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Abstract: Chitosan exhibits unique properties making it a suitable material for drug delivery. Con-
sidering the rising popularity of hydrogels in this field, this work offers a comprehensive study of
hydrogels constituted by chitosan and cross-linked with 1,3,5-benzene tricarboxylic acid (BTC; also
known as trimesic acid). Hydrogels were prepared by cross-linking chitosan with BTC in different
concentrations. The nature of the gels was studied through oscillatory amplitude strain and frequency
sweep tests within the linear viscoelastic region (LVE) limit. The flow curves of the gels revealed shear
thinning behavior. High G′ values imply strong cross-linking with improved stability. The rheological
tests revealed that the strength of the hydrogel network increased with the cross-linking degree.
Hardness, cohesiveness, adhesiveness, compressibility, and elasticity of the gels were determined
using a texture analyzer. The scanning electron microscopy (SEM) data of the cross-linked hydrogels
showed distinctive pores with a pore size increasing according to increasing concentrations (pore size
range between 3–18 µm). Computational analysis was performed by docking simulations between
chitosan and BTC. Drug release studies employing 5-fluorouracil (5-FU) yielded a more sustained
release profile with 35 to 50% release among the formulations studied in a 3 h period. Overall,
this work demonstrated that the presence of BTC as cross-linker leads to satisfactory mechanical
properties of the chitosan hydrogel, suggesting potential applications in the sustained release of
cancer therapeutics.

Keywords: chitosan; 1,3,5-benzene tricarboxylic acid; hydrogels; rheology

1. Introduction

Polymeric hydrogels are used in the field of drug delivery for the controlled release
of therapeutic ingredients. Hydrogels are cross-linked networks and hold hydrophilic
functional groups in their structure. Hydrophilic functional groups, such as amine (-NH2),
hydroxyl (-OH), sulfonates (-SO3H), and amides (CONH2), can absorb large amounts
of water and are attached to polymeric networks [1]. They form a mesh-like structure
that has a potential ability to hold and deliver drug molecules at the site of action [2,3].
The hydrogels can be formed from either natural (chitosan [4], collagen [5], fibrin [6],
cellulose [7], hyaluronic acid [8]), synthetic (polyethylene glycol [9], polyvinyl alcohol [10],
polyacrylamide [11], and poly-N-isopropylacrylamide [12]) or semisynthetic materials
(PEG with other proteins) [13]. The polymeric chains establish a superficial 3D network
with interstitial spaces that can port the physiological or aqueous fluids [14]. These fluids
can facilitate the diffusion of oxygen as well as nutrients that play an important role in cell
growth and proliferation [15].

Among several polymers, chitosan is extensively studied in drug delivery. A great
number of applications have been proposed for chitosan, from HIV [16] and cancer
therapy [17–22], to tissue engineering [23], biotechnology, agriculture [24], and wound
dressings [25–28]. Chitosan is a cationic polymer made of repeated units of β-(1→ 4)-2-
acetamido-D-glucose and β-(1→ 4)-2-amino-D-glucose units and formed via the process of
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deacetylation of chitin. The chemical structure of chitosan is composed of two main sugars,
namely glucosamine and N-acetyl glucosamine (Figure 1). The chemical reactivity of the
polymer is due to the presence of primary amino and hydroxy groups.
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Figure 1. Structures of (a) chitosan and (b) 1,3,5-benzene tricarboxylic acid (BTC).

At physiological pH, chitosan acts as a mucoadhesive polymer. Here, the amino
groups become protonated and act as a determining factor in chitosan’s mucoadhesive
properties [29]. When dissolved in protic solvents, such as water, chitosan possesses
positively charged amine groups (NH3

+), which account for its solubility [25] and its
mucoadhesive properties (as it can favorably interact with the negatively charged mucus).
The degree of deacetylation (DD) and the molecular weight of chitosan are also crucial in
determining biological properties. The solubility of the polymer increases with an increase
in DD of chitosan, but on the other hand, a low DD results in a slower diffusion of the drug
through the polymeric network. Hence, chitosan with an approximate DD value of 75–85%
is preferred [30].

