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ABSTRACT

NOVEL HYDROGELS FOR WOUND CARE APPLICATIONS

Hydrogels are cross-linked, three-dimensional hydrophilic polymeric networks.
They possess similarity in structure to the soft tissue in the body, thus have found a great
number of applications as biomaterials. For wound care applications, hydrogels are
considered to be new forms of wound dressings. Hydrogels with designed properties can act
as a barrier for wounds while fastening the healing process. They can also cargo
macromolecules encapsulated within their structure that are necessary for wound

regeneration and protection.

The aim of this thesis is to synthesize redox responsive hydrogels that can be applied
as wound care materials. Said hydrogels were designed to obtain a tissue regeneration
triggering, non-cytotoxic and on-demand degradable hydrogel dressing to avoid disturbance
of tissue while the material is physically removed. To do so, hyaluronic acid, a natural
polymer constituent of human soft tissue, was modified with furan groups to construct
hydrogels through reaction with a maleimide and disulfide functional group containing
redox-responsive PEG-based crosslinker by Diels-Alder cycloaddition. The stimuli
responsive degradation features are tuned by varying the amount of crosslinker in hydrogels.
The change of porosity and disulfide concentration was expected to effect the degradation
rates. It was demonstrated that hydrogels with higher crosslinking density exhibited greater
strength, along with longer degradation times. All hydrogels exhibited high swelling
capacity. To examine the passive and on-demand delivery of tissue regenerative
macromolecules from this system, a model protein, namely, FITC-BSA was encapsulated
within the hydrogels. The release of these biomolecules were investigated in PBS (pH=7.4),
in absence and presence of the reducing agent DTT, to observe the passive and on-demand
release profiles. Importantly, complete dissolution of the hydrogel was accomplished under

mild conditions upon exposure to a solution containing the reducing agent.
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1. INTRODUCTION

1.1. Hydrogels

Hydrogels are cross linked hydrophilic 3D polymer networks with high water
absorption ability and they can retain large volumes of liquids in their swollen state [1]. They
exhibit a highly porous structure which can be tuned by controlling the crosslinking density
and their porosity permits loading of cells, drugs, proteins into the gel matrix with spatially
and temporally controlled release of these agents [2]. The transfer process can occur via
simple diffusion or stimuli-responsive fashion where the trigger of an external change in the
environment results in a response of the system. Some examples to such situations are

thermoresponse [3], photoresponse [4] or redox-response [5].
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Figure 1.1. Types of stimuli responsive hydrogels and application areas [5].

The porous architecture and the high water absorption ability of hydrogels promotes
biocompatibility. With their soft consistent texture, they possess structural resemblance to
the mammalian living tissue which is consisted of a variety macromolecule residents with
gaps in between. [6], [7] The biodegradability of these porous materials can be designed
using enzymatic, hydrolytic and environmental pathways [8]. These advantageous features
make hydrogels promising candidates for regenerative biomaterials and drug delivery

systems.



Hydrogels can be classified depending on their synthesis route and crosslinking bond
type. The synthesis of polymeric hydrogels are mainly achieved either by polymerization of
monomers which are named as synthetic polymers (SP) or by modification of readily occured
polymers that are natural polymers (NP). Incorporating hydrophilic monomers in SP based
hydrogel structures yields enhanced water uptake, drug/molecule loading and a better
diffusional release. Two examples of these monomers are hydroxy ethylmetacrylate
(HEMA) and ethylene glycol dimethacrylate (EGDMA) [9]. In biomedical applications,
poly(ethyleneglycol) (PEG) moiety bearing polymers are widely used because PEG contains
a less toxic, hydrophilic, biocompatible and easily functionalizable structure [10].

The crosslinking of polymers is achieved by either using physical interactions such
as ionic interactions, H-bonding and hydrophobic interactions or via covalent bonds that are
chemical bonds. In chemically crosslinked hydrogels, polymers are covalently bonded to
each other and the network is stabilized with strong covalent bonds thus these gels exhibit
greater stability and enhanced mechanical properties [11], [12]. The polymer constituents
are either synthetically produced via polymerization techniques or naturally produced, as

well as the combination of the said two.

Mostly, SP enables chemists to obtain well defined or desired structures with further
modification abilities on the polymer backbone. However, most of the SP based hydrogels
cannot bear excellent biocompatibility and they often contain by-products left in the
hydrogel matrix caused by the synthesis process or degradation of the polymer backbone. In
addition to SP, modifiable NP also allow to derive new materials with desired properties by
functionalizing the available sites on the NP backbone. NP that are fundamental parts of
human tissue such as collagen, hyaluronan and chondroitin sulfate hold the power of
excellent biocompatibility, enhanced water solubility, immune compatibility and high
cellular uptake ability readily within their structure. These macromolecules are extensively
used in tissue regeneration and wound care applications to create hydrogel scaffolds with

novel properties [13].



1.1.1. Hydrogels As Wound Care Materials

Wound is the breakage in the living tissue that occurs with any reason. Immediately
after an injury, the healing at the site of lesion starts with the response of body [14]. As an
external source during the restoration process, the wound site is wrapped with biomaterials
to avoid infections and protect it from physical strikes. These materials to care the wound

are called as dressings.

Conventional type of medical dressings are the cotton or polyester dressings which
act as a barrier in between the site of wound and the surrounding space. The care process is
repetitive until the tissue is fully regenerated and a major drawback of commercial dressings
is they stick on the wound surfaces, especially when burn wounds are considered [15].
During the replacement with new patches, the freshly epithelized tissue at ongoing healing
process is disturbed or ruined, the regeneration mechanism is blocked and as a mechanical
consequence patients end up experiencing a considerable amount of pain [16]. The stated

situations are challenges to overcome with emerging dressing technologies.

In recent years, hydrogels as wound dressings have become the subject of interest to
obtain better quality materials to meet the requirements of an ideal wound care process [17].
They can act as flexible yet firm enough mechanically protecting barriers. The absorption
appetite of these materials results in enhanced swelling abilities and a moist environment,
where the moist is associated with fastened healing, decreased pain and less scar formation.
While swelling takes place, retaining the exudates secreted from the site of wound and
present pathogens results in enhanced infection control [15]. Retaining the exudates is also
a trigger for the migration of healthy epithelial cells which are located at the deeper levels
of the tissue, thus accelerates the healing [18]. Another advantage of hydrogels might be the
transparency which allows medical staff to examine the situation of the wound through the

patch, already before the removal.



