hydrogels were determined.

8.2 Experimental section

Materials. Hydroxyl terminated 8-armed poly(ethylene glycol) (PEG-(OH)s, M,, nmr = 23800
g/mol) was purchased from Jenkem (Allen, Texas, USA) and purified before use by dissolution in
dichloromethane and precipitation in cold diethyl ether. PEG-(OH)g was converted in PEG-(NH;)s
as described previously.'® L-lactide was obtained from Purac (Gorinchem, the Netherlands).
Iron(Ill) chloride, sodium chloride, copper(Il) chloride, zinc chloride, cobalt chloride, manganese
chloride, copper(Il) sulfate, methanesulfonyl chloride (mesyl chloride), tin(Il) 2-ethylhexanoate
(stannous octoate), triethylamine (TEA), 25 % aqueous ammonia solution, succinic anhydride and
N-hydroxysuccinimide (NHS) were from Sigma-Aldrich (St Louis, Missouri, USA). 4-
Aminopyridine and N,N’dicyclohexylcarbodiimide were purchased from Acros (Geel, Belgium). 4-
Dimethylaminopyridine was bought from Merck (Darmstadt, Germany). Toluene, tetrahydrofuran,
diethyl ether, methanol and dichloromethane were all from Biosolve (Valkenswaard, the
Netherlands). Dichloromethane and tetrahydrofuran were dried over calcium hydride, whereas TEA
and toluene were dried over potassium hydroxide and sodium, respectively. All solvents were
distilled prior to use.

The 8-armed poly(ethylene glycol)-poly(L-lactide) star block copolymer with a degree of
polymerization of 12 lactyl units per PLLA arm (PEG-(PLLA)g) was synthesized by ring opening
polymerization of L-lactide in toluene at 110 °C. Amine terminated 8-armed star PEG (PEG-
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(NH>)s) and stannous octoate were used as initiator and catalyst, respectively. This procedure was

described in detail previously.'®

Synthesis. The 8-armed poly(ethylene glycol)-poly(lactide) star block copolymers with pyridine
end groups (PEG-(PLLA)s-py) were synthesized in a three-step procedure starting from PEG-
(PLLA)s. First the PLLA hydroxyl end groups were reacted with succinic anhydride to yield
carboxylic acid end groups, which were subsequently activated by conversion to their NHS esters.
Finally, pyridine end groups were obtained by reaction of 4-aminopyridine with the activated
carboxylic acid groups.

A typical procedure for the synthesis of the PEG-(PLLA)g star block copolymer with carboxylic
acid end groups (PEG-(PLLA)s-c) was as follows. To a solution of PEG-(PLLA)s (12 g, 0.39
mmol) in 125 ml of dichloromethane, succinic anhydride (0.47 g, 4.7 mmol), 4-
dimethylaminopyridine (0.29 g, 2.3 mmol) and TEA (0.44 ml, 3.2 mmol) were added. The reaction
was allowed to proceed for 24 h at room temperature in a nitrogen atmosphere. The reaction
mixture was filtered and concentrated under reduced pressure. The product was purified by
precipitation in a large excess of a cold mixture of diethyl ether and methanol (10/1 v/v). PEG-
(PLLA)s-c was obtained by filtration and dried overnight in vacuo at room temperature over
phosphorus pentoxide. In the second step of the synthesis procedure, PEG-(PLLA)g-c (3.0 g, 0.10
mmol) was dissolved in 60 ml of dichloromethane. Subsequently NHS (0.12 g, 1.1 mmol) was
added, followed by the addition of N,N’dicyclohexylcarbodiimide (0.28 g, 1.4 mmol). The reaction
mixture was stirred at room temperature for 24 h in a nitrogen atmosphere. The mixture was filtered
until clear, concentrated under reduced pressure and precipitated in a large excess of a cold mixture
of diethyl ether and methanol (20/1 v/v). PEG-(PLLA)s-c-NHS was obtained by filtration and dried
under reduced pressure in the presence of phosphorus pentoxide. In the final step of the synthesis,
PEG-(PLLA)g-c-NHS (1.0 g, 31 umol) was dissolved in 50 ml of tetrahydrofuran. After addition of
4-aminopyridine (0.23 g, 2.5 mmol), the reaction was allowed to proceed for 3 d at room
temperature in a nitrogen atmosphere. PEG-(PLLA)s-py was purified by precipitation in a large
excess of cold diethyl ether and after filtration dried under reduced pressure. 'H NMR (DMSO-ds):
o0 = 7.98 (m, pyridine H-2, H-2’), 7.53 (s, CONHC), 6.44 (d, pyridine H-3, H-3"), 5.93 (s,
CH,NHCO), 5.20 (m, CH3CH), 4.97 (m, CH;CHOCO) 3.51 (PEG protons), 2.55-2.70 (m,
OCOCH:CH,CONH), 1.47 (d, CH;CH), 1.34 (d, CH;CHOCO).

