Synthesis and development of enzymatically polymerized
polyester based hydrogels for potential pharmaceutical
applications

Dissertation

Zur Erlangung des

Doktorgrades der Naturwissenschaften (Dr. rer. nat.)

Vorgelegt der

Naturwissenschaftlichen Fakultat I

Biowissenschaften

der Martin-Luther-Universitat Halle-Wittenberg

vorgelegt von

Herrn Haroon Rashid

geb. in Tank, Pakistan

Gutachter

1. Prof. Dr. Karsten Mader
2. Prof. Dr. Jorg Kref3ler

3. PD Dr. Christian Wolk

Datum der Verteidigung: 27.03.2024



Dedicated to

My Parents & Siblings



Table of Contents

TABLE OF CONTENTS

1 INTRODUCTION 1

1.1 POLYMERS, BIODEGRADABLE POLYMERS, AND DRUG DELIVERY 1

1.2 POLYESTERS AND THEIR ENZYMATIC SYNTHESIS 3
1.2.1 Functional polyester via enzymatic polymerization 8
1.2.2  Modification of functional polyester 9

1.2.2.1  Grafting of functional polyester 10
1.2.2.2  Crosslinking of functional polyester 13

1.3 CROSSLINKED POLYMER NETWORK/HYDROGELS 14

1.3.1 Types of hydrogels 16

1.3.1.2  Physical crosslinking methods to produce hydrogels 17
1.3.1.1.1  lIonic interactions 17
1.3.1.1.2  Hydrogen bonding 18
1.3.1.1.3  Hydrophobic interactions 18
1.3.1.1.4  Stereo-complexation 19
1.3.1.1.5  Crosslinking through protein interactions 20

1.3.1.2  Chemical crosslinking methods to produce hydrogels 21
1.3.1.2.1 Crosslinking through free radical polymerization 21

1.3.1.2.2  Crosslinking through enzymes 22

1.3.1.2.3  Crosslinking through radiation 23

1.3.1.2.4  Crosslinking mediated by functional group interactions 24

1.4 AIMS AND OBJECTIVES 25
2 MATERIALS AND METHODS 28

2.1 MATERIALS 28



Table of Contents

3

2.2 POLYMER SYNTHESES

2.2.1

2.2.2

2.2.3

2.2.4

Synthesis of poly(sorbitol adipate) (PSA)
Synthesis of mono- and bifunctional PEG
Synthesis of PSA-g-mPEG

Hydrogel syntheses of PSA and PSA-g-mPEG with disuccinyl PEG

2.3 INSTRUMENTATION

2.3.1

Nuclear magnetic resonance (NMR) spectroscopy

2.3.1.1  Solution NMR spectroscopy

2.3.1.2  Solid state NMR spectroscopy

23121 B¢ Magic angle spinning (MAS) NMR spectroscopy

2.3.1.2.2  'H Double quantum (DQ) NMR spectroscopy

2.3.1.2.3 'H Pulsed field gradient (PFG) NMR spectroscopy

2.3.2  Gel permeation chromatography (GPC)

2.3.3  Differential scanning calorimetry (DSC)

2.3.4  Swelling studies

2.3.5  Polymer degradation/stability study

2.3.6  Sol-gel fraction of PSA-g-mPEG hydrogels

2.3.7  Structural parameters of the PSA-g-mPEG hydrogels

2.3.8  X-raydiffraction (XRD) of PSA-g-mPEG hydrogels

2.3.9  Loading study of the BSA-TMR and DY-781 into hydrogel matrices

2.3.10 Release study of the BSA-TMR and DY-781

2.3.11  Cytotoxicity study of PSA-g-mPEG hydrogels
RESULTS AND DISCUSSION

28

28

29

31

33

33

33

33

34

34

34

34

35

35

35

36

36

37

38

39

40

40

42

II



Table of Contents

3.1  POLYMER SYNTHESES 42
32  STABILITY AND DEGRADATION STUDY 49
33 DIFFERENTIAL SCANNING CALORIMETRY 51
34  SOL-GEL FRACTION 54
3.5  SWELLING STUDIES 55
3.6 TEMPERATURE DEPENDENT SWELLING OF HYDROGELS 58
3.7 'HDOUBLE-QUANTUM (DQ) NMR SPECTROSCOPY 59
3.8 'HPULSED FIELD GRADIENT (PFG) NMR SPECTROSCOPY 66
39  PHYSICAL STRUCTURAL PARAMETERS OF HYDROGELS 70
3.10 X-RAY DIFFRACTION 75

3.11 LOADING AND RELEASE EXPERIMENT OF BSA-TMR AND DY-781 76

3.12  CYTOTOXICITY STUDY OF HYDROGELS 83

4 SUMMARY AND PERSPECTIVE 86

5 REFERENCES 91
SUPPLEMENTARY DATA 114
ACKNOWLEDGEMENT 116
CURRICULUM VITAE 117
PUBLICATIONS 118

SELBSTSTANDIGKEITSERKLARUNG 119

I11



Abbreviations and Symbols

ABBREVIATIONS AND SYMBOLS

ABBREVIATIONS

Asp

BC NMR
'H NMR
ATRP
BAM
BSA-TMR
CALB
DMAP
DMF
DMSO
DNA

DQ

DSC
EDC
FTIR
GPC
His224
MAS

mPEG1 z-SIlC

Aspartic acid

Carbon nuclear magnetic resonance spectroscopy
Proton nuclear magnetic resonance spectroscopy
Atomic transfer radical polymerization

Brewster angle microscopy

Bovine serum albumin-Tetramethylrhodamine
Candida antarctica Lipase B
4-(dimethylamino)pyridine
N,N-dimethylformamide

Dimethyl sulfoxide

Deoxyribonucleic acid

Double quantum

Differential scanning calorimetry
N-(3-di-methylaminopropyl)-N’-ethylcarbodiimide hydrochloride
Fourier transform infrared spectroscopy

Gel permeation chromatography

Histidine

Magic angle spinning

a-methoxy,w-succinyl poly(ethylene glycol)

IV



Abbreviations and Symbols

MTX

MWCO

NMR

NPs

PBS

PBS

PCL

PDLLAM

PEG

PEO

PET

PFG

PGA

PGLA

pHEMA

PLA

PMMA

PSA

RH

RNA

ROP

Methotrexate

Molecular weight cut off

Nuclear magnetic resonance spectroscopy
Nanoparticles

Poly(butylene succinate)

Phosphate buffer saline
Poly(e-caprolactone)

Poly(D,L-lactic acid) diacrylate macromer
Poly(ethylene glycol)

Poly(ethylene oxide)

Poly(ethylene terephthalate)

Pulsed field gradient

Poly(glycerol adipate)
Poly(lactic-co-glycolic acid)
Poly(2-hydroxyethyl methacrylate)
Poly(lactic acid)

Poly(methyl methacrylate)

Poly(sorbitol adipate)

Relative humidity

Ribonucleic acid

Ring-opening polymerization



Abbreviations and Symbols

RT

Ser

Suc-PEG,-Suc

THF
Uuv

WAXS

SYMBOLS

T
A Gtotal
A Gelastic

A Gmixing

UZ,S

pH

2+
Ca

D,O

Room Temperature

Serine

a,m-bis-succinyl poly(ethylene glycol)/disuccinyl PEG

Tetrahydrofuran
Ultravoilet

Wide-angle X-ray scattering

Melting temperature

Total Gibbs free energy

Change in the elastic free energy

Change in the mixing free energy

Molar mass between neighboring crosslinks
Number average molar mass

Polymer's specific volume

Solvent's molar volume

Polymer volume fraction

Potential of hydrogen

Calcium ions

day

Deutereum oxide

VI



Abbreviations and Symbols

LiBr

M

Wo

/4

hour
Lithium bromide
Polymer solvent interaction parameter

Density of the solvent

Density of the polymer hydrogel in dried form

Degree of swelling
Correlation length

Square of end to end distance between two adjacent crosslinking

points

Flory characteristics ratio

Number of links per chain

Molar mass of one repeating unit of the polymer chain
Swollen hydrogel

Dried hydrogel disc

Initial weight of hydrogel precursors before reaction

Final weight of dried clean hydrogels after washing

VII



Introduction

1 Introduction

1.1 Polymers, biodegradable polymers, and drug delivery

Polymers are large molecules synthesized by joining many smaller molecules, known as
monomers. The word "polymer" comes from the Greek language which means "many
members." Natural polymers have been present since the early days of the Earth and are
essential for the existence of life, such as DNA, RNA, and proteins. Starch, cellulose, natural
rubber, etc. are some of the natural polymers that are used to form different materials. On the
other hand, synthetic polymers are comparatively new materials and are formed by chemical
reactions giving limitless possibilities to make different polymers [1]. Polymers can be
broadly classified into two types, one is addition polymers while second is condensation
polymers. In addition polymers, identical repeating units called monomers (usually having
carbon-carbon double bond) are added up to form a polymer via chemical reaction. Examples
of addition polymers are polyethylene, polystyrene, polyacrylates, etc. While condensation
polymers on the other hand are formed when multifunctional molecules combine with
removal of a small molecule as a byproduct like water [2]. Examples of condensation

polymers are polyester, polyurethane, polyamide etc. [2,3].

Polymeric drug delivery research has undergone continuous advancement in last few decades
[4-7]. Exploring novel drug delivery systems and innovative mechanisms of action stand at
the forefront of these research goals. These objectives confine to diverse scientific disciplines,
driving significant strides in enhancing the therapeutic index and improving the
bioavailability of drugs through versatile delivery mechanisms [§]. Polymers play a vital role
by integrating conventional methods of drug delivery with engineered technologies, enabling
the precise targeting of drug release points and/or rates within the body [9]. Establishment of
novel or modified polymer chemistries that offers distinct degradation properties is essential
for tailoring the technology of drug delivery. Biodegradable polymers in the current times
have been extensively studied for the development of various drug delivery carriers in order

to enable them for attainment of sustained drug release [10].

Biodegradable polymers refer to polymers that break down within a specific timeframe after
insertion into the body, serving a temporary supportive purpose. They disintegrate into less
complex elements, eliminating concerns related to the lasting existence of foreign substances.

Through enzymatic or non-enzymatic processes, they undergo breakdown into byproducts

1
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that are both biocompatible and harmless [10,11]. Biodegradable polymers can be classified
as either natural or synthetic in origin. The utilization of biodegradable natural polymers in
the realm of medicine has historical roots. Opting for synthetic polymers instead of naturally
occurring materials brings forth various advantages. Foremost, synthetic polymers can be
synthesized using reproducible methods to consistently yield polymers with identical
compositions. This production method ensures an uninterrupted supply and allows for
tailoring a wide array of physical, chemical, and mechanical properties to suit diverse

applications [12].

Polymers belonging to the polyester family, notably poly(lactic acid) (PLA) and poly(glycolic
acid), along with their copolymers like poly(lactic-co-glycolic acid) (PGLA), are extensively
utilized synthetic biodegradable polymers. When these polyesters were first developed
approximately 50-60 years ago, they were especially synthesized to be biodegradable across a
spectrum of biomedical and drug delivery applications [13,14]. Using biodegradable polymers
presents various advantages over its alternatives. Key benefits include the capacity to adjust
mechanical characteristics, control degradation rates, and mold them into various shapes. The
primary advantage of biodegradable polymers is their inherent degradability, which reduces
the need for subsequent surgical removal, leading to saved time and reduced expenses [15].
However, the formation of degradation byproducts can also present challenges. These include
complex patterns of release and degradation, auto-catalyzed polymer degradation, and the
establishment of microenvironments with an acidic nature. Scientific investigations conducted
under in vivo and in vitro environments have indicated the occurrence of remarkably low pH
values, often falling below 2 [16—18]. As Taylor et al. pointed out, the breakdown products of
poly(lactic acid) and poly(glycolic acid) exhibited significant toxicity upon accumulation due
to their acidic nature. This results in a localized increase in acid concentration, potentially
triggering undesirable local inflammatory reactions [19]. This concern becomes more
pronounced with larger implants, particularly in orthopedic applications. Moreover, the
synthesis and processing of these polymers can be intricate and costly, especially when
modifications are required [12]. Another drawback associated with these aliphatic polyesters
pertains to their absence of available free functional groups suitable for linkage with diverse
polymers or pharmaceutical agents [20-22]. This deficiency restricts their potential for
tailored enhancement of material properties or the attainment of specific desired

characteristics [23].
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1.2 Polyesters and their enzymatic synthesis

Polyesters are the polymers that are made up of monomer units joined through ester bonds.
There can be naturally occurring polyesters as well as commercially manufactured polyesters
[24]. Cutin (from plant cuticles) [25], polyester bees [26], and shellac are some of the
examples of naturally occurring polyesters while synthetic polyesters include poly(lactic

acid), poly(ethylene terephthalate) (PET), poly(butylene succinate) (PBS) etc. [24].

Polyesters can be classified as aliphatic, semi-aromatic, or aromatic based upon their chemical

composition in the main chain as shown in Figure 1.

o] Boloma foeep-O- fo-Orop-O-

Aliphatic polyesters Semi-aromatic polyesters Aromatic polyesters
Figure 1. Chemical structure of polyesters.

Out of these types, aliphatic polyesters are extensively employed polyesters having
widespread use in medical and pharmaceutical applications. Poly(lactic acid), poly(lactic-co-
glycolic acid) (PLGA), poly(glycolic acid), and poly(e-caprolactone) (PCL) are some of the
conventional aliphatic polyesters that have been extensively used for the controlled delivery

of drugs, peptides, and proteins, as well as in a variety of biomedical applications [27-29].

Polyesters can be synthesized by two primary methods: one is step-growth polycondensation
while second is ring-opening polymerization (ROP). Each of these methods has pros and cons
[30,31]. Polycondensation can use monomers derived from renewable resources that are
inexpensive but require adverse conditions to remove by-products which can lead to
undesired side reactions. ROP, on the other hand, produces no by-products and is carried out
under relatively mild conditions, but requires catalysts that are often heavy metal salts,
making the resulting products less suitable for pharmaceutical applications due to difficulty in

completely removing the catalysts from the final product.

Enzymatic polymerization presents an alternative approach for the synthesis of both
functional polyesters and conventional biodegradable polymers, offering distinct advantages
[24,32]. This technique has gained prominence as a versatile and environmentally friendly

method for polymer synthesis, utilizing enzymes as biocatalysts to drive chemical reactions in

3
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a precise and efficient way [33-36]. Unlike conventional polycondensation techniques that
employ catalysts primarily composed of metal salts (such as aluminum, germanium, tin,
nickel, antimony, etc.), which may carry possible toxicity risks, enzymatic polymerization
provides a solution to this concern [36]. Another advantage of employing enzymes as
catalysts lies in the regioselectivity that is rendered to the polymers due to the synthesis
process being carried out under mild reaction conditions. This leads to the development of
predominantly linear polymers with minimum branching even in the presence of the

monomers consisting of multiple hydroxyl groups, such as glycerol or various sugars [37,38].

Enzymatic reactions are governed by two fundamental characteristics. The initial theory,
known as the 'key and lock' hypothesis, was introduced by E. Fischer in 1894. This theory
explains the precise interaction between an enzyme and its substrate. In accordance with this
concept, enzymes serve as catalysts by identifying and binding with a particular substrate,
much like a key might easily fit into a lock. This recognition process causes the enzyme and
substrate to form a complex in which the substrate, which resembles a key, precisely
conforms to the enzyme in a geometrically favorable manner, facilitating the reaction to occur

[39].

The second principle was elucidated by L. Pauling, which explains why enzymatic reactions
take place under mild reaction conditions. Reason explained by L. Pauling says that activation
energy which is needed to start a chemical reaction is significantly reduced compared to non-
enzymatic reaction. Activation energy gets lowered due to formation of enzyme-substrate
complex that actually stabilizes the transition state. As a result, enzymatic reactions exhibit
remarkable rate accelerations, ranging from 10° to 10'*-fold, and in certain cases, even up to

10%-fold [40,41].

Among the six enzyme classes designated by the Enzyme Commission, three of them, due to
their high catalytic activity, have been utilized extensively for enzymatic polymerization.
Hydrolases, transferases, and oxidoreductases are commonly used as catalysts in enzymatic
polymerizations [42,43]. Out of these three enzymes, hydrolases are of particular interest as
they have the capability to facilitate catalysis of the reaction in aqueous media. This happens
when they facilitate hydrolytic break down of esters comprising fatty acids in aqueous media.
More interestingly they can also catalyze esterifications and transesterifications in organic
solvents [44]. Lipase, a form of hydrolases, particularly lipase B stands as the predominant

biocatalyst utilized in the synthesis of polyesters. It is derived from Candida antarctica

4



Introduction

(CALB) and it catalyzes the reaction through esterification and transesterification. CALB has
been extensively studied for its potential in polyester production due to its stability,

commercial availability, and ease of production [45,46].

Immobilization of enzymes is crucial to maintain their biological activity in organic media,
which is essential for successful polyester polymerization and functionalization. The most
commonly used method for immobilizing CALB is physical adsorption onto hydrophobic
supports, such as the commercially available Novozym 435, which physically adsorbs the
lipase on a macroporous acrylic resin. However, this approach presents certain limitations
such as enzyme leakage, interaction of the polymer support, and solubility problems with
polar solvents. To overcome these issues, other strategies, such as the physical trapping of
CALB within poly(glycidol)-based microgels and the covalent immobilization of the enzyme
on methacrylic resin, have been developed. As a result of this covalent immobilization of the
enzyme onto resin, new commercial versions have been produced, e.g. Fermase CALB 10000.

This approach renders integrity, reusability and easy removal of the enzyme [47,48].

Figure 2 provides an illustration of the catalysis process of polycondensation which is being
catalyzed by CALB enzyme. Within the enzyme's active center, three residues of the amino
acid configure the catalysis triad. These residues include serine (Ser105), histidine (His224),
and aspartic acid (Asp187), that undergo electronic stabilization [49-52]. This active site also
possesses two distinct pockets. A large hydrophobic one is referred to as the “oxyanion hole”
which plays an important role in stability of the substrate’s carbonyl group during
intermediate synthesis. Next one is the lid which is another important feature of the enzyme.
This lid plays its role by shielding the enzyme’s active site when no lipid-water interface is

present while it opens when interface is present allowing substrate access to the site [53].

The mechanism of CALB-catalyzed polycondensation starts with the acylation step when
histidine pulls proton from serine. Nucleophilic Serl05 then interacts with substrate’s
carbonyl group. This interaction between neucleophilic serine and substrate forms the first
tetrahedral intermediate. This intermediate is being stabilized by hydrogen bonds which can
be found in the oxyanion hole. In the formation of this intermediate product, carbonyl group
gets negative charge on its oxygen. Simultaneously, acyl-enzyme complex is formed when the
carboxylic acid from Aspl187 facilitates the His224 residue in pulling the proton R'O-H (the
acylating phase). This liberation due to the acylating phase happens at same time when the

byproduct is taken away from His224 during this procedure. This process is then followed by
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deacylation step in which nucleophile attacks acyl-enzyme complex in a way that diol’s
alcohol reacts with the carbon of the carbonyl group. Hydrolysis occurs when the nucleophile
is water, whereas alcoholysis takes place when the nucleophile is an alcohol. This leads to
formation of second intermediate product. After deacylation, regeneration of enzyme occurs

causing catalysis leading to esterification [54].

