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Abstract: Novel B-Cyclodextrin incorporated injectable hydrogels employing PEGylated chitosan as bio-
based hydrophilic matrix have been fabricated via thiol-ene reaction. As thiol bearing polymer
counterpart of hydrogel precursors, native chitosan was firstly modified with polyethylene glycol groups
to increase its water solubility and bioinertness and then decorated with thiol groups to facilitate thiol-ene
crosslinking with acryloyl-modified B-cyclodextrin. A series of hydrogels with varying amounts of acryloyl
B-CD and PEGylated chitosan feed were synthesized with high efficiency under mild aqueous conditions.
The resulting hydrogels were characterized by equilibrium swelling, structural morphology and rheology.

These materials were investigated as controlled drug release platforms by employing a poorly water
soluble anti-inflammatory drug diclofenac as model compound. Benefiting from the inclusion complex
formation of the drug with B-CD groups in gel interior, prolonged release profiles were maintained. The
total drug absorption and release of hydrogels were shown to be dependent on the amount of B-CD in gel
matrix. These hydrogels combined efficient crosslinking and B-CD incorporation into clinically important
chitosan scaffold and might have potential applications as injectable drug reservoirs such as in
regenerative tissue engineering.
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INTRODUCTION gelation which allows advanced cell/tissue
encapsulation (14).
Injectable hydrogel formulations that possess in

situ formation of crosslinking process at target Chitosan is a biopolymer in polysaccharide
contour have been of interest, especially in structure obtained from chitin by partial
regenerative medicine, tissue engineering, and deacetylation. The molecular structure of
drug delivery (1-8). Contrary to the chitosan is composed of glucosamine and N-
conventional pre-formed hydrogels or scaffolds acetyl glucosamine units in which in body,
that require proper surgical implantation to the glucosamine is converted into
defect site, in situ gel forming systems procure glycosaminoglycans  which are parts of
to reach the formulation into deep tissues with extracellular matrix and cartilage tissue (15).
maximum invasiveness by overcoming the high Due to wunique characteristics, such as
risk of infections, pain, and scarring (9,10). Pre- bioavailability, biodegradability and
gelation preparation of gel formulation allows biocompatibility, chitosan derivatives have found
straightforward inclusion of several bioagents numerous applications in various fields of
such as, growth factors (11), drugs (12), and biomedicine (16). Hydrogels, especially
genes (13), into the precursor solution which are injectable hydrogel formulations  employ
primarily responsible for supporting, healing, or chitosan-based polymer precursors as building
rejuvenating the damaged tissues. Injectable blocks that construct matrix structure of the
hydrogels can take complex shapes in applied network while imparting eximious attributes.
region and bind to surrounding tissues during (17, 18-20), However, low aqueous solubility of
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native chitosan is often a drawback in
applications and entails proper modification of
the polymer structure by conjugating various
small molecules or polymers (21,22).

The virtual utilization of hydrogels in drug
delivery demands efficient drug loading and
sustained drug release. Though covalent

incorporation of drug molecules into hydrogels
possess several advantages (23), a much sought
and operationally simple strategy involves the
physical entrapment of drug molecules into the
matrix. However, several limitations are often
encountered during drug loading and release,
primarily due to the chemical dissimilarity of
drug molecules and gel structure. Hydrophobic
or poorly water-soluble drug molecules usually
have low interactions with hydrophilic matrix
causing weak drug loading efficiencies during
formulation. On the other part, controlled or
sustained release in aquatic medium is hardly
maintained with hydrophilic drugs. A general
strategy to overcome these limitations is the
incorporation of hydrophobic pockets into the gel
network to maintain increased drug-carrier
interactions. In this regard, hydrogels including
cyclodextrins (CDs) in gelous matrix have been
investigated as promising drug delivery
platforms (24-29). The wunique molecular
structures of CDs enable inclusion complexation
of hydrophobic molecules into molecular cavities
present on CD structure, thus enabling increased
drug loading and prolonged release.

