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ABSTRACT: A thermosensitive, physically cross-linked injectable
hydrogel was formulated for the effective and sustained delivery of
disulfiram (DSF) to the cancer cells as there is no hydrogel
formulation available until now for the delivery of DSF. As we
know, hydrogels have an advantage over other drug delivery
systems because of their unique properties, so we proposed to
formulate an injectable hydrogel system for the sustained delivery
of an anticancer drug (DSF) to cancer cells. To investigate the chpsE.H
surface morphology, a scanning electron microscope study was

carried out, and for thermal stability of hydrogels, TGA
(thermogravimetric analysis) and DSC (differential scanning T
calorimetry) were performed. The rheological behavior of In vitro study
hydrogels was evaluated with the increasing temperature and

time. These developed hydrogels possessing excellent biocompatibility could be injected at room temperature following rapid gel
formation at body temperature. The swelling index and in vitro drug release studies were performed at different pH (6.8 and 7.4)
and temperatures (25 and 37 °C). The cell viability of the blank hydrogel, free DSF solution, and Ch/DSF (chitosan/DSF)-loaded
hydrogel was studied by MTT assay on SMMC-7721 cells for 24 and 48 h, which exhibited higher cytotoxicity in a dose-dependent
manner in contrast to the free DSF solution. Moreover, the cellular uptake of DSF-loaded hydrogels was observed stronger as
compared with free DSF. Hence, chitosan-based hydrogels loaded with DSF possessing exceptional properties can be used as a novel
injectable anticancer drug for the sustained delivery of DSF for long-term cancer therapy.

Cell Uptake

1. INTRODUCTION hydrogel applications because of their excellent material
properties.9’10

Disulfiram (DSF) has been widely used for the treatment of
alcoholism since the 1930s, and it has also been approved by
the food and drug administration (FDA)."' The DSF
mechanism of action associated with the treatment of alcoholic
disease inhibits aldehyde dehydrogenase (ALDH).'>"* Numer-
ous mechanisms of DSF anticancer activity have been reported
in the literature, including irreversible inhibition of ALDH and
P-glycoprotein (P-gp).'*"* In recent years, DSF has confirmed
its cytotoxic effects against various cancers including, lung
carcinoma,lé prostate carcinoma,17 breast cancer,”’ and
colorectal cancer."”

Until now, no study has been performed for the fabrication
of thermosensitive chitosan-based DSF-loaded injectable

Cancer is one of the emerging diseases globally. Chemotherapy
is usually employed for the treatment of many cancer types in
the world; however, many side effects are associated with
chemotherapy and anticancer drugs, which are a major
challenge for rational therapy. To address this problem, the
development of smart drug delivery systems (DDs) could be
useful to sustain the release of the drug into the cancer tissues,
with minimal side-effects to healthy tissues."” Hydrogels are
three-dimensional systems constructed by different polymers.’
Thermoresponsive hydrogels can be promising DDs for the
controlled release of the drug at desirable sites.” Injectable
hydrogels have numerous advantages as compared to other
DDs:” first, their biocompatibility, easy fabrication, and easy
injectability into the tumor sites and second, high drug loading
(DL) of anticancer drugs could be achieved by injectable

hydrogels. Chitosan (CS) is a derivative of chitin and Received: May 29, 2020
obtained by the alkaline deacetylation process. It has various Accepted:  July 24, 2020
properties, such as nontoxicity, biodegradability, and bio- Published: August 10, 2020

compatibility, with multiple applications in different fields such
as biomedicine and DDs.”® In recent years, chitosan-based
hydrogels have obtained significant consideration for many
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hydrogels for the effective and sustained delivery of DSF for
cancer therapy. The drug-loaded hydrogel is a mature system
for the delivery of various drugs. However, research on
disulfiram as an anticancer agent has started in recent years;
hence, only few drug DDs are studied so far for the delivery of
disulfiram, that is, disulfiram-loaded nanoparticles, micelles,
and nanosuspensions. However, no hydrogel system for DSF
delivery has been formulated, so our main aim was to develop a
chitosan-based hydrogel system that could release DSF in a
sustained manner for long-term cancer treatment in an efficient
way. The chitosan polymer was used for this purpose because
of its easy handling and unique properties. The hydrogel was
prepared by the self-assembly method as this is a unique and
efficient method'””’ and evaluated for sol—gel transition
behavior, rheological analysis, swelling index (SI) measure-
ment, DL, encapsulation efficiency (EE), in vitro drug release
test, and in vitro erosion test. The hydrogel was also subjected
to surface morphology examination through a scanning
electron microscope and other physiochemical character-
izations, thermogravimetric analysis (TGA), and differential
scanning calorimetry (DSC). Human HCC cells (SMMC-
7721) were used to determine the therapeutic activity of DSF
released from the hydrogel. Moreover, the cellular uptake of
the fluorescein isothiocyanate (FITC)-loaded hydrogel was
investigated by confocal microscopy and flow cytometry,
respectively.