Figure 1.2. a) Conventional polyester plasters b) Commercially available transparent
dressing 3M Tegaderm. [20]

Wound regeneration also greatly benefits from hydrogel dressings since they can
perform the topical delivery of encapsulated or covalently bonded agents within their
structure. Using this speciality, M. Chen and coworkers designed a collagen based hydrogel
dressing loaded with antimicrobial chlorhexidine acetate together with fibroblast growth
factor microspheres [19]. The authors developed this system to successfully deliver
mentioned protection and regeneration cargos while mechanically protecting the site of
wound. To specifically emphasize the effect of glycosaminoglycan (GAG) based wound
dressings such as hyaluronic acid hydrogels on tissue re-epithelization, K.R. Kirker et al.
compared a set of HA and CS hydrogels with Tegaderm™ | which is a non-GAG

commercially available transparent wound dressing [20].

1.1.2. On-Demand Degradable Hydrogels

On-demand degradable hydrogels exhibit a managable dissolution profile whenever
the degradation is desired. For this purpose, a chemical bond susceptible to cleavage via
hydrolysis or enzymatic degradation is inserted within the hydrogel network [21]. In such
systems, with the incorporation of the degradation agents, the hydrogel can shatter and
washed away from applied surface. As far as the burn wound care is considered, any physical
intervention such as pulling away the dressing can be prevented and the recruitment of tissue

can be preserved by using on demand degradation strategy.



r-DA, r-Michael addition, thiol-thioester and thiol-disulfide exchange reactions are
some of the tools to acquire on demand degradable hydrogels. For r-DA reactions, usually
high temperatures are necessary to break down the cycloadduct and the dissolution rate is
slow. Said disadvantages makes r-DA an unpractical way for obtaining a fast on-demand
degradability profile and to apply such high temperatures on patients is not possible. Thiol-
disulfide exchange reaction is widely used redox reaction with SN2 type mechanism where
a thiolate anion (RS) attacks one of the sulfur atoms present in the disulfide bond to produce
a new disulfide bond [22]. As a result of the cleavage, a free thiolate ion is formed and
reduced to a thiol. A well-known reducing agent secreted in mammalian tissue for disulfide
reduction is L-glutathione (GSH) [23]. There also exists non-mammalian, stronger reducing
agents such as dithiothreitol (DTT) which might yield to more rapid degradation of disulfide
bonds. (Figure 1.3)
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Figure 1.3. Reduction of disulfide to thiols in presence of DTT.

In 2016, Sanyal et al. have synthesized a redox responsive, biodegradable hydrogel
via DA reaction for controlled protein release purposes using on demand degradation
strategy [24]. (Figure 1.4.) Degradation profiles via the cleavage of disulfide bonds in the
presence of DTT are studied to prove that these hydrogels performed on demand degradation
while carrying out the controlled release of fluorescence labeled bovine serum albumin
(FITC-BSA).



Figure 1.4. The synthesis of the DA crosslinked hydrogel [24]. Degradation in 21 mM
DTT [24].

1.2. Hyaluronic Acid

1.2.1. Structure

The extracellular matrix (ECM) is the mixed domain of miscellaneous
macromolecules that are organized in a tissue or cell specific fashion. Collagen, laminin,
fibronectin can be mentioned as the major members of these macromolecules [25]. When
said protein, glycoprotein and proteoglycan macromolecules gather together in various
defined morphologies, they provide necessary environment for cellular signaling and

formation of a variety of different tissue types.

Hyaluronic acid (HA) is an immune neutral polysaccharide (MW: 100- 8000 kDa)
contained in the ECM of the human body, consisted of alternating units of repeating
disaccharide B-1,4-D-glucuronic acid—3-1,3-N-acetyl-D-glucosamine [26].
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Figure 1.5. The chemical structure of HA.

Being one of the essential components of ECM, HA is found all throughout the
mammalian body. It is biocompatible and reveals low levels of immune response [27]. HA
is also involved in activities of cellular signaling, wound healing, morphogenesis,
angiogenesis and matrix organization [28]. The cellular interaction with HA is expedited by
CD44 and RHAMM receptors and it is rapidly degraded in body via an enzyme, named
hyaluronidase, with half-lives ranging from hours to days depending on the type of the tissue
[10]. (Figure 1.6.)
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Figure 1.6. HA receptors and degradation times through the human body [29].

When medical application is intended, the fast degradation and clearance profile of
HA requires covalent bonding for enhanced stability of the material. HA can readily get
chemically and physically modified with different chemical groups by means of the



glucuronic acid carboxylic acid group and primary hydroxyl groups in its structure [11].
Thus, HA derived materials with desired stability and mechanical properties can be
synthesized. In addition, its importance in ECM composition, biodegradable structure and
modification feasible nature makes HA an excellent candidate for wound healing, tissue
regeneration and sustained release applications [30]. HA has been extensively exploited to
synthesize numerous biomedical systems such as hydrogels, nanogels [31], nanoparticles
[32] and semi synthetic fibers [33].

One of the key HA derived biomaterials are the hydrogels. HA based hydrogels have
diverse application areas such as creating scaffolds for in vitro tissue growth or in vivo tissue
regeneration [8]. They are also used as tools for the controlled release of drugs or essential
biological molecules like growth factors. Over the past years, a variety of HA based
hydrogels are designed to carry hydrophobic drugs [34], cartilage tissue engineering [35],
dural repair [36], bone regeneration [37] and act as central neural tissue scaffolds [38].

Mostly taking place at the carboxylic acid site, chemical modifications on hyaluronic
acid enables them to further give gelation when a crosslinker is present. Available sites on
hyaluronic acid can be modified with various different groups such as thiols, hydrazides,

glycidyl metacrylates, tyramines and many more.
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Figure 1.7. Available modification chemistry on the carboxylic acid and primary alcohol
groups of HA [26].



For example, in 2003, X. Z. Shu et al. has synthesized a disulfide bearing HA-gelatin
hybrid hydrogel scaffold by modifying the carboxylic acid sites via using 3,30-
dithiobispropionic hydrazide. (DTP) The disulfide bonds in HA-DTP and gelatin-DTP were
reduced to thiol groups with 1,4-dithiothreitol (DTT) to give crosslinking reaction at the thiol
sites in the presence of air [39]. Said hydrogels were proven to be successful degradable

scaffolds for fibroblast proliferation.