The addition of thiols to alkenes to form a
thioether bond is referred to as thiol-ene
reaction and constitutes an important reaction in
polymer chemistry. Highly efficient nature of
thiol-ene reactions have been exemplified in
design and synthesis of diverse macromolecular
platforms and polymeric material
functionalization (30-37). The addition reaction
of thiols over electron deficient alkene groups is
a special type of thiol-ene reaction known as the
nucleophilic thiol-ene reaction and is a highly
valuable tool in click chemistry toolbox for
fabrication and functionalization of hydrogels
(26,27,38). Due to the presence or
straightforward installation of thiol groups on
many biomolecules or biopolymers, synthesis
and modification of thiol-ene biomaterials offer
ease formulation and implementation in various
applications.

In this study, design, fabrication and
applications of hydrogels based on PEGylated
chitosan and B-cyclodextrin was reported (Figure
1). Hydrogels  were  synthesized using
nucleophilic thiol-ene reactions between thiol-
modified PEGylated chitosan and acryloyl
modified B-cyclodextrin. The methodology
encompasses novel O-hydrophilic modification
and N-thiolation of native chitosan which
provided the fabrication of hydrogels without the
need of any inorganic or metal catalyst or
thermal and photo-activation. The simplicity and
rapid gelation kinetics suggest that this
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approach can be utilized to obtain injectable
hydrogels. These materials uniquely combine
three  biomedically-relevant  polymers i.e.
chitosan, polyethylene glycol and cyclodextrin in
fabrication of functional soft materials and can
endow potential applications in various areas of
biomedical sciences such as controlled drug
release.

's

0
0,
{3+
HO NH
0s

o |

’
2’% ‘\)\ Thiol-ene
L Vop) | crosslinking
J
b —

Acryloyl -CD
SH
Thiolated PEG-chitosan

g B
J7 ) ® =

- VY

o
.~ = PEG chain

Figure 1: General representation of hydrogel
formation via thiol-ene reaction of thiolated o-
PEGylated chitosan and acryloyl-modified B-CD.

EXPERIMENTAL SECTION

Materials and characterization

Medium molecular weight chitosan (75-85%
acetylation degree), B-cyclodextrin,
poly(ethylene glycol) monomethyl ether
(average Mn: 2000), phthalic anhydride,
hydrazine hydrate, 3-mercaptopropionic acid,
acryloyl chloride, 5,5’-dithiobis(2-nitrobenzoic
acid) and diclofenac sodium salt were obtained
from Aldrich Chemical Co. All solvents and
inorganic materials were purchased from Merck
Co. Syntheses of  acryloyl-modified B-
cyclodextrin (B-CD-Ac, average degree of
acetylation ~5.4 per molecule) (39) and N-
phthaloylated chitosan (40) were conducted

according to reported procedures. p-
Toluenesulfonate activation of poly(ethylene
glycol) methyl ether (41) and N-
hydroxysuccinimide (NHS) activation of 3-

mercaptopropionic acid (42) was performed
based on literature protocols. Characterization of
materials was performed wusing 'H NMR
spectroscopy (Varian 400 MHz) and attenuated
total reflectance-Fourier transform infrared
spectroscopy (Nicolet 380). UV studies were
conducted with a Varian Cary 50 Scan UV/Vis
spectrophotometer. The hydrogel surface
morphologies were analyzed by using an ESEM-
FEG/EDAX Philips XL-30 (Philips, Eindhoven, The
Netherlands) instrument with 10 kV accelerating
voltage. The dynamic frequency scan analyses
were performed using an Anton Paar MCR 302
rheometer with a 0.5% strain between 0.05-100
rad/s (at 25 °C). A parallel plate of 8 mm
diameter was set up and the plate gap was
adjusted to 2.0 mm.