2. RESULTS AND DISCUSSION

2.1. pH Measurements. The pH of the final sol and the
gel was checked. The pH of the final sol was 6.93 + 0.07, while
the gel was 7.13 + 0.06. The pH of the prepared hydrogel was
checked in order to ensure that there is no drastic change in
pH value after conversion of sol to gel, which could occur
because of any undesired chemical reaction in the system. We
aimed to deliver the hydrogel at physiological pH for the
efficient delivery of the drug, so we monitor the pH of the
hydrogel system.

2.2, Visual Transparency of the Hydrogel Injection.
Visual evaluation of the hydrogel was performed at different
temperatures (i.e, 25—37 °C) for the assessment of trans-
parency. The Ch/DSF hydrogel was transparent at the
experimental temperature (25 °C), which proves that the
added ingredients are homogeneously mixed.”" It was observed
that the hydrogel became turbid at body temperature in
comparison to the initial sol (Figure 1).

2.3. Optical Transparency as a Function of Temper-
ature. To evaluate the Ch/DSF thermosensitive injectable
hydrogel, a temperature-dependent evaluation of light trans-
mittance was done. For this purpose, a water bath and UV
spectrophotometer were used. As shown in Figure 2, the

(a) Sol at 25 °C

(b) Gel at 37 °C

Figure 1. Phase transition of the hydrogel at room temperature and
body temperature.
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Figure 2. Transmittance of Ch/DSF hydrogel injection as a function
of temperature (n = 3).

transmittance was checked at various stages under UV, and the
effect of temperature was noted. The hydrogel solution was
prepared and shifted into a disposable cuvette. The cuvette was
placed in the water bath to notice the changes due to the
increase in temperature. It was seen that at low temperature,
the hydrogel solution was transparent, but the formulation
became cloudy with an increase of temperature above 32 °C, as
shown in Figure 1. The reason is that at low temperatures,
hydrophilic interaction occurs, keeping the solution uniform
and transparent. However, at the higher temperatures,
hydrophobic interactions occur, creating the solution milky
white and turbid.*”

2.4. Sol—-Gel Transition Behavior. To determine the
thermal response of the Ch/DSF injectable hydrogel, phase
transition studies were performed using the tube invert
method. The gelation time and temperature are vital
characteristics for the transition of the phase of the thermally
responsive hydrogel. Chitosan is a thermally responsive
polymer and has been widely used to prepare thermally
responsive hydrogels.””** Increasing the concentration of the
polymer or drug and other added components has a direct
impact on the gelation time and temperature. Hence, by
increasing the polymer content, there is an increase in the
hydrogen bond formed by the hydrophilic group present in the
hydrogel network.”® The sol—gel transition of the thermores-
ponsive hydrogel solution took place within a few minutes, that
is, 3 min. Figure 1 shows the tube inversion method, where the
initial gelation of the hydrogel solution (Ch/DSF) occurred
within 3 min. The physicochemical features of the developed
formulation are mentioned in Table 1.

2.5. Sol—Gel Fraction. A sol—gel fraction analysis was
carried out to evaluate the sol-to-gel ratio of the hydrogels. The
study aimed to determine the unreacted polymer concen-
tration in the prepared hydrogel system. The gel fraction in the
Ch/DSF hydrogel is more than the blank hydrogel, which may
be due to the increased crosslinking between the drug and the
polymer. In Ch/DSF thermally responsive hydrogels, it is clear
that increasing the concentration of the polymer will lead to an
increase in the binding capacity of the system, leading to the
decline of the unbound component’s amount, thereby forming
the gel and vice versa (Figure 3).