First Tetrahedral
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Figure 2. CAL-B (lipase) catalytic mechanism through acylation and deacylation adapted
from [54].
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Immobilizing enzymes allows for advancements not only in research on polycondensation
reactions but also in industrial settings [55—57]. These reactions have been widely used in the
synthesis of aliphatic polyesters which are based on polyols and diacids, however because the
reactions are reversible, the syntheses frequently give low molar mass products [58]. The
removal of byproducts such as water is an important factor in shifting the equilibrium towards
polymerization [59]. Researchers have considered various strategies, such as the usage of
activated esters, to overcome this limitation. Haloalkyl, alkyl, and vinyl esters are the
commonly utilized activated esters, typically formed through the esterification of the
carboxylic acid group. Utilizing vacuum conditions along with alkyl diesters in place of
dicarboxylic acids increases the yield and molar mass of the polyesters while producing a
much more volatile byproduct (alcohol). Scientists have carried out various two-stage and
three-stage strategies by applying high vacuum to achieve high molar mass polymers via
enzymatic polymerization. While azeotropic distillation has shown effectiveness in this
regard, the approach that is frequently employed to eliminate byproducts from enzyme-
mediated polymerization of polyesters remains the use of diesters in conjunction with vacuum

treatment in a two-stage polycondensation process [60].

Another method involves employing halo esters like bis(2,2,2-trifluoroethyl) glutarate along
with diols and shifting the equilibrium towards the synthesis of polyesters. Halogenated
alcohols are produced in this process as byproducts. Researchers suggest that reactive end-
groups’ alcoholysis can be prevented by reducing the leaving group’ nucleophilicity.
However, it has been established that halogenated alcohols produced as byproducts can
hydrolyse the activated ester end-groups. This happens because halogenated alcohols speed
up the release of enzyme-bound water. Thus, it was concluded that this activation technique

was not so efficient as anticipated in producing high molar mass polymers [61].

Vinyl esters, a kind of dicarboxylic acid alkylene esters, have also gained popularity recently
for acylations catalyzed by lipase [62,63]. They have proven effective to produce products
with larger molar masses without the usage of vacuum or high reaction temperatures. As a
polycondensation leaving group, vinyl esters cause the formation of unstable enols (vinyl
alcohols) as a byproduct. These quickly tautomerize to an aldehyde, causing an irreversible
reaction that favors the formation of products. Formation of acetaldehyde can reduce enzyme
activity upon reaction with vinyl esters, which can have an impact on the reuse of the
biocatalyst. However, it has been observed that CALB is very stable when exposed to

acetaldehyde in gaseous form at RT as compared to other enzymes. Divinyl esters in
7
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comparison to dicarboxylic acids and diethyl esters have proved to be most efficient and
reactive in synthesis of polyesters. They can form polyesters with molar masses ranging from

7K to 3K g/mol under given synthetic conditions and monomers used [59].

Vinyl esters offer several advantages over alkyl or haloalkyl esters in enzymatic
polycondensations. One of the main advantages is that the esterification process is much
faster, resulting in products with higher molar mass [64]. Additionally, the cleanup of
byproducts does not require the use of vacuum or high temperatures, maintaining the
regioselectivity of the lipases. This makes it easier to make linear polyesters featuring
hydroxyl functionalities attached as pendant entities and allowing polyols to be used as
possible monomers. The mild reaction conditions also allow for more effective control of
hydrazide-containing monomer reactions, produce aromatic polyesters efficiently, and prepare
reactive polyesters that retain the nonsaturated components from sustainable phyto-oils for

subsequent crosslinking processes [54].
1.2.1. Functional polyester via enzymatic polymerization

Enzymatic polymerization gives a versatile option to synthesize functional polyesters, which
are characterized by pendant functionalities including azide, halides, mercapto, hydroxyl,
solketal group etc. In the conventional method of synthesizing functional polyesters, cyclic
monomers are pre-modified initially, and then ring-opening polymerization takes place. This
technique utilizes hazardous metal-based catalysts that are challenging to remove from the
finished product in a number of protection-deprotection steps. Enzymatic polymerization is a
suitable alternative to polycondensation processes, which produce hyperbranched or cross-
linked polymers from monomers with more than two functional groups. The regio-, enantio-,
and stereo-selective characteristics of enzymes enable the synthesis of functional polyesters
from monomers with numerous functional groups. This also includes monomers derived from

renewable sources, which are challenging to polymerize with traditional chemical catalysts.

Enzymatic polyesterification utilizes a large number of triglyceride-derived monomers to
form polyesters. In multiple processes involving the presence of lipases, glycerol, has been
used extensively in the synthesis of functional polyesters. Under given mild reaction
conditions of enzymatic polymerization, the primary functional groups of glycerols (the
hydroxyl groups) serve as the primary sites of reaction while 5-10% reacts at secondary

groups achieving linear polymer with minimal branching such as poly(glycerol adipate) and
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poly(glycerol sebacate) etc. There are numerous other multi-hydroxy alcohols which are
produced by reduced sugars. Hydroxyl alcohols like xylitol, glucitol, sorbitol, mannitol etc.
can also be subjected to enzymatic polymerization in the same manner as glycerol but their
polymerization faces challenges due to their solubility in solvents with high polarity level like
DMSO, DMF etc. Since it is known that they can change the enzyme's confirmation, these
solvents have an unwanted effect on enzyme activity. Additionally, high boiling point of these
monomers can lead to highly branched polymers in case of bulk polymerization. However,
numerous studies suggest that the synthesis of sugar alcohols-based polyesters was
successfully accomplished by employing a substantial proportion of CALB, typically ranging
from 60% to 80% by weight relative to the total monomer mass. These reactions were

conducted at a temperature of 60 °C within acetonitrile environment.

Factors like concentration of enzyme, presence of water, temperature, type of solvent, and
pressure can all have a substantial impact on enzymatic polymerization processes. Due to the
possible implications on enzyme selectivity and monomer configuration, the choice of organic
solvent is particularly important. Low polarity solvents, like toluene, diethyl ether, and n-
hexane, are generally preferred in enzymatic processes as compared to solvents with more
polarity because the latter might end up in removing essential bound water from the enzyme's
active site, breaking down the ester link and producing low molar mass products. Reactivity
of the polymerization may also be affected by the radius of gyration and the way how
polymer conforms in a solvent. Stoichiometric ratios of the precursors also play a vital role in
obtaining high molar mass polymer via enzymatic polymerization. If the equimolarity of the
precursors is disturbed, it may lead to formation of lower molar mass polymers. Similarly,
high molar mass polyesters can be synthesized by increasing enzyme ratio to the

concentration of substrate.
1.2.2. Modification of functional polyester

Polymer modification has gained a lot of attention in recent decades due to its versatility and
by addressing various challenges required to produce better polymeric material, which, other
way around, is an arduous task to perform through newly synthesized polymers. Polymer
modifications have resulted in enhancement of material properties by transforming surface
and bulk properties of the conventional polymers. Grafting, blending, crosslinking and
composites are the primary techniques used to modify polymers for their enhanced physical

and chemical properties [65]. I will be focusing here on grafting and crosslinking of
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functional polyesters synthesized through enzymatic polymerization as they have been

utilized in the current study.
1.2.2.1. Grafting of functional polyester

In general, different techniques can be employed to synthesize grafted copolymers; these
include grafting-onto, grafting-onto with non-covalent bonding motifs, grafting-from and
grafting-through strategies [66]. Enzymatically synthesized functional polyesters carry
pendant functional groups which can be utilized for grafting purposes as per desirable
properties [54]. Utilizing hydroxyl functionalities of poly(glycerol adipate), researchers have
directly esterified them with fatty acids to produce amphiphilic comb-like polyesters. These
polymers were further employed to develop nanoparticulate drug delivery systems [67]. Some
other researchers grafted PGA with different amino acids and fatty acids to form varying
sized nanoparticles [68—71]. Based upon the calculation of surface free energy via contact
angle measurements, they were then able to predict best copolymer having characteristics in
order to be used further for loading of drugs [72]. Researchers have also used other techniques
beside esterification to synthesize graft copolymers. e.g. Naoulou ef al. used different
chemical strategies of atomic transfer radical polymerization (ATRP) and click chemistry to
synthesize PGA based comb-polymers consisting of poly(ethylene oxide) and poly(e-
caprolactone) as crystallizable side chains. They provided a thorough explanation of the
grafted copolymers' crystallization behavior before and after grafting onto PGA through light
scattering techniques [73]. They further employed Langmuir isotherms and Brewster angle
microscopy (BAM) to explain temperature-based phase transitions of the PCL-b-PEO crystals
occurring at the air/water interface [74]. Pendant functionalities of enzymatically polymerized
polyesters were successfully transformed into macro-initiators by Jbeily et al. in order to be
utilized for ATRP. Poly(glycerol monomethacrylic acid) was then copolymerized via ATRP
to PGA to make it a water soluble copolymer. Dynamic light scattering was utilized to assess
its self-assembling behavior in an aqueous solution [75]. In another study, Kallinteri et al.
focused not only on the improvement of the reaction conditions but they also showed a keen
insight to emphasize on functionalizing the side groups, which improved the properties of the
final material. They created a hydrophobic environment through the acylation process using
caprylic acid (C8) and stearic acid (C18) at different quantities ranging from 20% to 100%,
which facilitated the formation of nanoparticles and allowed for effective drug encapsulation.

While the acylation process had a noticeable impact on particle size and encapsulation

10
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effectiveness, it had slight effect on the cytcompatability of HepG2 and HL-60 cell lines as
they exhibited low level of toxicity [67].

Numerous studies have been conducted on the acylation of PGA with fatty acids, including
evaluations of their physical characteristics, self-assembly into nanoparticles, and its potential
for delivering lipophilic and hydrophilic pharmacological agents [70,72,76,77]. To fully
understand their influence on the ultimate amphiphilic balance of the polymer, different fatty
acids like butyric acid, behenic acid, stearic acid etc. and various degrees of substitution have
been carefully examined. The nanoparticles are significantly shaped by these variables, which
also have an impact on drug interactions, nanoparticle metabolism, and cellular absorption
[77-79]. Notably, Weiss et al. revealed that a lower degree of substitution with various fatty
acids suggests an interaction between the fatty acid chains within the particle core. This leads
to enhancement of particle packing and overall reduction in nanoparticle size compared to
unmodified PGA. These particles exhibited non-spherical morphologies with an interior
lamellar structure. In contrast, higher degrees of substitution led to the formation of larger
ellipsoidal or spherical particles, likely attributable to either expanded space occupied by the
acyl groups or increased aggregation numbers. Interestingly, the chain length of the fatty

acids did not exhibit a pronounced effect on particle size [77].

Tchory and his co-researchers formulated a unique procedure to track the penetration of
nanoparticles (NPs) in animal models in order to demonstrate the adaptability of
enzymatically synthesized functional polyester (PGA). What's noteworthy is that the
researchers discovered that NPs with a size of about 100 nm, produced from PGA-Oleate end
functionalized with PEG, demonstrated comparable penetration capabilities to considerably
smaller (50 nm) commercially available polystyrene NPs. This method thus provided
promising insights into in vivo distribution and drug encapsulation of modified PGA based

nanoparticles [80].

Thompson et al. worked on another novelty of the enzymatically synthesized functional
polyesters. Utilizing various molar proportions of polymer to drug, they conjugated ibuprofen
to the polyesters using the free hydroxyl functionalities. Characterization of the conjugates
revealed that the ibuprofen's addition to the polyester backbone changed the melting
temperature (7m), distinct crystalline domains, and the degree of polymer crystallinity. The
relationship between the achieved drug loading in the polymer-drug conjugate with 100%

conjugation and those in the 25% and 50% conjugates did not exhibit a direct proportionality.
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The results of gel permeation chromatograph showed a nonlinear relationship between the
polymer’s molar mass and the degree of conjugation. The polymer-drug conjugates
demonstrated reduced burst release and overall sustained drug release in comparison to
unconjugated drug-polymer dispersions. It's possible that unconjugated ibuprofen was present
in the conjugates which might have led to observed burst release. The analyses based on UV
and chromatographic investigations revealed that the ester linkages connecting the polymer
with ibuprofen, as well as those existing within specific polymer domains, exhibited an
exceptionally high degree of stability. To potentially achieve a more faster ibuprofen release
rate and a zero-order drug release profile, it was postulated that a transition to a more readily

cleavable bonding configuration might be required [81,82].

Wersig et al. also investigated another anti-inflammatory drug (indomethacin) as a drug
conjugate to poly(glycerol adipate). Using the drug-free polymer backbone as a comparison,
they thoroughly analysed the properties of drug-polymer conjugate involving indomethacin-
poly(glycerol adipate). Through a simple, quick, and economic esterification reaction aided
by N-(3-di-methylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC-HCI),
indomethacin was successfully attached to the polymer. This reaction allowed for drug
loading control and the modulation of characteristics that matched their particular needs in
drug delivery. The indomethacin-poly(glycerol adipate) conjugates were analyzed via
thorough characterization employing cutting-edge methods like NMR, GPC, FTIR, and UV-
Visible spectroscopy. They further investigated the dynamic physical characteristics of the
conjugates through differential scanning calorimetry, contact angle methods, and rheology
with oscillation. Over the course of a month, in vifro drug release experiments were
performed, and the results showed remarkably low release rates in a phosphate buffer saline
(PBS) setting. It was found that indomethacin release was increased in the presence of lipase
and somewhat acidic circumstances. This demonstrated, how poly(glycerol adipate)-
indomethacin conjugates could serve as promising prodrugs for indomethacin's localized and
sustained release. Additionally, these polymers could also provide adaptability for the
development of various dosage forms. They also then used these formulations for
development of nano- and microparticles, with a focus on investigating their release

characteristics [18,83,84].

In another study, Suksiriworapong et al. performed first known conjugation of poly(glycerol
adipate) with an anticancer agent. Their study demonstrated the possibility of linking

Methotrexate (MTX) with poly(glycerol adipate). The MTX molar content in the MTX-PGA
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conjugates was attained till 27.5 mol%. With regard to particle characteristics, physical
stability under physiological settings, sustained stability of the polymer-drug linker over a
period of one month, and enzymatic hydrolysis, these conjugates showed promising features.
The MTX-PGA conjugate underwent self-assembly to form these nanoparticles. The size of
the resulting nanoparticles was determined by the amount of MTX conjugated and the
medium's pH. When subjected to hydrolysis at pH 7.4, these nanoparticles demonstrated
strong chemical stability over the course of 30 d. They did, however, show enzymatic
hydrolysis susceptibility, which led to the selective release of free MTX. Interestingly, when
evaluated on 791T cells, the 30% MTX-PGA nanoparticles revealed just a slight decrease in
efficacy compared to free MTX [85]. When compared to earlier studies employing MTX
conjugated to human serum albumin, where the effectiveness was merely 1/300th of that
observed with free MTX [86], this is a major improvement. The results of enzymatic
degradation, along with details on cytotoxicity and what is known about PGA degradation in
cellular lysosomes, evidently suggest that the polymer conjugation process employed with
PGA does not need a complex linking process. This offered a novel potential for polymer-
drug conjugates, allowing streamlined synthesis combined with improved therapeutic
outcomes. However, constant efforts should be taken to increase the potency and specificity

of these conjugates [85].
1.2.2.2. Crosslinking of functional polyesters

Crosslinking is a process that results in the formation of network architectures in polymers
through multidirectional chain extension. Crosslinking can be achieved by condensation of
monomers with functionality larger than two, by irradiation, vulcanization of sulfur, or other
chemical processes via covalent bonds between monomers. Crosslinking boosts a polymer's
resistance to heat, light, and physical forces by limiting chain movement and enhancing
elasticity while also supplying dimensional stability, mechanical strength, and resistance to

chemicals and solvents [87].

The degree of crosslinking, homogeneity or heterogeneity of the formed network, and
crystallization are the main factors that determine how crosslinking influences the physical
properties of polymers [88-91]. Reduced crystallinity in crystalline polymers can lead to
increased softness, elasticity, and a lower melting temperature because chain alignment is
hampered. In addition to changing the local molecular packing, crosslinking also decreases

free volume and raises the glass transition temperature. Crosslinking also enhances creep
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behavior by limiting viscous flow. Crosslinking is therefore very crucial to boost various

properties of the polymers [87].

1.3. Crosslinked polymer network

Crosslinked polymers are utilized in wide-ranging applications across a diverse spectrum of
technical and biological domains. These three-dimensional cross-linked structures known as
polymer networks or gels are used in a variety of industries, from the rubber industry to the
food industry to the bio-medical industry and the pharmaceutical sector [92-97]. Over the
past few decades, a lot of experimental and theoretical research has been carried out over the
crosslinked polymers, but there are still some issues that need to be resolved. A polymer gel
represents a complex three-dimensional macromolecular structure originated from joining of
polymer chains through crosslinking process. Crosslinking may happen through chemical or
physical bonding [98]. The term "hydrogels" is frequently used to describe these crosslinked
hydrophilic polymer chains when exposed to water [95]. Because of their extraordinary
water-absorption capabilities, hydrogels have become an appealing target for researchers
looking into the fundamentals of swollen polymeric networks. Hydrogels, with their unique
attributes, have been extensively utilized across diverse technical fields. In addition to being
essential components for contact lenses and protein separation, they serve as matrices for

encasing cells and as controlled release mechanisms for medications and proteins [99].

Among the many properties that hydrogels possess, two of the most significant ones are
maintaining elasticity and their ability to avoid dissolution into solvents. Contrary to
uncrosslinked polymer chains hydrogels swell rather dissolved when exposed to solvents
because they can hold much more solvent molecules inside their compact structure [100—
102]. At low or moderate concentrations, where considerable chain entanglement is absent,
hydrophilic polymers show Newtonian behavior in aqueous solutions. But when crosslinks
between various polymer chains are added, the resulting gels exhibit viscoelastic
characteristics, occasionally even exhibiting pure elasticity [99]. The entropy of a system
increases when a dry polymer gel interfaces with appropriate solvent molecules. This happens
as a result of the solvent molecules and network chains being mixed and dispersed. However,
the stretching of the network chains triggered due to swollen or expanded network combats

this tendency [103].

The Flory-Rehner theory [103] offers insights into the structure of hydrogels through an

integration of thermodynamic and elasticity principle. In accordance with this theory,
14



Introduction

hydrogel after immersing into solvent attains equilibrium with respect to its surroundings and
is opposed by two forces. One is thermodynamic mixing force that is produced due to
interaction of polymer chains with the solvent molecules while second is retractive force that
originates due to elasticity of the polymer chains of the hydrogel. It thus may be described in
relation to Gibbs free energy as follows [104—109],

AGtotal = AGelastic + A(;mixing (eq 1)

where AGy,, 1s total Gibbs free energy, AG.usic 1S the change in the elastic free energy while

AG ixing 1s the change in the mixing free energy.

Under constant temperature and pressure conditions, equation 2 can be derived from equation

1 with regard to number of solvent molecules as follows,

,Ltl - ,Ltl,O = A,u elastic T A,um[xing (eq 2)

Equation 2 basically describes the chemical potential of the polymer gel where it relates to
solvent in polymer gel as u; while chemical potential of pure solvent molecules is represented

by u;9. The chemical potential becomes identical in a state of equilibrium when solvent

molecules are present inside and outside of the gel and thus can be expressed as, t; = U ;.

As a result, it is crucial to maintain equilibrium between elastic forces and the chemical
potential differences brought on by mixing. By taking into account the heat and entropy
involved in the mixing process, it becomes feasible to quantify the shift in chemical potential
resulting from mixing. Rubber elasticity theory can also be used to determine how the
chemical potential changes as a result of the elastic retractive forces imposed by polymer
chains [110-113]. By combining the above two factors, an equation can be obtained for
ascertaining the molar mass between neighboring crosslinks (M,). This equation is expressed

as follows,

1]
1 2 —[ln(l—V2)+V2,s+X1V%,S]
=2 _n (eq. 3)

1
[(Vz,s)g_(vi_'s)]

where M, is used to refer to a polymer's molar mass that was formed under similar

circumstances, but without the use of a crosslinker. The polymer's specific volume is
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simultaneously represented by U, while the solvent's molar volume is denoted by V.

Additionally, the hydrogels' polymer volume fraction is shown by v, [111].