Characterization. 'H NMR (300 MHz) spectra were recorded on a Varian Inova 300 NMR

spectrometer. Polymers were dissolved in CDCl3, D,O or DMSO-dg at a concentration of 15 mg/ml.
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Aqueous solution properties. Dynamic light scattering (DLS) of the PEG-(PLLA )s-py star block
copolymer was performed to determine aggregate sizes in distilled water and in 0.25 M MnCl,
solution at a polymer concentration of 0.5 w/v %. Experiments were carried out at 25 °C using a

Malvern Nano ZS, a laser wavelength of 633 nm and a scattering angle of 173°.

Gel properties. The vial tilting method was used to determine the temperature dependent
gelation behavior of PEG-(PLLA)s-py hydrogels. Polymers were dissolved in water containing 0.25
M MnCl; or NaCl. The temperature dependent gelation behavior was studied in the range of 20-80
°C with temperature increments of 5 °C. At each temperature, the sample was allowed to equilibrate
for 10 min. If there was no flow after tilting the vials 90° for 1 min, the sample was regarded as a
gel; otherwise, it was regarded as a sol.

Oscillatory rheology experiments were performed to determine the mechanical properties of the
PEG-(PLLA)g-py hydrogels which were prepared using 0.25 M FeCl;, NaCl, CuCl,, ZnCl,, CuSOs,
CoCl; or MnCl,; solution. The storage (G’) and loss (G’”) modulus of hydrogels were monitored for
3 min at 20 °C on an Anton-Paar Physica MCR 301 rheometer. Experiments were performed using
a flat plate measuring geometry (diameter 25 mm, gap 0.3 mm) utilizing a strain of 0.5 % and a
frequency of 1 Hz.

Degradation/dissolution experiments were performed to determine the stability of the PEG-
(PLLA)s-py hydrogels which were prepared using 0.25 M MnCl, or NaCl solution. On top of 0.5
ml of hydrogel, 3 ml of PBS was placed and the samples were kept at 37 °C. To prevent bacterial
growth, 0.02 w/v % NaN3 was added to the buffer solution. At regular time intervals, the vials were
tilted 90°. The degradation/dissolution time was defined as the number of days until the sample

became fully solubilized. Degradation/dissolution experiments were performed in duplicate.
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8.3 Results and discussion

Synthesis of PEG-PLLA star block copolymers with pyridine end groups. PEG-PLLA star
block copolymers with pyridine end groups were prepared starting from PEG-(OH)g (Figure 1).
PEG-(PLLA;)s star block copolymers with 12 lactyl units per arm and hydroxyl end groups were
reacted with succinic anhydride to afford polymers with carboxylic acid end groups in high yield.
The carboxylic acid groups were subsequently converted in their N-hydroxysuccinimide active
esters and reacted with 4-aminopyridine to give the pyridine end functionalized block copolymers
(Figure 1).
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Figure 1. Synthesis scheme for the preparation of PEG-(PLLA)s-py star block copolymers.

In the spectrum of PEG-(PLLA)g-c a broad signal at 2.6-2.8 ppm confirms the presence of the
succinic methylene protons (Figure 2). Upon conversion of the carboxylic acid groups in their N-
hydroxysuccinimide active esters the succinic methylene protons (e) partially shift downfield and a

peak at 2.83 ppm appears corresponding to the succinimide protons.
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Figure 2. "H NMR spectra of PEG-(PLLA )s-c-NHS (bottom) and PEG-(PLLA)g-c (top) in CDCls.

Unassigned peaks belong to spinning side bands.
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In the '"H NMR spectrum (DMSO-ds) of PEG-(PLLA)s-py signals are visible at 7.98 and 6.44
ppm corresponding to the pyridine protons (Figure 3). Moreover, a signal at 7.53 ppm shows the
linking amide group between the pyridine group and PEG-PLLA star block copolymer. Based on
the integral ratio of signals h and ¢, the upfield shift of the succinic methylene protons (e) as well as
the absence of signals relating to residual NHS groups at 2.83 ppm, it was concluded that all 8 arms
of PEG-(PLLA)s-py were functionalized with a pyridine group.

In the 'H NMR spectrum of PEG-(PLLA )s-py dissolved in D,0, the relative intensity of the PLA
signals decreases to a large extend because the hydrophobic PLA blocks are condensed into
hydrophobic domains in an aqueous environment (Figure 3). The observable PLA protons (30 % of
the total PLA units) correspond to PLA chains dangling in water and to the more mobile chains in
hydrophobic domains.'” Although the para-amide substituted pyridine groups are close to the PLLA
blocks these groups are well detectable. It may be concluded that the end groups are present in the
more hydrophilic regions of the aggregates. This conclusion is supported by the 'H NMR spectral
data of the block copolymer dissolved in CDCIs. As seen in Figure 3 (top) no signals appear for the
pyridine protons meaning they have a low mobility possibly due to aggregation. Moreover the
amide protons could also not be detected. These results indicate that a high number of pyridine
ligands are available in the aqueous phase to participate in the formation of metal ion-pyridine

complexes.
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Figure 3. 'H NMR spectra of PEG-(PLLA)g-py in DMSO-ds (bottom), D,O (middle) and CDCl3
(top). Unassigned peaks belong to spinning side bands.