Methods

Synthesis of N-phthaloylated, O-PEGylated
chitosan: N-phthaloylated chitosan (1.0 g, 3.2
mmol repeating units) was charged in a two-
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necked round bottom flask with magnetic stir
bar and dissolved in dimethylformamide (DMF,
20 mL) by ultrasonication. To this mixture, p-
toluene sulfonate-activated poly(ethylene glycol)
methyl ether (8.2 g, 3.84 mmol) in 10 mL DMF
and K>COs (0.53 g, 3.84 mmol) was added. The
reaction mixture was stirred under nitrogen
atmosphere at 80 °C for 24 h. After the reaction,
the purification of the resulting polymer was
conducted by dialysis against water using a
dialysis membrane (MWCO 10K). The purified
polymer was collected by evaporating the
solvent and drying at 50 °C, overnight (Yield:
77%. FT-IR (Vmax/cm~1): 3600-3300 (broad O-
H), 2882 (C-H stretching), 1771 (imide C=0),
1707 (imide C=0), 1647 (C=0 acetyl), 1170-
1015 (C-O stretching)).

Hydrazinolysis of N-phthaloylated, O-PEGylated
chitosan: 5.4 g N-phthaloylated o-PEGylated
chitosan and hydrazine hydrate (30 mL) were
dissolved in distilled water (60 mL). The mixture
was heated at 90 °C for 16 h. After the reaction,
purification of the polymer was carried out by
dialysis against water (MWCO 10K). The
resulting polymer o-PEGylated chitosan was
collected by removing solvent and drying the
sample at 50 °C, overnight. (Yield: 86%. FT-IR
(Vmax/cm~1): 3600-3300 (broad O-H), 2882 (C-H
stretching), 1655 (C=0 acetyl), 1170-1010 (C-O
stretching)).

Thiolation of o-PEGylated chitosan: To the
stirring solution of o-PEGylated chitosan (1.0 g
in 10 mL DMF) was added 5 mL DMF solution of
NHS-activated 3-mercaptopropionic acid (1.0 g,
5.0 mmol). The reaction was continued under
argon atmosphere at 80 °C for 16 h. After the
reaction, the mixture was dialyzed against water
(MWCO 10K), evaporated and dried at 50 °C.
(Yield: 94%. FT-IR (Vmax/cm~1): 3600-3300
(broad O-H), 2882 (C-H stretching), 1672 (C=0
acetyl), 1655 (C=0 acetyl), 1170-1010 (C-O
stretching)).

Determination of sulfhydryl content: Total
sulfhydryl content of thiolated o-PEGylated
chitosan was determined using Ellman’s method
(43). Briefly, 4.0 mg of 5,5'-dithiobis(2-
nitrobenzoic acid) was dissolved in 1 mL of
reaction buffer (0.1 M sodium phosphate, pH 8.0
containing 1 mM EDTA) and to this solution, 5.0
mg of thiolated o-PEGylated chitosan in 1 mL
reaction buffer was added. The resulting mixture
was incubated at 37 °C for 2 h. The total
sulfhydryl group content in the sample was
obtained by measuring the maximum
absorbance at 412 nm and using the molar
extinction coefficient of 2-nitro-5-thiobenzoate
(TNB?Z) ion (14,150 M-icm™) (44).

Representative hydrogel formation: Thiolated o-
PEGylated chitosan (100 mg) was placed in a
vial and dissolved in distilled water (200 pL).
Desired amount of B-CD-Ac and catalytic amount
of triethylamine (0.1 eq. of -SH) were dissolved
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in distilled water in another vial (200 pL) and
then added to polymer solution. The gel solution
was briefly sonicated to assist homogenous
gelation. In approximately 10 min, there was no
flow of sample and the gelation was continued
for 6 h to ensure complete available
crosslinking. Thereafter, unreacted species were
removed by washing the gel sample with
distilled water several times. The dried
hydrogels were obtained by freeze-drying of
water-swollen samples. Gel conversions: 66-
87% (as obtained by proportioning the obtained
mass of hydrogels after purification steps to
amount of starting materials).