Thus, it can be deducted that the complex interaction between the miscibility of the polymer
with the solvent vs potential elastic energy held within the polymer networks under stretched
conditions, fundamentally controls the process by which hydrogels swell. To create hydrogels
with optimal mechanical as well as swelling characteristics, it is crucial to employ fabrication
techniques that consider the presence of functional groups like hydroxyl, carboxyl, amide etc.
and create flexible three dimensional structures. These techniques should aim to achieve three
objectives: (1) optimal water absorption and retention properties characterized by change in
volume and density of the hydrogel, (2) hydrogel’s facile regeneration, and (3) improved
structural integrity. Structural properties due to hydrogel’s water retention are significantly
impacted by the effects of polymeric material, crosslinking density, surfactant content, and
ionic strength. Specifically, factors like charge density, ionic strength of the solution, intrinsic
elastic properties of the gels, existence of hydrophilic functionalities, and degree of
crosslinking are crucial variables that have a profound impact on swelling ratio [114].
Generally speaking, hydrogels are known for their good biocompatible character due to their
hydrophilic surfaces, which lead them to lower interfacial free energy when they come into
contact with bodily fluids. This property of hydrogels minimizes protein and cell adhesion.
The crosslinking of the polymer chains inside hydrogels contributes to their soft and elastic

nature, which reduces irritation to the tissue around it [115].
1.3.1. Types of hydrogels

Hydrogels can be categorized into different classes based on their preparation procedures,
ionic charges, structural properties [116] and crosslinking [99]. In terms of preparation
methods, they can be categorized as (i) homopolymeric hydrogels, consisting of cross-linked
networks made from a single hydrophilic monomer unit, (ii) copolymeric hydrogels, resulting
from the cross-linking of two comonomer units with at least one exhibiting hydrophilicity to
render swelling, (ii1) multipolymer hydrogels, generated by the simultaneous reaction of three
or more comonomers, [117] and (iv) interpenetrating polymeric hydrogels, which first cause a
network to swell in monomer and then form a secondary intermeshing network structure by
using these monomers [118]. Similarly, they can be categorized as cationic, anionic and
neutral based upon the ionic charges. Structure wise, they can be classified as amorphous and

semi-crystalline in nature [116]. While based upon the nature of bonds and crosslinking,
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hydrogels can be classified as physical crosslinked hydrogels and chemical crosslinked
hydrogels. Physical crosslinked hydrogels rely on weaker, reversible crosslinks. These are
physical interactions that allow them to resist against dissolution of the crosslinked structure
while chemically crosslinked hydrogels are held together by covalent bonds which provides
integrity to their crosslinked structure [99].

Here, I will discuss physical and chemical crosslinking methods to produce hydrogels in

detail.
1.3.1.1. Physical crosslinking methods to produce hydrogels

Hydrogels have the ability to undergo crosslinking and form reversible or physical polymer
networks. These networks result from the interplay of molecular entanglements and a range of
physicochemical interactions. Hydrogen bonding, hydrophobic associations, electrostatic
interactions, and other non-covalent interactions etc. are just a few examples of the processes
covered by these interactions. Although each interaction may be weak on its own, their
presence together causes the hydrogels to behave in complicated and varied ways. One of the
key advantages of these hydrogels is their responsiveness to external stimuli, including pH
levels, solvent composition, ion concentration, and temperature. They differ from covalently
bonded materials because of their adaptability. Next section will be focused into some of the

primary hydrogels formed through physical interactions [119].

1.3.1.1.1. Ionic interactions

Crosslinking can be accomplished through ionic interactions that occur between polymers and
monomers consisting of functional groups responsible for the ionization or protonation of
these groups. Gelation can be initiated by adjusting the pH to induce these ionization and
protonation interactions. These interactions can also occur due to electrostatic interaction
between oppositely charged molecules. The physical gel known as an ionotropic hydrogel is
formed when a polyelectrolyte reacts with a multivalent ion of the opposite charge [120].
Depending on variables including the concentration level, ion concentration, and hydrogen
ion concentration of the solution, two polyelectrolytes with opposing charges can precipitate

or gel, leading to the formation of a complex or polyionic product [121].

Alginate represents a well-established illustration of a polymer amenable to crosslinking
through ionic interactions. It constitutes of a polysaccharide which can be crosslinked by

calcium ions through residues of mannuronic and glucuronic acid [122]. It is noteworthy that
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this crosslinking procedure can be conducted at ambient temperature and bodily pH. As a
result, alginate hydrogels find extensive application as matrices for encapsulating viable cells
[123] and facilitating protein release [124]. An interesting feature of this type of gelation is
their ability to destabilize through a chelating agent by removing the calcium ions. Alginate
microparticles made by spraying a sodium alginate solution into an aqueous calcium chloride
solution can be coated with positively charged polymers like chitosan [125,126] and

polylysine to control the release of proteins [126].
1.3.1.1.2. Hydrogen bonding

Hydrogen bonding can also be used as a noncovalent method to crosslink hydrogels. This
type of crosslinking typically occurs when polymer chains possess compatible geometries.
Physically cross-linked hydrogels with excellent injectability and resemblance to extracellular
matrix can be produced from mixtures of natural polymers [127]. But without additional
cross-linking mechanisms, hydrogels formed solely through hydrogen bonding have little
real-world applicability. These hydrogels need additional cross-linking mechanisms to
maintain their survival in vivo since the force used during injection can break hydrogen bonds

[128].

Complexes of poly(acrylic acid) and poly(methacrylic acid) can be formed by combining
them with poly(ethylene glycol) through hydrogen bonds, where their carboxylic group
interacts with the oxygen of poly(ethylene glycol). Hydrophobic interactions also aid in the
complexation of poly(methacrylic acid) [129]. In addition to poly(methacrylic acid) and
poly(ethylene glycol), poly(methacrylic acid-g-ethylene glycol) has also been reported to
exhibit hydrogen bonding [130,131]. Since the protonation of carboxylic acid groups is
required for the formation of hydrogen bonds, it suggests that pH plays a substantial role in
how these gels behave after swelling. Furthermore, the low pH-prepared poly(ethylene
glycol) and poly(methacrylic acid) complex can be dissolved using ethanol. Upon injection,
the system becomes gel due to ethanol diffusion from the liquid phase. Over time, the gel

gradually dissolves due to dissociation [132].
1.3.1.1.3. Hydrophobic interactions

Polymers can also crosslink through hydrophobic interaction when they utilize their
hydrophobic domains upon contact with the water. This phenomenon results in the "sol-gel"
transition, a reversible heat gelation process. Using techniques like post-graft polymerization

18



Introduction

or block copolymerization, a hydrophilic polymer and a hydrophobic polymer is initially
coupled together to produce an amphiphilic polymer by crosslinking via hydrophobic
interactions [120,133,134]. At lower temperatures, these amphiphiles are initially water-
soluble, but gelation takes place with increase of temperature as a result of the accumulation
of hydrophobic domains [135]. Examples of amphiphiles with both hydrophilic and
hydrophobic groups include hydrogels made of poly(lactic acid)-poly(ethylene glycol) (PLA-
PEG). These hydrogels can be employed in situ for various biomedical applications

[9,136,137].

Various polysaccharides have the capacity for modification by incorporating hydrophobic
chains that self-assemble, leading to the formation of nanohydrogels. For instance, pullulan
can be modified with cholesterol to produce nanoparticles, as shown by Akioshi et al. [138—
140]. These 20-30 nm nano-hydrogels may successfully encapsulate a variety of compounds,
including proteins [140] and drugs [141]. Furthermore, pullulan can be modified to covalently
bond it to galactoside lactoside to form nanoparticles that specifically target the RCA lectin
receptor [119].

Another example is the formation of unilamellar polymer vesicles through use of another
polysaccharide, chitosan that do so after its modification with Palmitoyl chains [142]. These
vesicles with bio- and hemocompatible characteristics can then be utilized for encapsulation

of various water-soluble drugs [143].
1.3.1.1.4. Stereo-complexation

Another unique phenomenon of physical crosslinking is stereo-complexation in which
composite with different physical properties from the original polymers is formed, which
involves the selective association of polymers with different stereochemistry [144].
Poly(lactic acid) based hydrogels are one such example where the polymers can be
crosslinked with the help of stereo-complexation technique. In contrast to PLA alone, the
stereo-complex formed by the robust bonding between D- and L-lactides exhibits remarkable
attributes, including exceptional mechanical characteristics, an elevated melting point upto
230 °C, and increased stability. In order to synthesize the PLA-PEG hydrogels that are widely
used in a variety of biomedical applications, PLA undergoes considerable stereo-
complexation. Stereo-complexed hydrogels with a range of properties can be produced by

modifying the molar masses and changing the mixing ratios of D and L-lactides [145,146].
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PEG grafted to L- and D- lactides of PLA have been used for formation of various stereo-
complex crosslinked hydrogels. Mao and colleagues have studied these PLA-PEG based
hydrogels crosslinked through stereo-complexation employing both diblock and triblock
polymers. The crosslinking within these hydrogels was achieved through formation of stereo-
complexes between D- and L- lactides of PLA which was facilitated by linking bridges of
triblock and diblock polymers [147].

1.3.1.1.5. Crosslinking through protein interactions

Using genetically modified proteins or antigen-antibody interactions, cross-linking can be
achieved through protein interactions. Genetic coding can be customized to produce peptide
sequences possessing particular physical traits, and the progress in genetic engineering has
even opened the door to the development of synthetic amino acids [148]. Tirrell and Cappello
were the early pioneers who utilized proteins for crosslinking [149,150]. Cappello and
colleagues pioneered the development of a protein-polymer hybrid having higher molar mass,
designed to mimic the amino acid sequence found in silk and elastin. In this composition,
sheets or strands made of the insoluble silk-like segments are connected by hydrogen bonds.
These protein mixtures that resemble silk elastin in particular, known as ProLastins, undergo

gelation in physiological solutions.

By adjusting the temperature, the solution's properties, and the incorporation of additives, one
can facilitate or obstruct hydrogen bond-induced polymer chain crystallization, thereby
controlling the sol-gel transition [151]. Recombinant proteins exhibiting reversible gel-
forming properties in reaction to variations in temperature or pH were developed by Tirrell et
al. using recombinant DNA techniques. Proteins consist of two flexible center segments
surrounded by terminal leucine zipper domains that are produced by a water-soluble
polyelectrolyte. In aqueous solutions with a pH close to neutral and at room temperature,
coiled aggregates form within the terminal domains and form crosslinked network. In this
network, polyelectrolyte encaptures the solvent, preventing the polymer chain from
precipitating. The terminal aggregates are split apart by an increase in pH or temperature,
which dissolves the hydrogel. These hydrogels may be used for controlled cells and drugs
release as suggested by the applied gentle pH and temperature conditions [152]. Another way
of forming hydrogels is by crosslinking it through antigen-antibody interactions. In this
procedure, researchers mainly focuses on attaching or binding polymer system to the antigen-

antibody where hydrogel system responds to the antigens mainly by affecting its properties
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[153-155]. Researchers have also used heat induced [156], change of pH [157] and ethanol
addition techniques to form hydrogels with albumin [158].

1.3.1.2. Chemical crosslinking methods to produce hydrogels

When hydrogels are crosslinked through covalently linking, they are known as chemical
hydrogels. They can also be referred as permanent gels. Chemical hydrogels have non-
uniform characteristics, much like physical hydrogels do. They typically consist of regions
with both lower and higher cross-linking densities leading to higher and lower degree of
swelling (known as clusters). Chemical hydrogels can further be classified into following

groups [120].
1.3.1.2.1. Crosslinking through radical polymerization

One of the procedures to obtain chemical hydrogels is to crosslink lower molar mass
monomers through radiations. Poly(2-hydroxyethyl methacrylate) (pHEMA) based
hydrophilic gel was one of the first polymeric crosslinked networks that was synthesized
through radical polymerization. These HEMA based hydrogels were first pioneered by
Wichterle and Lim that were utilized for biological use. The formation of this hydrogel
system occurs via the polymerization of HEMA, coupled with a compatible crosslinker such
as ethylene glycol dimethacrylate. This network of hydrophilic polymer chains had been the
subject of significant scientific explorations in biological field due to its biocompatible nature
[159]. Employing similar techniques, a diverse range of alternative hydrogel systems have
been synthesized [160]. The properties of these hydrogels, including their swelling behavior,

can be tailored by adjusting crosslinker’s amount [99].

In addition to monomer blends consisting of vinyl functionality, water-soluble polymers that
can also be radical polymerized to form chemically crosslinked hydrogels. This method has
made use of a large variety of hydrophilic polymers from natural, semi-synthetic, and
synthetic origins. Of particular interest, dextran, which is a fundamental natural polymer,
plays a crucial role in preparing hydrogels designed to degrade over time. The bacterial
polysaccharide dextran, which is mainly made up of a-1,6-linked D-glucopyranose units, has
been utilized as plasma expanders. More specifically, dextran fractions with smaller molar
masses, typically in the 40—100 kDa range, have worked well for this application [161]. This

application has led to extensive documentation of dextran's pharmacological effects and
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potential side effects. Consequently, dextran has been explored for its suitability in drug

delivery, protein delivery, and as in imaging procedures [162].

Sawhaney et al., devised a technique to create macromers featuring a core poly(ethylene
glycol) block. This macromer was elongated with the help of a-hydroxy acid oligomers while
through acrylic acid, it was terminated. Hydrogel was prepared through radical
polymerization of these acrylic acid groups which was achieved by inducing radicals through
subjecting an aqueous macromer solution to UV light, along with the introduction of a
photoinitiator (2,2-dimethoxy-2-phenylacetophenone). These resulting hydrogels exhibited
biodegradability, yielding products of degradation such as PEG, lactic acid, and oligo(acrylic
acid). The rate of degradation spanned from 1 d to 4 months and was modifiable based on the

chosen macromer, particularly the selection of the degradable linkage [163].

Zhang et al. presented an alternative method for developing hydrogels based on dextran. They
introduced modifications in dextran by introducing a polymerizable group, like acryloyl
chloride [164]. These modified derivatives of dextran were dissolved in N,N-
dimethylformamide (DMF) alongside a macromer called poly(D,L-lactic acid) diacrylate
(PDLLAM). Through the utilization of UV-induced polymerization, hydrogels were formed.
The extent of swelling exhibited by these hydrogels was dependent upon various factors,
including the hydrogel's dextran to PDLLA ratio, dextran substation, and UV exposure time.
These hydrogels underwent examination as carriers for albumin with controlled release
properties. The composition of the gel specifically controlled albumin release, which was

influenced by a mix of matrix-diffusion and degradation processes [165].
1.3.1.2.2. Crosslinking through enzymes

The enzymatic approach offers a significant benefit due to its ability to induce hydrogel cross-
linking under gentle conditions, eliminating the requirement for utilizing low molar mass
compounds such as monomers, initiators, and cross-linkers, as well as avoiding exposure to
radiation or precursor modification to enhance crosslinking [99]. Enzymes are known for their
high substrate specificity, minimizing the occurrence of unwanted byproducts during the
crosslinking process. With this distinct feature, crosslinking kinetics can be precisely
controlled and predicted, which in turn controls the rate of crosslinking and thus, this

technique 1s well-suited for in situ gelation systems [166,167].
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Transglutaminases function as enzymes that are dependent on calcium ions (Ca*"). With this
concept, Westhaus et al. developed a novel system designed to initiate gel formation under
specific conditions. This system retained its liquid consistency when liposomes loaded with
calcium were combined to transglutaminases and fibrinogen at ambient temperature.
However, upon reaching a temperature of 37 °C, rapid gelation occured. The heat application
induced the breakdown of the liposomes, consequently releasing calcium ions into the
surrounding fluid. This simultaneous release of Ca®" ions activated the transglutaminase
enzyme. The system's dual characteristic of having stability at room temperature and
transformation into a solid state at 37 °C propose the potential use of this gel system as a

matrix for delivering biological active substances [168].
1.3.1.2.3. Crosslinking through radiation

Within the array of techniques available for polymer grafting, gamma radiation is another
method that can be used for grafting polymers [169] with an advantage of having no
requirement of initiators and troublesome additives that could pose challenges for their
removal from the product [170]. Without initiator and crosslinker, this method displays
compatibility with a wide spectrum of vinyl monomers. It's worth highlighting that both
polymerization and cross-linking processes can be triggered under ambient conditions and the
radiation acts as a catalyst, initiating a co-polymerization mechanism that link the polymer
matrix (the substrate material) with the monomer slated for grafting. This prompts the
polymer matrix to generate reactive sites, primed to interact with the designated grafting

molecule, thereby starting free radical polymerization [171].

Various hydrogels synthesized via irradiation have undergone investigation for their potential
in controlled drug release. Bustamante-Torres and colleagues successfully prepared hydrogels
by graft copolymerizing agar and AAc using gamma radiation. These monomers were easier
to crosslink with the help of a Cobalt-60, which resulted in pH-responsive hydrogels suitable
for charge-based and controlled drug release applications. Loading these hydrogels with
ciprofloxacin and silver nanoparticles, they subjected them to evaluation against
Staphylococcus aureus and Escherichia coli, revealing exceptional antimicrobial properties

[172].
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1.3.1.2.4. Crosslinking mediated by functional group interactions

These interactions involve reactions that take place covalently between the functional groups
(primarily hydroxyl (-OH), carboxyl (-COOH), and amino (-NH;) groups) within the
polymers [173,174]. Covalent bonds are established between different chains of polymers
through the interaction of functional groups that possess complementary reactivity [99].
Polymers having hydroxyl and amino functional groups can be crosslinked using molecules
containing aldehyde groups. One often used technique is the formation of a Schiff's base,
which is the result of an amino group and an aldehyde interaction. Notably, glutaraldehyde is
an aldehyde cross-linking agent having reaction affinity with amino groups even in mild
reaction environments and has been extensively studied in this field. This method is useful for
cross-linking polysaccharides and proteins [119]. The drawback of utilizing glutaraldehyde,
however, is that it is poisonous even at low concentrations, which may cause it to be released
in the body during matrix decomposition leading to inhibition of the growth of the cell. Due
to these toxic concerns, alternative small molecules with dual functionalities are being

suggested as potential crosslinking molecules [175].

Crosslinking can also be performed through addition reactions as well as condensation
reactions. Hydroxyl or amino functionalities undergo condensation reactions with carboxyl
groups (or their analogs). These reactions can be commonly employed in polymer synthesis to
produce polyesters and polyamides. One of the widely agents for inducing cross-linking in
hydrophilic polymers is N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide which induces so
via amide linkages. For maximum control over cross-linking density and minimize potential
side reactions, this agent is often paired with N-hydroxysuccinimide. Employing such

compounds has enabled the cross-linking of biocompatible polymers like gelatin [176].

