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Abstract: Numerous study reports on chitosan hydrogels in different forms such as films, porous
structures, nanoparticles, and microspheres for biomedical applications, however, this study
concentrates on their modifications with different crosslinking agents and observing their effects on
drug loading and releasing capacities. Linear chitosan along with crosslinked by two major cross-
linkers, i.e., genipin and disulfide have been used to formulate three different hydrogel systems.
The cross-linking process is heavily impacted by the temperature and the pH conditions. Three
different drugs, i.e., thymoquinone, gefitinib, and erlotinib are loaded in phosphate buffer solutions
and infused with three different hydrogel systems, thus, a total of nine combinations are studied
and analyzed for drug loading and releasing capabilities with Ultraviolet-visible (UV-Vis)
spectroscopy. This study finds thymoquinone shows the lowest loading efficacy compared to two
other drugs in all three systems. Gefitinib shows stable loading and releasing regardless of
crosslinking systems and genipin crosslinked system shows stable loading and releasing with all
three drug molecules. These experimental results agree well with the findings of our previously
published results conducted with molecular dynamics simulations.
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1. Introduction

Drug delivery is the process of administering medication to the body to achieve a therapeutic
effect. Drug delivery is an important field of study in medicine and pharmaceuticals, and ongoing
research is focused on developing new drug delivery systems and techniques to improve drug
delivery outcomes and patient care. Targeted drug delivery refers to the administration of
therapeutic agents or drugs to targeted sites within the body for a specific treatment to maximize the
therapeutic benefit of drugs while minimizing their toxic side effects [1,2]. Drug delivery systems are
designed to improve the pharmacokinetics (movement of drugs) and pharmacodynamics (biological
response of drugs and the corresponding mechanism) of drugs by controlling the rate, duration, and
distribution of drug release [3]. Drug delivery systems can be classified into several categories based
on their modes of action. Controlled release systems release drugs over an extended period, which
improves patient compliance and reduces the frequency of drug administration. Implantable systems
are implanted into the body and release drugs over a long period, providing sustained drug release
and minimizing the need for repeated drug administration such as the brain or spinal cord. Inhalation
systems deliver drugs to the lungs for the treatment of respiratory diseases. Transdermal systems
deliver drugs through the skin for the treatment of skin diseases or systemic drug delivery. Drugs
are taken by mouth in the form of pills, capsules, or liquids in Oral drug delivery. Topical drug
delivery systems are applied to the skin or mucous membranes, such as in the form of creams,
ointments, gels, or patches. Drugs are delivered to the lungs through inhalers, nebulizers, or other
devices for Inhalation drug delivery. Drugs are delivered directly into the body through injections,
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including intravenous (into a vein), intramuscular (into a muscle), and subcutaneous (under the skin)
injections with injectable drug delivery. Suppository drug delivery inserts drugs into the rectum or
vagina in the form of suppositories. Targeted drug delivery is a method of delivering medication to
specific cells or tissues in the body, typically using specialized drug delivery systems or carriers that
can selectively deliver drugs to the intended site of action. This approach can help minimize side
effects and improve the efficacy of the medication which is focused in this study.