Rheology. Physically crosslinked PEG-(PLLA;)s star block copolymers show thermo-reversible
gel- sol transitions above a critical gel concentration (CGC) of ~10 w/v %.'® The CGC of PEG-
(PLLA)s-py was found at a similar value of approximately 8 w/v % (Figure 6). Because the
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pyridine groups in PEG-(PLLA)s-py are in the hydrophilic regions it is possible to form
coordination complexes with transition metal ions, which will lead to additional crosslinks and
improved mechanical properties. For initial experiments CuCl, was selected because Cu(Il) ions
were previously shown to form coordination complexes with pyridine type ligands.® Oscillatory

rheology measurements were performed on the polymer dissolved in a 0.25 M CuCl; solution.
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Figure 4. Storage modulus (G’) at 20 °C versus concentration for PEG-(PLLA)s-py hydrogels
prepared in 0.25 M CuCl, solution (m) and in distilled water (D).

Over the entire concentration range, the storage modulus is higher for PEG-(PLLA)s-py
hydrogels prepared in 0.25 M CuCl, solution compared to hydrogels prepared in water (Figure 4).
These data are evidence of the formation of intermolecular coordination complexes between metal
ions and pyridine ligands resulting in the formation of additional crosslinks. It cannot be excluded
that also intramolecular complexes are formed. The increase in G’ with polymer concentration
(Figure 4) can be ascribed to the formation of a more densely crosslinked network. As expected the
effect of the additional metal-pyridine crosslinks is more noticeable at lower concentrations where
the physical crosslink density is relatively low.

The nature of both the metal ion and counter ion may have a profound effect on the metal-
pyridine coordination complex formed and its association constant.'® The storage modulus G” of 10
w/v % PEG-(PLLA)s-py hydrogels prepared using 0.25 M CuCl,, ZnCl,, CuSOs4, CoCl, or MnCl,
solutions was determined with oscillatory rheology measurements at 20 °C (Table 1). PEG-
(PLLA)s-py hydrogels (10 w/v %) prepared in 0.25 M FeCls, NaCl or water were used as controls.
Both Zn ions and the transition metal ions Cu(Il), Co(I) and Mn(Il) exhibit a higher storage
modulus compared to a PEG-(PLLA)s-py hydrogel prepared in water, indicating that coordination
of these metal ions with the pyridine ligands leads to a higher physical crosslink density. Moreover

changing the anion from chloride to sulfate (CuCl, vs. CuSOy) results in a significant increase in G’
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from 110 to 225 Pa. The storage moduli of the hydrogels prepared in NaCl or FeCls solution are
lower compared to the hydrogel prepared in distilled water. This may be attributed to the reduction
in the effective hard sphere volume of the micelles (micellar aggregates) in a salt solution, which is
a poorer solvent than water."” The results confirm that the pyridine ligands can form coordination

complexes with a range of metal ions.

Table 1. Storage modulus (G’) at 20 °C for 10 w/v % PEG-(PLLA)s-py hydrogels prepared in
various 0.25 M salt solutions.

Salt FeCl; NaCl No salt | CuCl, ZnCl, CuSO4 | CoCl, MnCl,
G’ (Pa) 10 20 55 110 110 225 250 285

No significant effect of the salt concentration on the mechanical properties was found, as 10 w/v
% PEG-(PLLA)s-py hydrogels prepared in 0.025 M, 0.25 M or 4 M aqueous CuCl, solutions all
yielded a similar storage modulus of approximately 100 Pa. Importantly a concentration of 0.025 M
Cu(Il) was previously reported to be non-cytotoxic for fibroblasts.?'

PEG-(PLLA)g-py hydrogels (10 w/v %) prepared in a 0.25 M MnCl, solution exhibit the highest
storage modulus, indicative of a higher association constant of the Mn(Il) coordination complex
with pyridine ligands. In the following sections the self-assembly of PEG-(PLLA)g-py in 0.25 M
MnCl, solutions as well as the temperature sensitive gelation behavior and the hydrogel degradation

are presented.

Self-assembly in aqueous solutions and gelation behavior. PEG-(PLLA;)s star block
copolymers self-assemble at low concentrations in water to form micelles and aggregates with a
hydrophobic PLA core and a hydrophilic PEG shell.”* In the periphery of the aggregates also PLA
domains are present and free PLA chains dangling in water.'” Using dynamic light scattering (DLS)
the aggregate sizes and aggregate size distributions were determined for PEG-(PLLA)g-py star
block copolymers dissolved at a low concentration (0.5 w/v %) in water and in a 0.25 M MnCl,

solution (Figure 5).
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Figure 5. Aggregate size distributions of PEG-(PLLA)g-py star block copolymers in distilled water
(dashed line) and in 0.25 M MnCl, solution (solid line) at 25 °C (polymer concentration of 0.5 w/v
%).