2.6. Rheological Analysis. The temperature sweep test
with a Ch/DSF hydrogel solution between 15 and 60 °C
showed a sol—gel transition behavior that occurred at 36.8 °C
(Figure 4A). When the temperature increased to 70 °C, the
elastic modulus increased to 460 Pa. Both the elastic modulus

https://dx.doi.org/10.1021/acsomega.0c02548
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Table 1. Physiochemical Features of Ch/DSF-HI

pH

sol

6.93 + 0.07

gelation temperature (°C)
36.8 + 1.3

gel
7.13 + 0.06

DL (%)
53.17% + 1.2

EE (%)
9321% + 1.3

incipient gelation time (s)

180 + 2

100
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Figure 3. Sol and Gel fraction of blank and Ch/DSF hydrogel
injection (n = 3).

(G’) and viscous modulus (G”) decreased slightly from 10 °C
to almost 30 °C. Then, the elastic modulus began to increase
gradually, which confirms the thermosensitive behavior of the
hydrogel.”®

The viscosity of the hydrogel remained higher between 15
and 36 °C and then started to decline till 50 °C. This
demonstrates the viscoelastic behavior of the hydrogel as the
temperature goes on increasing, that is, more viscous at body

temperature than room temperature (Figure 4B). These results
are relevant to the previously reported work.”’

A time sweep test at a temperature of 37 °C for 30 min
showed that the elastic modulus (G’) gradually increased over
time, while the viscous modulus (G”) remained constant.
Higher G’ demonstrates stronger hydrogel network.”® This is
an indicator of the mechanical reinforcement of the gel in the
body temperature over time. It can be seen from Figure 4C
that the elastic modulus (G’) of the chitosan hydrogel
increased from 300 to 669 Pa during a 30 min time scan (n
=3).

2.7. SI Measurement. Swelling is described as a
phenomenon in which water/biological fluids are retained in
a polymer network. The capability of a hydrogel to swell
depends on its chemical structure and the characteristics of its
medium.”” As shown in Figure 5, swelling studies of chitosan-
based hydrogels at different temperatures and pH (i.e., at temp
25 & 37 °C and pH 1.2 & 7.4) were performed.

2.7.1. Effect of Temperature on Sl. To assess the
temperature impact on the swelling behavior of hydrogels, all
hydrogels were exposed to a temperature range of 25—37 °C.
Figure SA depicts the swelling behavior of chitosan DSF
hydrogels at different temperatures. It can be seen from the
graph that an increase in temperature caused an increase in the
swelling rate. The reason is that the hydrogen bond of the
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Figure 4. Rheological behavior of hydrogel injection (A) elastic modulus (G’) and viscous modulus (G”) of the hydrogel injection as a function of
temperature; (B) viscosity (17) of hydrogel injection with the change of temperature; and (C) elastic modulus (G’) and viscous modulus (G”) over

time.
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Figure S. SI measurement of the Ch/DSF hydrogel injection as a function of temperature and time; (A) SI of the hydrogel at different

temperatures; (B) SI of the hydrogel at different pH (n = 3).

amine group in chitosan may dissociate with the water
molecules inside the hydrogel network. As a result, the polymer
chains in the hydrogel relax, which leads to increased
swelling.”” A similar temperature-dependent swelling of the
chitosan hydrogel has been described before.*

Liu and his colleagues investigated heat-sensitive supra-
molecular hydrogels, aiming to produce a hydrogel for the
efficient and sustained delivery of drugs in response to
temperature.”’ Zheng and his team investigated injectable
hydrogels with microparticle transitions for tumor targeting in
response to temperature change by studying the effect of their
hydrogel on K7 osteosarcoma cells in mice.

2.7.2. Effect of pH on SI. Buffer solutions were prepared at
pH 1.2 and 7.4 to assess the impact of different pH on the
hydrogel swelling behavior. The results showed that the
swelling of the hydrogel at 1.2 is higher than that at 7.4 (Figure
SB).

Under acidic conditions, the chitosan hydrogel reached
maximum swelling and decreased with increasing pH of its
medium (Figure SB). This is because the concentration of H*
is higher at low pH values, which increased the ability of the
amine group to protonate to chitosan, thereby forming
—NH3*. As a result, the polymer chains in the hydrogel
dissociated from each other. Conversely, by increasing the pH,
the amine groups were deprotonated; hence, the repulsion
between polymer chains in the hydrogel was reduced. This led
to the rigid structure of the hydrogel and reduced its
absorption capacity,” > a process which has been described
by Hyunmin.*® Research carried out by Peter John Dowding’”
showed a similar result. Zhang et al. reported hydrogel
injections for the treatment of osteosarcoma. They studied pH-
responsive nanogels for the delivery of doxorubicin using
hyaluronic acid and cisplatin.”® Zhang and colleagues
investigated the formation of pH-responsive hydrogels that
can be used for the synergistic delivery of anticancer drugs.”