Again with hydrazide modification, Di Meo et al. applied Huisgen click reaction to
obtain HA hydrogels to act as hydrophobic drug reservoirs [40]. HA is modified with
propargylamine and azide terminals to react with each other via 1,3 dipolar cycloaddition
reaction in the presence of Cu(l) catalyst to give faster gelation. The gels acted as scaffolds
for successful yeast cell proliferation nevertheless this hydrogel was clinically cytotoxic due

to Cu(l) residues.
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Figure 1.8. HA hydrogels crosslinked with Huisgen click reaction [40].

ﬁ

G. Bhakta et al. and coworkers have synthesized a HA based heparin bearing
hydrogel system for the controlled release of Bone Morphogenesis Protein (BMP-2) in 2012
[41]. Thiol modified HA was crosslinked with PEG-diacrylate via Michael addition, which
was notable to obtain UV free HA based hydrogels. (Figure 1.9)
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Figure 1.9. The controlled BMP-2 release profiles from HA hydrogels [41].

There also exists a variety of HA hydrogels synthesized using photo chemistry.
Schmidt et al. has synthesized a photo crosslinked hydrogel using glycidyl methacrylate
modified HA and acrylated 4-arm PEG to observe different protein release. The release
profiles of BSA were studied depending on change of crosslinker density [42]. From there,
S. Ibrahim and her group have synthesized a HA based hydrogel system via functionalizing
the available primary alcohol sites with glycidyl methacrylate in 2011 [43]. Obtained
derivatized HA was photo-crosslinked in the presence of UV light via the reaction between

the acrylate sites. (Fig 1.10) In vivo studies showed that the GM-HA gel was biocompatible.
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Figure 1.10. The controlled BMP-2 release profiles from HA hydrogels. [41]
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Although there existed wide range of chemistry applied to obtain HA based
hydrogels, new ways of catalyst free, clean and easier hydrogel synthesis was needed
considering the biological applications. In that sense, the click chemistry available for HA
systems was limited mainly with Michael addition and Huisgen addition which still required
the use of Cu(l) catalyst. Regarding this limitation, in 2011, Shoichet et al. has gone beyond
the traditional HA click chemistry and synthesized a HA hydrogel system crosslinked via
DA cycloaddition reaction which took place between the furan functionalized HA and
bismaleimide bearing crosslinker at pH 5.5 [44]. In their system, carboxylic acid sites on
hyaluronic acid units were modified with furan groups where the catalyst free DA click
reaction could further take place. (Figure 1.11) They showed a simple, one step and aqueous
based hydrogel system which reduces the complexity of the synthesis and lacks of any
coupling agents or catalyst, thus enhances its biocompatibility. Later on, in 2018, this system
was improved by replacing furan groups with electron rich methylfurans to accelerate DA at
pH 7.4 [45]. With faster gelation via DA at pH 7.4 resulted in a convenient system for 3D

cell encapsulation purpose at physiological conditions.
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Figure 1.11. HA hydrogel gelation via Diels-Alder click reaction [44].
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1.3. Click Chemistry

The term “’click chemistry’” was introduced by Sharpless and Finn in 2001 to define
a set of reactions occuring in high yields under simple conditions with easily available
starting materials [46]. Many of these reactions are also stereospecific and biorthogonal [47].

The essential requirements of click chemistry are orthogonal species reacting under
mild conditions to yield a single stereospecific product with simple or even no purification
process [48]. Click reactions can proceed without solvent and in water or the solvents are
easily removed from the products. In general, the click reaction conditions fit with human
physiological needs. Main classes of click reactions are cycloadditions, nucleophilic ring

openings and carbon multiple bond additions.

Cycloadditions

Cu'-catalyzed Huisgen 1,3-dipolar cycloadditions of azides and alkynes

X 5
Vi o L X=0, NR, *SR, *NR,

Non-Aldol Carbonyl Chemistry

Hydrazone/oxime ether formation

o RyX-NH -XRs
e N + H,0 X=0,NR
R R R Ry
Amide/isourea formation
o Rs—NH, o
)]\ — e + HR,
R Ry R; H—RS

Carbon Multiple Bond Additions
Formation of various three-member rings

X] X
R———Rs ——> /u\ + Byproduct X=0, NR, *SR, *NR,
R; Ro

Certain Michael Additions
EWG,3
EWG, EWG;
A (| e EWG,

EWG,
EWG,

Figure 1.12. Main categories of click reactions [48].
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When biomaterials are in consideration, click reactions are powerful tools to decrease
toxicity while bringing out an easier and cleaner way of synthesis as well as bioapplication.
Thus, click reactions have extensively been used in synthesizing biomaterials with novel
properties. As an example, using 1,3 dipolar azide alkyne addition, Huang et al. have
synthesized an Au-nanoparticle based colorimetric microbial “’point of care’’ sensor inspired
by bacterial metabolic pathways reducing Cu*? to Cu*™. [49] Cu*! reduced by bacteria used
to catalyze the Husigen click reaction between azide and alkyne functionalized AuUNPs which
resulted in a change in color. In another work, Baharvand and coworkers put out a sustained
local delivery system for mesenchymal stem cells (MSC) based on a PEG-SH and PEG-
maleimide click crosslinked hydrogel [50]. The fast and self-driven click reaction allowed

to design injectable hydrogels for the delicate delivery of stem cells.

Moreover, click chemistry has also widely applied in HA based hydrogels. Just
recently, Moon Suk Kim and coworkers synthesized an injectable hydrogel by click reaction
between tetrazine modified-HA and trans-cyclooctene modified HA for articular joints
suffering rheumatoid arthirits which successfully prolonged the therapeutic activity [51].

(a) A~ B TETHA
v T N

~A~S

Lo g

A

HA

Cx-HA

MTX-HA hydrogel depot

G G
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X ;73( 3 k@
— — L
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MTX loaded-HA MTX-HA Rapid release of MTX ‘/ Time
(MTX-HA) hydrogel hydrogel depot from HA depot

MTX release

Figure 1.13. Injectable HA hydrogel synthesis via click chemistry [51].