Drug delivery systems can be formulated using a variety of materials, including polymers,
lipids, and metals. The choice of material such as hydrogel carrier and its synthesis depends on the
drug being delivered, the targeted site of action, and the desired mode of action [4]. Hydrogels have
been used in drug delivery applications for several decades. The first reported use of hydrogels for
drug delivery dates to the 1970s when hydrogel contact lenses were introduced for the extended war.
Since then, hydrogels have been widely explored for various biomedical applications, including drug
delivery. Over the years, significant advances have been developed for drug delivery with hydrogels,
including the design of stimuli-responsive hydrogels that can release drugs in response to specific
stimuli, such as changes in pH, temperature, or light [5]. Today, hydrogels are considered one of the
most promising drug delivery platforms due to their biocompatibility, tunable properties, high water
content, and versatility. Hydrogels are a class of materials that can absorb and retain large amounts
of water, and they are commonly used for drug delivery applications due to their unique properties.
Some of the different types of hydrogels used for drug delivery include natural hydrogel, synthetic
hydrogel, self-healing hydrogels, and stimuli-responsive hydrogels. Natural hydrogels are made
from natural polymers such as collagen, gelatin, chitosan, hyaluronic acid, and alginate. Synthetic
hydrogels are synthesized from synthetic polymers such as polyethylene glycol (PEG), polyvinyl
alcohol (PVA), and poly(N-isopropylacrylamide) (PNIPAAm). Self-healing hydrogels can repair
themselves after being damaged, which can help to extend their lifetime as drug delivery systems.
Stimuli-responsive hydrogels can respond to a variety of stimuli, including pH, temperature, light,
electric fields, and magnetic fields, and can be used for targeted drug delivery. pH-responsive
hydrogels change their properties in response to changes in pH, which can be used to trigger drug
release in response to changes in the local environment. Temperature-responsive hydrogels change
their properties in response to changes in temperature, which can also be used to trigger drug release.
In This study, a stimuli-responsive hydrogel is used and modified with different cross-linking agents.
Some common hydrogels used in targeted drug delivery include polyethylene glycol (PEG), poly(N-
isopropylacrylamide) (PNIPAAm), alginate, hyaluronic acid (HA), Poly(lactic-co-glycolic acid)
(PLGA), and chitosan hydrogels. PEG is a widely used hydrogel material due to its biocompatibility
and tunable properties. PEG hydrogels can be used for sustained drug release and can be engineered
to be responsive to various stimuli. PNIPAAm is a thermoresponsive hydrogel that undergoes a
reversible phase transition in response to changes in temperature. PNIPAAm hydrogels have been
used for drug delivery applications that require triggered drug release in response to changes in
temperature. Alginate is a natural polymer that can form hydrogels through ionic crosslinking.
Alginate hydrogels have been used for drug delivery applications due to their biocompatibility and
ability to protect drugs from degradation. HA is a natural polymer that is biocompatible and
biodegradable. HA hydrogels have been used for targeted drug delivery due to their ability to target
specific cell types through interactions with cell surface receptors. PLGA is a biodegradable polymer
that has been widely used for drug delivery applications due to its ability to degrade into non-toxic
byproducts and its tunable properties. PLGA hydrogels can be engineered for sustained drug release
and can be used for targeted drug delivery. Chitosan is a natural polymer that is biocompatible and
biodegradable. Chitosan hydrogels have been used for drug delivery applications due to their ability
to release drugs in a sustained and controlled manner [6]. Chitosan is made from chitin — a natural
polymer that is found in the shells of crustaceans such as crabs, shrimp, and lobsters. Chitosan
hydrogels have been widely studied for their potential applications in wound healing, tissue
engineering, and drug delivery. Chitosan hydrogels have several properties that make them
attractive for these applications. For example, they are biocompatible, biodegradable, and non-toxic,
which makes them suitable for use in biological systems. They are also mucoadhesive, which means
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they can adhere to mucosal surfaces in the body, such as the lining of the gastrointestinal tract or the
skin. Chitosan hydrogels have been used to promote wound healing in both animal models and
human clinical trials. They have been shown to promote cell proliferation and migration to enhance
the formation of new blood vessels, which is important for tissue regeneration. They enhance the
absorption of drugs across mucosal surfaces, such as the gastrointestinal tract, due to their
mucoadhesive properties. Chitosan hydrogels have been used for the delivery of a wide range of
drugs, including small molecules, proteins, and nucleic acids. They can be prepared using a variety
of techniques, including physical crosslinking, chemical crosslinking, and ionic gelation. In ionic
gelation, chitosan is crosslinked with a polyanion such as sodium tripolyphosphate to form a
hydrogel [5]. Further research is needed to optimize the properties of chitosan hydrogels and to
explore their full potential in these applications. Therefore, this research focuses on preparing
different types of chitosan hydrogels, i.e., linear hydrogels, and crosslinking with two other
crosslinkers named genipin and disulfide. Genipin is a small molecule crosslinking agent, that acts
as a nontoxic cross-linker and can undergo self-polymerization under neutral conditions. Disulfide
is a polymer-polymer crosslinking agent that has acute toxicity popular for in-situ gel formation
where the reaction takes place under neutral conditions and provides mucoadhesion. The
crosslinking in hydrogels is typically achieved through the formation of covalent or non-covalent
bonds between polymer chains. The formation of covalent bonds between polymer chains in
hydrogels can be investigated using density functional theory (DFT) calculations. Free radicals play
an important role in the crosslinking process, which is generated by the initiator molecules used to
initiate polymerization [7]. The reaction between free radicals and polymer chains affects the stability
and properties of the resulting crosslinked network. However, the formation of covalent bonds
between polymer chains is energetically favorable, and thus the resulting crosslinked network
becomes stable and mechanically robust [7]. The non-covalent bonding interactions between polymer
chains in hydrogels through hydrogen bonding are affected by different factors, such as temperature
and pH, and play an important role in the formation, stability, strength, and other properties of
hydrogels [8]. The hydrogen bonding interactions could be tuned by adjusting the environmental
conditions. Therefore, different crosslinking agents offer a design space to optimize various
properties of hydrogels. Drug loading and releasing in chitosan hydrogel is an important aspect of
drug delivery. The drug loading and release characteristics of chitosan hydrogel can be controlled by
various factors such as the type of drug, chitosan concentration, pH, temperature, and the presence
of other additives [9,10]. The drug loading and release characteristics of chitosan hydrogel using the
model drug ibuprofen have been investigated to observe the effect of chitosan concentration on drug
loading and releasing, as well as the mechanism of drug release [11]. The drug loading efficiency
increased with increasing chitosan concentration and the release of the drug was sustained over 24
hours. It is reported that the release of the drug followed a diffusion-controlled mechanism, which
was confirmed by fitting the release data into mathematical models. A similar investigation on
chitosan hydrogel with the model drug doxorubicin has been reported to analyze the effect of pH on
drug release [12]. The release of the drug was faster at lower pH values and the release followed a
combination of diffusion and erosion-controlled mechanisms. Therefore, the drug release kinetics
could be controlled by adjusting the chitosan concentration and the pH of the release medium.
Overall, these studies demonstrate the potential of chitosan hydrogel as a drug delivery system and
provide insights into the factors that control drug loading and release. The results of these studies
could be useful in the design and optimization of chitosan-based drug delivery systems for various
applications.