2.8. Drug Loading (DL %) and Encapsulation
Efficiency (EE %). The DL capacity of DSF in the chitosan
hydrogel network was excellent. The DSF content in the
hydrogel network was about $3.17% =+ 1.2, and EE % was
93.21% + 1.3 (Table 1). DL and EE are higher than previously
reported similar hydrogel systems.”*~*

2.9. In Vitro Drug Release Analysis. The cumulative
release of DSF from the Ch/DSF hydrogel in vitro was
measured by the dialysis membrane method in PBS (pH 6.8 &
7.4) at 37 °C for 24 h.** Approximately, 40% of DSF was

20453

released in the first hour at pH 6.8, while 35% at pH 7.4. After
that, the release was slightly enhanced, reaching 97 and 95%
drug release at pH 6.8 and 7.4, respectively (Figure 6). DSF
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Figure 6. Cumulative drug release (%) from Ch/DSF hydrogel
injection overtime at different pH (ie, pH 6.8, pH 7.4) (n = 3).

release from the Ch/DSF hydrogel followed a biphasic mode,
with initial burst release and then continuous release for 24 h
at Eoth pH values. Similar results have been shown by Cho et
al.”™

Owing to blocking or absorption by the dialysis membrane
bag, 100% of the drug could not be released from the Ch/DSF
hydrogel. The initial sudden DSF release from the hydrogel
might be due to weak absorption of the drug in the hydrogel
network or the quicker dispersion of DSF into the medium or
both. Another reason for the initial fast release of the drug
from the hydrogel is due to larger pore size of the hydrogel
mesh than the size of disulfiram, so the release of drug could be
further controlled in future experiments by using a crosslinker
to enhance the cross-linking of the hydrogel network.*
Constant release corresponds to the release of DSF from the
compact hydrogel network because of enhanced cross-linking.
These results are due to the osmotic pressure difference
between the Ch/DSF hydrogel and the released medium. As
there is no covalent cross-linking in the Ch/DSF hydrogel to
encapsulate DSF, the release of DSF from the hydrogel is by
the simple diffusion mechanism.

2.10. In Vitro Erosion Test. The chitosan hydrogel was
incubated in PBS at 37 °C to study its erosion. Figure 7
presents a curve of the weight change of these hydrogels over
time. Hydrogels gradually showed weight loss over three
weeks. The slow degradation rate of the hydrogel may be
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Figure 7. Ch/DSF hydrogel injection degradation study over time (n
=3).

attributed to substantial cross-linking of the hydrogel structure,
which imparts strength to the hydrogel, and hence, the
degradation rate is slow. The similar erosion profiles of
chitosan-based hydrogels have been investigated by various
researchers.”®

2.11. SEM Analysis. SEM investigated the surface
morphology of the Ch/DSF hydrogel. Under different cross-
sectional and magnification studies, cross-linked hydrogels
exhibited a dense and porous network structure (Figure 8).

X500 50pm

Figure 8. SEM micrographs of Ch/DSF hydrogel injection at
different magnification and cross section.

The pores in the hydrogel are due to the existence of DSF in
the fabric. This indicates that the interaction between the drug
and the polymer is more significant, resulting in the formation
of an expanded structure from this cross-linking. This shows
the formation of a more stable hydrogel, as reported by
previous studies.””**

2.12. TGA and DSC. TGA and DSC characterization were
performed for the assessment of the thermal stability of Ch/
DSE cross-linked hydrogels. Chitosan degrades at high
temperatures.”” In Figure 9, the initial weight loss of the
Ch/DSF hydrogel occurred at 125 °C, which is 10—15%,
because of the presence of absorbed water in the hydrogel
network. When the temperature increased to 490 °C, further
weight loss occurred, while complete degradation of the Ch/
DSF hydrogel structure occurred at 800 °C.°° This
degradation at high temperatures indicated that the hydrogel
is extensively cross-linked and highly stable over a wide
temperature range. As most of the time-release process has to
be carried out at a physiological temperature, and our result
showed that hydrogel is stable in a physiological temperature
range and is also supported by other researchers.”!