In water, the block copolymer forms small aggregates with an average diameter of 30-40 nm,
close to the typical size of micelles, as well as larger aggregates with a diameter of ~250 nm, which
may result from secondary aggregation of micelles.”” These values are in a similar range as
compared to those of the non-functionalized PEG-(PLLA,)s.'® The presence of Mn(II) ions in an
aqueous solution of PEG-(PLLA)s-py results in a clear increase in aggregate dimensions (Figure 5).
In previous research it was shown that micelles and micellar aggregates of PEG-(PLLA)g star block
copolymers contain different types of hydrophobic domains of PLLA blocks and even PLLA chains

17 1

dangling in water. * 'H NMR measurements using D,0O suggested that the pyridine ligands which

are covalently attached to the end of the PLLA blocks are located in the aqueous phase and have a
high mobility (Figure 3). Therefore, the increased aggregate dimensions are most likely caused by

the formation of intermolecular Mn(II)-pyridine complexes.
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Figure 6. Gel-sol transition temperatures of PEG-(PLLA)g-py star block copolymers in aqueous
solution determined with the vial tilting method: 0.25 M MnCl, (m) and 0.25 M NacCl solution (A).
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The thermo-reversible gelation properties of PEG-(PLLA)s-py dissolved in 0.25 M MnCl, or
NacCl solutions were investigated with the vial tilting method using a temperature range of 20 to 80
°C (Figure 6). Above the CGC of 8 w/v % PEG-(PLLA)s-py forms hydrogels as a result of PEG
entanglements and interaggregate PLA bridging. In the presence of Mn(Il) ions, additional metal-
pyridine crosslinks are formed (Figure 7). The formed gels exhibit a transition from the gel to the
sol state upon a temperature increase due to dehydration of the PEG, which causes the aggregates to
shrink resulting in decreased interactions between the aggregates. This transition is fully reversible

upon cooling. Replacing Na(I) ions for Mn(Il) ions leads to gel to sol transitions at higher
emperatures (Figure 6) as a result of the additional metal-pyridine crosslinks. The shift to larger
aggregates in PEG-(PLLA)g-py / MnCl, solutions compared to those present in water (Figure 5)

may also be a reason for the shift of the boundary curve to higher temperatures

% An increase in
polymer concentration shifts the gel to sol transition to higher temperatures as a result of an

increased number of physical crosslinks (Figure 6).
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Figure 7. Schematic representation of a PEG-(PLLA)-py star block copolymer (A), a PEG-(PLLA)

py micelle in aqueous solution (B) and a PEG-(PLLA)-py hydrogel in the presence of metal ions
(C). For clarity, PEG-(PLLA)-py star block copolymer is drawn with 4 arms

Hydrogel degradation/dissolution. The in vitro stability of PEG-(PLLA)s-py hydrogels,
prepared in 0.25 M NaCl or MnCl,, was investigated by placing PBS on top of the hydrogel

samples at 37 °C and determining the number of days until the samples became fully solubilized. It
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was observed that a 12 w/v % PEG-(PLLA)s-py / NaCl hydrogel completely solubilized within 1 d.
A 12 w/v % PEG-(PLLA)g-py / MnCl, hydrogel exhibited a significantly improved stability, and
complete dissolution was only observed at day 3. Physical PEG-PLA type hydrogels generally
loose their structural integrity because the close packing of micelles and aggregates is affected due
to the concentration difference of the copolymer in the hydrogel and supernatant buffer. The
stabilizing interactions between Mn(Il) ions and pyridine ligands probably lead to less facile
disruption of the micellar and aggregate packing. Increasing the concentration of the PEG-(PLLA )g-
py / MnCl, hydrogel from 12 to 16 w/v % extended the dissolution time from 3 to 10 d. A higher

physical crosslink density is most likely the reason for this prolonged stability.

8.4 Conclusions

Coordination complexation of transition metal ions and PEG-(PLLA)g-py star block copolymers
with pendant pyridine ligands has a profound effect on the solution and thermo-reversible gelation
properties of these materials. Oscillatory rheology measurements confirmed that transition metal
ions interact efficiently with pyridine ligands to form metal-ligand complexes with a 5 to 10 times
higher storage modulus than in NaCl solutions at similar concentrations. Dynamic light scattering
experiments showed that at low concentrations, aqueous solutions of PEG-(PLLA)s-py consist of
micelles and aggregates. At higher concentrations, thermo-responsive gels were obtained,
exhibiting a reversible gel to sol transition upon temperature increase. The presence of Mn(II) ions
resulted in increased aggregate dimensions, a larger gel window and increased in vitro stability due
to the coordination of pyridine ligands around the metal centers, thus introducing additional
crosslinks. The possibility to modulate hydrogel properties by metal ligation makes the PEG-

(PLLA)s-py hydrogels versatile materials which may find use in a variety of applications.
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Hydrogels are hydrophilic polymer networks that are able to retain large amounts of water. They
generally exhibit excellent biocompatibility and are accordingly of interest for biomedical and
pharmaceutical applications such as systems for the controlled delivery of biologically active
agents. Hydrogels are networks that can be physically crosslinked by non-covalent interactions
and/or chemically crosslinked by covalent bonds. Both approaches have been used in recent years
for the preparation of hydrogels that can be applied under physiological conditions. Of special
interest are biodegradable injectable hydrogels, also called “in sifu” forming hydrogels. These gels
are formed at the injection site after the introduction of fluid precursors in a minimally invasive
manner. “In situ” forming hydrogels offer several advantages over implantation of pre-shaped
devices. There is no need for surgical procedures and their initially flowing nature ensures proper
shape adaptation as well as a good fit with the surrounding tissue. Moreover, cells or biologically
active agents can be easily incorporated in the injectable fluid.