2. Results and Discussion

In this research, we experimented with chitosan hydrogels utilizing various crosslinking agents
and made predictions about their behavior when cross-linked differently and characterized for their
drug loading and releasing capacity. We investigated the distribution of three different drugs in three
different hydrogels, resulting in the examination of nine unique systems, for both loading and
releasing that makes eighteen different analyses at different time. Figures 1-6 show the UV-Vis
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spectrums of the loading and releasing of different drugs in different systems. Figure 1 (a) to (c)
depicts thymoquinone loading in the linear hydrogel, disulfide crosslinked hydrogel, and genipin
crosslinked hydrogel, respectively. Similarly, Figures 2 and 3 show Erlotinib HCI loading and
gefitinib loading, respectively, in three different hydrogels. Likewise, Figures 4-6 depict the spectrum
while releasing these drug delivery systems. Beer-Lambert Law is used to calculate the drug
absorptivity at different times. The law states that the absorbance of a solution is directly proportional
to the concentration of the absorbing material present in the solution and the path length of light. The
equation is given as follows:
A= el (1)

Where A is absorbance (obtained from UV-Vis), € is molar absorptivity (calculated in this study),
1 is path length of light (1 cm), and c is concentration (known based on the amount of drug). The
molecular weight of thymoquinone, gefitinib and erlotinib hydrochloride are 164.2g/mol, 446.9g/mol
and 429.9 g/mol, respectively. No of moles are calculated by dividing the total weight of the drug (10
mg) by the corresponding molecular weight. Thus, the concentration of thymoquinone, gefitinib, and
erlotinib are calculated as 0.061puM/ml, 0.0224uM/ml, and 0.0232uM/ml, respectively. Therefore,
molar absorptivity at different hours is calculated using the absorbance value from UV-vis
spectroscopy, the path length of light, and the concentration value.
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Figure 1. UV-Vis spectra of thymoquinone loading in (a) linear hydrogel, (b) disulfide crosslinked
hydrogel, and (c) genipin crosslinked hydrogel.