TGA
DSC

0O 50 100 150 200 250 300 350 400 500 600 700 800
Temperature (°C)

Figure 9. TGA and DSC thermograph of Ch/DSF hydrogel injection.

The DSC curve of the Ch/DSF hydrogel (Ch/DSF-H) is
depicted in Figure 9. Because of dehydration of the hydrogel
network, the thermogram of Ch/DSF-H displayed an
endothermic peak at 125 °C, following an exothermic peak
at a range of 550—650 °C, indicating the degradation of the
Ch/DSF hydrogel.>” It is exhibited from the DSC curve that
the hydrogel is stable.

2.13. Cytotoxicity Study. At first, the cytotoxicity of the
blank hydrogel was evaluated on SMMC-7721 cells. Cells were
hatched at 37 °C overnight at various concentrations (0—400
ug mL™"). The cell viability was over 90%, even at 400 ug
mL™" (Figure 10A). This low cytotoxicity was suggesting that
chitosan has exceptional biocompatibility and safety profile.
The low toxicity of chitosan has also been reported in the
literature, and many researchers have employed it for the
synthesis of implants and injectable hydrogels.””** After
overnight incubation, the concentration of DSF and the Ch/
DSF hydrogel increased from 0 to 100 pg/mL, and the viability
of cells of SMMC-7721 decreased (Figure 10B,C).

Results attained from MTT assay of SMMC-7721 cells at 50
ug mL™' DSF and Ch/DSF hydrogel equivalent conc. showed
that the DSF and Ch/DSF-H solution showed 31 and 23% cell
viability against SMMC-7721 cells at 24 h. The cell viability
further decreased after 48 h of incubation than at 24 h
incubation. Besides, these results confirmed that Ch/DSF
hydrogel showed a dose-dependent cell proliferation inhibitory
effect on SMMC-7721 cells. Notably, at higher drug
concentrations, cell viability was decreased by Ch/DSF-H
compared to free DSF solutions, suggesting that Ch/DSF-H
has higher cytotoxicity. At the same time, DSF in the drug
solution is quickly degraded in the cell culture medium, and
the higher toxicity of Ch/DSF-H may be attributed to its
protective effect on reactive molecules in the cell culture
medium and cytoplasm.” The lesser free DSF cytotoxicity is
also due to the poor water solubility of the drug. Conclusively,
the sustained release behavior of DSF from the hydrogel may
be the reason for better cytotoxicity inside the cell.”® Our
cytotoxicity study results in the present research are better than
the previously reported work. In various studies, the drug and
polymer complexes significantly reduced the disadvantageous
cytotoxicity of the antitumor drug and polymer complexes as
the pharmacokinetic parameters of DDs control the fate of
such drugs and polymer complexes.

2.14. In Vitro Cell Uptake Study. 2.74.1. CLSM Analysis.
For qualitative cellular uptake of free DSF and FITC Ch/DSF-
HI in SMMC-7721 cells, CLSM was used based on stronger
green fluorescence of drugs. As revealed in Figure 11, stronger
green fluorescence was observed by FITC Ch/DSF hydrogel
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Figure 11. Cellular uptake of free DSF and FITC Ch DSF-HI in SMMC-7721 cells after 4 h incubation; scale bar: (20 ym).

injection (Ch/DSF-HI) in contrast to the free DSF in SMMC-
7721 cells. This result indicates that the drug-loaded hydrogel
can quickly enter into the cells after 4 h incubation.

2.14.2. Flow Cytometry. For quantitative cell uptake and
providing more evidence, flow cytometry was used to explore
the cellular uptake of free DSF and FITC Ch/DSF-HI in
SMMC-7721 cells for 4 h. The results (Figure 12) showed that
FITC Ch/DSF-HI exhibited higher mean fluorescence
intensity as compared with free DSF, which further confirms
that the drug-loaded hydrogel is taken up to a greater extent by
the cells. These results were consistent with the result of
CLSM.

3. CONCLUSIONS

Novel injectable thermosensitive hydrogels were developed by
the sol—gel methodology, and further, its formulation was
confirmed by characterization tests. The developed hydrogel
displayed sustained delivery of DSF over time. The swelling
studies exhibited that hydrogels showed maximum swelling at
37 °C and pH 1.2 while less swelling at temperature 25 °C and

20455
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Figure 12. Flow cytometry image of SMMC-7721 cells treated with
free DSF and FITC Ch/DSF-HI for 4 h.

pH 7.4, confirming the efficient delivery of DSF at
physiological conditions. Rheological studies proved the
dynamic viscoelastic behavior of the injectable hydrogel over
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Figure 13. Schematic illustration of the thermosensitive Ch/DSF hydrogel formulation.

temperature and time sweep with incipient temperature 36.8
°C. The hydrogel also exhibited an excellent in vitro drug
release and erosion profiles.