In addition to reactions contained in Fig. 1.15, photoinitiated thiol-alkene reactions
are another type of click reactions. Using this type of click reaction, Zhang et al. has come
up with a double crosslinked 3D-bioprintable wound dressing for sustained drug release
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purposes [52]. Thiol modified-HA were click crosslinked with HA-Metacrylate radicals
created upon the addition of the initiator. Authors have shown that this system was highly
cyto compatible for fibroblast proliferation and effective local transport of the Nafcillin, a -

lactam antibiotic, in addition to its 3D bioprintable characteristics.
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Figure 1.14. Synthesis of 3D bio-printable HA hydrogel via radical click reaction [52].

1.3.1. Diels-Alder Cycloaddition Reaction

The Diels-Alder (DA) is a single step, catalyst free and thermally reversible [4+2]
cycloaddition reaction which takes place in between a conjugated diene and dienophile [53].
The thermo reversible nature of DA allows dissociation of the cycloadduct members back to
their reactant states when necessary heat is given [54]. The reactive dienophile group prior
to the functionalization or polymerization requires protection and the cycloreversion step at
high temperatures might also cause decomposition of other materials within the synthesis
[55]. Although there exists a variety of diene and dienophile pairs that holds the potential of
DA click reaction, furan-maleimide is a widely exploited pair as this cycloadduct allows

decoupling at relatively low temperatures.
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Figure 1.15. Reversible DA reaction between furan (diene) and maleimide (dienophile) [55].

By virtue of its thermo reversible and catalyst free click nature, the DA click
chemistry is used to produce many HA hydrogels in as protein release systems, scaffolds for
cell proliferation and controlled drug release agents. In 2015, Yu et al. have used DA
crosslinked hydrogels to achieve spatiotemporal patterning by reacting furan-maleimide
cyclohexene derivative with thiol modified molecules [56]. Hu and his group have used furan
maleimide crosslinked HA hydrogels as a scaffold for vascular endothelial growth factor
(VEGF) loaded nanoparticle release [57].
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2. AIM OF THE STUDY

This study reports a novel method for the synthesis of a redox-responsive hydrogel
system which can be used as a biocompatible and on-demand degradable dressing for wound
care applications. For this reason, a highly biocompatible and tissue regenerative natural
polymer, namely hyaluronic acid, is modified with furan groups and thereafter crosslinked
with a PEG bearing bismaleimide crosslinker via Diels-Alder click reaction to yield
hydrogels. For enhanced hydrophilicity purposes PEG moieties are integrated in the
crosslinker structure, whereas redox-responsiveness is introduced through incorporation of
disulfide linkages within the system. In order to investigate the change of microstructure and
physical properties 3 hydrogels with different crosslinking densities were synthesized. By
doing this, a change in the pore size together the tunability in degradation rates was expected
to be achieved. Since this system was designed to be used as an on demand degradable
wound dressing, the wash off of the dressing from the applied wound surface highly
depended on the materials degradation features. After the investigation of hydrogels with
different degradation profiles, FITC-BSA was physically encapsulated within these gels to
further study the release profiles of therapeutics that are tissue regenerative agents as the
wound care is considered. With the release studies it was aimed to run the controlled and on
demand release of BSA, that is a model protein applied as a representative for tissue

regenerative macromolecules.

s}/#_ 9II Gelation via Diels-Alder

click reaction
—_—

Protein encapsulation

Y

protein release

Figure 2.1. Schematic representation of the project.
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3. EXPERIMENTAL

3.1. Materials

Maleic Anhydride was purchased from Merck. Hyaluronic acid (HA)
PRIMALHYAL 300 (Mw: 100-300 kDa) was purchased from Givaudan Products. Furan
(>99%), 3-amino-1-propanol  (>99%), 4,4’-dithiobutyric acid (>95%), 4-
dimethylaminopyridine (DMAP), 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-
morpholinium chloride (DMTMM) (>96%) and fluorescein isothiocyante conjugated
bovine serum albumin (FITC-BSA) were purchased from Sigma-Aldrich. (Germany). N,N'-
Dicyclohexylcarbodiimide (DCC), 1,4 dithiothreitol (DTT) (98%) and furfuryl amine
(>99%) were purchased from Alfa-Aeasar. (USA). 2-(N-morpholino)ethanesulfonic acid
(MES) and MES Sodium salt were purchased from Glentham Life Sciences.

3.2. Instrumentation

The furan modified HA and crosslinker characterization were carried out with
HNMR spectroscopy (Varian 400 MHz). The molecular weight of the PEG based bisacid
and the crosslinker were determined by gel permeation chromatography (GPC) with (PSS-
SDV, length/ID 8 * 300 mm, 10 um particle size) calibrated with polystyrene standards using
a using a refractive-index detector. Dimethylacetamide (DMAC) was used as eluent at a flow
rate of 1 mL/min at 30 °C.

The microstructures of the hydrogels were investigated with JEOL Neo Scope JCM-
5000 scanning electron microscopy (SEM) instrument run at 10 kV. Rheological properties
of the hydrogels were investigated with Anton PAAR MCR 302 rheometer where the results
are measured as a function of G’ (storage modulus) and G’ (loss modulus) vs angular

frequency and time. Fluorescein isothiocyanate (FITC)-labeled bovine serum albumin
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(BSA) release from hydrogels was analyzed using Cary Varian 50 Scan UV/Vis

spectrophotometer.

3.3. Furan Modification of Hyaluronic Acid

Furan modified HA was synthesized according to the literature. [44] HA (Mw=200
kDa, 50 mg, 0.130 mmol COOH) was dissolved in MES buffer (5 mL, pH=5.5, 100 mM).
(4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride) (147 mg, 0.435
mmol) was added to this solution and reaction was stirred for 10 minutes at room
temperature. Furfurylamine (43 pl, 0.48 mmol) was added dropwise and the reaction was
stirred at room temperature for 24 hours. The products were put in dialysis bag (12-14 kDa)
and dialyzed against ultrapure water for 3 days for the purification. Product was obtained

white porous solid after lyophilization.

3.4. Synthesis of Bismaleimide Crosslinker

3.4.1. Synthesis of Furan Protected Maleimide Alcohol

The furan protected maleimide containing alcohol was synthesized according to
the literature [58].