Chitosan is in the form of either physical or chemically cross-linked hydrogels. Cross-
linkers interact with the amine groups in the chitosan, forming molecular bridges in the
chitosan chains. As novel chitosan and carrageenan nanoparticles-based gels showed
a good potential for the sustained release of drugs in topical administration [31], more
recently, research focused on the hydrogels produced by cross-linking chitosan with differ-
ent materials, such as glutaraldehyde [32–34], genipin [35,36], and collagen [37,38]. One
such material used for this purpose is 1,3,5-benzene tricarboxylic acid (BTC, Figure 1).
Controlled drug release of the chitosan–BTC hydrogels have previously been reported by
Yang et al. [39]. In addition, the positively charged chitosan in acidic medium can allow the
attachment of nucleic acids, such as DNA and siRNA [40]. The reason for using BTC is to
design a more stable system that can encapsulate both hydrophilic and lipophilic drugs
in the polymeric networks [41]. Hydrogels with definite porous structures can be used
as carriers for drug delivery [42]. The carboxylic acid (-COOH) groups of BTC undergo
deprotonation and form ionic cross-links with the amine groups (NH2) of chitosan. In
addition, possible interactions, such as ionic, hydrogen, and π-π bonding, were reported in
the literature [43].

When combining chitosan and BTC, gelation occurs at room temperature, and these
gels can be used for encapsulating hydrophilic and lipophilic drugs for controlled or
sustained drug release. In previously reported procedures, porous chitosan was prepared
using BTC as a cross-linker [39] and supramolecular hydrogels from hydroxy pyridines [44].
In biomedical applications, there is a need for a stable hydrogel system that meets essential
criteria of toughness and stability. However, most hydrogels formulated do not display
these properties. Hence, there is a need to improve the gel characteristics either by physical
or chemical alteration. The rheological studies of the viscoelastic materials provide the
information about the mechanical strength of the hydrogels [45]. The dynamic changes
in the microscopic structure and gelation can be monitored using a rheometer [46]. This
aids in understanding the cross-linking degree, elasticity, flow, and viscosity of the gel
material in response to applied stress and strain [47]. The rheological tests can be performed
monitoring parameters, such as stress relaxation (when subjected to strain, there is decrease
in stress), oscillatory amplitude strain sweep (amplitude of the deformation or shear stress
is varied at constant frequency), frequency strain sweep within the linear viscoelastic region
(LVE), rotational viscometry, and creep recovery [48].
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Viscoelastic materials exhibit a reversible response that depends on the rate of applied
load. This mechanism usually occurs in polymeric materials. These materials are time-
dependent, which makes them strain-rate sensitive. Viscoelasticity is the property of
a material that exhibits both viscous and elastic properties when deformed. When a
viscoelastic material is subjected to stress, the response is composed of elastic deformation
(which stores energy) and viscous flow (which releases energy). The profile of the frequency
sweep data gives the degree of dispersion, whereas interparticle association frequency
sweep curves can provide information about the product (gel) behavior during storage
and application. At certain frequency, either the elastic or viscous seems dominant which
indicates the elastic or viscous nature of the structured material (Figure 2). From Graph a
(Figure 2), the particles were dispersed irregularly, and the viscous component dominated
the elastic component [49]. In Graph b of the same figure, the loss modulus is greater
than the viscous modulus, and complex viscosity (η*) is dependent on frequency. In both
cases, sedimentation is likely to occur, causing the instability of the gel structure. In Graph
c (Figure 2), the particles are evenly spread and well-dispersed. The elastic modulus
dominated the viscous modulus and independence of frequency.
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(b) irregular dispersion of particles; (c) fine structured particles (G′ > G′′) [49]. Lines legend: purple
for G′, elastic modulus; green for G′′, viscous modulus; and orange for η*, complex viscosity...