Cell cytotoxicity of the blank chitosan hydrogel indicates the
excellent safety profile, and the Ch/DSF hydrogel showed
more toxic effects as compared with free DSF solution in a
dose-dependent manner against human HCC cell lines
SMMC-7721 cells at 24 and 48 h. Moreover, CLSM and
flow cytometry results were consistent with each other and
showed higher cell uptake by formulation as compared with
the free DSF solution. Hence, it can be concluded that the
formulated hydrogel injection could be proposed for the
efficient and sustained delivery of DSF for cancer treatment
after further investigations.

4. EXPERIMENTAL SECTION

4.1. Materials. Chitosan (average viscosity 5,270,000 Da
and DD 86%), disulfiram (99% purity), and MTT reagents
were purchased from Sigma-Aldrich, USA. The human HCC
cell line SMMC-7721 was purchased from the Chinese
Academy of Sciences cell bank, Shanghai, China. Fetal bovine
serum (FBS), RPMI 1640, and trypsin were purchased from
Thermo Fisher Scientific, Inc. (USA). Glycerol was purchased
from Merck, Germany. FITC was purchased from Solarbio
Science and Technology Co. Ltd. (Beijing, China). The
dialysis membrane (3.5 kDa) was obtained from Shanghai
Gene Ray Biotech Co., Ltd. Shanghai, China. All other
reagents used in the experiment were of analytical grade.

4.2, Methods. 4.2.1. Preparation of the Chitosan/
Disulfiram (Ch/DSF) Hydrogel. The hydrogel was formulated
by dissolving 2 g of chitosan in lactic acid (1%) solution and
1.5 mL of glycerol in distilled water under continuous
moderate stirring on a magnetic stirrer for 2 h to get a
homogenized hydrogel. Finally, the drug (disulfiram) (2 mg)
was added to the chitosan hydrogel under continuous stirring
until the drug completely gets dispersed in the gel. Place the
gel in an ultrasonic bath for further 30 min to eradicate
entrapped air bubbles.”” A schematic illustration for the
gelation process of the Ch/DSF hydrogel is presented in
Figure 13.

4.2.2. pH Measurements. The pH of the hydrogel injection
was measured by using a digital pH meter. All measurements
were done in a triplicate manner.

4.2.3. Visual Transparency of the Hydrogel Injection.
Transparency of the formulated hydrogel injection was
determined at different temperatures, that is, 25—37 °C. At
all temperatures, a transparent solution proves that all the
added ingredients are homogeneously mixed.

4.2.4. Optical Transparency as a Function of Temper-
ature. The optical transparency of the prepared hydrogel was
analyzed by a UV spectrophotometer at 4 450 nm with varying
temperatures. 100% transmittance was defined as the trans-
mission of light passed through distilled water. The sample was
placed in the cuvette and kept in a digital water bath with
slowly increasing the temperature from 25 to 37 °C. The
sample was kept at a particular temperature for almost S min
and then analyzed by a UV spectrophotometer.”

4.2.5. Sol-Gel Transition Behavior. 4.2.5.1. Gelation
Temperature. The gelation temperature was assessed by
heating the Ch/DSF solution in a glass vial with mild shaking
until it is converted to gel. The glass vial was inverted after
specific intervals to check gelation. When the solution stopped
flowing on tilting the vial, that point was accounted as the
gelation temperature.

4.2.5.2. Gelation Time. The gelation time was assessed by
the test-tube inverted method. In this method, the freshly
prepared Ch/DSF solution (3 mL) was taken in a glass vial
and heated in a water bath at 37 °C with gentle shaking,
allowing its gelation. After every one min, the glass vial was
taken out and inverted at 90° angle for 1 min to check the
gelation of the sample. The incipient gelation time was termed
as when the solution stopped flowing.