Erlotinib HCI Loading in Linear Hydrogel Erlotinib HCI Loading in Disulfide Hydrogel
—_ e 35
35 460,039 Absorhance (AU) (0 Hr) b
(a) 3 = Absorbance (AU) (1 Hr) ( ) 3 246,00,0.84
. - Absorbance (AU) (2 Hr) orbance (AU) 2 HE)
s 246.00,0.58 5 246,00, 0.83 .
323 Absorbance (AU} (4 Hr) 235 Absorbance (AU) (4 Hr)
£ 246.00, 0.63 3 246,00, 054 )
¥ 2 S Absorbance (AU) (6 Hr) £ | 246.00, Absorbance (AU) (6 11y
z 246.00.0.57 ——— Absorbance (AU) (8 Hr) g - —— Absorbance (AU) (8 Hr)
L 246,00, 0.69 . £ . T
z Absorbance (AU) (12 Hr) S 246.00,0.80 = Absorbance (AU) (12 Hr)
= 246.00,0.51 Z 246,00, 0.6%
Max = —Max
s . . 246,00, .53
.5 246.00,0.64 246.00,0.75
N 05
185 2 285
i 0
Wanvelength (nn 185 235 285
Wavelength (nm)
Erlotinib HCI Loading in Genipin Hydrogel
35 246,00, 0.60 —— Absorbance (AU) (0 Hr)
(c) —— Absorb Uy (1 Hn)
XY Absorb U} (2 Hi)
= - Absorb Up 4 1iny
246,00, 0.61
% —— Absorb U} (6 Hr)
2. 24600,061 ——— Absorbance (AU} (8 Hir)
i 246.00. 0.63— Absorbance (AU) (12 Hry
S ——Max
24600062\, 246,00, 0.60
05
0
185 235 285
Wavelength (nm)

Figure 2. UV-Vis spectra of erlotinib HClI loading in (a) linear hydrogel, (b) disulfide crosslinked
hydrogel, and (c) genipin crosslinked hydrogel.
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Figure 3. UV-Vis spectra of gefitinib loading in (a) linear hydrogel, (b) disulfide crosslinked hydrogel,
and (c) genipin crosslinked hydrogel.

To analyze and compare the performances of different drugs in different systems, the molar
absorptivity of three different drugs in linear chitosan hydrogels is plotted in Figure 7 (a). Maximum
absorbance for thymoquinone drug in linear hydrogel at different times, i.e., 0 hours, 1 hour, 2 hours,
4 hours, 6 hours, 8 hours, and 12 hours data are taken and compared with the similar data of erlotinib
and gefitinib in linear hydrogel as shown in Figure 7 (a). Similar comparisons are made for these
three drugs in disulfide and genipin crosslinked, respectively, as shown in Figures 7 (b) and (c).
Figure 7 (a) indicates the loading rate of thymoquinone in the linear hydrogel decreases over time,
whereas gefitinib shows a steady state loading, however, it is lower than erlotinib. Thymoquinone
shows an exponential decrease in the first couple of hours and then becomes stable, which is the
lowest among these three drugs. Figure 7 (b) shows that the loading rate of all three drugs increases
with time initially and then drops slowly to be stable in disulfide crosslinked hydrogel.
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Figure 4. UV-Vis spectra of thymoquinone releasing in (a) linear hydrogel, (b) disulfide crosslinked
hydrogel, and (c) genipin crosslinked hydrogel.


https://doi.org/10.20944/preprints202405.1644.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 May 2024 d0i:10.20944/preprints202405.1644.v1

Erlotinib HC1 Releasing in Linear Hydrogel Erlotinib HCI Releasing in Disulfide Hydrogel
(a)? —— Absorbance (AU) (0 Hr) (b) 3 —— Absorbance (AU) (0 Hr)
a5 196.00,2.57 ——Absorbance (AU) (1 Hr) 25 196.00, 2.59 —— Absorbance (AU) (1 Hr)
sorbance (AU) (2 Hr) ; (AU (2 Hr)
z bance (AU) (4 Hr) 3, kot e (AU) (4 Hr)
2 bance (AU) (6 Hr) F1 — e (AU) (6 Hr)
s 195,00, 2.88T—" ce (AU (8 H) s 196.00,2.55 —— i cral.'n'sjm
2 | 1sesn.ss —Al ee (AU) (12 Hry i | [19600.257 — bance (AU) (12 Hry
=< 196,00, 2,56 Max = 196.00, 2.53 Max
0s \ 196.00, 2.56 ns 196,00, 2.56
o 0
185 235 285 185 235 285
Wavelength (nm) Wavelength (m)
Erlotinib HC] Releasing in Genipin Hydrogel
(c} s —— Absorbance (AU) (0 Hr)
20000,2.72 — Absorbance (AU {1 Hr
s e, bance (AUN(1 He)
b 200,00, 2.71+—— Absorbance (AU} (2 Hr)
N ‘. 200,00, 2.66 Absorbance (ALT) {4 Hr)
- ——— Absorbance (AUM6 Hr)
00.00, 272 Absorbance (AU) (8 Hr)
15 20000,2.70 > —— Absorbance (AU)(12 Hr)
200.00,2.72 Max
< ! 200,00, 2.68
0.5
o
155 235 285
Wavelength (nm)