In a study on PEG-hydrogels that were crosslinked using the hydrolyzable polyrotaxane
method was conducted by Yui and colleagues. The gel was made by threading o-
cyclodextrins onto a PEG chain and capping it with biodegradable ester end groups. Then,
carbonyl diimidazole was used to activate the hydroxyl groups of the cyclodextrins, and PEG-
bisamines were used to crosslink the molecules. The hydrolysis of the ester groups led to the
degradation of the gels. By varying the gel composition, the degradation time was varied that
ranged from 500 to 2200 h. These particular gels were specially prepared as scaffolds for soft

tissue regeneration [177].
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1.4. Aims and objectives

Over the recent years, a variety of polymers have undergone investigation to serve a wide
spectrum of pharmaceutical and biomedical needs [178—182]. Among these man-made
polymers, aliphatic polyesters have experienced significant advancements, largely attributed
to their promising ability to biodegrade and their compatibility with living organisms. These
attributes have rendered them highly potential candidates for applications in the field of
biomedicine [183—185]. Polymers belonging to the polyester family, notably poly(lactic acid)
(PLA) and poly(glycolic acid), along with their copolymers like poly(lactic-co-glycolic acid)
(PGLA), are extensively utilized synthetic biodegradable polymers. When these polyesters
were first developed approximately 50-60 years back, they were especially synthesized to be
biodegradable across a spectrum of biomedical and drug delivery applications. These
polyesters were specifically designed to function as materials capable of biodegradation,
serving a variety of purposes within the field of biomedicine and drug delivery [186—188].
Unfortunately, most of them tend to exhibit a robust hydrophobic nature and also lack
additional functional groups extending from the main chain [189,190], which could otherwise
facilitate grafting with polymers and bioactive like drugs, proteins, antibodies, and more
[191-194]. As a result, the limitation of these functional groups attached to the polymer's
backbone limits polymer's ability to adjust and achieve the desired characteristics of the
material [23,195]. Unlike conventional polycondensation techniques that employ catalysts
primarily composed of metal salts (such aluminum, germanium, tin, nickel, antimony, etc.),
which may carry possible toxicity risks, enzymatic polymerization also provides a solution to
this concern [196,197]. Researchers have also highlighted several drawbacks associated with
poly(glycolic acid), PLA and PLGA. These include complex profiles for release and
degradation, auto-degradation catalyzed by the polymers themselves, and the emergence of
microenvironments characterized by their acidic properties. Scientific investigations
conducted under in vivo and in vitro environments, have indicated the occurrence of

remarkably low pH values, often falling below 2 [16—-18,36,70,114,198,199].

Enzymatic polymerization offers an alternative method to the above mentioned polymers and
their limitations, utilizing eco-friendly principles to synthesize functional polyesters. This
process involves employing enzymes as biocatalysts, enabling the synthesis of aliphatic
polyesters without resorting to metal-based catalysts that carry inherent toxicity risks in
conventional polymerization techniques [24,32-34,36]. Research teams of Prof. Kressler and

Prof. Maeder alongside a handful of other research groups, have been working to explore
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enzymatically polymerized aliphatic polyester known as poly(glycerol adipate). Scope of the
work is aimed to formulate various drug delivery systems, encompassing nanoparticles
[70,77,83], micelles [200], microparticles [201], and as polymer-drug conjugates [18].
Furthermore, poly(glycerol adipate) which has previously been synthesized enzymatically,
features a single pendant hydroxyl group in its constituent monomeric units. It has been
utilized in drug delivery applications but it constitutes of an amphiphilic character while

lacking water solubility [202].

The first part of my research work is aimed and focused around using enzymatic synthesis to
produce aliphatic polyester. For this purpose, my aim was to synthesize poly(sorbitol adipate)
through the transesterification of D-sorbitol with divinyl adipate. The sorbitol component of
the linear polyester repeating unit features four pendant secondary OH-groups, rendering
hydrophilicity to the polyester structure [38]. Utilizing the multiple hydroxyl functionalities in
poly(sorbitol adipate) (PSA), my next aim was to graft PSA with poly(ethylene glycol) (PEG)
side chains via the Steglich esterification mechanism. This grafting strategy serves the
purpose of enhancing the hydrophilicity of PSA and subsequently the swellability of the
resulting hydrogels. I then aimed at synthesizing bifunctional crosslinking agents based on
PEG with varying molar masses. These crosslinkers will be crucial in the formation of PSA-
based hydrogels and PSA-g-PEG based hydrogels, each contributing towards changing
swelling profiles. Hydrogels were then subjected to crosslinking via Steglich esterification
using above mentioned crosslinking agents. The utilization of enzymatically synthesized
aliphatic polyesters to formulate crosslinked polymer hydrogels is something, which will be
pioneered in. Comparison of swelling profiles involved not only the swelling behaviors across
hydrogels with different crosslinker molar masses, but also reviewing the swelling profiles of
PSA-based and PSA-g-PEG based hydrogels. To validate the successful synthesis of the
aforementioned polymers and crosslinkers, they were then analyzed through "H NMR and "*C
NMR spectroscopy. In order to determine molar masses of the polymers, they were
investigated through gel permeation chromatography (GPC), while their thermal properties
were investigated using differential scanning calorimetry (DSC). For thorough assessment of
the hydrogel’s structural dynamics, aim was extended to measure them using various solid-
state NMR techniques. The homogeneity or heterogeneity of the hydrogels was probed using
C Magic Angle Spinning (MAS) NMR Spectroscopy and 'H Double Quantum (DQ) NMR
spectroscopy. The diffusion coefficients of the hydrogels were determined through "H Pulsed
field gradient (PFG) NMR spectroscopy.
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Second phase of my research work focuses on the potential pharmaceutical applications of the
synthesized hydrogels, employing various in vitro based techniques. Hydrogels based on PSA
grafted to PEG were selected for this purpose because of its better swelling profile as
compared to PSA based hydrogels. Firstly, polymers were subjected to evaluation for its
degradation at different temperature and humidity conditions. Dynamic and equilibrium
swelling behavior of hydrogels were performed to ascertain their water taking capacity and
how it behaves with the passage of time. Swelling as a property holds foremost significance
when hydrogels are employed as molecular release carrier [203-205]. Considering the
equilibrium swelling profile, Flory theory (modified form) was used to understand the
crosslinked structure of the hydrogels and how it responds to modifying the chain lengths of
the crosslinkers [206,207]. For this purpose, different physico-chemical parameters like
theoretical calculations of the polymer volume fraction, molar mass between two crosslinks,
and mesh size of the hydrogels were derived. Crystallinity of the hydrogels was evaluated
through X-ray diffraction examination. One of the most important aims was to evaluate the in
vitro release characteristics of the hydrogels. For this purpose, hydrogels were thoroughly
analyzed through fluorescence spectroscopy for its capability to release protein (BSA-TMR)
as high molar mass molecule and dye (DY-781) as lower molar mass molecule, with an
emphasis on the in vitro post-release dynamics of these molecules. Finally, hydrogels were

evaluated for its cytocompatible characteristics.
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2. Materials and methods

2.1. Materials

Novozyme 435, Lipase derived from Candida antarctica type B (CAL-B) and
immobilized on acrylic resin, was purchased from Sigma Aldrich, St. Louis, MO, USA. It was
vacuum dried over phosphorous pentoxide for 24 h prior to use. Sorbitol (98%) and divinyl
adipate (96%) were purchased from Sigma Aldrich (Steinheim, Germany) and TCI GmbH
(Eschborn, Germany), respectively. Phosphorous pentoxide (299%), 4-
(dimethylamino)pyridine (DMAP), anhydrous N,N-dimethylformamide (DMF, 99.8%),
anhydrous tetrahydrofuran (THF, 99.9%), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC-HCI), dialysis membranes with 1,000 g/mol molar mass cut off
(MWCO) and 10,000 g/mol MWCO (Spectra/Por®, made from regenerated cellulose) were
purchased from Carl Roth, Karlsruhe, Germany. Deuterated chloroform (CDCls) and
deuterated dimethyl sulfoxide (DMSO-dg) were purchased from Armar (Europa) GmbH
(Leipzig, Germany). a,m-bis-hydroxy poly(ethylene glycol), (OH-PEG,-OH, with n =9 (400
g/mol), 23 (1000 g/mol), and 45 (2000 g/mol)) and a-methoxy,m-hydroxy poly(ethylene
glycol);, (mPEG;,-OH, molar mass: 550 g/mol) were purchased from Alfa Aesar (Kandel,
Germany). DY-781 Amine (molar mass: 781 g/mol) and DY-784 NHS-ester (molar mass:
1188 g/mol) were purchased from Dyomics GmbH (Jena, Germany) while BSA-TMR
(bovine serum albumin conjugated to tetramethyrhodamine) was purchased from Thermo

Fisher Scientific Inc. (Waltham, MA, USA).
2.2. Polymer syntheses
2.2.1. Synthesis of poly(sorbitol adipate) (PSA)

PSA was synthesized by enzymatic polymerization as described as mentioned by
Rashid et al. [38]. An equimolar amount of sorbitol (10.0 g, 54.9 mmol) and divinyl adipate
(DVA) (10.88 g, 54.9 mmol) was added to a 250 ml three neck round bottom flask. The flask
was connected with a reflux condenser having a calcium chloride drying tube and to a
mechanical stirrer. It was then charged with 50 ml acetonitrile and stirred for 30 min at 50 °C
until the temperature was equilibrated. Novozyme 435 (2.1 g, 10% w/w of total mass of PSA
and DVA) was then added to start the polymerization. The reaction mixture was stirred for 92
h which was then stopped and diluted with DMF followed by the removal of enzyme beads by

filtration with Whatman® filter paper. The concentrated filtrate was processed through
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dialysis against deionized water for 7 d using a dialysis membrane with 1,000 MWCO
(molecular weight cut off). Finally, the polymer solution was freeze dried to obtain the final
pure product of PSA (Figure 3). The purity of the product was confirmed from 'H NMR
spectroscopy (Figure 8(a), Chapter 3). '"H NMR (400 MHz, DMSO-d¢) & (ppm): 4.95-4.58
(m, 2H), 4.57-4.33 (m, 2H), 4.28-3.86 (m, 2H), 3.82-3.72 (m, 2H), 3.61-3.34 (m, 2H), 2.38—
2.18 (m, 4H), 1.61-1.41 (m, 4H).

OH OH O CAL-B, 50 °C

HO (A -
\/mOH + /\Oﬂ\/\/\g 7 92 h, Acetonitrile

Sorbitol Divinyl adipate

OH OH (@) o
{"V\/\”o“\/\/\r} S
OH OH (@)

38

PSA

Figure 3. Synthesis scheme of poly(sorbitol adipate)
2.2.2. Synthesis of mono- and bifunctional PEG

In a typical procedure to synthesize bifunctional PEG based crosslinkers, o,w-bis-
succinyl poly(ethylene glycol) ((Suc-PEG,-Suc (disuccinyl PEG)) with n =9, 23, 45 (where 9
= PEG-400, 23 = PEG-1000 and 45 = PEG-2000) (Figure 5) and a-methoxy,m-succinyl
poly(ethylene glycol) (monosuccinyl mPEG-550) (Figure 4), PEG was acylated by reaction
with succinic anhydride through a procedure described elsewhere [208,209]. For the synthesis
of monosuccinyl mPEG-550, mPEG of molar mass 550 g/mol was used while for the
synthesis of Suc-PEG,-Suc (disuccinyl PEG), OH-PEG,-OH having molar mass of 400
g/mol, 1,000 g/mol, and 2,000 g/mol were used, respectively. Suc-PEG,-Suc '"H NMR [(400
MHz, CDCls) 6 (ppm), Figures 12, Chapter 3]: 4.28-4.20 (m, 4H), 3.73-3.57 [(m, 34H (Suc-
PEGo-Suc); 92H (Suc-PEGy3-Suc); 180H (Suc-PEGys-Suc)], 2.68-2.58 (m, 8H).
monosuccinyl mPEG-550 'H-NMR [(400 MHz, CDCl;) & (ppm), Figure 9]: 4.25-4.21 (m,
2H), 3.68-3.51 (m, 50H), 3.35 (s, 3H), 2.67-2.56 (m, 4H).
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Figure 4. Synthesis scheme of monofunctional PEG (Monosuccinyl mPEG-550)
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Figure S. Synthesis scheme of bifunctional PEG (Disuccinyl PEG/Suc-PEG;-Suc)
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Figure 6. Synthesis scheme of PSA-g-mPEG
2.2.3. Synthesis of PSA-g-mPEG

PEG was introduced as a side chain to PSA through Steglich esterification [210] by
reacting pendant hydroxyl groups of PSA and carboxyl groups from monosuccinyl mPEG-
550 to get PSA-g-mPEG (Figure 6). The overall procedure is as follows. PSA (2.0 g, 27.3
mmol) and monosuccinyl mPEG-550 (2.67 g, 4.11 mmol) were charged into a two neck
round bottom flask together with anhydrous DMSO. DMAP (0.15 g, 1.2 mmol) and EDC-HCI
(2.35 g, 12.3 mmol) were added as catalysts to the reaction mixture. It was stirred for 24 h at
room temperature. The crude product was then purified by dialyzing it in deionized water
through a dialysis membrane for 5 d using a membrane with MWCO 10,000 g/mol. The
diluted product solution was then freeze dried to obtain the final product. It is important to
mention here that polymer batch used for the stability study was different from the batch used
for the synthesis of hydrogels. Number average molar mass (M,) of PSA was 11,000 g/mol.
M, of PSA-g-mPEG utilized for the stability study was 16,000 g/mol while M, of PSA-g-
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mPEG utilized for the preparation of hydrogels was 22,000 g/mol. 'H NMR [(400 MHz,
DMSO-ds) o6 (ppm) (Figure 8(b), Chapter 3)]: 4.95-4.58 (m, 2H), 4.57-4.33 (m, 2H), 4.16—
4.08 (m, 2H), 4.28-3.86 (m, 3H), 3.82-3.72 (m, 2H), 3.56-3.45 (m, 50H), 3.23 (s, 3H), 2.61—
2.52 (m, 4H), 3.61-3.34 (m, 2H), 2.38-2.18 (m, 4H), 1.61-1.41 (m, 4H).

o o
HOJI\/\P)'O‘(/\Q)D\/\[(;OH where n =9, 23, 45
n

Disuccinyl PEG

OHOH O o 0”\/\"0(/0);2
o
S RS plel e Sozen 2y
38 OHOH o OHOH
PSA 17 21
20h, 37°C PSA-g-mPEG
OH OX (0] OH OH (@)
O OH ol  OHOH ol
(o)

-

o) H, when PSA is used.

(o)

(o}
O,
> F° /U\/\H/ \é/\°>1/2 , when PSA-g-mPEG. is used.

OH OH (@)
{0 )‘\/\/\"H )‘\/\/\nz]'
OH OH OH OH (0] m

Figure 7. Synthesis scheme of PSA and PSA-g-mPEG based hydrogels through disuccinyl
PEG (Suc-PEG;-Suc) Crosslinker
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2.2.4. Hydrogel Syntheses of PSA and PSA-g-mPEG with disuccinyl PEG

Hydrogels were synthesized by esterifying free hydroxyl groups from PSA or PSA-g-mPEG
with carboxyl groups of disuccinyl PEG (Suc-PEG,-Suc where n = 9, 23, 45) using Steglich
esterification as shown in Figure 7. In a typical experiment, PSA (0.500 g, 6.85 mmol) was
first dissolved in DMSO followed by the addition of DMAP (0.17 g, 1.36 mmol) and
EDC-HCI (2.61 g, 13.69 mmol) in a vial. At the end, Suc-PEGy-Suc (1.23 g, 2.05 mmol) was
added to the above reaction mixture and kept overnight at 37 °C to obtain PSA gels.

A similar procedure was adopted to synthesize hydrogels from PSA-g-mPEG. For
both PSA and PSA-g-mPEG based hydrogels (Figure 7), three different Suc-PEG,-Suc
(disuccinyl PEG) crosslinkers with varying chain lengths were used (with n =9, 23, 45). The
same concentration, i.e. 30 mol% of cross-linker with respect to free hydroxyl groups
available at the polymer backbone, was used for the syntheses of both types of hydrogels. The
gels were then cut into discs and washed with deionized water as washing medium with
repeated replacements for 3 times per day. The washing process was continued for 7 d in
order to remove all impurities present in the hydrogels. Purified swollen hydrogel discs were
then dried in a vacuum oven at 37 °C to obtain the dry and clean product. It is important to
mention here that hydrogel batch used for temperature based swelling study, dynamic
swelling study, determination of physico-chemical parameters, and loading/release studies
was crosslinked at a rate of 35 mol% with respect to free hydroxyl groups available at the

polymer backbone.

2.3. Instrumentation

2.3.1. Nuclear magnetic resonance (NMR) spectroscopy
2.3.1.1. Solution NMR spectroscopy

Solution NMR spectroscopy (‘"H NMR and C NMR) was performed using an Agilent
VNMRS spectrometer 400 MHz at 27 °C. Tetramethylsilane (TMS) was used as internal
calibration standard. Deuterated solvents DMSO-d¢ and CDCIl; were used for measuring
spectra of polymers. Measurements were evaluated through MestReNova software (version
11.0.4) developed by Mestrelab Research, Spain, while the peaks were assigned using
ChemDraw Ultra software (version 7.0) developed by CambridgeSoft Corporation, USA.

33



Methods

2.3.1.2. Solid state NMR spectroscopy

2.3.1.1.1. B¢ Magic angle spinning (MAS) NMR spectroscopy

BC MAS cross-polarization (CP) and single-pulse (SP) experiments were performed on a
Bruker Avance 400 spectrometer, operating at a '>C Larmor frequency of 100 MHz. A 4 mm
triple-resonance probe head was used and a MAS spinning frequency of 10 kHz was applied
in all experiments. The sample temperature was controlled by a standard Bruker BVT-
controller and calibrated with methanol. For all experiments, the temperature was set to 30
°C. The "C /2 pulse length varied between 2.5 and 3.0 ps. The recycle delay was chosen
such to meet the condition of 5-T1 of protons to allow complete restoration of the initial
signal. The corresponding relaxation times were estimated by means of the saturation-
recovery pulse sequence. Dry samples were filled into a Kel-F insert for a standard 4 mm
rotor. The spectrum was referenced according to the COO resonance of alanine. The line
assignment was carried out using ChemDraw Ultra software (version 7.0) developed by

CambridgeSoft Corporation, USA.
2.3.1.1.2. "H Double quantum (DQ) NMR spectroscopy

'H DQ NMR experiments were performed on a Bruker Avance III 200 MHz spectrometer
using a static 5 mm Bruker probe. The temperature was controlled with a BVT-3000 heating-
device with an accuracy of £1 °C. For all experiments, the temperature was set to 30 °C. 'H
n/2 pulse of 3 ps length and recycle delay of 2s were applied. For the DQ measurements,
samples were swollen in D,O to equilibrium and then filled into 5 mm glass tubes. A small
amount of D,O was added to prevent the samples from drying out during the long

measurement. Afterwards the tube was sealed.
2.3.1.1.3. "H Pulsed field gradient (PFG) NMR spectroscopy

'H PFG NMR spectroscopy was carried out for diffusion coefficient measurements. The
spectra were recorded with a Bruker Avance II 400 MHz instrument at 30 °C. A stimulated
echo with bipolar gradient (STEBP) was used as sequence with gradient time & of 1-2 ms and
a varying diffusion time A of 20-80 ms, depending on the sample. 'H /2 pulse length
between 3.0 and 3.5 ps and recycle delays of at least 5-T1 were applied. Samples swollen in
D,0 to equilibrium were filled into 5 mm glass tubes. The amount of HDO molecules in
deuterated water is sufficient to obtain a good signal, which is comparable in intensity to the
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signal from the hydrogel. No additional D,O was added. This ensures that there is no signal
contribution from free water outside the hydrogel. Since the diffusion measurements usually
take few hours and were performed at room temperature, the drying of the samples could be

neglected.
2.3.2. Gel permeation chromatography (GPC)

GPC measurements were performed using a Viscotek GPCmax VE 2002 having columns of
HHRH Guard-17360 and GMHHR-N-18055 with refractive index detector (VE 3580 RI
detector, Viscotek) at room temperature. DMF with addition of 0.01 M LiBr was used as an
eluent with a sample concentration of 5 mg/mL. Poly(methyl methacrylate) (PMMA) was
used as calibration standard and flow rate was 1 mL/min. The number average molar mass

(M,), the weight average molar mass (M,,), and the dispersity (D, M,,/M,) were determined.
2.3.3. Differential scanning calorimetry (DSC)