4.2.6. Sol—Gel Fraction. Sol—gel fraction examination was
carried out for the determination of the sol and gel fraction in
the prepared Ch/DSF thermosensitive hydrogel. The liquid
portion of the hydrogel is expressed as the sol fraction. For
carrying out this study, discs of dried hydrogel were weighed
and kept in boiling water at 100 °C for approximately 4 h. The
discs were removed from the water bath after 4 h and dried at
room temperature for 24 h. Subsequently, they were placed in
the incubator at 37 °C.°® For calculating the sol and gel
fraction of the hydrogel, the following formula was employed

gel fraction % = W,/W, X 100 (1)
sol fraction % = 100-gel fraction 2)

where W, is the dry weight of the hydrogel, whereas W,
represents the weight of the hydrogel after extraction for a
definite time, that is, 4 h.

4.2.7. Rheological Analysis. The rheology measurement of
the hydrogel was performed using a rheometer (TA Instru-
ments, TA-AR 2000, Newcastle, DE, USA) with a conical
geometry (@ = 40 mm, 2°). During heating at a temperature of
15—37 °C, the changes in storage (G’) and loss modulus (G”)
were recorded at a constant frequency of 1 Hz during the
oscillation measurement. Also, the temperature was maintained
at 37 °C for 30 min to notice the change in the viscoelastic
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behavior of the hydrogel over time. When the material begins
to show more viscosity than elasticity (sol—gel transition), the
incipient gel point of the solution was evaluated by the
intersection of G’ and G” (tan 6: G"/G' = 1).>°

4.2.8. S| Measurement. Hydrogel swelling experiments were
performed using buffered solutions of pH 1.2 and 7.4 at 25 and
37 °C, respectively. Dry hydrogels were accurately weighed.
The dry hydrogel samples were swelled in PBS (pH 1.2 and
7.4) at 25 and 37 °C, respectively, while shaking on a
horizontal shaker to attain their particular swelling equilibrium.
After removing excess surface water with a filter paper, we
measured the weight of the swollen gel and calculated its SI by
the following formula

ST = (W, — Wp)/W, )

where W, = weight of the swollen hydrogel, and W = weight
of the dry hydrogel.

4.2.9. DL and EE. Drug loading (DL %) and encapsulation
efficiency (EE %) of Ch/DSF-H were determined by
thoroughly crushing the hydrogels in a sterile pestle and
mortar. The weighed quantity of the powdered hydrogels was
placed in 500 mL of PBS for 24 h under continuous stirring at
37 °C. Subsequently, it was centrifuge it at 3000 rpm. The
supernatant was separated by a pipette, filtered by 0.45 ym
filter paper, and analyzed for DSF through a UV spectropho-
tometer at A, 275 nm.”” The DL % and EE % were calculated
by the following equations:

DL % = amount of DSF in hydrogel/weight of hydrogel
x 100 (4)

EE % = % actual loading/% theoretical loading X 100
©)

4.2.10. In Vitro Drug Release Test. The dialysis membrane
method was employed to evaluate the drug release behavior of
DSF from the lyophilized hydrogel. Then, 2 mg of lyophilized
hydrogels was placed in S mL of PBS (pH = 6.8 and 7.4) and
shifted to the dialysis membrane bag (MWCO 3.5 kDa). Both
ends of the dialysis bag were tightly fastened and immersed in
the beakers containing 500 mL of PBS 6.8 and PBS 7.4 pH,
respectively.

The release medium was stored at 37 + 1 °C for 24 h at a
shaking speed of 100 rpm. At specific time intervals (1, 2, 3, 4,
S, 6,12, and 24 h), we took 3 mL of aliquot from the outside of
the dialysis membrane and replaced it with the same volume of
freshly prepared PBS throughout the experiment. The amount
of DSF released from the hydrogel was determined by a UV
spectrophotometer at A, 275 nm. The following formula was
used to calculate the cumulative release percentage of DSF
from Ch/DSE-H

cumulative drug release (%)
= DSF released/DSF loaded X 100 (6)

4.2.11. In Vitro Erosion Test. To estimate the weight loss by
hydrolytic degradation over time, the hydrogels were divided
into four groups (3, 7, 14, and 21 days). Each hydrogel was
prepared by mixing 2 mL of chitosan/DSF mixture in a 15 mL
tube at 37 °C. Then, 10 mL of PBS was added over these
prepared hydrogels at 37 °C. After regular time intervals,
samples were removed from the solution, blotted dry, and then
weighed to calculate the weight (W,) of the remaining mass.
The PBS was changed every three days, and the experiment

was performed in triplicates. The following formula calculated
the remaining weight % of the hydrogel

remaining weight percent (%) = (W,/W,) X 100 (7)

where W, = initial weight of the dry hydrogel, and W, = weight
of the dry hydrogel after immersion in PBS for different time
intervals.