The phase angle reveals the material deformation to either solid or liquid. Low phase
angle results can be seen in a solid, and a high phase angle corresponds to liquid. The gel
point is another critical parameter that determines the dynamic viscoelastic properties of the
polymer systems. The sudden change in viscosity of the fluid can be determined using the
gelling point. At the gelling point, a solution becomes more resistant to flow due to a loss
in fluidity. Winter and Chambon [50,51] explained that the gelling point can be identified
from the dynamic viscoelastic parameters. They emphasized the rheological parameters of
a new cross-linking system using end-linked poly dimethyl siloxane. The viscoelasticity
of the material can be determined from the loss tangent (tan δ) which is a ratio of the
energy lost to the total energy stored during the analysis [52]. These measurements are
important to determine the mechanical strength of the material. Creep recovery can provide
information about the recoverable viscoelastic deformation and viscous deformation (non-
recoverable) [53].
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Drugs are released from the polymeric network through four different mechanisms:
stimulated release, degradation-controlled, solvent-controlled, and diffusion-controlled
release [54]. Thus, the rate of drug release depends on the characteristics of the polymer,
solvent used, and the physico–chemical properties of the drug. Researchers have found that
5-FU has a promising anticancer effect and can be used as a model drug [55]. The efficacy
and safety of 5-FU can theoretically be improved by using drug delivery vehicles such as
hydrogels. Indeed, the high water content of the porous three-dimensional structure of
chitosan hydrogels (up to 99% w/w of water in some cases) facilitates the incorporation
of hydrophilic drugs. The non-specific distribution of the drug in vivo, which affects non-
target cells leading to side effects, can be overcome by the introduction of hydrogels to
release drugs in a controlled manner [56,57]. In this study, hydrogels were prepared by
mixing physical solutions of chitosan and BTC. The prepared hydrogels were characterized
using NMR, Fourier-transformed infrared spectroscopy (FTIR), texture analysis, and rheo-
logical data to determine the mechanical and flow properties of the hydrogels. The release
of 5-FU from the prepared hydrogels and the impact of variations in cross-linker amounts
were also investigated.

2. Materials and Methods
2.1. Materials

Low molecular weight chitosan (>75% deacetylated, 20–300 cps (1% in 1% acetic
acid)), 1,3,5-benzene tricarboxylic acid (BTC, trimesic acid, C9H6O6, Mwt 210.14 g/mol),
5-fluorouracil (5-FU, ≥99% HPLC, powder, C4H3FN2O2, Mwt 130.08), dialysis tubing with
an average flat width of 25 mm (1.0 inch) and molecular weight cut-off (MWCO) 3500 Da,
glacial acetic acid, deuterium chloride, deuterium oxide, and ethanol were all purchased
from Sigma-Aldrich, Gillingham (UK). Aluminium specimen stubs (0.5′′) and carbon tabs
(12 mm diameter) were purchased from Agar Scientific Ltd., Stanstead (UK). Deionised
water was used for all preparations.

2.2. Preparation of Chitosan–BTC Hydrogels

Chitosan hydrogels with different concentrations were prepared according to a mod-
ification of the method previously reported by Yang et al. [39]. Briefly, chitosan solution
(1 wt%, 2.50 g) was prepared by dissolving chitosan in acetic acid (250 mL of 0.6% v/v).
This mixture was heated at 40 ◦C overnight. BTC solutions were prepared by dissolving
BTC powder in ethanol in varying concentrations. Three different concentrations (M1, M2,
M3) were, respectively, prepared by mixing:

• A combination of 1 wt% chitosan solution and 10 mM BTC-ethanol solution (M1);
• A combination of 1 wt% chitosan solution and 50 mM BTC-ethanol solution (M2);
• A combination of 0.5 wt% chitosan solution and 50 mM BTC-ethanol solution (M3).

The solutions of chitosan and BTC formed a gel at room temperature upon mixing.
A consistent amount of drug (15 mg) was loaded in all formulations to have a final

concentration of 0.3 mg/mL of 5-FU.

2.3. Computational Study

The docking procedure for subsequent ligands was performed using AutoDock Vina
(docking software) [58] and UCSF Chimera (software to display the docking) [59]. The
SMILES strings for the molecules were obtained using SwissADME [60].

2.4. Nuclear Magnetic Resonance (NMR) Spectroscopy

The typical proton NMR spectra of chitosan and chitosan–BTC were performed on a
Bruker Avance III 400 MHz two-channel FT-NMR spectrometer. An aliquot of lyophilized
sample (c.a. 15 mg) was dissolved in DCl/D2O (20%). After dissolution, the chitosan
solution was transferred to an NMR tube (5 mm). The experiments were carried out at
70 ◦C, a temperature at which solvent peaks does not interfere with the chitosan’s peaks.
The chemical shifts of the chitosan and BTC protons were recorded using the spectra.
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2.5. Fourier Transform INFRARED Spectroscopy (FTIR)

Hydrogel formulations were analyzed using a thermo-scientific NicoletTM iS5 FTIR
spectrophotometer in the range of 4000–400 cm−1 with an accumulation of 16 scans. The
sample spectrum was collected and processed using OMNIC thermo scientific software.