Figure 5. UV-Vis spectra of erlotinib HCI releasing in (a) linear hydrogel, (b) disulfide crosslinked
hydrogel, and (c) genipin crosslinked hydrogel.

Erlotinib and thymoquinone show almost steady and constant loading, whereas gefitinib shows
an increment over time in genipin crosslinked as depicted in Figure 7 (c). Depending on the target
site, such as initial slower/higher or stable over the whole period, the loading rate can be controlled
during the effective time. However, all three figures show that erlotinib has the highest loading
capacity in all three types of gels, whereas, thymoquinone shows the lowest, and gefitinib lies
between these two. This indicates thymoquinone is hard to load compared to two other drugs.
Figures 8 (a) to (c) show the UV-Vis data while releasing. Figures 8 (a) and (b) indicate that the release
rate of these drugs fluctuates in linear and disulfide cross-linked systems and the fluctuation of
erlotinib is higher compared to two other drugs. The peak of these fluctuations also suggests that the
erlotinib release rate is faster than the other two whereas thymoquinone and gefitinib are competitive.
However, Figure 8 (c) depicts an exponential increment of erlotinib release over time whereas two
other drugs show steady state release over time in genipin crosslinked system. Depending on the
drug activity required in the diseased site, the release rate can be tuned and these figures indicate
that erlotinib shows a higher release rate, however, geninpin crosslinked system shows a stable
release rate regardless of drugs and exhibited the same for loading rate. In addition, gefitinib shows
both stable loading and release in all hydrogel systems meaning it would minimize the patient’s
reaction or side effects.
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Figure 6. UV-Vis spectra of gefitinib releasing in (a) linear hydrogel, (b) disulfide crosslinked
hydrogel, and (c) genipin crosslinked hydrogel.
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Figure 7. Comparison of thymoquinone, Erlotinib HCI, and Gefitinib Loading in (a) linear hydrogel,
(b) disulfide crosslinked hydrogel, and (c) genipin crosslinked hydrogel.

Therefore, this suggests that gefitinib may be an optimized drug to balance between loading and
releasing rate and stability which agrees well with our previous study using molecular dynamics
simulations [13]. Molecular weight, diffusivity, morphology of carrier, and surface charge play
important roles in the sustained rate of loading and releasing as we have discussed in our previous
study. To compare the performance of one drug in different systems, the loading and release of each
drug are plotted in three different systems.
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Figure 8. Comparison of thymoquinone, Erlotinib HCl, and Gefitinib Releasing in (a) linear hydrogel,
(b) disulfide crosslinked hydrogel, and (c) genipin crosslinked hydrogel.

Figure 9 (a) shows the loading data of thymoquinone in three different types of gels which
indicates that linear chitosan has the lowest loading capacity, disulfide crosslinked shows the highest,
and genipin lies in between these two for thymoquinone drug. Thymoquinone loading increases
initially in the disulfide crosslinked system and decreases in linear chitosan gel. Figure 9 (b) shows
that both disulfide and linear systems show an overall decreasing loading capacity for erlotinib and
Figure 9 (c) shows both these two systems an increasing loading rate for gefitinib. However, genipin
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shows a stable loading rate in all three systems. In addition, disulfide crosslinked systems show the

highest loading capacity and linear gel shows the lowest, whereas genipin shows the middle between

these two.
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Figure 9. Comparison of a drug loading in three different hydrogels, i.e., linear hydrogel, disulfide

crosslinked hydrogel, and genipin crosslinked hydrogel: (a) thymoquinone, (b) Erlotinib HCI, and (c)

Gefitinib.