4.2.12. SEM Analysis. For analyzing the internal micro-
structure of the hydrogels, scanning electron microscopy was
performed. The prepared Ch/DSF hydrogel was frozen below
—80 °C for 48 h following lyophilization for 24 h. The
lyophilized sample was splintered in liquid nitrogen to attain
the cross section. It was gold-coated by a sputter coater
((Emitech KS75) and then observed by scanning electron
microscopy (JSM-5600, Tokyo, Japan), under 20 mA current
and an accelerating voltage of 10 kV.

4.2.13. Thermogravimetric Analysis. The resulting hydro-
gel was subjected to TGA analysis to begin a range of
degradation temperatures. Samples for TGA analysis were
prepared by crushing the resulting hydrogel, connecting an
open pan (100 uL of platinum) to a microbalance, and placing
0.5—5 mg of sample in it. All samples were heated at a rate of
20 °C/min from 25 to 500 °C in a ramp-up test type in dry
nitrogen under a standard mode. All measurements were
repeated three times.

4.2.14. Differential Scanning Calorimetry. DSC was used
to assess the thermal stability of the hydrogel. DSC studies
were performed using a DSC device (DSC Diamond Series,
Perkin Elmer, USA). The sample was dried with an aluminum
pan under a stream of nitrogen at a rate of 40 °C/min.

4.2.15. Cytotoxicity Study. 3-(4,5-Dimethyl thiazolyl-2)-
2,5-diphenyltetrazole bromide (MTT) analysis was employed
for the assessment of in vitro cell viability of the blank hydrogel,
plain DSF solution, and Ch/DSF hydrogel (Ch/DSF-H). A
96-well culture plate was used for seeding of cells at a
concentration of 4 X 10* cells/well and kept for incubation for
24 h. After that, the cell culture medium was discarded in the
96-well culture plate and substituted with a fresh medium
having different concentrations of the blank hydrogel, plain
DSF solution, and Ch/DSF-H at 37 °C for 24 and 48 h. After
selected time intervals, 20 uL of MTT reagent (S mg/mL in
PBS) was added to each well, and the cells were incubated at
37 °C for 4 h more in the dark. Then, after the medium was
removed entirely, DMSO was inoculated to each well and
gently stirred to dissolve the formazan dark blue crystals
produced by the living cells. The cells without treatment were
taken as controls throughout the experiment. Finally, the
absorbance was measured on a microplate reader (ELx808;
Gene Co., Ltd., Hong Kong, China) at 490 nm.

4.2.16. In Vitro Cellular Uptake Study. The cellular uptake
study of free DSF and FITC/Ch/DSF-HI was evaluated by
combining the confocal laser scanning microscope (CLSM)
and flow cytometry.

4.2.16.1. CLSM Analysis. SMMC-7721 cells were seeded
into glass coverslips of 6-well plates at a concentration of 4 X
10* cells/well and cultured at 37 °C for 24 h in a CO, 5%
dampened atmosphere. Then, the cells were incubated with
free DSF solution and FITC-tagged Ch/DSF-HI (FITC
concentration of 30 ug/mL) at 37 °C for 4 h. Then, the
medium was cast off; the cells were washed 3X with PBS and
fixed for 10 min, with 4% paraformaldehyde. Finally, the
images of the cells were taken by CLSM (CLSM, LSM800,
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Germany) with excitation and an emission wavelength at 488
and 522 nm, respectively.

4.2.16.2. Flow Cytometry Analysis. For flow cytometry,
after incubation with free DSF and FITC-Ch/DSE-HI (FITC
concentration of 30 ug/mL) at 37 °C for 4 h, the cells were
collected, washed 3X with PBS, then resuspended in PBS and
trypsinized, and centrifuged at 2000 rpm for 15 min. Next,
mean fluorescence intensity was measured by FACS Caliber,
BD, USA with an excitation wavelength of 488 nm and an
emission wavelength of 522 nm selecting the FL-1 channel.

4.2.17. Statistical Analysis. All experimental results were
performed thrice, and data are presented as mean + standard
deviation. Statistical significance was evaluated by (ANOVA),
and all the analyses were done in comparison with the control
group and shown as ***P < 0.001.
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