Equilibrium swelling ratios (ESRs): ESRs were
determined by sampling 20 mg of hydrogel in
distilled water and then following the increase in
mass of the sample as a function of time until
swollen hydrogels showed a constant weight.
The percentage of swelling was determined
using equation 1:

ESR (%) = (Wwet - Wary) / Wary X 100
(Eq. 1)

The swelling studies were conducted in triplicate
and average data was used for obtaining
swelling curves.

studies: A solution
employed to load

Drug loading and release
absorption method was
diclofenac-Na into dry hydrogel samples.
Hydrogel samples in disk shapes (~ 50 mg)
were soaked in 10 mL 0.5 wt.% soaking solution
at 37 °C and the solutions were incubated for 4
days, protected from light. The total amount of
drug loading was calculated by subtracting the
concentration in the soaking solution from the
initial drug amount which was determined at 276
nm using a UV-Vis spectrophotometer.

For diclofenac-Na release, the drug-loaded
hydrogels were rinsed with distilled water and
then immersed in 3 mL distilled water medium
at 37 °C incubation temperature. At pre-
determined time intervals, 1.5 mL of release
medium was collected and refreshed with same
volume of fresh distilled water. The drug
concentration in collected media was measured
spectrophotometrically at 276 nm and the
release profiles were expressed in terms of
cumulative release.

RESULTS AND DISCUSSION

Synthesis and characterization of polymers
In order to obtain thiol modified chitosan-based
hydrophilic polymer, a series of synthesis and
post-polymerization modification steps were
carried out (Figure 2). In the first step, native
chitosan was phthaloylated to protect the free
amine groups which were later utilized in
conjugation of thiol-bearing molecule. In the
next step, installation of PEG groups onto the
chitosan hydroxyl functionalities was carried out
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by following a ‘grafting onto’ approach.
PEGylation is a common practice in modification
of chitosan derivatives in order to increase their
water solubility, as well as biocompatibility (22).
Although, the common approaches of chitosan
modification rely on the involvement of amino
groups in chemical tailoring (22). In our study,
PEG grafting was carried through hydroxyl
functionalities in order to keep amine groups
intact for later utilization. A nucleophilic
substitution-based grafting of activated
monomethoxy PEG polymer has resulted in the
attachment of hydrophilic side chains onto
chitosan backbone. Following the PEG grafting,
protected phthaloyl groups were removed by
hydrazinolysis to unveil the amino groups in
their reactive form. In the last step, amino
groups were conjugated with NHS-activated 3-
mercaptopropionic acid to accomplish the
installation of thiol-ene reactive mercapto
groups onto side chains of PEGylated chitosan.
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Figure 2. General reaction scheme for the
synthesis of thiolated o-pegylated chitosan
derivative (Ch-PEG-SH).
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The synthetic steps of polymer synthesis were
followed by FT-IR (Figure 3) and 'H NMR (Figure
4) spectroscopic techniques to confirm the
transformations. In the PEG attachment onto
phthaloylated chitosan (Ch-Pht), FT-IR studies
confirmed the successful grafting as evidenced
by the appearance or enhancement of
characteristics bands at (vmax/cm~!) 2882 (C-H
stretching), 1069 and 959 (C-O stretchings).
The 'H NMR analysis of resulting phthaloylated
and PEGylated chitosan (Ch-Pht-PEG) revealed
characteristics proton signals of chitosan
pyranose groups and phthaloyl moieties, as well
as signals of PEG repeating units and methoxy (-
OCHs) end groups. The degree of PEGylation, as
determined by the integration of D-
glucopyranose signal at 4.5 ppm with PEG
methoxy signal at 3.4 ppm, was found as 43%
(mole PEG/mole D-glucosamine). After the
removal of phthaloyl groups via hydrazinolysis,
FT-IR analysis revealed the disappearance of
imide absorption bands at (Vmax/cm~1) 1771 and
1707. This transformation was also verified by
the disappearance of phthaloyl aromatic signals
at 7.3-8.0 ppm. The final step involves the
reaction of free amino groups of chitosan
polymer with 3-mercaptopropionic acid, pre-
activated with NHS groups to give Ch-PEG-SH.
Formation of a new amide band at 1672 cm~! of
FT-IR spectrum and aliphatic protons signals of
mercaptopropionamide units in !H NMR
spectrum establish the successful conjugation.
In order to quantify the total number of reactive
thiols groups at final polymer, a free sulfhydryl
assay was accounted. According to the Ellman’s
analysis performed by employing 5,5'-
dithiobis(2-nitrobenzoic acid), 8.4 10* mmol/g
thiol content was determined.
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Figure 3. FT-IR structural analyses of polymers after o-PEGylation, hydrazinolysis, and thiolation steps.
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Figure 4. 'H NMR structural analyses of polymers after o-PEGylation, hydrazinolysis and thiolation steps.