The thermal analysis of all precursor polymers and dried gels was carried out using a DSC,
Mettler Toledo DSC823e module, Mettler-Toledo GmbH, Greifensee, Switzerland under
nitrogen flow. Pre-weighed 6-10 mg samples were placed in aluminum crucibles and were
scanned against temperature ranging from —60 °C to 80 °C. A heating rate of 1 °C/min was
employed and the nitrogen flow rate was 10 mL/min. All the samples underwent a specific
heating and cooling cycle. This cycle consisted of 4 scans. In first cycle, the samples were
initially heated to a temperature of T = 125 °C and maintained at this temperature for 5 min to
reset their thermal history. In second cycle, they were then cooled down to T = —60 °C at a
rate of 1 °C/min. Melting endotherm was then recorded by reheating samples to 80 °C at a
rate of 1 °C/min. Finally, temperature was decreased to room temperature. Overall, the second
heating scan data was used for records of melting endotherms was observed and stated as

DSC data.
2.3.4. Swelling studies

Dried hydrogel discs were investigated for solvent uptake studies in D,O. In a typical
experiment, pre-weighed dry gel samples were immersed into water and allowed to swell for
24 h at room temperature until they reached their equilibrium state. Swollen discs of both
PSA and PSA-g-mPEG based hydrogel were then taken out and rolled over blotting paper in

order to remove water from the surface and then weighed. The degree of swelling was finally
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calculated by taking into account the weights of dry and swollen samples. After the initial
results, PSA-g-PEG based hydrogels were selected for molecular release study. Therefore,
their dynamic and equilibrium swelling degree was calculated by taking into account the
initial dry weight and swollen weights of hydrogels at different time intervals [206]. Rest of
the procedure remained the same as stated above. Moreover, equilibrium swelling degrees for
all samples were also calculated at RT, 37 °C, 50 °C, and 75 °C to evaluate and investigate
the effect of increasing temperature on hydrogel samples as general physicochemical
characteristics of this polymeric system. Measurement was done in triplicate. The degree of
swelling was calculated using equation 4, where m;, refers to the mass of the swollen hydrogel
while m, refers to the mass of the dried hydrogel disc.

mg — My

0 (eq. 4)

Mo
2.3.5. Polymer degradation/stability study

Polymers (PSA and PSA-g-mPEG) were exposed to 2 different types of temperatures. One
part was placed at 4 °C in a fridge while the second part was placed at 40 °C and relative
humidity (RH) of 75% to check its degradation and stability. For this purpose, 5 mg of
polymer was taken at each time point and samples were kept in the fridge and Heraeus B
6760 climate chamber (Thermo Fisher Scientific Inc., Waltham, MA, USA). At various time
points (d), samples were taken and measured through gel permeation chromatography (GPC).
For GPC measurement, samples were analyzed at room temperature by using Viscotek
GPCmax VE 2002. 5 mg/mL of sample was taken and dissolved in DMF (along with 0.01 M
LiBr). For contruction of calibration curve in order to obtain relative molar mass, poly(methyl
methacrylate) was used while a 1 mL/min flow rate of eluent was adopted for the
measurement. Samples were finally analyzed by determination of the number average molar

mass (M,,).
2.3.6. Sol-gel fraction of PSA-g-mPEG hydrogels

Sol-gel fraction investigation of PSA-g-mPEG hydrogels was performed to know about the
crosslinked and uncrosslinked portions of polymers on which these hydrogels are based. For
that, hydrogel samples after synthesis containing uncrosslinked polymers, catalysts and
solvent were immersed in double distilled water. Water was replaced 3 times per day for an

interval of one week to remove the uncrosslinked portions of the hydrogels. It is pertinent to
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mention here that all the reactants involved in the preparation of the hydrogels were soluble in
water. Finally, hydrogels were dried and weighed. Sol-gel fraction of hydrogels was
calculated with the help of the equations 5 and 6 [211,212] where W) refers to the initial
weight of hydrogel precursors before reaction while W; refers to the final weight of dried

clean hydrogels after washing.

Wo—W
Gel fraction (wt. %): % x 100 (eq. )
0
Sol fraction (wt. %): 100 — Gel fraction (eq. 6)

2.3.7. Structural parameters of the PSA-g-mPEG hydrogels

Swelling measurements were then utilized to calculate various physical parameters related to
the polymeric structure of the PSA-g-mPEG hydrogel system. One of these important
physical parameters is M., molar mass between two crosslinks which allow for determining
the degree of crosslinking between the polymeric chains. M, can be calculated through

modified Flory-Rehner’s theory by using equation 7 [206,207].

1 i_:;—1[ln(l—vz)+vz,s+x1v§,5] 0. )
M, M 1 :
¢ n [(V2,5)3_(%)V2,s]

Here, M, represents polymer's number average molar mass prior to the crosslinking, i.e. of
PSA-g-mPEG (17,500 g/mol), v, is the specific volume of the polymer, V; is the molar
volume of the solvent, ¢ is the functionality of the crosslinker, i.e. 2, x; 1s the polymer-solvent
interaction parameter also called as Flory-Huggins parameter or chi parameter while v, g is
the polymer volume fraction in the swollen state. To solve this equation, polymer solvent
interaction parameter (};) was taken of PEG which is 0.426. This assumption was based on
the fact that the molar mass of the PEG in the hydrogel system was larger as compared to the
PSA and the swelling properties of the hydrogel system were driven by PEG. Similar type of
assumption has been reported elsewhere also [213]. The specific volume of the polymer, v,
was determined by calculating the density of the polymer hydrogels. Molar volume of the
solvent (V) is 18.1 mL/mol. Polymer volume fraction tells about the efficiency of the
hydrogel systems to absorb water. It is calculated by taking the volume ratio of the dry
hydrogels to the swollen hydrogels that can be related to the degree of swelling as well as to
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the densities of the hydrogels and solvent. It can be calculated [206] by using the following
equation 8.
Ps

Voo = eq. 8
2,s Qpptps (q )

Here, ps is the density of the solvent while p), is the density of the dry hydrogel while O is

the degree of swelling.

Once ]VIC is calculated, it is easy to determine the mesh size or correlation length of the
respective hydrogels. The correlation length (&) is a common structural parameter used to
describe the size of the pores of the hydrogels. It represents the linear distance between two

neighboring crosslinks and can be calculated [111,214] through the value of

&=0,,"FA) 12 (eq. 9)

where v, is the polymer volume fraction of the hydrogels while 7%’ is the square of end to end

distance between two adjacent crosslinking points and can be determined as
(7?)1/2 = I C,N)1/2 (eq. 10)

Here, / is the bond length which was assumed to be the average bond length of one PSA
repeating unit, i.e. 1.51 A. C, is the Flory characteristics ratio that tells about the flexibility or
rigidity of the polymer chain [215]. Since, Flory characteristics ratio of PSA hasn’t been
determined till yet, C, of a polyamide, Nylon 6,6 (6.5) [216] is assumed whose one repeating
unit has almost same length as of PSA. While N, the number of links per chain, can be
determined as equation 11, where M, refers to the average molar mass between the two
crosslinks while M, is the molar mass of one repeating unit of the polymer chain. Molar mass
of one repeating unit of PSA-g-mPEG is assumed here as 640 g/mol.
_ 2M,

N= 11
M, (eq. 11)

2.3.8. X-ray diffraction (XRD) of PSA-g-mPEG hydrogels

Wide-angle X-ray scattering (WAXS) measurements of PSA-g-mPEG were performed with

an Incoatec IuS (Geesthacht, Germany) equipped with a microfocus source and a
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monochromator for Cu Ka radiation (A = 0.154 nm). 2D scattering patterns are recorded using

a Vantec 500 2D detector (Bruker, AXS, Karlsruhe, Germany).

The samples were kept in glass capillaries of 1 mm diameter (manufactured by Hilgenberg,
GmbH, Malsfeld, Germany) while gel samples were measured in transmission mode having
01 mm thickness. The exposure time was 3 min. The distance between the sample and

detector was 9.85 cm for wide-angle scattering experiments.
2.3.9. Loading study of the BSA-TMR and DY-781 into PSA-g-mPEG hydrogel matrices

In order to assess release pattern of lower and higher molar mass molecules from PSA-g-
mPEG hydrogel matrices, DY-781 as lower molar mass molecule (molar mass: 781 g/mol)
and model protein bovine serum albumin conjugated with tetramethylrhodamine (BSA-TMR)
(molar mass: 66,000 g/mol) as high molar mass molecule, were loaded into hydrogels as
follows. In detail, BSA-TMR solution was prepared by dissolving 100 pg of BSA-TMR in 1
mL phosphate buffer saline having pH 7.4 at a concentration of 0.1 mg/mL (PBS) while DY -
781 was prepared by dissolving 10 pg of DY-781 in 1 mL phosphate buffer saline (PBS)
having pH 7.4 at a concentration of 0.01 mg/mL. Different dried hydrogel samples having
diameter of 3mm (PSA-g-mPEG crosslinked with disuccinyl PEG-400, PSA-g-mPEG
crosslinked with disuccinyl PEG-1000, and PSA-g-mPEG crosslinked with disuccinyl PEG-
2000) were then placed in these solutions for 48 h. Hydrogels were allowed to swell so that
BSA-TMR and DY-781 may diffuse inside hydrogel samples. After 48 h, hydrogels were
then subjected to freeze drying in order to get dried hydrogel samples. Loading efficiency was
calculated keeping in view the concentration of the initially prepared solutions and loaded
concentration inside hydrogels measured through fluorescence spectroscopy. Additionally,
DY-784 was also loaded through the same method as described before for an illustration of
dye loaded hydrogels. Maestro™ imaging system (Cambridge Research & Instrumentation
Inc., Hopkinton, MA, USA) was used to capture fluorescence images by using near-infrared
filter set. A filter set designed for near-infrared (NIR) wavelengths, including a 710 nm to 760
nm excitation filter and an 800 nm long-pass emission filter, was employed to capture the
DY-784 signal. Image cubes were systematically acquired in 10 nm increments spanning the
range of 780 to 950 nm. The analysis of these images was conducted using Maestro™
software (Version 2.10.0). The exposure time was automatically optimized, and the software

correlated the total fluorescence signal to the corresponding value.
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2.3.10. Release study of the BSA-TMR and DY-781

BSA-TMR and DY-781 loaded hydrogel samples were then subjected to a release study in
order to evaluate their release from these hydrogel matrices. For this purpose, dried hydrogel
samples were taken and placed in glass vials having conserved PBS pH 7.4 as the release
medium. Glass vials were placed in a shaking water bath at 60 rpm and 37 °C temperature.
The water bath was protected from the sunlight. 500 uL of aliquots were taken at different
time intervals and were replaced with the same volume of fresh PBS in order to maintain the
sink conditions of the release media. BSA-TMR and DY-781 aliquots were then analyzed
through fluorescence spectroscopy by using FluoroMax-4 spectrofluorometer (HORIBA
Jobin Yvon GmbH, Bensheim, Germany). The detection of the DY-781 signal involved a
single-point acquisition with an excitation wavelength of 784 nm and an emission wavelength
of 796 nm while for BSA-TMR excitation wavelength was 535 nm and emission length was
576 nm. Measurements were conducted in a 10 mm quartz cuvette, and the data obtained
were analyzed using FluorEssence™ software (HORIBA Jobin Yvon GmbH, Version
3.8.0.60). The final calculation of the release data was done by constructing a calibration

curve of BSA-TMR and DY-781. The experiment was performed in triplicate.
2.3.11. Cytotoxicity study of PSA-g-mPEG hydrogels

In vitro cell toxicity studies were performed for all three PSA-g-mPEG hydrogel samples that
were utilized for release study. They were PSA-g-mPEG crosslinked with disuccinyl PEG-
400, PSA-g-mPEG crosslinked with disuccinyl PEG-1000 and PSA-g-mPEG crosslinked with
disuccinyl PEG-2000. Hydrogels were exposed to 37 °C for a longer period of time till they
degraded to solution form. Two different cell lines were used. The first was the 3T3 cell line
which is a murine embryonic fibroblast cell line originally isolated from kidney tissue, while
the second cell line used was NHDF which is a normal human dermal fibroblast cell line
originally isolated from a human foreskin sample.

Seeding of the cells took place in 96 well plates (TPP® tissue culture test plate flat bottom,
TPP Techno Plastic Products AG, Trasadingen, Switzerland). These cells were grown in an
incubator (Heraeus HeraCell CO, incubator, Thermo Fisher Scientific Inc., Waltham, MA,
USA) in 100 pL culture media at 37 °C and 5% CO, for overnight. In case of the NHDF cell
line, the culture medium used for the cultivating of the cells consisted of Dulbecco's Modified
Eagle Medium (DMEM; Sigma-Aldrich GmbH, Taufkirchen, Germany), 10% (v/v) fetal
bovine serum (FBS, Sigma-Aldrich GmbH, Taufkirchen, Germany) and 1%
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penicillin/streptomycin solution (Sigma-Aldrich GmbH, Taufkirchen, Germany). 4 mM
sodium pyruvate was added in addition for the culture medium in case of 3T3 cell line.
Column 1 of the well plate was left blank without any seeding of cells to get the background
signal. Column 2 was considered as a negative control as cells were left untreated to get 100%
vitality while column 3 was made positive control by treating cells with 0.05% (v/v) Triton®
X-100 solution to get 0% vitality (or 100% cell death). In the remaining columns of the well
plates, hydrogel solutions were added to the cells and incubated for 4 h, 24 h, and 96 h.

Resazurin assay was used to determine the viability in % by metabolic activity of the cells. 20
uL of Resazurin solution (440 uM) was added to the well plate followed by its incubation for
2 h. Well plate was then placed in a multi-mode cell imaging reader (Cytation™ 5 cell
imaging reader, BioTek Instruments Inc., Winooski, VT, USA). Using a filter set with an
excitation wavelength of 531 nm and an emission wavelength of 593 nm, fluorescence
intensities were recorded. The final cell viability percentage was then determined by taking

into account the negative control after subtracting the blank (background signal).
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3. Results and Discussion
3.1. Polymer syntheses

Poly(sorbitol adipate) (PSA) was synthesized through lipase CAL-B catalyzed
polycondensation reaction using the sugar alcohol sorbitol and divinyl adipate. The selection
of divinyl esters was preferred over dicarboxylic acids or dialkyl esters because the latter ones
result in reaction by-products like water, methanol etc. which require vacuum and high
temperatures in order to be removed from the reaction mixture [217]. Another reason to select
divinyl adipate is connected with the fact that relatively high molar mass polyesters are
obtained. Here, the byproduct vinyl alcohol, which is not stable and tautomerizes
spontaneously to acetaldehyde, leaves the reaction as a gas. This process drives the reaction
irreversibly towards the forward direction [218-220]. The sugar alcohol sorbitol is selected
since the two primary OH-groups are converted during the polycondensation process but four
secondary OH-groups per repeat unit of the polyester remain free which guarantee the water

solubility of PSA [202].

Linearity of polymer is attained due to the highly reactive nature of the enzymes that
react specifically and selectively with the primary functional groups rather than secondary
functional groups [221]. This regioselective nature of enzymes enables the formed polymer to
be utilized later on for crucial modifications. In this case, it leaves secondary hydroxyl groups

to be used for further modifications.

Regioselectivity of these enzymatically catalyzed reactions is attained by conducting
polymer synthesis at lower temperatures rather than at higher temperatures. Synthesizing a
polymer at a lower temperature leads to a linear polymer while polymer synthesis at higher
temperature results in a branched polymer as well as a polymer with high molar mass

[202,222].

The PSA structure was confirmed from 'H NMR, B NMR, and B3C MAS NMR spectra
given in Figure 8 (a), Figure 10(a), and Figure S1 (Supplementary Data), respectively.

The objective was to synthesize biocompatible PSA hydrogels which can be used as
hydrogel for potential applications in pharmacy and medicine. For this purpose, PSA was
firstly modified by grafting with PEG chains. This further improves the hydrophilicity of the

polymer [223]. PEG has been known as a versatile biocompatible polymer with a well-
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recognized safety profile. For these reasons, it has been in use for decades for different
purposes in the pharmaceutical industry [224]. One of the many important purposes for its use
inside the pharmaceutical industry is to graft it to biodegradable polymers and enhance half-
life of various drugs [223,224]. In addition to its benefits, PEG has been documented to
trigger antibody formation within human body which may diminish the therapeutic

effectiveness of the drugs [225,226].

To achieve the grafting reaction, mPEG-550 was firstly reacted with succinic anhydride in the
presence of 4-(dimethylamino)pyridine (DMAP) to obtain the monofunctional a-methoxy,w-
succinyl poly(ethylene glycol) (monosuccinyl mPEG-550) (Figure 4, synthesis scheme,
Chapter 2). The reaction was verified by '"H NMR spectroscopy (Figure 9) through integrals
of methyl peak (b) and methylene peak (d).
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Figure 8. '"H NMR spectra of (a) PSA and (b) PSA-g-mPEG measured at 27 °C using
DMSO-dg as solvent.
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To synthesize PSA-g-mPEG, Steglich esterification was adopted for the grafting
procedure via the reaction between free hydroxyl groups from PSA and carboxyl groups from
monosuccinyl mPEG-550. The synthesis of PSA-g-mPEG can be confirmed from '"H NMR
(Figure 8 (b)) and '>C NMR spectra (Figure 10(b)). The appearance of the methyl peak at 3.23
ppm and methylene peak at 3.50 ppm of PEG in the '"H NMR spectrum while in the *C NMR
spectrum, the carbon signal of the methyl group at 58.10 ppm and the carbon signal of the
methylene group at 69.85 ppm of PEG, verifies the grafting of mPEG-550 chain to PSA.

Equation 12 is employed for the calculation of the degree of grafting in mol%.

Degree of grafting = zz% x 100 (eq. 12)

Where d represents the protons of the methyl group of PEG and a represents the protons of
the methylene groups of PSA.

The degree of grafting is calculated as ~ 45 mol% per polymer chain, i.e. nearly one
out of eight OH-groups is esterified with monosuccinyl mPEG-550. The degree of grafting
can also be confirmed by taking the same '"H NMR integrals of the mentioned peaks with

CDCl; as solvent given in Figure S2 (Supplementary Data).
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Figure 9. "H NMR spectrum of monosuccinyl mPEG-550 measured at 27 °C using CDCl; as

solvent.
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Figure 11. GPC traces of PSA before and after modification with monosuccinyl mPEG-550.

The grafting was also verified by GPC traces through a shift towards shorter retention time
(Figure 11). Suc-PEG,-Suc (disuccinyl PEG) was synthesized through carboxylation of OH-
PEG-OH on both sides with succinic anhydride (Figure 5, synthesis scheme, Chapter 2). By
the same procedure, as followed for the synthesis of monosuccinyl mPEG-550, esterification
took place between OH-PEG-OH and succinic anhydride to get disuccinyl PEG (Figure 6,
synthesis scheme, Chapter 2). Succinylation on both sides of PEG was verified by 'H NMR
spectroscopy (Figure 12) by taking integrals of methylene peak (b).

Using Suc-PEG,-Suc (disuccinyl PEG) with varying chain length of PEG ((where n = 9
(PEG-400), 23 (PEG1000), 45 (PEG-2000)), polymer (PSA and PSA-g-mPEG) hydrogels
were then prepared through Steglich esterification. Esterification took place between hydroxyl
groups from PSA or PSA-g-mPEG and the carboxylate groups of the succinyl part of
disuccinyl PEG in order to study the effect of different chain lengths of the cross-linkers on
the overall behavior of hydrogels. An ideal hydrogel structure is given in Figure 14 while it
can be verified by *C CP MAS NMR spectra (Figure 13).
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47



Results and Discussion

Ch o%}cm

VL/\A bf o P4 w/{ P4 /k/\/b\d{ P
(0] f 0 /U\/\/\’%
OH OH o OH OH ol

Mf/

¢ 0 lf
[0} (;l o
& g ig where n=9, 23, 45
5550 where n =9, 23, 45 s /=0
oz
OH OH o
OH OH o
/{ Q\/\A /UV\A’% w OH OH /U\/\/\’Cﬂ‘(' \mo*/\/\g}m
OH OH OH OH d
|
—— PSA Network
—— PSA-g-mPEG Network
e,f,h
=
(qv]
~
a
g b C
A * *
| ! | ! |
180 1 75 1 70 80 60 40 20

6 (ppm)
Figure 13. °C MAS SP spectra of PSA and PSA-g-mPEG hydrogels with a disuccinyl PEG-

400 cross-linker.