3.4.2. Synthesis of PEG-Bisacid

PEG-bisacid was synthesized through the esterification reaction between 4-4°
dithiobutyric acid with poly(ethylene glycol). PEG (5 g, 1.25 mmol) was dried over 15 ml
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of toluene for 3 times and stayed in high vacuum for 1 day until it was completely water
free. DMAP (90 mg, 0.625 mmol) was added to this flask as solid and they were dissolved
in 5 ml of anhydrous dicholoromethane (DCM). 4-4° dithiobutyric acid ( 1.19 g, 5 mmol)
and DCC (1.17 g, 5.625 mmol) were dissolved in 2.7 ml of anhydrous tetrahydrofuran (THF)
in another flask and PEG-DMAP mixture was added dropwise to the said flask at 0 °C and
stirred for 10 minutes at 0 °C under N.. Then the reaction stirred for 24 hours at room
temperature under N2. For the purification of the PEG-Bisacid product, the solid N'-
dicyclohexylurea residues were filtered and the reaction solvent was evaporated. The
products were dissolved in 2 ml of DCM and were precipitated in 50 ml of ice cold diethyl
ether four times repeatedly. The precipitated PEG-acid product was dried on high vacuum
to be obtained as white solid powder. (4.2 g, yield= 76%, coupling efficiency=93%). *H
NMR (CDClIs) 6 (ppm): 4.23 (t, 4H), 3.85-3.35 (360H), 2.84 (s, 4H), 2.74 (t, 8H), 2.47 (m,
8H), 2.02 (m, 8H).

3.4.3. Synthesis of Furan Protected Bismaleimide

In a flask, the dried PEG-Bisacid (600 mg, 0.134 mmol) was dissolved in anhydrous
DCM (0.8 mL). DCC was dissolved in anhydrous DCM (1 mL) and added to PEG-Bisacid
linker at 0 °C and stirred for 10 minutes at 0 °C under Na. In a separate flask, furan protected
maleimide containing alcohol (164.1 mg, 0.736 mmol) and DMAP (8.2 mg, 0.067 mmol)
were dissolved in anhydrous DCM (0.65 mL) and added to the activated PEG-Bisacid linker
dropwise at room temperature. The reaction stirred at room temperature for 24 hours under
N2. For the purification, solid N'- dicyclohexylurea residues were filtered and the reaction
solvent was evaporated. The solid residue was precipitated in cold ether (50 mL x 3). The
precipitate was dried under vacuum to yield pure product (480 mg, 72% yield ,90% coupling
efficiency). *H NMR (CDCl3) & (ppm): 6.51 (s, 4H), 5.26 (s, 4H), 4.23 (t, 4H), 4.07 (t, 4H),
3.85-3.35 (360H), 2.84 (s, 4H), 2.72 (t, 8H), 2.47 (m, 8H), 2.02 (m, 8H), 1.95 (m, 8H).
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3.4.4. Synthesis of PEG-Bismaleimide Crosslinker

The furan protected bismaleimide crosslinker (200 mg) is dried over 10 ml of toluene
for three times and stayed on high vacuum for 24 hours until all the water residues were
removed. The dried crosslinker is dissolved in dry toluene (90 mL) and r-DA reaction is run
at 110 °C for 8 hours to obtain bismaleimide crosslinker as a pale yellow solid. *H NMR
(CDCls3) 6 (ppm): 6.71 (s, 1H), 4.23 (t, 1H), 4.07 (t, 1H), 3.85-3.35 (90H), 2.72 ('t, 2H), 2.43
(m, 2H), 2.02 (m, 2H), 1.95 (m, 2H). (196 mg, 100% yield)

3.5. Synthesis of Redox Responsive HA Hydrogels

Redox responsive HA-PEG hydrogels were synthesized by reacting HA-furan with
disulfide bearing PEG-bismaleimide crosslinker dissolved separately in MES buffer (100
mM, pH 5.5). To inspect the effect of a difference in crosslinking density on hydrogel
properties, three different sets of hydrogels with various crosslinking densities were
investigated. On this basis, the molar ratios of furans on HA to maleimide groups on the
crosslinker were calculated and hydrogels with 1/1, 1/0.75 and 1/0.5 furan to maleimide
(F/M) molar ratios were synthesized. The concentration of HA-furan was constant at 1.15%
w/v for each gel set where the concentration of the crosslinker varied from hydrogel to
another. As an example, 8.7 mg of HA-furan with 57% DS (15 pumol of furan) was dissolved
in 1 mL of MES buffer. The disulfide bearing PEG-bismaleimide crosslinker was used at
concentrations as follows: 32.25 mg (15 umol of maleimide, F/M=1:1), 24.19 mg (11.25
umol of maleimide, F/M=1:0.75) and 16.125 mg (7.5 umol of maleimide, F/M=1:0.5) were
all dissolved in 290 uL of MES buffer. After the full dissolution of HA-furan and the
bismaleimide crosslinker, the solutions were mixed and the samples were permitted to give
gelation in bioshaker. (200 rpm) at 37 °C for 15h.
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3.6. Characterization of Redox Responsive HA Hydrogels

3.6.1. Gelation Yields

The gelation yields of the HG1, HG2 and HG3 were individually calculated. Hydrogels
were washed in dH>O to wash off the unreacted residues, freezed and lypholized to obtain
dry gels. Weight of dry gels were divided by the weight sum of total polymer and crosslinker
amount and this ratio was multiplied by 100 to calculate the percent yield of the gelation.

W,

W_
P+

Yield % = " % 100

3.6.2. Swelling Profiles

The water uptake capacities of hydrogels are measured by swelling tests. Hydrogel
samples (10 mg, n=3) of HG1, HG2 and HG3 were lypholized after multiple washes and
dry hydrogels were put in 10 ml of dH2O at room temperature. At certain time points the
hydrogels were deported out of water and weighed after the removal of excess water on gel
surfaces.

3.6.3. SEM Images of the Microstructures

The microstructure and pore size of the hydrogels were investigated by Scanning
Electron Microscope (SEM) accelerated at 10 kV. HG1, HG2 and HG3 were lypholized,
and then freezed using liquid nitrogen. Freezed samples were mashed and cracked to obtain

microsurface to capture images.
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3.6.4. Rheological Studies

The rheological properties of the hydrogels were followed by rheometer. 10 mg of
hydrogel sample disks were allowed to swell in dH2O and their viscoelastic properties were
investigated by frequency and amplitude sweep tests. The G’ and G’’ profiles of all
hydrogels were observed for the angular frequency values scanned between 0.1 and 100 rad/s
at 37 °C. The linear viscoelastic (LVE) region of the hydrogels were examined by amplitude
sweep tests. The G’ and G’ profiles of all hydrogels were observed for the angular
frequency values scanned between 0.1 and 100% strain values at 37 °C at an angular

frequency of 10 rad/s.