Figure 10 (a) to (c) show the drug release data of three drugs in three systems. Genipin
crosslinked systems show a higher release rate regardless of drugs. Linear gel shows the lowest
release rate for gefitinib, however, it is competitive with two other drugs. This experimental study
demonstrates that the customization of chitosan structure with crosslinking agents improves
therapeutic results and that can minimize side effects by regulating drug release characteristics
sensitive to bodily situations [14]. In addition to the study of biocompatibility, formulations, several
other factors such as cytotoxicity, cell viability, and the potential application of hydrogel in living
tissues, efficacy, safety for long-term stability and degradation behavior, and clinical trials are
necessary to investigate before administering it to the human body [15-19].
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Figure 10. Comparison of a drug releasing in three different hydrogels, i.e., linear hydrogel, disulfide

crosslinked hydrogel, and genipin crosslinked hydrogel: (a) thymoquinone, (b) Erlotinib HCI, and (c)

Gefitinib.
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3. Conclusions

Thymoquinone shows the lowest loading efficacy compared to two other drugs in all three
systems. Thymoquinone consistently exhibited higher diffusivity meaning it was hard to load in the
gel. Gefitinib shows stable loading and releasing regardless of crosslinking systems. Erlotinib shows
higher loading and releasing capabilities, however, its release is very fluctuating in linear and
disulfide crosslinked systems (it shows stable release in the genipin crosslinked system). Disulfide
crosslinked systems show the highest loading capacity and linear gel shows the lowest, whereas
genipin shows the middle between these two. However, the genipin crosslinked system shows a
stable loading and releasing rate regardless of drugs, whereas two other systems show varying
loading and releasing tendencies depending on drugs. Genipin crosslinked systems show the highest
release rate regardless of drugs. Gefitinib appeared to perform better in all systems, whereas the
genipin crosslinked system was compatible with all the drug molecules showing balanced loading
and releasing as found in the previous study. The chitosan hydrogel modified with different cross
linkers in the study have a huge prospect in tissue engineering as well [20].

4. Materials and Methods

Figure 11 depicts the sample preparation method.

Chitosan Powder Added dropwise 1M NaOH to make pH 6.5

chitosan to STPP ratio
was maintained at 3:1
Air drying

(v/v)
Linear Chitosan
E— —> Haose

1% acetic acid solution 2% (w/v) chitosan solution 0.5% (w/v) sodium tripolyphosphate (STPP) solution
Stirred at room temperature for 4 hours

Dimethyl Sulfoxide (DMSO) (Sigma-Aldrich)
Chitosan Powder added drcp\mse at a ratio of 9:1 [v/v)

‘Washed with distilled

water and air drwng Disulfide
Crosslinked
Chitosan Hydrogel

2% acetic acid solution 2% (w/v) chitosan solution
Magnetic stirring at room temperature for 3 hours

Chitosan Powder 1% (w/w) genipin solution

Washed with distilled
water and air dr',rmg Genipin
Crosslinked
:> i sroge

2% (w/v) chitosan solution

0.075M glacial acetic acid Thermal pelymerization at 50°C for 24 hours

Figure 11. Sample preparation methodology.

A chitosan-based hydrogel with various crosslinkers is typically prepared in a multi-step
procedure for targeted drug delivery. The proper quantity of chitosan powder was weighed and
added to a container for chitosan dissolution. The Chitosan was stirred in a suitable solvent, such as
glacial acetic acid until completely dissolved. Sodium hydroxide (NaOH) was used to adapt the pH
of the chitosan solution to the required range. The appropriate cross-linking agent was added to the
chitosan solution depending on the cross-linking mechanism desired such as covalent or ionic. A
calcium chloride (CaCl2) or sodium tripolyphosphate (STPP) suspension was used for ionic cross-
linking. The crosslinker was then added to the chitosan solution dropwise while swirling until
gelation occurred. Mixtures of glutaraldehyde, genipin, or EDC/NHS (N-ethyl-N'-(3-
(dimethylamino)propyl) carbodiimide/N-hydroxysuccinimide) were used for ionic cross-linking.
Dropwise while stirring, the cross-linking solution was added to the chitosan solution, which was
prepared individually. The cross-linked chitosan solution was given time to rest for gelation and
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hydrogel formation. The gelation time depends on the type and amount of the crosslinker utilized.
The drug components were dissolved in a suitable solvent such as Dimethyl sulfoxide (DMSO) to
prepare a drug solution. The chitosan hydrogel was submerged in the medication solution to facilitate
drug loading into the hydrogel network. The amount of drug loaded in the hydrogel is dictated by
the loading circumstances, hydrogel type, and time. After adding drugs, the hydrogel was washed
with deionized water or a suitable buffer solution to eliminate any excess or unbound drug
molecules. The hydrogels loaded with drugs are now immersed in the solution again to release the
drug to analyze releasing efficacy. Drug loading and release tests were performed in physiologically
realistic environments such as phosphate-buffered saline (PBS) to assess the controlled loading and
release capabilities.