Both spectra (Figure 13) from hydrogels crosslinked with disuccinyl PEG-400 verifies the
crosslinking of the polymers and show incorporation of identical cross-linker’s succinyl peaks
at 30 ppm while carbon peaks from ethylene glycol part are appearing around 70 ppm.
Difference between both types of hydrogels is that PSA-g-mPEG hydrogel shows a carbon
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peak of methyl at 58 ppm from mPEG-550 which is absent in the PSA hydrogel. Furthermore,
from PSA-g-mPEG hydrogel spectra, carbon peaks at around 30 ppm (c) and 173 ppm (h)
show greater intensity due to the grafted chains of monosuccinyl mPEG-550. There are two
unknown extra carbon peaks appearing around 15 ppm and 45 ppm, marked by an asterisk.
One possible reason can be peak splitting of PEG based cross-linker after formation of the

hydrogel.

or

PSA PSA-g-mPEG

Suc-PEGn-Suc
(Crosslinker)

Polymer
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Suc-PEGn-Suc &9

Figure 14. Presumed network formation using Suc-PEG,-Suc (disuccinyl PEG) with (a) PSA

(a)

or (b) PSA-g-mPEG when the network cross-links occur ideally.
3.2. Stability and degradation study of PSA and PSA-g-mPEG

Enzymatically synthesized aliphatic polyesters have been reported as biodegradable which
breaks down to their initial monomeric products after degradation [227,228]. Studies suggest
that post-polymerization modification can lead to a decrease in polymer degradation which
may be a result of an increase in the steric hindrance of the polymer [229]. The same kind of
study has also been conducted here in which polymers were exposed to two different types of
temperatures to check their stability and degradation before (PSA) and after modification
(PSA-g-mPEQG).
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The stability study suggests through GPC measurements that no change was observed in the
number average molar mass (M,) before and after modifications when polymers were kept at
4 °C. In contrast to 4 °C, a decrease in molar mass was observed when these polymers were
kept at 40 °C and 75% RH. As it can be seen in Figure 15 (a) that the PSA initial molar mass
was 11,000 g/mol on d 0 but with the passage of time, it is gradually decreasing. It is reduced
to 8,400 g/mol on d 28 while on d 84, it is degraded to 4,800 g/mol. Similar trend was
observed with the PSA-g-mPEG (Figure 15 b). On d 0, the molar mass of PSA-g-mPEG was
16,000 g/mol which reduced slightly to 15,000 g/mol on d 30 while it decreased to 11,800

g/mol on d 84.
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Figure 15. (a) Number average molar mass (M,) of PSA at 4 °C and 40 °C/75% RH with
respect to time (84 d), (b) M, of PSA-g-mPEG at 40 °C/75% RH with respect to time (84 d),

and (¢) % degradation of M, for PSA and PSA-g-mPEG at 40 °C/75% RH with respect to
time (84 d).

In both polymers (PSA and PSA-g-mPEG), degradation of the polymer is observed at high

temperature (40 °C) as compared to lower temperature (4 °C) which happens to be the result
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of the hydrolysis [230-232]. Hydrolysis can be the result of high temperature and humid
conditions which was provided to the polymers. Degradation of the poly(glycerol adipate)
(PGA), which is also a sugar alcohol based polyester, has also been reported when it was
exposed to similar environmental conditions [232]. It is also pertinent to mention here that
PSA degrades more as compared to PSA-g-mPEG. If the degradation of PSA and PSA-g-
mPEG at d 84 (Figure 15 c) is compared, PSA degrades to 43% of its initial molar mass while
PSA-g-mPEG degrades to 73% of its initial molar mass. This also justifies the fact that
modification of the polymer increases the steric hindrance of the cleavable ester bonds present
in the polymer which delays the degradation of the PSA-g-mPEG as compared to PSA [230—
232]. A similar trend was also reported by Swainson et al. when they exposed poly(glycerol
adipate) (PGA) and poly(glycerol adipate) modified with PEG (PGA-PEG) to enzymatic
degradation. They found that PGA-PEG was more stable to degradation effect as compared to
PGA only, hence PEG providing the increase in the steric hindrance of the polymer [227].
Another potential scenario involves PEG acting as a polymer that can adhere to water due to
its hygroscopic properties [233], thereby potentially reducing the amount of water accessible

for hydrolysis and delaying the degradation process.

3.3. Differential scanning calorimetry

Figure 16 and Table 1 summarize all DSC data taken in the range between —60 °C and 80
°C. Figure 16 (a) indicates the amorphous nature of PSA and PSA-g-mPEG since only a glass
transition temperature 7, is observed in the respective heating trace. In contrast, monosuccinyl
mPEG-550 shows a clear melting endotherm. Thus, the amorphous nature of PSA-g-mPEG
indicates that the PSA backbone prevents the crystallization of the grafted PEG chains. PSA
shows a T, at —1 °C which is reduced to —34 °C after grafting with monosuccinyl mPEG-550
and resulting in PSA-g-mPEG. The bifunctional cross-linker disuccinyl PEG-400 also does
not show any melting peak but shows a 7, at =45 °C (see Figure 16 (b)). When PSA is cross-
linked with disuccinyl PEG-400, the T, 1s lowered to —11 °C. When PSA-g-mPEG is cross-
linked with disuccinyl PEG-400, the 7, appears at =29 °C. Both hydrogel structures cross-
linked with disuccinyl PEG-400 do not show any melting peak demonstrating that the gels
formed with disuccinyl PEG-400 are completely amorphous. In contrast, hydrogels formed
with disuccinyl PEG-1000 and disuccinyl PEG-2000, respectively, cross-linkers are semi-
crystalline indicated by their melting endotherms in the DSC traces, no matter if they are

synthesized from PSA or PSA-g-mPEG (Figure 16 (c¢) and (d)). Here, the crystallinity is
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obviously imparted by the cross-linkers disuccinyl PEG-1000 and disuccinyl PEG-1000 since

they are also semi-crystalline.
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Figure 16. DSC heating traces with at heating rate of 1 °C/min. (a) Polymers; PSA,
monosuccinyl mPEG-550, and PSA-g-mPEG, (b) disuccinyl PEG-400 crosslinker, PSA
hydrogels crosslinked with disuccinyl PEG-400, and PSA-g-mPEG based hydrogels
crosslinked with disuccinyl PEG-400, (c) disuccinyl PEG-1000, PSA hydrogels cross-linked
with disuccinyl PEG-1000, and PSA-g-mPEG based hydrogels cross-linked with disuccinyl
PEG-1000, (d) disuccinyl PEG-2000, PSA hydrogels cross-linked with disuccinyl PEG-2000,
and PSA-g-mPEG based hydrogels cross-linked with disuccinyl PEG-2000.
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Table 1. Average number molar mass M,, dispersity (D), glass transition temperature 7,

melting temperature 7,,, and melting enthalpy AH,, of polymer precursors and hydrogels.

Polymers and hydrogels M, (g/mol) D T, (°C) Twn(°C) AH, (J/g)

PSA 11,000 1.8° -1
Monosuccinyl mPEG-550 650 - --- 12 45
PSA-g-mPEG 22,000 * 1.5° ~34

Disuccinyl PEG-400 600 > -—- —45 - —

PSA cross-linked with
disuccinyl PEG-400
PSA-g-mPEG cross-linked
with disuccinyl PEG-400

Disuccinyl PEG-1000 1,200 > - --- 31 86

PSA cross-linked with
disuccinyl PEG-1000
PSA-g-mPEG cross-linked
with disuccinyl PEG-1000

22 40

Disuccinyl PEG-2000 2,200 > - --- 51 123

PSA cross-linked with
disuccinyl PEG-2000
PSA-g-mPEG cross-linked
with disuccinyl PEG-2000

41 34

'Molar mass of PSA is obtained by GPC measurements.

*Molar mass of graft copolymer (PSA-g-mPEG) is calculated on the basis of the degree
of grafting obtained from 'H NMR spectroscopy and taking into account molar mass of
polymer (PSA) backbone obtained from GPC.

3 D is calculated from GPC measurements.

These traces also indicate a decrease in the melting temperature and melting enthalpies
when the cross-linker molecules are located between PSA-based polymer backbones
compared to the native cross-linker. For the PSA hydrogels formed with disuccinyl PEG-
1000, the phenomenon of cold-crystallization can also be observed [234]. Obviously, all
hydrogels formed by disuccinyl PEG-400 are amorphous, but when disuccinyl PEG-1000 is
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employed for gel formation, it needs some thermal activation that the PEG-1000 chains can
form crystals. In the case of disuccinyl PEG-2000, the PEG-2000 chains are long enough in
order to be packed into polymer crystals immediately after the synthesis of the gels.
Furthermore, disuccinyl PEG-2000 based gels show higher melting temperatures as compared

to disuccinyl PEG-1000 based gels [235,236].
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Figure 17. Sol-Gel fraction (wt.%) of hydrogels crosslinked with varying molar mass of PEG

crosslinker.

3.4. Sol-gel fraction of PSA-g-mPEG hydrogels

PSA-g-mPEG hydrogels were analyzed to identify crosslinked as well as uncrosslinked
polymers/reactants during the reaction. This property can also tell about the efficiency of the
Steglich esterification reaction when it is used to form a crosslinked polymeric gel. So, to
assess the amount of reactants consumed during the hydrogel formation, the sol-gel fraction
of all the hydrogels was calculated in wt.%. It can be revealed from Figure 17 that the gel
percent for the hydrogels crosslinked with PEG-400 was attained as 82%; hydrogels
crosslinked with PEG-1000 attained as 77% while the hydrogels crosslinked with PEG-2000

attained as 66%. Sol% of all the mentioned hydrogels was attained as vice versa. According
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to Chen et al., an increase in number of crosslinking precursors can lead to an increase in
grafting sites of the polymer network and crosslink density which will eventually end up in a
high gel fraction [237]. In case of the PSA-g-mPEG hydrogels, gel percent is related to the
chain length of the PEG. As the chain length of PEG based crosslinker is increased from
PEG-400 to PEG-2000, the gel percent is decreased. Current results can also be explained in a
way that Steglich esterification proves to be more efficient when lower chain length of PEG
as crosslinker is used as compared to the higher chain length of PEG. It is assumed that the
probability of effective collision in a chemical reaction is decreased with the increase in chain
length of PEG due to the reason that the high molar mass of PEG has a low degree of freedom

to be mobile enough and react with the other chemical species at reactive sites [238].
3.5. Swelling studies

Swelling is an important phenomenon of hydrogels which renders them soft and elastic nature
similar to natural tissues [99]. After getting into contact with the thermodynamically
compatible solvent, the transition occurs from a glassy or partially rubbery state to a relaxed
rubbery state. Hence, swelling can be described as a property of the polymer hydrogel that
evolves due to the elasticity of the polymer chains resulting from the interaction with a
thermodynamically compatible solvent [239]. Due to this unique property, hydrogels have
been studied in different biomedical applications [240].

In the first part, swelling studies of the both PSA and PSA-g-mPEG based hydrogels are
performed in D,O up to maximum water uptake (see Figure 18). This point can be considered
as the equilibrium degree of swelling [195,241]. The studies revealed that the degree of
swelling of all hydrogels increases with the chain length of PEG based cross-linkers. There
exists a nearly linear relation between the equilibrium degree of swelling and the degree of
polymerization n of the PEG-based bifunctional cross-linkers. Both PSA and PSA-g-mPEG
hydrogels showed the highest degree of swelling when Suc-PEGys-Suc (disuccinyl PEG-
2000) was used as cross-linker while it showed the lowest degree of swelling when Suc-
PEGo-Suc (disuccinyl PEG-400) was used. In comparison to PSA hydrogels, the PSA-g-
mPEG hydrogels show higher degrees of swelling since the grafted PEG chains render the

networks more hydrophilic.
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Figure 18. Degree of swelling of PSA and PSA-g-mPEG based hydrogels as a function of

degree of polymerization (n) in D,O at room temperature.
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Figure 19. PSA-g-mPEG based hydrogel samples showing dynamic swelling behavior in H,O

at room temperature.
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Figure 20. An example of change in the hydrogel diameter of disks of PSA-g-mPEG
hydrogels cross-linked by (a) increasing molar mass of PEG based cross-linkers, when they

are in (b) dry form and (c) swollen form after D,O uptake.

PEG dependent swelling degrees were also reported by various authors illustrating that an
increase in molar mass of the PEG leads to an increase in molar mass of the macromer. They
further outline that an increase in the swelling of the system can not only be attributed to the
enhancement in overall hydrophilicity of the hydrogel system but also due to a decrease in
crosslinking density [206,213,242]. Figure 20 shows photographic images as examples for the
different water uptake at room temperature. The images verify the two most important aspects
of the swelling experiments: i) The degree of swelling is larger for PSA-g-mPEG samples

compared to PSA based samples using identical cross-linkers and ii) The degree of swelling
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increases with the degree of polymerization n of the cross-linker molecules when identical

precursor polymers are employed, i.e. PSA and PSA-g-mPEG, respectively.

In the second part, based upon the better swelling data and potential application in
pharmaceuticals, PSA-g-mPEG based hydrogels were then further investigated for dynamic
swelling (Figure 19) in distilled H>O to reveal its swelling data in relation to time. It was
found that equilibrium swelling for PSA-g-mPEG based hydrogel samples crosslinked with all
types of crosslinking agents was achieved within 4 h of the study. This swelling data vs time
was then taken into account while explaining the post release dynamics of model protein and
model dye from these hydrogel matrices as potential application in pharmaceutical field. It is
worth mentioning here that one can see difference between equilibrium swelling of PSA-g-
PEG in Figure 18 and Figure 19. It is due to the fact that polymer used belonged to two
different batches (Figure 18 M,: 22,000 g/mol, Figure 19 M,: 16,000 g/mol) while the
hydrogel crosslinking ratio based upon mol% was 30% in case of Figure 18 while it was 35%
in case of Figure 19. These are the reasons that one can see less equilibrium swelling in

Figure 19 as compared to Figure 18.
3.6. Temperature dependent swelling behavior of PSA-g-mPEG hydrogels

Swelling of hydrogels was also investigated at different temperatures (22 °C, 37 °C, 50 °C
and 75 °C) to know the effect of an increase in temperature over its swelling capability. It was
revealed that the swelling degree decreases with the increase in temperature [243-245].
Figure 21 shows that the degree of swelling for all types of hydrogels crosslinked with
different molar masses of PEG based crosslinkers, decreases as the temperature was increased
from 22 °C to 75 °C. The swelling degree of hydrogels crosslinked with PEG-400 shrank
from 3.84 at 22 °C to 1.32 at 75 °C, hydrogels crosslinked with PEG-1000 shrank from 6.73
at 22 °C to 4.60 at 75 °C while hydrogels crosslinked with PEG-2000 shrank from 11.81 at 22
°Ct0 9.08 at 75 °C.

Such type of behavior has been explained as a PEG based property due to its lower critical
solution temperature (LCST) which is known to be ~ 95 °C [243,245,246]. Literature data
further reveals that hydrogen bonding plays an important role in performing that behavior by
forming hydrates when water comes into contact with PEG based hydrogels. It is thus obvious
that temperature would have a significant impact on the hydrogen bond formation between the

PEG’s oxygen atom and water’s hydrogen atom. Hence, such bonding is susceptible to
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breaking as the temperature rises, while interactions between hydrophobic molecules are

strengthened [247-249].

®  Hydrogels crosslinked with PEG-400
12 A ® Hydrogels crosslinked with PEG-1000
R A Hydrogels crosslinked with PEG-2000
10~ A
2 A
2 8-
)]
© °
0] °
o 61
5 °
o)
(@] °
4 "
|
[
2 -
[
T T T T T T T
22°C 37°C 50°C 75°C
Temperature

Figure 21. Swelling degree of PSA-g-mPEG hydrogels as a function of temperature when it

is increased from 22 °C to 75 °C.

3.7.'H Double-Quantum (DQ) NMR spectroscopy

For the characterization of the hydrogel samples, the '"H DQ measurements were performed.
This method allows the analysis of the dynamics and the determination of the hydrogel
structure. It also permits to distinguish the network-forming loops of different lengths, as well
as various defects [250]. The exact details of a DQ experiment and the pulse sequence
according to Baum and Pines [251] used in this work can be taken from Saalwéchter article

[252].

For the determination of the dipolar coupling constant, the mobile and uncoupled
components, so-called tail fraction, are first subtracted from the signal. Two tai/ components
are expected in a swollen real polymer hydrogel. First one is the solvent tail, which is caused
by residual protons in the solvent since the samples contain an excess of D,O, an increased
amount of this component is expected. Second is the network fail, which is caused by the

network defects such as loops and dangling chain ends (unreacted chains).
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Figure 22. Determination of the tail fraction through 'H DQ NMR for (a-c) PSA hydrogels

cross-linked with the disuccinyl PEG (Suc-PEG,-Suc where n =9, 23, 45) and (d-f) PSA-g-
mPEG hydrogels cross-linked with the Suc-PEG,-Suc (where n =9, 23, 45).
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Figure 23. Normalized double quantum curves nDQ through '"H DQ NMR for (a-c) PSA
hydrogels cross-linked with the disuccinyl PEG (Suc-PEG,-Suc where n =9, 23, 45) and (d-f)

PSA-g-mPEG hydrogels cross-linked with the Suc-PEG,-Suc (where n =9, 23, 45).
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For unmodified samples of PSA networks (Figure 22 (a-c)), only the solvent fail could be
detected. Based on the long 75" decay time, it can be excluded that this component results
from the network. The free chain ends of the main strands could not be detected. Note that the
solvent tail does not correspond to the total amount of water in the sample. The DQ
experiments were performed with a repetition time of 2s. This delay was chosen to be
sufficient for the complete relaxation of the polymer, but was significantly shorter than 5-77
of the solvent. Thus, the short recycling delay acts as a 7 filter for the solvent and the

determined water content is lower than expected.

Even in modified networks of PSA-g-mPEG, where about ~45% of the monomer units
contain a side chain, no second tail component with a short 7" time could be detected (Figure
22 (d-f)). This result is surprising and indicates that the network fail, i.e. the free chain ends
and other defects, do not differ in their mobility from the network structure. In other words,

the isotropic mobility of the tail is restricted by the network.

To check the fail subtraction procedure, the normalized DQ intensity (/,pp) was calculated
(Figure 23). The nDQ intensity reaches the expected value of 0.5 for all samples, which is an
indication that the correct tail fraction has been subtracted. It should be noted, however, that
due to complex network structure, the DQ data may contain not just one (as is the case of
natural rubber), but several network components with different 7 ," values. This makes the

nDQ curves unsuitable for a quantitative evaluation due to the incorrect normalization.

For this reason, the DQ data is directly evaluated with the help of a simultaneous fitting
procedure. The PEG spacers as cross-linkers, which connect the main chains, are generally
randomly distributed. This means that there are no loops of well-defined length like in Tetra-
PEG [250] or other PEG networks [253], which was the case in these samples. The mesh size
can vary greatly, which leads to a broad distribution of dipolar couplings due to the
relationship D,.; & M., the average molar mass between the cross-links. Both the Gaussian
and log-normal distribution were tested and the latter showed a better fit to the measured data.