Hydrogel based controlled drug delivery systems can potentially be used to address a number of
issues that are encountered in conventional drug delivery, such as poor control of local or systemic
drug concentration and the low solubility of many therapeutic agents in biological fluids. Most
physically and chemically crosslinked biodegradable hydrogels that have been applied as controlled
drug delivery systems are based on linear amphiphilic block copolymers of poly(ethylene glycol)
(PEG) and aliphatic polyesters. Star block copolymers offer various advantages over linear
polymers, such as increased solubility in aqueous media and a higher concentration of functional
end groups. Starting from an 8-armed PEG block we designed and explored different block
copolymers composed of outer poly(lactide) (PLA) or poly(trimethylene carbonate) (PTMC)
blocks, for the preparation of physically or chemically crosslinked injectable hydrogels. The
gelation and hydrogel degradation mechanisms involved were investigated in detail and their
potential as systems for the controlled delivery of biologically active agents was evaluated.

In Chapter 2 physical and chemical crosslinking methods are reviewed that have been applied
for the synthesis of PEG based hydrogels for biomedical applications. The emphasis is on PEG-
PLA block copolymer hydrogels that can be formed in situ. The examples discussed in this chapter
represent some of the approaches that have been used to synthesize physically or chemically
crosslinked hydrogel networks that may be used in biomedical and pharmaceutical applications. It
was concluded that the development of new materials and a deeper understanding of underlying
gelation mechanisms will inevitably result in an even greater role for hydrogels in biomedical
applications.

Preferential hydrolysis of linking ester groups between the PEG and PLA blocks is generally
accepted to cause a rapid hydrolytic degradation of PEG-PLA type hydrogels. To avoid this
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preferential hydrolysis the synthesis of 8-armed PEG-PLA star block copolymers linked by an
amide group between the PEG core and the PLA blocks (PEG-(NHCO)-(PLA)g) was investigated
and the results are described in Chapter 3. It was shown that in PEG-(NHCO)-(PLA)s hydrogels
degradation only takes place via hydrolysis of ester groups in the PLA chains, affording materials
that are more slowly degrading than PEG-(OCO)-(PLA)g hydrogels. The PEG-(NHCO)-(PLA)g star
block copolymers in water had a low critical gel concentration (CGC) and exhibited a temperature
dependent phase behavior. Furthermore, these copolymers had a larger gel window compared to
PEG-(OCO)-(PLA)s block copolymers. The research described in Chapter 3 was extended by
preparing the corresponding enantiomeric PEG-PDLA and PEG-PLLA star block copolymers and
studying the effect of stereocomplexation on the gelation behavior and hydrogel properties
(Chapter 4). When 6 w/v % PEG-(NHCO)-(PDLA3)s and PEG-(NHCO)-(PLLA3)s aqueous
solutions were mixed, a stereocomplexed hydrogel formed within 1 minute. Compared to single
enantiomer hydrogels of similar concentration, stereocomplexed PEG-(NHCO)-(PLA)s hydrogels
exhibited enhanced mechanical properties and an improved in vitro stability. Rheology and nuclear
magnetic resonance (NMR) experiments revealed that formation of stereocomplexes is facilitated at
higher temperatures, possibly due to rearrangement in the aggregates thereby exposing more PLA
units available for stereocomplexation. The formed gels did not return to their sol state upon
cooling due to the presence of highly stable semi-crystalline stereocomplexed PLA domains.
Stereocomplexed PEG-(NHCO)-(PLA)g hydrogels were more stable towards hydrolysis than
stereocomplexed PEG-(OCO)-(PLA)g hydrogels. In an initial study it was shown that the release of
a small protein like lysozyme from the stereocomplexed gels for 30 days was diffusion controlled.
In Chapter 5 the synthesis of 8-armed PEG-PTMC star block copolymer (PEG-(PTMCy)g) by
metal-free ring opening polymerization of trimethylene carbonate (TMC) is reported. Although dye
solubilization experiments, NMR and dynamic light scattering clearly indicated the presence of
aggregates in aqueous dispersions of the copolymers, no physical gelation was observed up to high
polymer concentrations. A detailed study towards the aggregation behavior suggested that the
residence time of the PTMC blocks in the hydrophobic regions is too short to obtain a stable
network. PEG-(PTMCy)g was functionalized with acrylate (AC) end groups and photopolymerized.
UV irradiation of dilute (<5 w/v %) PEG-(PTMCy)s-AC dispersions resulted in covalently
crosslinked PEG-PTMC nanoparticles, whereas more concentrated dispersions yielded chemically
crosslinked PEG-PTMC hydrogels. Photocrosslinked PEG-PTMC hydrogels exhibited excellent in
vitro stability with only 10 % mass loss after 6 weeks and showed no toxicity towards
chondrocytes.