2.6. Viscosity

The viscosity of the hydrogels was determined at room temperature using a Brookfield
dial (DV-II + Pro) viscometer. The formulations were placed in beakers (25 mL), and
measurements were taken using an LV spindle 64. The viscosity readings (in cP) were
recorded at different shear rates (10, 20, 50, 60, 100 rpm) with the torque range between
10 and 100%. The viscometry parameters were measured at 25 ± 0.05 ◦C in triplicates.

2.7. Texture Profile Analysis

The texture profile analysis (TPA) of the hydrogels was carried out using a TA.XT.Plus
texture analyser (Stable Micro System). This instrument can be used to determine the
physical characteristics, cohesiveness, adhesiveness, consistency, and firmness of gels or
other semisolid dosage forms [61,62]. The test results can be correlated to the therapeutic
outcome of the drug formulation [63]. In addition, this is a simple and reproducible method
that provides an easy method to perform the testing of the gels. The probe used for the
analysis of the formulations was P/10. The probe was programmed at the selected speed of
2 mm/s, pre-test speed (1.0 mm/s), and post-test speed (10 mm/s) at 5 mm. The instrument
was calibrated (including the probe height) before the sample was tested. Approximately,
the gel formulation (25 mL) was placed in a standard beaker (50 mL), and care was taken to
avoid air bubbles that can interfere with the results. The readings were taken in triplicates.

2.8. Rheological Characterization

Rheological measurements of the chitosan–BTC hydrogels were carried out using a
rotational Malvern Kinexus Pro rheometer using rSpace software. The hydrogels were
tested after 7 days of preparation using the probe CP4/40 SR4147SS. Measurements were
taken at 37 ◦C for all samples. The samples were dispensed on the surface of the preheated
lower plate, and the upper cone was allowed a gap of 0.1424 mm. The excess hydrogel was
removed using a spatula. Then, the temperature was allowed to equilibrate to 37 ◦C. Once
stabilized, the flow curves were recorded with varied shear rates at the same temperature.
The tests were performed in triplicates.

Oscillation amplitude sweep and frequency sweep tests within the linear viscoelastic
region (LVE) were carried out at 37 ◦C. Strain sweep tests were performed using a strain
from 0.1 to 100% to the hydrogel once the gel was allowed to reach equilibrium. These tests
measure the storage and loss modulus with respect to shear strain at constant temperature
(37 ◦C) and frequency (1 Hz). In the frequency sweep, the frequency was varied (0.1 to
10%), while the amplitude of the deformation was kept constant. The storage and loss
modulus of the hydrogels were plotted against frequency to determine the viscoelastic
properties of the gels.

2.9. Scanning Electron Microscopy

The morphology of the hydrogels was analysed using a Zeiss EVO 50 scanning electron
microscope (SEM). The hydrogels were freeze-dried and positioned on aluminum specimen
stubs on which 12 mm diameter carbon tabs were placed. The gels were coated with gold
using a sputter coater (SC7640) and scanned at an extra high-tension voltage of 10–20 kV.
The specimen was adjusted to a height of 2 mm with a diameter of 35 mm. The samples
were viewed using different magnifications, and the software used for SEM operation was
Zeiss Smart SEM.
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2.10. Drug Release Study

The release of 5-FU was studied at 37 ◦C. Briefly, samples (5 mL of hydrogel, con-
centration of 5-FU = 0.3 mg/mL) were placed in a dialysis bag and kept in phosphate
buffered saline (PBS solution) (50 mL) at pH 7.4 [64]. At regular intervals, 2 mL of the
release medium was removed from the solution and replaced with fresh medium (2 mL).
The drug release study was monitored up to 180 min. The same method was employed
for studying the release of 5-FU at pH = 6.5. UV-Vis spectrophotometry at 266 nm was
used to determine the amount of 5-FU released. The total amount of 5-FU loaded and the
cumulative release were calculated from different concentrations of drug solutions using a
standard calibration curve at 266 nm (R2 = 0.9912).