The simultaneous fitting function for two network components is

Ispo(Tne) = i1 fiexp {—(an/fi)ﬁi} (eq. 13)
IDQ(TDQ) =Y, fooo IDQ(TDQ' Dr(é)s) P(Dr(?s ) U(i))dDr(?s (eq. 14)

=) i 1.5 . Bi
Ing(Tpe) =i [, %fi [1 — exp {—(0.378 : DT(QS‘L'DQ) } - c0s(0.583 - DT(L)STDQ)] - exp {— (Tf—l?) }
p(Dfok 0 ®)dD, (eq. 15)
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Fitting parameters are the component fraction f;, the time constant z;, which corresponds to the
characteristic decay time 75", the exponent B of the Kohlrausch-Williams—Watts (KWW)
function, the residual dipolar coupling constant D,.; and the width of the log-normal

distribution ©.

Table 2 summarizes the fitting results. The most important parameters are the component
fractions f;, the residual dipolar coupling constants D,.s and the distribution widths 6. The
corresponding fitting curves are shown in Figure 24. Two network components with
significantly different coupling constants were detected for all samples. The weakly coupled
component dominates for all samples. With increasing length of the PEG spacers, the network
becomes more mobile (7 2* value increases and D,., decreases) and the proportion of more
strongly coupled spins decreases. This applies generally to both PSA and PSA-g-mPEG

network batches.

Table 2. Result of the simultaneous fitting to the DQ data after the tail correction. The
two network components are shown.

Polymer Crosslinking o T, D,/ 2n o T, D,/ 2m
Networks Precursors fi %) (ms) B (Hz) ° 12 (%) (ms) B (Hz)
Disuccinyl
PG00 370 52 20 4625 046 630 7.8 15 1313 0.49
PSA Disuccinyl
Networks PEG-1000 31.7 103 1.9 217.1 061 683 261 15 344 0.59
Disuccinyl
PEG2000 21.8 113 20 2203 057 782 457 12 159 0.85
Disuccinyl 33.5 8.3 15 2301 085 665 150 12 470 0.69
PEG-400
PSA-g- Disuccinyl
mPEG suceiny 18.3 1.8 1.9 2008 060 817 407 12 190 0.77
PEG-1000
Networks Disuccinyl
PEG.2000 19.9 122 1.9 1591 065 801 600 12 118 0.80

63



Results and Discussion

1.0 1
0.9+
0.8
0.7
0.6
0.5+
0.4+

intensity / a.u.

0.3
0.2
0.1
0.0

O lsva

Ibq
—— simult. fit

O

10

1.0
0.9+
0.8
0.7 1
0.6 4
0.5+
0.4 4
0.3+
0.2 1
0.1+
0.0

intensity / a.u.

© Ipq

—— simult. fit

C) 1]
0.9
0.8
0.7
0.6-
05
0.4
0.3
0.2
0.1
0.0

intensity / a.u.

© Ipg

—— simult. fit

DQ evolution time / ms

d)

intensity / a.

e)

intensity / a.u.

f)

intensity / a.u.

1.0 1
0.9 1
0.8
0.7

0.5
0.4
0.3
0.2 1
0.1
0.0

O lsva

O Ipg

—— simult. fit

0.1

1 10
DQ evolution time / ms

100

1.0+
0.9 1
0.8
0.7
0.6
0.5 1
0.4 1
0.3 1
0.2
0.1
0.0

1.0
0.9+
0.8
0.7 4
0.6
0.5 1
0.4 4
0.3
0.2
0.1+
0.0

O Ipg

—— simult. fit

DQ evolution time / ms

Figure 24. Simultaneous fitting to the sum intensity /5 and DQ intensity /pq through 'H DQ

NMR after tail correction for (a-c) PSA hydrogels cross-linked with the disuccinyl PEG (Suc-
PEG,-Suc (where n =9, 23, 45) and (d-f) PSA-g-mPEG hydrogels cross-linked with the Suc-
PEG,-Suc (where n =9, 23, 45).
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The difference between PSA and PSA-g-mPEG networks lies in the strength of the dipole
coupling. As can be seen from Figure 25, PSA networks are more strongly coupled. However,
the proportion of such strongly coupling protons is lower in PSA-g-mPEG networks. In
addition, there is a greater distribution width of the dipole couplings. The additional side
chains thus lead to increasing inhomogeneity in the network. Not to be excluded is the case of

phase separation with areas of high and low polymer concentration.
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Figure 25. Relation between the dipolar coupling constant D,., and the degree of swelling O

of the samples. The vertical bars represent the distribution widths of ¢ from the Table 2.

If the side chains and free chain ends are located in the first areas, they are less mobile and
show a residual dipole coupling. This could explain the "invisible" tail in PSA-g-mPEG
network samples. Keeping in view data from Table 2 and Figure 25, dipolar coupling is
decreasing, while T y" s increasing causing mobility of the network. In other words, the

increase in network mobility can be attributed to an increase of the degree of swelling as

shown in Figure 25.
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3.8. 'H Pulsed field gradient (PFG) NMR spectroscopy

Furthermore, the diffusion of solvent molecules in swollen networks was investigated (See
Figure 27). The samples were prepared without excess D,O, so that, diffusion outside the
polymer network could be excluded. The measurement signal corresponds exclusively to the

remaining HDO molecules in the polymer network.

The 'H spectra from the diffusion measurement are shown in Figure 26 and exhibit two well
resolved resonances. As the gradient strength G increases, the intensity of the left peak
decreases while the right peak remains constant. The assignment of the two resonances is
therefore obvious. The left peak corresponds to the mobile solvent (HDO), while the right
peak is assigned to the immobile polymer network (its diffusion can be neglected on the time
scale of the diffusion of water). The relationship between echo signal intensity and pulse field

gradient parameters in the PFG experiment is given by
Ippg(G) = Ipp(0) - exP(_VZGZDaz(A - 5/3)) (eq. 16)

where Ipgg is the echo signal intensity, y is the gyromagnetic ratio of the proton, G is the
field gradient strength during the gradient pulse of the length 6, D is the self-diffusion
coefficient and A is the diffusion time [254].

I (a.u.)

gradient strength

J (ppm)
Figure 26. 'H NMR spectra measured with PFG NMR spectroscopy of PSA-g-mPEG
network (PEG-400 based crosslinker) with O = 6.2 and D,0O as solvent by varying field

gradient strength at 7= 30 °C. The spectrum was referenced to the center of the right peak.
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Figure 27. Normalized PFG NMR diffusion decays of HDO for different samples at 7= 30
°C. Due to the intensity offset coming from the polymer signal, the initial slope does not
reflect the translational diffusion coefficient of water (Dupo) in the polymer network

correctly.

The echo signal intensity was measured as a function of G. When plotting the logarithm of the
echo intensity against the diffusion function y’G*8%(A-8/3), the diffusion coefficient D can be

determined from the slope of the curve.

In order to determine the diffusion coefficients of water, only the HDO peak was integrated.
Figure 27 shows normalized PFG diffusion decays of HDO of the investigated samples. In
contrast to the diffusion of HDO in pure D,0, the decay curves of network samples show a
clear nonlinear behavior. This nonlinearity can be explained in two different ways. On one
hand, it could be an anisotropic diffusion movement of water, e.g. caused by hydrogen
bonding with the polymer. In this case, the evaluation of the diffusion data would be more

difficult. However, if the diffusion length of an HDO molecule is calculated on the time scale
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of the diffusion measurement, it becomes clear that it is significantly larger than the
dimensions of the smallest possible loop in the polymer network. The anisotropy of diffusion
can thus be excluded. On the other hand, the non-linearity of the diffusion curves could be
caused by a baseline problem in the spectrum. When looking closely at the spectra in Figure
28, it becomes clear that the HDO peak overlaps with the network peak. This results in an
offset in the diffusion curve, which must be taken into account. In this case, the upper formula
is revised with a constant intensity offset. It is not necessary to add a second diffusion
component, because the diffusion movement of the polymer network can be neglected on the
time scale of the measurement. The strength of the background signal and thus the amount of
offset depends on the spectral resolution and on the 75 relaxation time of the polymer and

varies from sample to sample.

1
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0.9 I(0) = 0.539 £ 0.003 3
Do = (1:92+ 0.03)}10° m’s™ 3
0.8 I oo = 0461+ 0.003 E
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Figure 28. Fit example for the network sample cross-linked with Suc-PEGys-Suc (disuccinyl
PEG-2000) according to equation 2. Different fit strategies for estimation of the diffusion
coefficient were tested. The red line: fit with constant offset of 46 % provides Dypo = (1.92 £
0.03)-10” m?/s. The green line: fit of the initial decay (linear part of the decay) without offset,
which provides Dppo = (0.84 £ 0.01): 10° m?/s. This value is about 50% lower and

corresponds to the arithmetic average of the first value and the offset (Dygsser = 0).
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Figure 29. Dependence of the diffusion coefficient of water molecule (Dupo) on the degree of
swelling (Q) in PSA and PSA-g-mPEG networks at 7= 30 °C. The dashed line represents the
diffusion coefficient of HDO in neat D,O of Dppo = 2.23-10” m’/s.

The determined diffusion coefficients are shown in Figure 29 as a function of the degree of
swelling Q are in good agreement with the data reported for the poly-(N,N-
dimethylacrylamide) gels [255]. Especially at low swelling degrees, the network environment
significantly influences the normal diffusion movement of water. With increasing length of
the PEG spacers, water diffusion in the polymer network becomes faster and approaches the
value of pure D,0. In a direct comparison of the two network batches, it can be seen that the
PSA-g-mPEG networks can absorb more water and therefore always show higher diffusion

coefficients for the same length of the PEG spacers.
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3.9. Physical structural parameters of PSA-g-mPEG hydrogels

The performance of hydrogels in a given application and their convenience as biomaterials
rely heavily on their structural parameters. The most important of these parameters are v,
M. and &. vy relates to the polymer volume fraction of the hydrogels in a swollen state that
illustrates the capability of the hydrogel system to absorb solvent. It is determined by
calculating the volume ratio of the dry polymer gel to the swollen gel. This property is also
related to the reciprocal of the swollen gel ratio and thus, can be connected to the density of
dry polymer gel, density of the solvent, and ratio of the swollen gel mass as described in

equation 8.

M. outlines the degree of crosslinking of the hydrogel structure by estimating the molar mass
of the polymeric chain between two adjacent crosslinking points. It also gives an idea about
the crosslinking density of the hydrogel and how will it behave after interaction with the

thermodynamically compatible solvent [214].

Table 3. Degree of swelling (Q), polymer volume fraction (U,;), molar mass between

two crosslinks (M,), and mesh size (&) of hydrogel samples.

Hydrogels [0 U, M. (gmol) A
Hydrogels crosslinked with PEG-400 3.81 0.174 1941 15
Hydrogels crosslinked with PEG-1000 6.74 0.109 3869 26
Hydrogels crosslinked with PEG-2000 11.80 0.068 5772 38

Macromolecular chains achieve their optimum configuration in the solvated state when they
are cross-linked and swollen in a thermodynamically compatible solvent. This can be
characterized by a correlation length, which measures how far apart cross-links are on average
from one another and indicates how the network affects solute diffusion. This distance is also
referred to as mesh size in which length is correlated to the diffusion of solute. It can be
challenging to experimentally determine this parameter and may ask for methods like light
scattering [256,257] or in-depth microscopic examinations [258]. It, however, can be
correlated to the theoretical estimation of molar mass between two crosslinks (M.) and

polymer volume fraction (v,). With the help of mesh size estimation, hydrogels can be
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classified as non-porous, microporous, and macroporous. This classification can also be used
to understand and define the phenomena of degradation, solute diffusion, and mechanical
toughness of the respective hydrogels. Various factors like crosslinking degree, monomer
chemistry, and stimuli including pH, temperature, etc. can affect the mesh size of the hydrogel

[111,259].
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Figure 30. Polymer volume fraction of PSA-g-mPEG hydrogels vs varying the chain length
of PEG crosslinking agents.
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Figure 31. Molar mass between two crosslinks of PSA-g-mPEG hydrogels vs varying the
chain length of PEG crosslinking agents.
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Figure 32. Mesh size of PSA-g-mPEG hydrogels vs varying the chain length of PEG

crosslinking agents.
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Elucidation of these interrelated hydrogel structural parameters can be made theoretically with
the help of the famous equilibrium swelling theory [260] and rubber elasticity theory [261]. It
i1s worth mentioning here that these values can only be reported as average values due to the
randomness of the polymerization process. These values have been calculated and explained
with the help of the equilibrium swelling theory. It can be deducted from Table 3 and Figure
30 that as the degree of swelling (Q) increases with the increase in PEG based crosslinker’s
chain length, the polymer volume fraction (v,,) decreases justifying the fact that polymer
volume fraction (v) is inversely proportional to the swelling degree (Q) [257]. It was
observed and reported by Waters et al. that using PEG macromonomers with higher molar
mass results in hydrogels with lower polymer volume fraction. This is due to the fact that
PEG macromonomers with higher molar mass lead to the formation of hydrogel networks
with fewer cross-linking points per unit volume, resulting in weaker and less durable

hydrogels [262].

Molar mass between two crosslinks (M.) of the hydrogels increases as the chain length of the
PEG based crosslinker is increased as shown in Figure 31. This increase in the average
molecular weight between two crosslinks of the hydrogels can be attributed to the chain
length of the crosslinker which increases from PEG-400 to PEG-2000. A similar trend of
results was also reported by Troung et. al. when they synthesized various chain length (from

1,000 to 20,000) of PEG based hydrogels through click chemistry [206].

The swelling degree of a crosslinked polymer network demonstrates the thermodynamic
expansion of the network, and the Flory-Rehner equation links this expansion to the network's
particular characteristics and structure [215]. Taking advantage of these findings, Canal and
Peppas discovered that the average distance between crosslinks (expressed in angstroms)
known as mesh size (£) can be determined using M, [257]. It can be concluded from Figure 32
that the chain length of the crosslinkers utilized in the system is again a crucial factor in
influencing the mesh size of the hydrogel system. Figure 32 shows that the hydrogel’s mesh
size grows as PEG-based crosslinker’s chain lengths are increased. These calculated values of
mesh size or correlation length can also be somehow correlated to the length of the PEG
based spacers. As evident from previous studies, one unit of short chain of PEG can be
correlated to the length of 1.5 A under fully stretched helical structure [263]. Taking these
calculations into account with respect to the length of the PEG spacers, they make up 14 A,
34 A and 67 A for PEG-400, PEG-1000 and PEG-2000, respectively under fully stretched

helical structure. It can thus be deduced that calculated length of 15 A, 27 A and 38 A of
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PEG-spacers can be correlated to the theoretical values of PEG-400, PEG-1000 and PEG-
2000, respectively. As discussed earlier, these are the estimated values and are calculated on
the assumption of Flory-Rehner derived model. Here, measured values for the PEG-400 and
PEG-1000 spacer correlate well with the theoretically calculated values but correlation length
value for the PEG-2000 deviates a bit from theoretical calculated value. Therefore, one can
say that there is still room for improvement and establishment of more sophisticated model
for the calculation of mesh size and other physical parameters of crosslinked polymeric
network in case of copolymer derived network. On the other side, these varying chain lengths
of PEG based spacers provide a basis for the modulation of mesh size as it varies and thus can
help in the diffusion of molecules from polymer networks. It can also comprehend this
evidence that the relationship between the crosslinker’s chain length and mesh size can prove
to be a vital factor in creating hydrogel systems with particular features to meet the unique

needs and requirements.
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Figure 33. X-ray diffraction traces of (a) PSA-g-mPEG, (b) disuccinyl PEG-400, (c) dried
PSA-g-mPEG hydrogels crosslinked with PEG-400, (d) disuccinyl PEG-1000, (e) dried PSA-
g-mPEG hydrogels crosslinked with PEG-1000, (f) disuccinyl PEG-2000, (g) dried PSA-g-
mPEG hydrogels crosslinked with PEG-2000.

3.10. X-ray diffraction

In order to discover about the amorphous and crystalline characteristics of the hydrogel
samples as well as the reactants responsible for the material's crystallinity, X-ray diffraction
measurements were performed on the samples. It can be deducted from Figure 33 and Figure
34 that neat polymer backbone (PSA-g-mPEG) and PEG-400 based crosslinker are
completely amorphous in the spectra while samples with the PEG-1000 based and the PEG-
2000 based crosslinkers show significant crystalline peaks. The same reflections were also
observed for neat PEG-1000 and PEG-2000 and correspond to the (120) and (032) Miller
planes of monoclinic PEG which are represented by the two characteristic peaks at q = 1.36
A" and q=1.66 A", respectively. The unit cell is made up of PEG chains arranged in a 7,-
helix structure, with seven repeating units in two turns [264]. Thus, it can be concluded from
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the reactants/products data as well as previous literature that the crystalline nature of the
hydrogel samples is being induced by the PEG based crosslinkers. These results are consistent
with the previous findings investigated through the differential scanning calorimetry results
published elsewhere [38]. It is also mentioned that exposure time for scattering patterns of d,
e, and f was 30 seconds while for g was 180 seconds that’s why more bright pattern of g can
be seen. Furthermore, background signal of amorphous part was subtracted from scattering

pattern of d, e, and f.

Figure 34. X-ray diffraction patterns of (a) PSA-g-mPEG, (b) Disuccinyl PEG-400, (c) PSA-
g-mPEG hydrogels crosslinked with PEG-400, (d) Disuccinyl PEG-1000, (¢) PSA-g-mPEG
hydrogels crosslinked with PEG-1000, (f) Disuccinyl PEG-2000, (g) PSA-g-mPEG hydrogels
crosslinked with PEG-2000.

3.11. Loading and release experiment of BSA-TMR and DY-781 from PSA-g-mPEG
hydrogels

Loading of different molecules inside the hydrogels can be achieved by two different
procedures. The first one is the post-loading which involves movement of drug/protein/dye
molecules from outside (solvent solution) to inside of already formed hydrogels through
diffusion being the major driving force. The second loading procedure is named as in situ
loading which involves the mixing of drug/protein/dye molecules along with hydrogel
precursors before its formation [214,265,266]. Post-loading method has been adopted here, so

that, clean hydrogels without unwanted polymer traces can be used. To assess loading and
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release of lower and higher molar mass molecules from hydrogels matrices, two different
model molecules were used. Lower molar mass molecule used was DY-781, a fluorescent
dye, having molecular weight of 781 g/mol while higher molar mass molecule used was BSA-
TMR (a model protein, bovine serum albumin conjugated with a dye, i.e.
tetramethylrhodamine) having molar mass of 66,000 g/mol. Loaded BSA-TMR and DY-781
were analyzed by the fluorescence spectrometer. In both DY-781 and BSA-TMR, loading was
directly related to the swelling of the hydrogel samples. Hydrogels with the maximum
swelling (PSA-g-mPEG crosslinked with PEG-2000 based crosslinker) attained the highest
loading while hydrogel sample with the least swelling index (PSA-g-mPEG crosslinked with
PEG-400 based crosslinker) achieved lowest loading (Figure 36). In Figure 37, one can easily
see loading of another dye (DY-784) inside the hydrogel samples. Similarly, swelling pattern

of the hydrogels can also deducted as discussed above.

—— BSA-TMR in degraded/solubilized hydrogel sample in PBS pH 7.4

70000 + Degraded/solubilized hydrogel sample without BSA-TMR in PBS pH 7.4
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Figure 35. Fluorescence spectra of BSA-TMR along with hydrogel’s degraded sample and
degraded hydrogel without BSA-TMR measured via fluorescence spectrometer within
wavelength range of excitation: 535 nm and emission: 576 nm, to evaluate interaction

between both or any background signal.
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Figure 36. Post-loading efficiency of hydrogels through diffusion of molecules (a) dye
loading (ng) and (%) and (b) BSA loading (ng) and (%).