Synthesis and characterization of hydrogels
Hydrogels were prepared via thiol-ene reactions
of thiol functionalized PEGylated chitosan
polymer (Ch-PEG-SH) with acryloyl-modified B-
cyclodextrin crosslinker (B-CD-Ac) (Figure 1).
Through multiple additions of thiols onto acryloyl
groups, fast crosslinking network formation was
established in approximately ten minutes and no
flow of sample was observed. To ensure
complete crosslinking process, gelation was

continued for 6 h. Gel formation is promoted by
using a catalytic amount of trimethylamine
(EtsN) as a non-nucleophilic organobase. In
order to compare the effect of CD-based
crosslinker ratio on physical and morphological
properties of resulting gels, a library of
hydrogels were prepared by using various Ch-
PEG-SH/B-CD-Ac feeds (Table 1, hydrogels CCH-
(1-4)). The properties of obtained hydrogels
were summarized in Table 1.

Table 1. Properties of hydrogels with varying Ch-PEG-SH / B-CD-Ac ratio.

Entry Hydrogel -SH : acrylate Gel Conv. ESR Drug Load
(%) (x100%) (mg/g dry gel)
1 CCH-1 0.5:0.5 87 9.2 (£ 1.4) 88 (£ 16)
2 CCH-2 0.6 : 0.4 76 13.3 (£ 1.1) 74 (£ 12)
3 CCH-3 0.7 : 0.3 71 15.6 (* 2.8) 66 (x 7)
4 CCH-4 0.8 :0.2 66 19.5 (+ 2.3) 61 (£ 9)
samples in their wet state appearance. The

Hydrogels were obtained with moderately good
gel conversions via thiol-ene addition reactions
of complementary functional precursors. As
expected, higher gel conversions were obtained
in case of using higher amount of B-CD-Ac
crosslinker. The gels are clear transparent
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microstructure analyses based on scanning
electron microscopy (SEM) revealed continuous
non-porous structures (Figure 5). A very slight
increase in porosity was accounted in case of
employing lower crosslinker feed.
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Figure 5. Representative SEM images of freeze-
dried hydrogels (Scale bars: 2 pm).

Hydrogels were investigated in terms of swelling
behaviors by recording the water uptake in pre-
determined time intervals until a constant
weight is attained. Hydrogels exhibited
pronounced swelling degrees (~ 2000-1000 %
with respect to initial gel amount) due to the
presence of hydrophilic groups on polymer
backbone and cyclodextrin crosslinker (Figure
6). Equilibrium swellings were attained in a
relatively short period of time in pH-neutral
hydration conditions. Although, the
microstructures of obtained hydrogels possess
non-porous morphology, it can be argued that
the presence of hydrophilic PEG side chains have
contributed to a relatively high degree of
network hydration compared to the reported
chitosan/cyclodextrin-based hydrogels (45-46).
As expected, the swelling properties of hydrogels
exhibit dependency on the feed of hydrophilic
polymer and crosslinker ratios. Relatively higher
swelling degrees were obtained by decreasing
crosslinker ratio which can be attributed to the
increase in free gel volumes of network.
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Figure 6. Equilibrium swelling profiles of
hydrogels in water.