2.11. Statistical Analysis

Statistical differences in the drug release profile were assessed using an ANOVA
test [65], and a value of p < 0.05 was considered statistically significant. The results from
the experimental data were presented as mean ± standard deviation. The error bars in the
graph represent the standard deviation (n = 3). The results attained were analyzed using
SPSS® statistical software.

3. Results and Discussion
3.1. Interaction between Chitosan and BTC

Chitosan hydrogels were prepared by mixing different ratios of chitosan and BTC.
Following a visual assessment, no differences in the appearance of the samples (M1–M3)
were observed; a picture of M1 is reported in Figure 3 for illustrative purposes. The
reactive amino groups on the chitosan can be oriented in the acetic acid solution and form
hydrophilic active sites [66]. Then, BTC was dissolved in ethanol and used as cross-linking
reagent to form the hydrogel. The interactions between carboxylic acids and chitosan were
previously reported in the literature [67]. 1H NMR analysis of chitosan–BTC was carried
out using DCl/D2O [68]. The neutralization reaction between chitosan and BTC can be
seen in Figure 4.

The DDA was calculated using integrals of the proton peaks of the deacetylated
monomer (H-D, 3.10 ppm) and protons of the acetyl group (H-Ac, 1.98 ppm) as proposed
by Shigemasa et al. [69]. The DDA of chitosan was calculated as 68.84%. The solvent peak
resonated at 4.80 ppm. The small peaks at 1.9 ppm, in both spectra of structures i and iv of
Figure 4, originated from the acetyl protons of chitosan. The area between 3 and 4 ppm
represents the proton peaks of the deacetylated monomers [70,71]. Furthermore, the singlet
at 8.52 ppm confirms the aromatic signals from BTC that do not belong to the structure
of chitosan.
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Figure 4. Schematic representation of the cross-linking effect of BTC in the formation of chi-
tosan hydrogels: (i) chitosan; (ii) protonated chitosan; (iii) BTC; and (iv) chitosan glucosamine
carboxylate salt.

3.2. Nuclear Magnetic Resonance (NMR) Spectroscopy

In relation to the chemical structures presented in Figure 4, NMR characterization was
conducted, and results are as follows:

Chitosan (i): 1H NMR (400 MHz, D2O) δ 4.71 ppm (s, 24H), 3.75 ppm (d, J = 66.9 Hz,
5H), 3.10 ppm (s, 1H), 1.98 ppm (s, 1H).

BTC (iii): 1H NMR (400 MHz, DMSO) δ 13.52 ppm (3H, s), 8.63 ppm (3H, s).
Chitosan glucosamine carboxylate salt (iv): 1H NMR (400 MHz, D2O) δ 8.52 ppm (s,

5H), 3.65 ppm (d, J = 80.0 Hz, 28H), 3.02 ppm (s, 6H), 1.90 ppm (s, 4H).

3.3. Computational Study

To further elucidate the interaction between the polymer (chitosan) and the cross-
linked (BTC), a computational study was conducted. Docking is a computational pro-
cedure that helps in predicting the binding of one molecule to the pocket of another
molecule [72]. This virtual-aided drug design can verify the library of compounds and
elucidate the results using a scoring function. This technique is used in the identification
of molecular properties using 3D structures [73]. The SMILES string for the chitosan and
BTC were obtained using SwissADME software. Below is the SMILES string for the chitosan
COC(=O)NC7C(O)C(OC6OC(CO)C(OC5OC(CO)C(OC4OC(CO)C(OC3OC(CO)C(OC2OC
(CO)C(OC1OC(CO)C(O)C(O)C1N)C(O)C2N)C(O)C3N)C(O)C4N)C(O)C5N)C(O)C6N)C(CO)
OC7OC8C(O)C(N)C(OC8CO)OC9C(O)C(N)C(O)OC9CO. The SMILES string for the BTC
is OHC(=O) C1=CC(=CC(=C1) C(OH)=O) C(OH)=O. A table of docking scores appears
in a small window, with the tightest binding docking pose for the ligand at the top. The
docking poses between chitosan (brown) and BTC (green) can be seen in Figure 5.
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Figure 5. Docking pose (brown, chitosan; green, BTC docked).