Figure 37. An illustration of, how hydrogels look like when dye is loaded inside. Post-
loading fluorescence image of DY-784 into hydrogels matrices crosslinked with (a) PEG-400
based crosslinker, (b) PEG-1000 based crosslinker, and (¢) PEG-2000 based crosslinker.
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Thus, the loading of protein/dye molecules was directly related to the varying molar mass of
the PEG crosslinker. Furthermore, theoretically estimated mesh size as shown in Figure 32
also gives an idea that diffusion of molecules through the hydrogels can be correlated to the
mesh size of the chain length of the PEG crosslinker. Considering the estimated mesh size of
the hydrogels and the loaded quantity of molecules as delineated in Figure 36, it is inferred
that small sized molecules are being loaded to a greater extent than large sized molecules.
This may be attributable to the fact that the mesh size of the hydrogels is larger than the small
sized molecules, whereas in the case of BSA, the mesh size of the hydrogels somehow

matches to the hydrodynamic radii of BSA, 34 A [213].

In vitro release study of BSA-TMR and DY-781 from hydrogels was performed at 37 °C in
PBS pH 7.4. Before the release study of BSA-TMR, fluorescence investigation of a blank
hydrogel sample (degraded/solution form) and hydrogel sample (degraded/solution form)
along with BSA-TMR was carried out to know the interaction between hydrogel and BSA-
TMR. The fluorescence spectrum was recorded within the range of tetramethylrhodamine
(TMR) having an excitation at 535 nm and an emission at 576 nm. The fluorescence spectrum
(Figure 35) clearly shows that there was no interaction recorded between hydrogel and BSA-

TMR and the spectrum only shows the TMR peak within the applied fluorescence range.

Release data of DY-781 demonstrates (Figure 38) that 40% of the DY-781 was released from
all hydrogel matrices after 4 h of release study which can be attributed to the equilibrium
swelling of hydrogel samples. Hydrogels swelling index (Figures 18 & 19) can be correlated
to its release data as maximum swelling (equilibrium swelling) of the hydrogels occurred after
4 h. Witnessing the same pattern as of swelling, it can be seen that most amount of DY-781
was released from the hydrogel matrices in the same period of time. The majority of DY-781
was released after 24 h of study (Figure 38(d)) in which hydrogels crosslinked with PEG-400
showed 75% release, hydrogels crosslinked with PEG-1000 showed 69% whereas hydrogels
crosslinked with PEG-2000 showed 67% release. 100% DY-781 release was recorded after

one week of the study.
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Figure 38. DY-781 cumulative release (%) in PBS with pH 7.4 + 0.2% NaN3 at 37 °C (a)
from hydrogels crosslinked with PEG-400 for 168 h (07 d), (b) from hydrogels crosslinked
with PEG-1000 for 168 h (07 d), (¢) from hydrogels crosslinked with PEG-2000 for 168 h (07
d), (d) from all hydrogels samples for 24 h.
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Figure 39. BSA (BSA-TMR) cumulative release (%) in PBS with pH 7.4 + 0.2% NaN3; at 37
°C from (a) from hydrogels crosslinked with PEG-400 for 336 h (14 d), (b) from hydrogels
crosslinked with PEG-1000 for 336 h (14 d), (¢) from hydrogels crosslinked with PEG-2000
for 336 h (14 d), (d) initial release period from all hydrogels samples for 24 h.

Release study of BSA-TMR shows almost similar pattern of release as of DY-781 in a way
that its release from hydrogel matrices continued for almost 14 d which shows 100% release
at the 14™ d (Figure 39). Again most percent of release can be attributed to the swelling
pattern of the hydrogels. After 4 h of release study, hydrogels having PEG-400 based
crosslinker released 68% BSA-TMR, PEG-1000 based crosslinked hydrogels released 59%
BSA-TMR while PEG-2000 based crosslinked hydrogels released 46% BSA-TMR. After 24
h of BSA-TMR release (Figure 39 (d)), hydrogels crosslinked with PEG-400 demonstrated
78% release, hydrogels having PEG-1000 based crosslinker demonstrated 67% release
whereas hydrogels crosslinked with PEG-2000 showed 61% release. Release of BSA-TMR
continued for 14 d.
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BSA-TMR and DY-781 release from different types of hydrogels crosslinked with the
different chain lengths of PEG crosslinkers can’t be compared with each other as there was a
difference in the loaded amount in both cases. In addition, if BSA-TMR and DY-781 release
are analyzed individually, there was a difference in the loaded amount of the protein/dye
molecules for all hydrogels crosslinked with varying molar mass of PEG. It can still be
deduced that molecular release from these hydrogel matrices is connected to the swelling of
the hydrogels that occurs due to the interaction between water molecules and polymer chains.
This interaction firstly leads to the diffusion of the water molecules inside the polymer
hydrogels which initially loosens up the polymer chains and ends up in the expansion of the
hydrogel systems due to the relaxation of the polymer chains [267,268] leading to the increase
in the mesh size and desorption of the molecule release. Thecurrent data show that swelling
plays a major part in the molecular release as most percent of the molecular release is
achieved within 24 h of time. It is further assumed that this swelling-controlled release
mechanism may simultaneously be followed by a chemically-controlled mechanism due to
the fact that the polymer precursors consist of vinyl end groups which may interact with the
amines present in the protein/dye molecules. This interaction can lead to Aza-Michael
addition under mild reaction conditions without the presence of any catalyst which was
reported by Razan et. al. also [269]. Thus, some percent of protein/dye molecular release may
be attributed to the chemically-controlled release mechanism in which molecules may release
after hydrolytic degradation of the hydrogels as they swell after coming in contact with the
water. Such type of release mechanism can be termed as reaction diffusion-controlled
mechanism in which both diffusion and chemical reaction take place [214]. For this reason,
firstly the fast release of molecules was experienced through the hydrogel pores followed by
slow release later on. Adding to this assumption, previously conducted proton double
quantum NMR studies on this hydrogel system proves that PSA-g-mPEG hydrogel stands
inhomogeneous due to the grafting of PEG side chains that can act as dangling chains. These
NMR studies also tell about the two components present in the hydrogels, one is densely
crosslinked regions with more crosslinking junctions while the second is loosely crosslinked
regions with lesser crosslinking junctions. This may lead to the trapping of molecules in these
densely crosslinked points which may take some time to diffuse outside [38]. Considering the
pharmaceutical perspective, the release patterns observed with BSA-TMR and DY-781 offer
promising prospects for the potential transdermal, subcutaneous and oral applications of these
hydrogel matrices. These applications may involve the need for immediate drug release

during the initial phase ensuring an immediate therapeutic effect followed by a delayed
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release in the later stages of drug delivery maintaining a consistent therapeutic concentration

over time, prolonging the efficacy of the treatment.

3.12. Cytotoxicity of PSA-g-mPEG hydrogels

Material biocompatibility is vital for its in vivo applications [270] and cytotoxicity can
provide important insights about material biocompatibility [271]. To investigate the
cytotoxicity of the hydrogels (degraded solution form), an in vitro resazurin assay was
conducted in which the reduction of non-fluorescent blue resazurin to fluorescent red
resorufin within living cellular mitochondria was measured. The comparative analysis of
fluorescence intensity between treated and untreated cells enabled an assessment of cellular
viability after its interaction with the hydrogels. This assay was carried out on two different
cell lines; normal human dermal fibroblasts (NHDF) and mouse embryonic fibroblasts (3T3)

to measure the cytotoxic traits of the hydrogels without loaded protein/dye.

Figure 40 and Figure 41 depict percent cell viabilities for the 3T3 cell line and NHDF cell line
respectively, of different hydrogel samples at various concentrations after its incubation for 4
h and 96 h. It can be evaluated from the results that both types of cell lines exhibit a high
percentage of cell viability for all hydrogel samples against different concentrations. It can
also be indicated that cell viability of above 100% was observed across most of the hydrogel
samples after 96 h. This can be interpreted in a way that the hydrogel samples point towards
the enhancement of cell metabolism and proliferation. Few of the prior research studies also
indicate that sorbitol has been reported as a factor that might play an important role in cell
metabolism and growth in in vitro cell compatibility studies. Mei et al. conducted the same
type of study by culturing 3T3 cell lines with polyesters. After 24 h of cell culture study, they
analyzed that sorbitol containing polyesters can show cell proliferation, concluding that
sorbitol containing compounds can prove to be promising candidates in the research and
development of biomaterials [272]. In another investigation conducted on human skin
fibroblasts Turner and Biermann came to the conclusion that sorbitol can proliferate similarly
to glucose [273]. Keeping in view the obtained results of cytotoxicity as well as previous
literature, it can still be deduced that the product may prove to be biocompatible in conducting

in vivo experiments and the development of biomaterials.
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Figure 40. Viability of 3T3 cell line after being incubated with different concentrations of
different types of hydrogels for (a) 4 h, (b) 96 h. The measurement was performed using a
fluorescence-based resazurin reduction assay and the viability of untreated cells was taken as

the reference (negative control) and set as 100%.
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4. Summary and Perspective

In recent years, extensive research has been conducted about various polymers to meet the
diverse demands of pharmaceutical and biomedical applications. Among these synthetic
polymers, aliphatic polyesters have seen notable advancements, primarily due to their ability
to biodegrade and their compatibility with physiological systems. These unique attributes
have positioned them as highly promising candidates for use in the biomedicine. The
development of synthetic biodegradable polymers especially poly(glycolic acid), poly(lactic
acid) (PLA), and poly(lactic-co-glycolic acid) (PLGA) was initiated with the specific
intention of enabling biodegradation and serving various purposes in biomedicine and drug
delivery. However, they have limitations like hydrophobicity and lack of free functional
groups for further modifications to meet requirements of different applications. There are also
concerns about their toxicity due to metal-based catalysts used in their synthesis.
Additionally, these polymers exhibit complex degradation and release profiles and can create

acidic microenvironments with low pH values.

Research work in this thesis discusses enzymatic polymerization as an alternative method to
overcome the aforementioned limitations of the traditional polyesters followed by the
fabrication of hydrogels to be used as potential carriers in pharmaceutical applications.
Enzymatic polymerization utilizes eco-friendly principles and enzymes as biocatalysts to
create aliphatic polyesters, avoiding the toxicity associated with metal-based catalysts. This
thesis describes synthesis of poly(sorbitol adipate) through the transesterification of D-
sorbitol with divinyl adipate. The sorbitol component of the linear polyester repeating unit
features four pendant secondary hydroxyl groups, rendering hydrophilicity to the polyester
structure. This is in contrast to poly(glycerol adipate) who is mostly utilized enzymatically
synthesized polyester but is having single pendant hydroxyl functionality as well as
insolublity in water. Poly(sorbitol adipate) (PSA) was successfully synthesized through lipase
CAL-B catalyzed polycondensation reaction giving molar mass of 11,000 g/mol. Successful
synthesis was verified by 'H NMR and "*C NMR while molar mass was calculated through
gel permeation chromatography. Linearity was achieved due to the selectivity of CAL-B
towards primary hydroxyl groups rather than secondary ones leaving hydroxyl groups for

further modifications.

Utilizing the free hydroxyl functionalities of PSA, it was then grafted to poly(ethylene glycol)
through the Steglich esterification reaction between free hydroxyl groups from PSA and
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carboxyl groups from succinylated PEG to give molar mass of 22,000 g/mol. The synthesis of
PSA-g-mPEG was confirmed by "H NMR and *C NMR. The appearance of the methyl peak
at 3.23 ppm and methylene peak at 3.50 ppm of PEG in the '"H NMR spectrum verifies the
grafting of mPEG-550 chain to PSA. The grafting was also verified by GPC traces through a
shift towards shorter retention time. To prepare hydrogels, next step was to synthesize
bifunctional crosslinker. For that reason, disuccinyl PEG (Suc-PEG,-Suc) with different
molar masses was synthesized through carboxylation of OH-PEG-OH on both sides with
succinic anhydride through esterifcation process. Synthesis was verified with help of "H NMR
spectra. In last part of synthesis, hydrogels were synthesized through Steglich esterification
process by using disuccinyl PEG with varying chain lengths of PEG. Esterification took place
between hydroxyl groups from PSA or PSA-g-mPEG and the carboxylate groups of the
succinyl part of disuccinyl PEG in order to study the effect of different chain lengths of the
cross-linkers on the overall behavior of hydrogels. The hydrogel structure was verified by °C

CP MAS NMR spectra.

DSC study was then performed for above mentioned polymers and hydrogels in the range
between —60 °C and 80 °C. Measured data reveals the amorphous nature of PSA and PSA-g-
mPEG since only a glass transition temperature 7, is observed in the respective heating trace.
In contrast, monosuccinyl mPEG-550 shows a clear melting endotherm. Thus, the amorphous
nature of PSA-g-mPEG indicates that the PSA backbone prevents the crystallization of the
grafted PEG chains. Both hydrogel structures cross-linked with Suc-PEGo-Suc (disuccinyl
PEG-400) do not show any melting peak while hydrogel formed with Suc-PEG;3;-Suc
(disuccinyl PEG-1000) and Suc-PEGys-Suc (disuccinyl PEG-2000), respectively, cross-
linkers are semi-crystalline indicated by their melting endotherms in the DSC traces. Swelling
study shows the two most important aspects of the swelling experiments: 1) The degree of
swelling is larger for PSA-g-mPEG samples compared to PSA based samples using identical
cross-linkers and i1) The degree of swelling increases with the degree of polymerization (n) of

the cross-linker molecules.

The structure and dynamics in PSA based polymer hydrogels were then investigated by *C
MAS and 'H DQ NMR measurements. Experimental data indicate that the networks have an
inhomogeneous structure. For both PSA and PSA-g-mPEG networks, two network
components with different dipolar coupling constants were detected. The exact amount of
network defects could not be determined due to the inhomogeneity of the networks. '"H PFG

diffusion measurements on swollen networks allowed the determination of the diffusion
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coefficients of HDO in the networks. As expected, the diffusion of the solvent strongly

depends on the degree of swelling of the sample.

After taking into consideration the physico-chemical data of both PSA based hydrogels, PSA-
2-PEG hydrogels were finalized to be used for further pharmaceutical applications. Various in
vitro studies were conducted to evaluate its potential pharmaceutical applications. Stability
data of PSA and PSA-g-PEG polymers was evaluated through GPC by processing these
polymers at different temperature and humidity levels. These results suggest through GPC
measurements that no change was observed in the number average molar mass (M,) before
and after modifications when polymers were kept at 4 °C. In contrast to 4 °C, a decrease in
molar mass was observed when these polymers were kept at 40 °C and 75% RH. This
decrease happens to be the result of the hydrolysis due to high temperature and humid

conditions.

Sol-gel fraction of the hydrogels was determined to assess the amount of reactants consumed
during the hydrogel formation. This property can also tell us about the efficiency of the
Steglich esterification reaction when it is used to form a crosslinked polymer network. It can
be revealed from the calculated data that the gel percent for the hydrogels crosslinked with
PEG-400 was attained as 82%; hydrogels crosslinked with PEG-1000 attained as 77% while
the hydrogels crosslinked with PEG-2000 attained as 66%. Sol% of all the mentioned
hydrogels was attained as vice versa. This study suggests that when the chain length of PEG
based crosslinker is increased from PEG-400 to PEG-2000, the gel percent is decreased.
Dynamic and equilibrium swelling was performed to know about the swelling pattern of the
PSA-g-PEG hydrogels as it was crucial in analysing release characteristics of the said
polymer. Equilibrium swelling for hydrogel samples crosslinked with all types of crosslinking
agents was achieved within 4 h of the study. Swelling of hydrogels was also investigated at
different temperatures (22 °C, 37 °C, 50 °C and 75 °C) to know the effect of an increase in
temperature over its swelling capability. Data shows that the degree of swelling for all types
of hydrogels decreases as the temperature was increased from 22 °C to 75 °C. Such type of
behavior has been explained as a PEG based property due to its lower critical solution
temperature (LCST) which is known to be ~ 95 °C. Hence, hydrogen bonding is susceptible

to breaking as the temperature rises against the hydrogels having PEG.

The performance of hydrogels in a given application and their convenience as biomaterials

relies heavily on their structural parameters. So, different structural parameters consisting of
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polymer volume fraction, degree of crosslinking between two adjacent crosslinking points and
mesh size of the hydrogels were calculated. Results show that as the degree of swelling (Q)
increases with the increase in PEG based crosslinker’s chain length, the polymer volume
fraction decreases. Molar mass between two crosslinks of the hydrogels increases as the chain
length of the PEG based crosslinker increases. Similarly, hydrogel’s mesh size grows as PEG-

based crosslinker’s chain lengths are increased.

In order to discover about the amorphous and crystalline characteristics of the hydrogel
samples as well as the reactants responsible for the material's crystallinity, X-ray diffraction
measurements were performed on the samples. It can be deducted that neat polymer backbone
(PSA-g-mPEG) and PEG-400 based crosslinker are completely amorphous in the spectra
while hydrogel samples with the PEG-1000 based and the PEG-2000 based crosslinkers show

significant crystalline peaks.

Hydrogels were then subjected to loading and release study to evaluate them as potential drug
delivery carriers. For this purpose, they were assessed against loading and release of lower
and higher molar mass molecules from hydrogels matrices. Lower molar mass molecule used
was DY-781, a fluorescent dye, having molar mass of 781 g/mol while higher molar mass
molecule used was BSA-TMR (a model protein, bovine serum albumin conjugated with a
dye, i.e. tetramethylrhodamine) having molar mass of 66,000 g/mol. Loaded BSA-TMR and
DY-781 were analyzed by the fluorescence spectrometer. In both DY-781 and BSA-TMR,
loading was directly related to the swelling of the hydrogel samples. Hydrogels with the
maximum swelling (PSA-g-mPEG crosslinked with PEG-2000 based crosslinker) attained the
highest loading while hydrogel sample with the least swelling index (PSA-g-mPEG
crosslinked with PEG-400 based crosslinker) achieved lowest loading. Release study of BSA-
TMR shows almost similar pattern of release as of DY-781 in a way that its release from
hydrogel matrices continued for almost 14 d which shows 100% release at the 14th d. Again
most percent of release can be attributed to the swelling pattern of the hydrogels. After 4 h of
release study, hydrogels having PEG-400 based crosslinker released 68% BSA-TMR, PEG-
1000 based crosslinked hydrogels released 59% BSA-TMR while PEG-2000 based
crosslinked hydrogels released 46% BSA-TMR. After 24 h of BSA-TMR release, hydrogels
crosslinked with PEG-400 demonstrated 78% release, hydrogels having PEG-1000 based
crosslinker demonstrated 67% release whereas hydrogels crosslinked with PEG-2000 showed

61% release. Release of BSA-TMR continued for 14 d.
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To investigate the cytotoxicity of these hydrogels, an in vitro resazurin assay was conducted
in which the reduction of non-fluorescent blue resazurin to fluorescent red resorufin within
living cellular mitochondria was measured. Percent cell viabilities for the 3T3 cell line and
NHDF cell line were investigated against different hydrogel samples at various concentrations
after its incubation for 4 h and 96 h. Results deduce that both types of cell lines exhibit a high

percentage of cell viability for all hydrogel samples against different concentrations.

Looking at the environmentally friendly enzymatic polymerization and the multiple available
pendant hydroxyl functionalities of PSA, it holds significant potential as a carrier for drug
delivery across various pharmaceutical applications. From a pharmaceutical standpoint, the
observed release patterns with molecules like BSA-TMR and DY-781 provide promising
prospects for its use in potential wound dressing applications. Moreover, it can also be
considered for potential applications which may involve the need for immediate drug release
during the initial phase ensuring an immediate therapeutic effect followed by a delayed
release in the later stages of drug delivery maintaining a consistent therapeutic concentration
over time, prolonging the efficacy of the treatment. Furthermore, it can also be utilized in
subcutaneous drug delivery systems, if immediate release from the aforementioned matrices

can be regulated.
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