3.7.Degradation Studies

3.7.1. Visual Degradation Studies

For the visual examination of the degradation, FITC-BSA (1000 ppm) was physically
encapsulated in two equivalent samples of 10 mg HG1 pre-gelation. Right after the gelation,
gels were incubated in 5 mL of PBS only (pH=7.4) and 5 mL of DTT (5 mM) solutions. At
0 and 6th hours, gels were visualized under UV-light at A=365 nm.

3.7.2. Rheological Investigation of Stability in PBS

10 mg of HG1, HG2 and HG3 were swollen in dH20 and time sweep test was run to
observe the stability in PBS. For each gel, G’ and G’ values of the hydrogels were recorded

every minute at 37 °C in PBS buffer for 100 minutes and the G’ values were recorded every
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5 minutes continuously. Meanwhile, the angular frequency was kept at 10 rad/s in the pre-

determined LVE region.

3.7.3. Rheological Investigation of Degradation in DTT

10 mg of HG1, HG2 and HG3 were swollen in dH20 and time sweep test was run to
observe the degradation rates. For each gel, G’ and G’ values of the hydrogels were recorded
every minute at 37 °C in presence of 10 mM of DTT in PBS buffer until the gel to sol
transition where G’ crossovering the G’ values was observed. Meanwhile, the angular

frequency was kept at 10 rad/s in the pre-determined LVE region.

3.8.Encapsulation of FITC-BSA within the Hydrogels

FITC-BSA was physically encapsulated in HG1 pre-gelation. 320 ppm of FITC-BSA
(0.32 mg of FITC-BSA/ 1 ml of MES) solution in MES buffer (pH=5.5, 100 mM) was
prepared. HG1 with radius and height of 50 mm (10 mg, yield=86%, n=9) was crosslinked
in FITC-BSA dissolved in MES solution and FITC-BSA concentration was aimed to kept

set in each gel.

3.9. Release of FIT-BSA from HG1 through Passive Diffusion and Redox Responsive

Degradation

To examine the passive diffusional and redox responsive release profiles of FITC-
BSA from hydrogels, the following procedure was applied where the release medium was
PBS for passive diffusion and 50 mM DTT to observe the redox responsive on-demand
release. After the complete gelation, gels were first washed in 2 mL of dH.O with a duration
2 minutes to clear off and quantize the non-encapsulated FITC-BSA residues. (37 °C, 200
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rpm) To investigate the passive release profiles, gels with radius and height of 50 mm (n=9)
were incubated in wells of 24 well-plate where each containing 2 ml of the selected media
(PBS, pH=7.4) Said plate was located in bioshaker (37 °C, 200 rpm) to initiate the release
process. At pre-determined time points, 2 mL of medium was taken away from these vials
and replaced with 2 ml of fresh medium. By the end of 72 h, PBS was removed and 2 mL of
50 mM DTT was added.

For the quantification of the cumulative release of FITC-BSA, the samples were
analyzed with uv-spectrophotometer at 494 nm. The absorbance values were calculated as

concentration using a calibration curve.
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4. RESULTS AND DISCUSSION

4.1. Synthesis and Characterization of Furan Modified Hyaluronic Acid

The modification of HA was aimed to obtain gelation using Diels-Alder
cycloaddition. Furan modified hyaluronic acid was synthesized by amidation reaction
between the functionalizable carboxylic acid groups and furfuryl amine using 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) as a coupling
agent (Figure 4.1). DMTMM is known as a high yielding agent activating the carboxylic
acid groups on polysaccharide chains.[44] After the dialysis against ultrapure H2O the peaks
of furan protons at 6.26, 6.36 and 7.45 ppm indicated the conjugation of furfuryl amine via
the formation of an amide bond. The number of furan groups attached to HA are found to be
57% =8, (n=9) by comparing the protons belonging the N-acetyl glucosamine group on the

backbone with furan protons.

0N\
OH OH h
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Figure 4.1. Synthesis of furan modified hyaluronic acid.
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Figure 4.2. *H NMR spectrum of the furan modified hyaluronic acid.

4.2. Synthesis and Characterization of PEG-Bisacid

PEG-Bisacid was synthesized by coupling the 4 kDa PEG moieties with 4-
4’dithiobutyric acid via DCC coupling where disulfide bearing carboxylic acid was activated
to give esterification reaction with the alcohol groups at the end of the PEG chains. This path
was particularly chosen to integrate the disulfide bonds in the crosslinker structure. In
'HNMR of the product, the triplet at 4.25 ppm belonged to the PEG protons adjacent to ester
bond and the peaks at appearing 2.75, 2.5 and 2.05 ppm belonged to acid carbons and each
individually standing for 8 protons. The peak at 2.75 was assigned to the protons of carbons
adjacent to disulfide bonds since they were expected to be more deshielded due to sulfur
atoms next to them where the peak at 2.05 ppm was assigned as the acid protons adjacent to
the ester bond. The peak at 2.5 ppm was the protons belonging to acid carbon standing in
between these other said two carbons, thus appeared as a multiplet. The broad peak appearing

at 2.25 ppm is believed to belong to H20. When a drop of D.O was added to the chloroform-
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d in NMR tube, this peak almost disappeared and a new peak at 4.75 ppm appeared due to
H-exchange.
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Figure 4.3. Synthesis of PEG-Bisacid.
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Figure 4.5. 'H NMR spectra of PEG-Bisacid in CDClz with D20.

V=water

4.3. Synthesis and Characterization of Furan-Protected Bismaleimide Crosslinker

In order to obtain furan-protected PEG-bismaleimide, PEG-Bisacid was coupled with
furan-protected maleimide containing alcohol to result in ester linkages in the presence of
DCC and DMAP as coupling agents. PEG-Bisacid was dried azeotropically with toluene and
then under high vacuum for 24 hours to remove any residual water that might affect the
reaction yield. To understand the coupling efficiency of the reaction, the two proton peaks
of furan at5.25 and 6.5 ppm are integrated and compared with the peak at 4.25 which belongs
to four of the PEG protons adjacent to the ester bonds. This ratio was expected to be one
when the reaction worked with 100% efficiency. From the tHNMR the highest conversion
was found to be 90%. In general, the coupling efficiency of this reaction varied between 78-
90% within different batches.
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Figure 4.6. Synthesis of Furan Protected PEG-Bismaleimide.
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Figure 4.7. tHNMR spectrum of Furan Protected PEG-Bismaleimide.