REMARK VINA RESULT: −3.3 0.267 4.922
In the above-represented docking studies (Figure 6), the amine groups of the chitosan

interacted with BTC by forming hydrogen bonds. The top ten binding poses from the
docking video are remarkably similar in binding energy, i.e., several molecules of carboxylic
acid groups were binding to the chitosan at the same time. Hence, all the interactions seem
possible from the docking. Many of these interactions can separate the solvent (water)
post-gelling. The docking suggests the intermolecular hydrogen bonding between the
chitosan and carboxylic acid groups. In addition, there is a possibility of hydrogen bond
formation between the carboxylic groups of BTC. The predicted binding energy for each
conformation will be given as a docking score in kcal/mole. The two variables in the table
are root mean square deviation (RMSD) l.b. (lower bound) and u.b. (upper bound). The
docking scores predict the binding affinities of the two molecules once they are docked.
The lower the RMSD score, the higher the precision of docking. A negative docking score
corresponds to strong binding, and a less negative corresponds to weak binding of the
polymer with the docking molecule. From the VINA result, 3.3 kcal/mole is the best
binding score with lower bound limit of 0.267 Å and upper bound limit of 4.922 Å. The
results also indicate that hydrogen bonding contributes significantly to the interactions
between the polymer and the cross-linker.
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3.4. Fourier nTransform Infrared Spectroscopy (FTIR)

The FTIR spectrum of not cross-linked and of cross-linked hydrogels can be seen in
Figure 7. The spectrum shows a band of 2884 cm−1 due to O-H and N-H bending (both
overlapping in the same region). The band at 2556 cm−1 corresponds to the bending of the
OH group of the carboxylic acid group (BTC), which cannot be seen in the uncross-linked
chitosan hydrogel. In addition, weak C-H bending of the aromatic ring of BTC can be seen
in the cross-linked gels. The bands at 1357 cm−1 and 1272 cm−1 are due to O-H and C-N
bending vibrations. The band at 1429 cm−1 can be seen in both cross-linked and uncross-
linked gels. The strong absorption band at 1549 cm−1 corresponds to amide bonds of
chitosan. Another band at 1626 cm−1 can be due to amine N-H symmetrical vibration [74].
The hydrogels of concentrations 1–10 mM show greater absorption when compared to
other concentrations. The carbonyl stretches (C=O) in less concentrated hydrogels showed
more prominent peaks when compared to those having higher concentrations at 1706 cm−1

and further confirms the presence of BTC in the structure. The strong bending at 682, 741,
and 899 cm−1 is attributed to aromatic C-H bending, which became less intense at increased
concentrations. The C-O-C glycosidic linkage from the chitosan can be seen at 1065 cm−1.
The interaction between chitosan and BTC can also be proven from the presence of C-O-C
bend in the cross-linked signals. These interpretations prove effective cross-linking of
chitosan with BTC that takes place at the amino group of chitosan.
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3.5. Viscosity

The effect of the cross-linker on the polymer concentrations are listed in Table 1.
The values for the torque were recorded between 10 and 100%, and those for the

viscosity of the hydrogels were recorded at different shear rates (rpm). An increase in
shear rate makes the fluid layers slide over one another at high speed and influences the
viscosity of the material. The viscosity of all the formulations decreased with an increase
in shear rate which confirms the pseudoplastic behavior of the fluids. Pseudoplasticity is
a characteristic feature of shear-thinning fluids and is time-independent. Shear thinning
behavior of hydrogel systems are great for biomedical applications. The non-Newtonian
behavior is related to the structural reformation of molecules due to flow. High shear rates
can cause the breakdown of fluid structures leading to reduced viscosity. This property
influences the performance of the hydrogel during drug delivery via injection [75]. In
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addition, the viscosity of sample M1 is higher than other concentrations. The high viscosity
of formulations often affects the injectability and syringeability performance while injecting
the hydrogel [76]. Presumably, the viscosity data shows greater and more efficient cross-
linking at lower BTC concentrations as opposed to high concentrations.

Table 1. Viscosities of hydrogels with different concentrations (M1, M2, and M3).

Samples Viscosity 10 rpm Viscosity 20 rpm Viscosity 50 rpm Viscosity 60 rpm Viscosity 100 rpm

Torque
(%) cP Torque

(%) cP Torque
(%) cP Torque

(%) cP Torque
(%) cP

M1 11.4 135.6 13.5 81 14.7 43.5 17.5 21 21.3 12.7

M2 11.1 66.6 12.8 38 14 16.6 15.6 15.6 17 10.2

M3 10.2 57 10.5 32.4 13.3 16 14 14 17.4 10.4

3.6. Texture Analysis

Table 2 reports the results of texture analysis of the hydrogels at three different con-
centrations (M1, M2, and M3). The instrument can measure the forward and backward
extrusions and present the recorded forces (A and B) in response to the contraction and
retraction of the probe. Initially, the instrument was calibrated for force and height measure-
ment. The probe was programmed as per the optimized test conditions, and measurements
were taken.