Chemically crosslinked PEG-PLA hydrogels prepared by a Michael addition reaction between
multi-armed PEG-(SH), and acrylated PEG-PLA star block copolymers (PEG-(PLA,)s-AC) are
described in Chapter 6. The mechanical and degradation properties of these hydrogels could be
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tuned by changing the functionality of the PEG-(SH),. Mixing PEG-(PLA4)s-AC and PEG-(SH)s
solutions (5 w/v % in PBS) resulted in the formation of a hydrogel in less than a minute, which
quickly reached a high storage modulus of 17 kPa. Degradation times increased with crosslink
density and varied from 3 days for PEG-(PLA,)s-AC / PEG-(SH), hydrogels to several months for
PEG-(PLA2)s-AC / PEG-(SH)g hydrogels. The degradation of the hydrogels had a significant effect
on the protein release behavior. Lysozyme and albumin were released from the highly crosslinked
PEG-(PLA»)s-AC / PEG-(SH)g hydrogels for 4 weeks mainly by diffusion. The release of
lysozyme from PEG-(PLA,)s-AC / PEG-(SH), and PEG-(PLA,)s-AC / PEG-(SH)4 hydrogels was
significantly faster with complete release in 3 and 12 days, respectively. The release was governed
by a combination of diffusion and degradation. Importantly, the released lysozyme retained 100 %
activity. In Chapter 7 PEG-PLA type hydrogels are reported that can be formed by physical
crosslinking through stereocomplexation followed by photopolymerization. In this way
enantiomeric PEG-(PDLA)s-AC and PEG-(PLLA»)s-AC star block copolymers afforded highly
robust and stable hydrogels. The release properties of the photopolymerized gels were evaluated
using lysozyme, albumin and rhodamine B as model compounds. A first order release of albumin
and lysozyme over a period of 10 days was observed. The released lysozyme lost some of its
enzymatic activity possibly due to denaturation of the protein by UV irradiation and radicals
generated during the photocrosslinking of the gel. The release of rhodamine B from the
stereocomplexed and photocrosslinked PEG-PLA hydrogels was characterized by an initial burst
followed by a degradation dependent release during several months. In Chapter 8 an initial study is
presented towards the aqueous solution behavior and thermo-reversible gelation properties of
pyridine end functionalized PEG-PLA star block copolymers (PEG-(PLLA)sz-py) in the presence of
coordinating transition metal ions. In aqueous solutions the macromonomers self-assembled into
micelles and micellar aggregates at low concentrations and formed physically crosslinked, thermo-
reversible hydrogels above a CGC of 8 w/v %. The presence of Mn(II) ions resulted in increased
aggregate dimensions, a larger gel window and increased in vitro stability due to the coordination of
pyridine ligands around the metal centers, thereby introducing additional crosslinks. Importantly,
the stabilizing effect of metal-ligand coordination was noticeable at very low, non-toxic metal ion

concentrations.

149



Summary

150



Samenvatting

Hydrogelen zijn hydrofiele polymeer netwerken die grote hoeveelheden water kunnen opnemen.
Ze zijn over het algemeen zeer biocompatibel en dientengevolge erg interessant voor biomedische
en farmaceutische toepassingen zoals systemen voor de gecontroleerde afgifte van biologisch
actieve stoffen. Deze netwerken kunnen of fysisch gecrosslinkt door non-covalente interacties en/of
chemisch gecrosslinkt zijn door covalente bindingen. Beide methoden zijn gebruikt voor het maken
van hydrogelen die onder fysiologische condities toegepast kunnen worden. Bijzonder interessant
zijn biodegradeerbare en injecteerbare hydrogelen, die ook wel “in situ” vormende hydrogelen
worden genoemd. Deze gelen vormen zich op de plaats van injectie uit polymeeroplossingen door
het instantaan vormen van fysische of chemische crosslinks. “/n situ” vormende hydrogelen bieden
diverse voordelen ten opzichte van het implanteren van voorgevormde hydrogelen. Chirurgische
ingrepen zijn niet nodig en het initieel vloeibare karakter zorgt voor een goede aansluiting met
omliggend weefsel. Bovendien kunnen cellen of biologisch actieve stoffen gemakkelijk worden
geincorporeerd in de injecteerbare vloeistof.

Hydrogel systemen voor de gecontroleerde afgifte van medicijnen kunnen gebruikt worden om
een aantal nadelen van hedendaagse medicijn afgifte systemen te ondervangen zoals beperkte
controle over de lokale of systemische concentratie van de therapeutische stof en/of de algemeen
beperkte oplosbaarheid in biologische vloeistoffen. De meeste fysisch en chemisch gecrosslinkte
biodegradeerbare hydrogelen die zijn toegepast als systemen voor de gecontroleerde afgifte van
medicijnen zijn gebaseerd op lineaire amfifiele blokcopolymeren van poly(ethyleen glycol) (PEG)
en alifatische polyesters. Ten opzichte van lineaire polymeren bieden stervormige blokcopolymeren
als uitgangsmateriaal voor hydrogelen diverse voordelen, zoals een betere oplosbaarheid in water en
fysiologische buffers en een hogere concentratie functionele eindgroepen. Op basis hiervan zijn
vanuit een centraal 8-armig PEG polymeer door ring-opening polymerisatie van lactide of
trimethyleencarbonaat 8-armige PEG-(PLA)s en PEG-(PTMC)g blokcopolymeren gesynthetiseerd.
De gelering en degradatie mechanismen van de hieruit verkregen hydrogelen zijn onderzocht en
hun bruikbaarheid als systemen voor de gecontroleerde afgifte van biologisch actieve stoffen
geévalueerd.