The visco-elastic gel properties of water-swollen
hydrogels were examined via dynamic frequency
scan analysis. The measurements revealed that
the storage and loss moduli of networks show
relatively low oscillation frequency dependency
indicating the homogenous network formation
(Figure 7).(47) The storage modulus (G’) and
loss modulus (G”) values were ranging from 102
to 105 Pa and for the all samples tested, the
storage moduli were found to be over ten times
higher than those of loss moduli, indicating
covalently crosslinked elastic network structure.
(48) Higher modulus values were obtained for
hydrogels prepared by using higher amount of
B-CD-based crosslinker which  could be
attributed to the increased network structure.
Moreover, in high oscillation frequencies, the
damping factor (defined as G”/G) decreases with
decreasing crosslinker amount. This indicates
that the elastic properties of the hydrogels show
a relative increase by lowering the crosslinking
density which might yield more conformational
freedom to side chain PEG units. (49)
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Figure 7. Dynamic frequency scan analysis of hydrogels: a) Storage and b) loss moduli of hydrogels.
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Drug loading and release studies

The drug loading and release characteristics of
hydrogels were examined using a model drug
with low water solubility, diclofenac-Na,
employed as a non-steroidal anti-inflammatory
medication for treatment of several complaints
and diseases. The drug was loaded to the
hydrogel samples prepared as disks using
solution absorption method. Pre-water swollen
hydrogel disks were immersed in 0.5 wt.%
soaking solution and the drug loading was
monitored by UV-spectrophotometry until
equilibrium was reached. The total drug amounts
absorbed by the hydrogels, determined from the
initial and final concentrations of soaking
solutions were shown in Table 1. The loaded
drug amounts were found to be affected by the
B-CD-based crosslinker ratio. Highest drug
loading was achieved with hydrogel CCH-1,
containing the highest B-cyclodextrin ratio. In
hydrogels, drugs are mainly diffused in aqueous
phase or adsorbed to the polymeric backbones
(50). In cyclodextrin-containing hydrogels, the
ability of inclusion complexation between
cyclodextrin and hydrophobic molecules provide
another mean of drug loading. Since diclofenac-
Na is able to form inclusion complexation with B-
cyclodextrin (51), increased B-cyclodextrin ratio
as going from CCH-4 to CCH-1 makes a notable
contribution to drug loading.

The drug-loaded hydrogels were gently washed
with distilled water before adding to the release
medium. With regular time intervals, 5 mL
release medium was replaced with a fresh
solution and collected release solution was
analyzed via UV spectrophotometer to monitor
drug release. The release behavior of diclofenac-
Na from hydrogels is shown in Figure 8. Initially,
a burst release of the drug was observed for all
hydrogels. This accelerated release is common in
hydrogel based release systems and mainly
attributed to the fast removal of free drug in
aqueous phase and adsorbed drug on backbone
of the hydrogel (52). The amount of burst
release was dependent on the B-CD content in
hydrogels as lowest burst release and highest
sustained release was observed with hydrogel
CCH-1 containing highest B-CD content. The
slower release of hydrogels with higher B-CD
content can be ascribed to the formation of
inclusion complex of the drug with B-CD. As the
relation between B-CD amounts that hydrogels
bear and the drug loading capacities and
sustained release profiles suggest, p-CD
incorporation to hydrogel network maintains

increased  drug-carrier interactions  while
improving the versatility of fabricated
biomaterials. Combining the efficient and easy
fabrication with convenient attributes of

hydrogel precursors, the demonstrated approach
might find applications in design and synthesis
of several hydrogel-based drug delivery
systems.
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CONCLUSION

Novel hydrogels employing PEG-modified
chitosan as hydrophilic matrix and acrylated B-
CD as crosslinker were synthesized using thiol-
ene addition reaction. The method demonstrates
the facile and efficient crosslinking process
between complementary thiol and acrylate
functional precursors which can be used as in
situ injectable gel forming systems. It was
shown that physical properties can be tuned by
changing feed ratio between the hydrophilic
polymer and crosslinker. A model drug was
loaded to fabricated hydrogels and controlled
release of the drug was monitored. Lower initial
burst releases and more prolonged release
profiles were obtained in case of increasing B-CD
content in the hydrogels. The hydrogel synthesis
methodology depicted here is believed to find
potential application in design of macro and
micro-scale controlled drug release systems
especially in injectable formulations.
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