Table 2. Texture properties of the hydrogel formulations under the optimized test conditions.

Force A1 (g) Area A1 (g*sec) Force B1 (g) Area B1 (g*sec)

Sample (Max. Compressing Force, Hardness) Cohesiveness Min. Retracting Force Adhesiveness

M1 7.201 6.717 1.200 1.466

M2 8.120 16.348 1.820 3.321

M3 6.810 6.073 1.000 2.142

During the test, the probe traveled at a speed of 2 mm/s downwards into the gel and
was then withdrawn. Gel parameters, including hardness, cohesiveness, and adhesiveness,
were evaluated using a standard force-time plot (as seen in Figure S7). The readings
were taken in triplicates. The variables from the table show retracting, compressing,
cohesiveness, and adhesiveness, which cumulatively determine the texture of the material.
Area A1 shows the cohesiveness of the gel, while area B1 shows the adhesiveness of the
hydrogel to the probe [61]. Cohesiveness is a feature where particles stick to each other and
influence the flow properties. An increase in cohesiveness causes a decrease in the flow
due to agglomeration of the gel molecules [77]. In Table 2, M2 shows high cohesiveness,
hence retarding the flow of the hydrogels. The adhesiveness of the gels was represented
by the retracting force B1. This is the work required to overcome the forces between the
surface of the gel and the probe [78]. The cohesiveness and adhesiveness of different
concentrations of gels were plotted against the area as shown in Figure 8. Though the
difference in adhesiveness is not significant, a slight increase is observed for M2, which
might be attributed to the higher ability of the gel to chemically interact with the probe.
The hardness of the gels was measured from the maximum compressing force of the gel
formulations. It gives the force required to deform the gels. The hydrogel’s hardness values
can be verified based on the area of the application. The hydrogel concentrations with low
compressing force showed less cohesiveness.
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Figure 8. The compressing and retracting forces of the three hydrogel formulations (M1, M2, and
M3). Results represent mean values ± SD. n = 3.

3.7. Oscillation Amplitude Strain Sweep Experiments

The oscillation amplitude strain tests provide information regarding the effect of BTC
and polymer concentration on the sample structures. The influence of stress amplitude
on the hydrogels can be seen in Figure 9. The tests were conducted under constant stress
and strain and help to determine the hydrogels’ viscoelastic properties. Strain sweep
tests confirmed the gel-like behavior since the data of all the samples showed the elastic
(storage) modulus G′ higher than the loss (viscous) modulus G′′ (as shown in the figures).
In addition, the flow properties of the gels can be determined from the complex modulus
(G*) and the phase angle (δ). The complex modulus determines the stiffness of the material.
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Figure 9. Amplitude strain sweep for hydrogels prepared with different concentrations of chitosan–
BTC. (See Supplementary Tables S2–S4).

The LVE region of the hydrogels can be seen in Figures S8–S10. This region implies
a stress range over which G′ is independent of applied shear stress. For evaluating the
mechanical strength of the hydrogels, the elastic modulus from the LVE region was com-
pared with the strain values. Hydrogels with less amount of chitosan (M3) have the elastic
modulus value of 77.15 Pa when compared to high G′ 135.7 Pa (M2) and medium G′ of
134.7 Pa (M1). The high level of polymer in the cross-linked network has given a stronger
hydrogel when compared to low levels of chitosan and BTC. From the above high and
medium G′ values, we can see little difference due to the comparable concentrations of the
polymer in both samples (M1 and M2). In case of M2, the G′ values decreased abruptly at a
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shear strain of 0.5%. This evidence suggests cross-linking of these hydrogels resulted in the
following observations: (1) an increase of elastic modulus of G′ that refers to the material
deformation, i.e., of the intermolecular networks in the gel structure; and (2) an increase in
shear stress is observed in M2 in the linear viscoelastic region.