In Hoofdstuk 2 wordt een overzicht gegeven van methoden die gebruikt zijn voor het fysisch en
chemisch crosslinken van op PEG gebaseerde hydrogelen voor biomedische toepassingen. De
nadruk in dit overzicht is gelegd op PEG-PLA blokcopolymeren die in situ gevormd kunnen
worden. Met een aantal voorbeelden zijn deze algemene methoden geillustreerd. Op basis van de
huidige stand van zaken kan geconcludeerd worden dat een verdere ontwikkeling van nieuwe
materialen voor injecteerbare hydrogelen en fundamentele kennis van de gelering mechanismen

belangrijk zijn voor nieuwe biomedische en farmaceutische toepassingen.
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De preferentiéle hydrolyse van de ester groepen tussen PEG en PLA blokken, een direct resultaat
van ring-opening polymerisatie van lactonen aan de PEG hydroxyl eindgroepen, wordt doorgaans
als oorzaak gezien voor de snelle hydrolytische degradatie van PEG-(OCO)-PLA type hydrogelen,
waaronder ook die gebaseerd op 8-armige PEG-PLA stervormige blokcopolymeren (PEG-(OCO)-
(PLA)g). Om deze preferenti€éle hydrolyse te voorkomen werden 8-armige PEG-PLA stervormige
blokcopolymeren met een amide groep tussen de PEG kern en de PLA blokken (PEG-(NHCO)-
(PLA)sg) onderzocht en de resultaten zijn in Hoofdstuk 3 beschreven. Er werd aangetoond dat in
PEG-(NHCO)-(PLA)g hydrogelen degradatie alleen plaatsvindt via hydrolyse van ester groepen in
de PLA ketens, waardoor deze gelen dus langzamer degraderen dan PEG-(OCO)-(PLA)s
hydrogelen. Bovendien hadden de PEG-(NHCO)-(PLA)g stervormige blokcopolymeren een lage
kritische gel concentratie en vertoonden temperatuur athankelijk gelering gedrag dat ze geschikt
maakt als een injecteerbaar hydrogel systeem. Het onderzoek als beschreven in Hoofdstuk 3 was de
basis voor een studie naar de stereocomplexatie van mengsels van enantiomere PEG-PDLA en
PEG-PLLA stervormige blokcopolymeren en het effect op het gelering gedrag en de eigenschappen
van de verkregen hydrogelen (Hoofdstuk 4). Na het mengen van 6 w/v % PEG-(NHCO)-
(PDLA3)s en PEG-(NHCO)-(PLLA3)s waterige oplossingen ontstond binnen 1 minuut een
“stereocomplex hydrogel”. Vergeleken met hydrogelen als beschreven in Hoofdstuk 3 die waren
gemaakt met één enantiomeer, vertoonden de stereocomplex PEG-(NHCO)-(PLA)g hydrogelen een
hoge in vitro stabiliteit. Met reologische en kernspin resonantie (NMR) experimenten is aangetoond
dat er bij hogere temperaturen een toename is in de vorming van stereocomplexen, mogelijk door
herordening in en tussen de micellaire en grotere aggregaten waardoor meer PLA ketens
beschikbaar komen voor stereocomplexatie. De gevormde gelen vertoonden uiteindelijk geen
temperatuur athankelijke gel-sol overgang meer door de vorming van zeer stabiele semi-kristallijne
stereocomplex PLA domeinen en bleven in de gel fase. Stereocomplex PEG-(NHCO)-(PLA)s
hydrogelen waren beter bestand tegen hydrolytische degradatie dan stereocomplex PEG-(OCO)-
(PLA)s hydrogelen. In een initi€le studie werd aangetoond dat de afgifte van een klein eiwit als
lysozyme vanuit de stereocomplex hydrogelen gedurende 30 dagen diffusie gecontroleerd is.