V =water

4.4. Synthesis and Characterization of Bismaleimide Crosslinker

To achieve the crosslinker, furan-protected PEG-bismaleimides were transformed to
PEG-maleimides by using retro Diels-Alder reaction (r-DA). Furan protected PEG-

bismaleimide polymer was dried over toluene and under high vacuum to eliminate any
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residual water. The product was dissolved in excess amount of anhydrous toluene and the
reaction refluxed at 110 °C. After removal of toluene under reduced pressure, the desired
product was obtained. In the HNMR spectrum of the product, the complete disappearance of
the proton resonances rom the bicyclic structure at 5.25 and 6.5 ppm and the appearance of
a new singlet peak at 6.7 ppm which belongs to maleimide protons confirmed that the r-DA

reaction was complete.
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Figure 4.8. Synthesis of Bismaleimide Crosslinker.
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4.5. Synthesis and Characterization of Redox Responsive Hydrogels

The crosslinking of the redox responsive HA hydrogels were achieved using the
Diels-Alder click reaction. (Figure 4.10) After the synthesis of bismaleimide crosslinker and
the modification of HA with furan, said two groups are reaction to yield for a thermoset
material in MES buffer (pH=5.5, 100 mM) as HA has enhanced solubility in acidic media.
Notably, as DA is complete catalyst free click reaction these gels are expected not to contain

any cytotoxic residues or by products after the removal of unreacted species by washings.
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Figure 4.10. Synthesis of redox-responsive HA hydrogel.

Hydrogels with different F/M ratios, thus with different crosslinking densities were

synthesized.



Table 4.1. Conversion of hydrogels with different crosslinking densities.

Hydrogel Furan/Maleimide Ratio Conversion
HG1 1/1 87 %
HG2 1/0.75 88 %
HG3 1/0.5 95 %

The end point detection of the hydrogel formation was assured by the inverted tube
method where the gels exhibited a complete response against gravitational force. The

hydrogels before the washings were transparent but yellowish due to a color from the
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crosslinker. Nevertheless, when the gels were washed and swelled significant amount of

water, they turned to be colorless and fully transparent. (Figure 4.11) The obtained

transparency carried importance in application of designed dressings as mentioned in

“’hydrogels as wound care materials’’ section.
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Figure 4.11. A) Inverted tube and B) swollen state images of HG1.
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4.6. Scanning Electron Microscope Images of Hydrogels

A variation in the amount of crosslinking is expected to cause a difference in the
morphology and pores sizes of the hydrogels. To investigate their microstructures,
lyophilized samples of hydrogels HG1, HG2 and HG3 were observed under SEM (Figure
4.12). Since these hydrogels were synthesized using furan modified HA, a functionalized
NP with high molecular weights, the microstructures of the gels showed a porous but partly

non-homogenous type microstructures.

Figure 4.12. SEM images of a) HG1, b) HG2 and c) HG3. Scale bar: 200 pum.

4.7. Swelling Profiles

The swelling abilities of HG1, HG2 and HG3 were studied. After 48 hours, hydrogels
reached their equilibrium swelling points and according to the gravimetric calculations HG3
with the greatest pore size exhibited the highest swelling ratio as expected. However, in case
of HG1 and HG2 this trend was opposite to expected porosity swelling relationship since
HG1 (F/M=1:1) with more crosslinking density and smaller pore size showed a superior
swelling ratio when compared to HG2 (F/M=1:0.75) (Figure 4.14) This unexpected profile
is thought to be the result of another factor, which is the amount of PEG moieties within the
gels which effects the swelling behaviour. Since HG1 and HG2 did not show a significant
difference in their swelling profiles, the higher number of hydrophilic PEG moieties in HG1

is believed to result in a higher swelling ratio than HG2.



34

60
50 T T
*— Hl —e ——HG2
2 40 |
b= I — —HG1
€30 g — 5 9
< . ® ? ——HG3
= 20
[J]
2 10
0
0 10 20 30 40 50 60
time (hour)

Figure 4.13. Swelling ratios of HG1, HG2 and HG3.
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Figure 4.14. Visual images of HG3 in their A) dried and B) swollen states.
4.8. Rheological Properties

The change in viscoelastic properties of the hydrogels according to the change in
crosslinking density were investigated by using rheological analysis. To compare the
differences of mechanical properties in hydrogels with varying crosslinking densities,
frequency sweep and amplitude sweep tests were done. The frequency sweep tests were run
to comprehend the time dependent behavior of the gels in terms of their storage modulus

(G’) abilities in a non-destructive deformation range. (0.1-100 rad/s)

In rheological analysis, the storage modulus (G’) defines the ability of the hydrogel

to store the deformation energy in a solid viscoelastic manner. Depending on this, with a
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higher crosslinking density increased storage modulus values were expected. In addition, to
be able to define the gel phase, a higher value of storage modulus in comparison to the loss
modulus (G’’) is expected since G’ stands for the modulus value of liquid state. As expected,
HG1, HG2 and HG3 all individually demonstrated gel-like properties with G’ values greater
than their G’ values. (Figures 4.15, 4.16 and 4.17) Another foreseen trend was that the
hydrogels would show an increase in their G’ values according to increased crosslinking
densities which was also proved to exist. For HG1 the G’ value was above 10° Pa whereas

for HG2 and HG3 this value was under 10° Pa. (Figure 4.18)
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Figure 4.15. Frequency Sweep (Right) and Amplitude Sweep (Left) tests of HGL1.
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Figure 4.16. Frequency Sweep (left) and Amplitude Sweep (right) tests of HG2.
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Figure 4.17. Frequency Sweep (left) and Amplitude Sweep (right) tests of HG3.
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Figure 4.18. Combined Frequency Sweep Tests of HG1, HG2 and HG3.

4.9. Degradation Profiles

Since this hydrogel system is aimed as an on-demand degradable wound dressing,
the redox-responsive degradation profiles and the change in profiles upon an alteration in
crosslinking density are investigated. To perform the desired on demand removal of the

biomaterial during or after the treatment, these dressing were expected to be stable in PBS
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but also demonstrate the full dissolution in a reducing environment. To achive the on demand
degradation property, redox responsive disulfide bonds were integrated within the
crosslinker structure. The degradation profiles of HG1 was observed by visual degradation
test where degradation profiles HG1, HG2 and HG3 were all investigated with rheological

tests.