4.1. Sample Preparation

4.1.1. Preparation of Linear Chitosan Hydrogel Sample

Initially, chitosan powder with a molecular weight of 190,000 Da (Sigma-Aldrich) was dissolved
in a 1% acetic acid solution, resulting in a 2% (w/v) chitosan solution to prepare linear chitosan
hydrogel. This solution was stirred at room temperature for 4 hours until achieving a homogeneous
mixture. Simultaneously, a sodium tripolyphosphate (STPP) solution was prepared by dissolving
STPP (Sigma-Aldrich) in distilled water, yielding a concentration of 0.5% (w/v). The pH of the STPP
solution was adjusted to 6.5 using 1M NaOH. Next, the chitosan solution was gradually added
dropwise to the STPP solution while continuously stirring at room temperature. The chitosan to STPP
ratio was maintained at 3:1 (v/v). The resulting mixture was allowed to react for 30 minutes at room
temperature, leading to the formation of a complex and the subsequent hydrogel formation through
the interaction between chitosan and STPP. Following the reaction, the hydrogel was washed with
distilled water to eliminate any unreacted STPP and acetic acid. Finally, the hydrogel was air-dried
to obtain the chitosan hydrogel in solid form [21].

4.1.2. Preparation of Disulfide Crosslinked Chitosan Hydrogel Sample

The preparation process involved several steps. Firstly, chitosan solution was prepared by
dissolving chitosan powder (MW 190,000 Da, Sigma-Aldrich) in a 2% acetic acid solution with a
concentration of 2% (w/v). The mixture was stirred using a magnetic stirrer for 3 hours until it became
clear. Simultaneously, a disulfide crosslinker solution Dimethyl Sulfoxide (DMSO) (Sigma-Aldrich)
was added dropwise at a ratio of 9:1 (v/v) and stirred for 30 minutes at room temperature to facilitate
crosslinking. The resulting mixture was then poured into a mold and left to gel for 2 hours at room
temperature. Afterward, the chitosan hydrogel was washed with distilled water to remove any
unreacted crosslinker. Following this, the chitosan hydrogel was air-dried in a vacuum chamber for
24 hours. Finally, the dried chitosan hydrogel was subjected to characterization to assess its physical
and chemical properties.

4.1.3. Preparation of Genipin Crosslinked Chitosan Hydrogel Sample

Genipin crosslinked chitosan hydrogels were synthesized via thermal free radical
polymerization. To initiate the process, chitosan was dissolved in 0.075M glacial acetic acid, reaching
a final concentration of 2% (w/v). Subsequently, a 1% (w/w) genipin solution was used as a chemical
crosslinker for thermal polymerization, which occurred at 50°C for 24 hours. The chitosan hydrogel
beads were then washed with distilled water to remove any unreacted genipin. The chitosan
hydrogel beads were air-dried for over 24 hours. The dried chitosan hydrogel beads were then
characterized for their physical and chemical properties [9,10].

Figure 12 shows the final samples prepared for drug loading and release characterizations.

d0i:10.20944/preprints202405.1644.v1
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Figure 12. (a) chitosan powder, (b) formation of beads in linear chitosan, (c) spongy gel with disulfide
crosslinker, (d) final sample of linear chitosan, (e) final sample of genipin crosslinked chitosan, and
(f) final sample of disulfide crosslinked chitosan.