In Hoofdstuk 5 wordt de synthese beschreven van 8-armige PEG-PTMC stervormige
blokcopolymeren (PEG-(PTMCy)s) door middel van zuurgekatalyseerde ring-opening polymerisatie
van trimethyleencarbonaat (TMC). Met deze methode wordt het gebruik van metaalbevattende
katalysatoren, vaak gebruikt in de ring-opening polymerisatie van TMC, vermeden. Hoewel met
o.a. NMR en dynamische licht verstrooiing duidelijk het vormen van aggregaten bij lage
concentratie kon worden aangetoond treedt geen fysische gelering op bij hoge concentraties. Verder
onderzoek naar het aggregatie gedrag liet een hoge mobiliteit van de PTMC blokken in de
hydrofobe domeinen zien, en er is gesuggereerd dat deze hoge mobiliteit de vorming van stabiele

netwerken verhindert. Omdat gelering door fysisch crosslinken niet mogelijk was werden de PEG-
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(PTMCy)s ster polymeren gefunctionaliseerd met acrylaat (AC) eindgroepen en daarna
gefotopolymeriseerd. UV bestraling van verdunde (<5 w/v %) PEG-(PTMCy)s-AC dispersies
resulteerde in chemisch (covalent) gecrosslinkte PEG-PTMC nanodeeltjes, terwijl bij hogere
concentraties chemisch gecrosslinkte PEG-PTMC hydrogelen werden verkregen. Fotogecrosslinkte
PEG-PTMC hydrogelen vertoonden een uitstekende in vitro stabiliteit met slechts 10 % massa
verlies na 6 weken.

Chemisch gecrosslinkte PEG-PLA hydrogelen gemaakt via een Michael additie reactie tussen
multi-arm PEG-(SH), en geacryleerde PEG-PLA stervormige blokcopolymeren (PEG-(PLA,)s-AC)
worden beschreven in Hoofdstuk 6. De mechanische en degradatie eigenschappen van deze
hydrogelen zijn athankelijk van het aantal armen van de PEG-(SH),, macromonomeren. Het mengen
van PEG-(PLA4)s-AC en PEG-(SH)g oplossingen (5 w/v % in PBS) resulteerde in de vorming van
een hydrogel in minder dan een minuut, met een hoge opslag modulus van 17 kPa. De degradatie
tijden namen toe met de crosslink dichtheid en varieerden van 3 dagen voor PEG-(PLA,)s-AC /
PEG-(SH), hydrogelen tot enkele maanden voor PEG-(PLA»)s-AC / PEG-(SH)s hydrogelen. De
degradatie had een grote invloed op de afgifte van geincorporeerde eiwitten. Lysozyme en albumine
werden afgegeven vanuit de sterk gecrosslinkte PEG-(PLA;)s-AC / PEG-(SH)s hydrogelen
gedurende 4 weken, voornamelijk door middel van diffusie. De afgifte van lysozyme vanuit PEG-
(PLA,)s-AC / PEG-(SH); en PEG-(PLA,)s-AC / PEG-(SH)4 hydrogelen was met respectievelijk 3
en 12 dagen aanzienlijk sneller. Deze afgifte werd bepaald door een combinatie van diffusie en
degradatie. Een belangrijk aspect was dat het lysozyme zijn enzymatische activiteit volledig
behield. In Hoofdstuk 7 worden PEG-PLA type hydrogelen beschreven die worden gevormd door
fysische crosslinking via stereocomplexatie, gevolgd door fotopolymerisatie. Enantiomere PEG-
(PDLA2)s-AC en PEG-(PLLA»)s-AC stervormige blokcopolymeren leverden hydrogelen op met
een hoge opslagmodulus. De afgifte van lysozyme, albumine en rhodamine B als model stoffen
vanuit de gefotopolymeriseerde hydrogelen werd daarna onderzocht. Er werd een eerste orde afgifte
van albumine en lysozyme gedurende 10 dagen waargenomen. De lysozyme had een deel van haar
enzymatische activiteit verloren, mogelijk als gevolg van denaturatie door UV bestraling en
radicalen die ontstaan zijn tijdens het fotocrosslinken. De afgifte van rhodamine B vanuit de
fotogecrosslinkte stereocomplex PEG-PLA hydrogelen werd gekenmerkt door een initiéle snelle
afgifte gevolgd door een degradatie athankelijke afgifte gedurende enkele maanden. Ten slotte zijn
in een initi€le studie de macromoleculaire thermo-reversibele gelering eigenschappen van de eerder
beschreven PEG-PLA blokcopolymeren gecombineerd met de supramoleculaire eigenschappen van
pyridine overgangsmetaal ion complexen (Hoofdstuk 8). Na eind functionalisering van PEG-
(PLLA)s met pyridine eindgroepen tot PEG-(PLLAy)s-py i1s het thermo-reversibele gelering
gedrag in water onderzocht. De blokcopolymeren vormden micellen en micellaire aggregaten bij

lage concentraties en fysisch gecrosslinkte gelen boven een kritische gel concentratie van 8 w/v %.
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Samenvatting

In de aanwezigheid van Mn(II) ionen zijn de aggregaten groter en is de kritische gel concentratie
lager. Door de vorming van codrdinatie complexen van de pyridine liganden met de metaal ionen
worden naast de crosslinks gevormd door de hydrofobe PLA domeinen extra crosslinks
geintroduceerd wat leidt tot een hogere in vitro stabiliteit van de gelen. Dit stabiliserende effect van
metaal-ligand codrdinatie in hydrogelen is al aanwezig bij zeer lage metaal ion concentraties

hetgeen belangrijk is in biomedische toepassingen.
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