For the examination of visual degradation, FITC-BSA was encapsulated within the
HG1 during the gelation and the degradation in presence of 5mM DTT was followed under
UV light (Figure 4.20). To prove that DTT was the only parameter which caused the
degradation, HG1 was also treated only with PBS as a control expriment. By the end of 6
hours at rt, DTT dependent degradation of HG1 was observed as the FITC-BSA was fully
dispersed in the solution without any hydrogel leftoever (Figure 4.21). However, HG1
treated with PBS only did not degrade and only a lower intensity fluorescence of FITC was

observed as a result of released FITC-BSA through passive diffisuon (Figure 4.20).

6h, rt

_—

Figure 4.19. Visual stability of FITC encapsulated HG1 encapsulates images in only PBS

Figure 4.20. Visual degradation of HG1 in 5 mM DTT at rt.

at rt.
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The sol-gel transition term stands to define the crossover point of G’ and G’ values
of a liquid during the gelation process. The domination of G* over G’’ is accepted as an
indication of the material showing gel-like behaviour rather than its liquid state properties.
The reverse of the sol-gel transition suggests the inversed process, that is gel to sol transition,
where G’ crosses over G’ and the viscoelastic properties of the material are lost due to a
domination of liquid behaviour. Using this information, time dependent redox responsive
degradation profiles of the hydrogels were inspected via time sweep tests. HG1, HG2 and
HG3 were all allowed to stay in PBS (pH=7.4) to certain swelling points. To prove the
stability of HG1, HG2 and HG3 in PBS at 37 °C time sweep test was performed first in only
PBS for 100 minutes. (Figure 4.21) Following this, the gels were treated with disulfide
reducing agent DTT (10 mM) and the gel to sol transition points with respect to time were
followed as a function of time. As expected, HG1 with the highest crosslinking density, thus
involving the highest number of disulfide bonds displayed the longest interval of degradation
with an approximate of 210 minutes (Figure 4.22) whereas HG2 and HG3 degraded
approximately in 110 (Figure 4.23) and 97 (Figure 4.24) minutes, respectively. This trend
proved that these redox responsive HA-hydrogels exhibited tunable redox responsive

degradation profiles adjusting the disulfide bearing crosslinking density.
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Figure 4.21. Stability of HG1, HG2, and HG3 in PBS.
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10000

100

10

Modulus (Pa)

M G' HG1 (Storage Modulus)
A G' HG2 (Storage Modulus)
@ G' HG3 (Storage Modulus)
0 G" HG1 (Loss Modulus)
A G'" HG2 (Loss Modulus)
O G" HG3 (Loss Modulus)

0 5000 10000

time (sec)

15000

40
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4.10. Diffusional and On-Demand Release Profiles of FITC-BSA from HG1

The local delivery of a protein was aimed since this hydrogel system was designed
to carry the potential of a local delivery material of tissue regenerative proteins. For this
purpose, BSA was chosen as a model protein and the diffusional and on-demand release
profiles of HG1 were investigated. To determine the BSA concentration using UV-
spectroscopy, FITC conjugated BSA was used. First, hydrogels were let to perform the
passive release of BSA in PBS (1x, pH=7.4) only. It was observed that hydrogels released
36% of encapsulated FITC-BSA by the end of 6 h and at 72" h 55% of the total FITC-BSA
was released from the gels. At 72" hour, 50 mM of DTT was added to the media to
investigate the on demand release of HG1 due to redox responsive degradation. A rapid
change at the amount of BSA release was anticipated since the gels were designed to degrade
completely in presence of DTT. As expected, upon the addition of 50 mM DTT the gels
degraded rapidly and a total of 30% of the encapsulated BSA was released from HG1. The
release study showed the successful sustained and on-demand release abilities of HG1 which
acted as a cargo system for BSA protein. Importantly, it was also seen that HG1 was also
able to deliver a total of 85% of the protein cargo upon on-degradation. Large deviations

were observed at 4™ and5™ hours.
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Figure 4.26. Release of FITC-BSA from HG1 in PBS and upon the addition of 50 mM
DTT.
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5. CONCLUSIONS

In this thesis, hyaluronic acid based redox-responsive hydrogels were synthesized using
Diels-Alder click reaction to be used for wound care applications, explicitly to apply as
dressings for burn wounds. For this purpose, the carboxylic acid groups on HA (200 kDa)
were modified with furan groups and a PEG (4kDa) moieties and disulfide bonds bearing
bismaleimide crosslinker was also synthesized. Furan groups on HA further gave DA
reactions with maleimides of the crosslinker to result in hydrogel formation. Hydrogels with
different crosslinking ratios were synthesized to understand the effect of crosslinking density
on mechanical properties. It was observed these hydrogels exhibited higher storage modulus
values with increased crosslinking density. SEM images of hydrogels with different
crosslinking densities showed an increase in porosity with a decrease in crosslinking density,
as expected. Coherently, in presence of DTT (10 mM) hydrogels with less crosslinking
density thus with a lower number of disulfide bonds and bigger pore size degraded more
rapidly according to the rheological analysis. The release profiles of physically encapsulated
FITC-BSA in the hydrogel with highest crosslinking density were studied in PBS and upon
the addition of 50 mM DTT. Both sustained and on-demand delivery of the selected
macromolecular cargo, FITC-BSA through the gels were observed. As a result, these
hydrogels are highly biocompatible and promising materials with tunable degradation
features and local protein delivery abilities which can be used as dressings during the wound
care process. However, the bio applicability and efficacy of these gels still needs to be further

investigated through in vitro and in vivo studies.
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APPENDIX A: ADDITIONAL DATA

Table A.1. GPC resulst of the crosslinker.
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Compound GPC result (Mn)
PEG-bisacid 7.4877%®
Furan Protected Bismaleimide 1.3845%¢*
Crosslinker
Bismaleimide Crosslinker 9.4992%¢3

Table A.1. GPC resulst of the crosslinker
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Figure A.1. GPC plot of PEG. (Mw=4kDa)
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Figure A.2. GPC plot of furan protected bismaleimide crosslinker.
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Figure A.3. GPC plot of bismaleimide crosslinker.
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