4.2. Drug Selection

4.2.1. Thymoquinone

In recent years, there has been an increasing interest in naturally occurring phytochemical
compounds (found in plants that protect plants against bacteria, viruses, and fungi) that possess
potential anti-cancer properties. This interest stems from their relative non-toxicity, cost-
effectiveness, and availability in ingestible forms. It is noteworthy that more than 25% of drugs
utilized in the past two decades have been directly derived from plants, and an additional 25% are
chemically modified natural products. Among these natural compounds, the black seed (Nigella
sativa, from the Ranunculaceae family) has gained particular attention. This annual herb is known
by various names, including Black Caraway Seed and "the Blessed Seed," and it thrives in countries
neighboring the Mediterranean Sea, as well as Bangladesh, India, and Pakistan [22,23].
Thymoquinone is a phytochemical compound found in the seeds of the Nigella sativa (black cumin)
plant. It has been studied for its potential medicinal properties, including anti-inflammatory,
antioxidant, and anticancer effects. Thymoquinone has been shown to have cytotoxic effects on a
variety of cancer cell lines, including breast cancer, prostate cancer, and pancreatic cancer.

4.2.2. Erlotinib Hydrochloride

Erlotinib hydrochloride is an important medication used in cancer treatment, specifically for
certain types of lung cancer and pancreatic cancer. It is an epidermal growth factor receptor (EGFR)
tyrosine kinase inhibitor (TKI) that inhibits the signaling pathways involved in cancer cell growth
and proliferation. In non-small cell lung cancer (NSCLC), erlotinib hydrochloride has shown efficacy,
particularly in patients with specific EGFR mutations. Studies have demonstrated improved
progression-free survival and overall survival in NSCLC patients treated with erlotinib
hydrochloride compared to conventional chemotherapy. It has become an important targeted
therapy option, particularly for patients with EGFR mutation-positive NSCLC. Additionally,
erlotinib hydrochloride has also shown clinical benefit in the treatment of pancreatic cancer. Clinical
trials have demonstrated improved overall survival in patients receiving erlotinib hydrochloride in
combination with gemcitabine, a standard chemotherapy drug for pancreatic cancer [24,25]. The use
of erlotinib hydrochloride in cancer treatment is supported by various clinical studies and has been
approved by regulatory authorities for specific indications. However, it is important to note that the
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efficacy and suitability of erlotinib hydrochloride may vary depending on individual patient
characteristics and cancer type. Therefore, it is crucial to consult with a healthcare professional for
personalized treatment recommendations.

4.2.3. Gefitinib

Gefitinib is a small-molecule tyrosine kinase inhibitor that is used in cancer treatment,
particularly for non-small cell lung cancer (NSCLC). It targets and inhibits the epidermal growth
factor receptor (EGFR) tyrosine kinase, which is overexpressed in many cancer cells. Gefitinib has
been studied for its potential use in targeted drug delivery using chitosan hydrogel as a carrier
[26,27]. Li et al. (2016) prepared a chitosan hydrogel loaded with gefitinib for sustained release in
cancer treatment [26]. The chitosan hydrogel was prepared using a method that involved in situ
crosslinking of chitosan and [(-glycerophosphate. The gefitinib was then incorporated into the
hydrogel by simple mixing. The hydrogel was then characterized for its drug release-properties and
the results showed sustained release of gefitinib over 24 hours.

4.3. Ultraviolet-Visible (Uv-Vis) Spectroscopy

We used ultraviolet-visible (UV-Vis) technology to analyze drug loading and releasing
tendencies in chitosan hydrogels in this study. UV-Vis is a spectroscopic technique that measures the
absorption of ultraviolet and visible light by a sample. UV-Vis spectroscopy is based on the Beer-
Lambert law, which states that the absorbance of a solution is proportional to the concentration of
the absorbing species and the path length of the light through the solution. By measuring the
absorbance of a solution containing the drug and chitosan hydrogel at different time intervals, the
amount of drug released from the hydrogel can be determined. To study drug loading, the drug and
chitosan hydrogel are mixed and allowed to equilibrate. The mixture is then centrifuged to separate
the hydrogel from the solution. The supernatant can be analyzed using UV-Vis spectroscopy to
determine the presence of the drug in the solution. To study drug release, the drug-loaded chitosan
hydrogel can be immersed in a buffer solution and kept at a constant temperature. The buffer solution
can be periodically sampled and analyzed using UV-Vis spectroscopy at different time points.
Charting the quantity of drugs given over time will reveal the drug's release kinetics [28,29].
Therefore, the UV-Vis spectroscopy absorbance data of the supernatant samples from nine different
samples as investigated in this study for loading and releasing are used to compare the drug loading
and releasing efficacy.
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