The rheological data from the oscillation tests provided the calculated shear stress
and strain as seen in Table 3. In theory, the shear modulus is defined as the ratio of shear
stress to the shear strain. When the shear modulus of the material is higher than the other,
then the material is known to have high rigidity. The shear modulus of the hydrogels with
M2 was found to be higher than other samples. Therefore, the material is found to have
high rigidity.

Table 3. The calculated shear stress and strain results from within the LVE range.

Sample Shear Stress (Pa) Shear Strain Shear Modulus

M1 6.4297 × 10−2 4.7421 × 10−2 1.35587609

M2 2.033 × 10−1 1.4887 × 10−1 1.36562101

M3 2.5966 × 10−2 3.344 × 10−2 7.76495215 × 10−1

3.8. Frequency Strain Sweep Experiments

Frequency strain sweep experiments for the hydrogels were performed within the
LVE region to determine the frequency dependence. The distribution of frequencies in
Tables S5–S7 clearly shows the dispersion and association of particles in the hydrogel
structure. The stability of the cross-linked networks can be studied using these tests.
Figure 10 represents the graph plotted between the elastic modulus and the frequency. The
angular frequency of the test material was set as ranging between 0.1 and 10 rad/s. Both G′

and G′′ were frequency-dependent, which can be attributed to the viscoelastic properties of
the hydrogel network. At a high frequency of 10 Hz, the shear viscosity of M1 was 2.9 Pa s,
which increased with increasing concentrations of both polymer and cross-linker.
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Interestingly, with an increase in complex viscosity, the angular frequency of the
hydrogels decreased. This confirms that the hydrogels show a shear-thinning behavior,
thus proving that the hydrogels prepared were pseudoplastic fluids. In addition, the elastic
modulus G′ of the hydrogels was higher than the loss modulus G′′ and thus confirms
the behavior.
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3.9. Scanning Electron Microscopy

The scanning electron microscopy (SEM) images of chitosan–BTC gels demonstrated
the presence of interconnected pores between the gel networks as seen in Figure 11. The
lyophilized gels have highly connected pores, which can allow the passage of nutrients
and drugs to the site of action. The gels with concentrations M1, M2, and M3 have pore
size ranging from 2.8–3.3 µm, 14–16 µm, and 5–18 µm, respectively. Here, it can be noted
that hydrogels with low concentrations of BTC present smaller pore sizes when compared
to higher concentrations. The higher the porosity, the higher the rate of drug release [79].
M1 with low BTC depicts long streaks of branched out polymer network, while M2 and
M3 with relatively high BTC appear to have formed more tortuous pores. So, from the
previous observations, the hydrogels with higher BTC concentrations were found suitable
for drug delivery applications.
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3.10. Drug Release Studies

Figure 12 shows the in vitro release behavior of the three samples (namely: M1, M2,
and M3) of BTC-cross-linked chitosan hydrogels loaded with 5-FU. The rate of drug release
from the hydrogels was noted to be more pronounced in the first 20 min, followed by
a more gradual release, amounting to an overall release between 35% and 50% within
the study period of 180 min [39,54]. The amino groups of chitosan are not protonated at
pH 7.4, resulting in the formation of physical networks in the hydrogels. These networks
are responsible for the controlled release of the drug in PBS medium as reported in the
literature [80]. In addition, the degree of cross-linking of the polymer influenced the release
capacity of the hydrogel matrix. In general, high levels of cross-linker improve drug loading
effectiveness, while slowing the rate at which entrapped drugs are released. Interestingly,
the concentrations of chitosan and BTC influenced the pattern of 5-FU release from the
hydrogel matrix. The drug release profiles of chitosan–BTC at 37 ◦C can be seen in Figure 12.
A higher concentration of BTC, which in turn results in a greater extent of cross-linking in
M2, caused a retarded drug release in the first 60 min. On the other hand, when chitosan
concentration was reduced from 1% to 0.5% (i.e., comparing M2 with M3), a ‘burst-effect’
in drug release was noted within the first 20 min. A lower amount of chitosan in the M3
hydrogel, yielding less cross-linking with BTC, may have enabled more pronounced drug
release. According to ANOVA, statistically significant differences in drug release were
observed between hydrogels with different chitosan/BTC ratios. In the case of M1 and
M2, the t-test (p = 0.21) indicates no significant difference in time required for drug release.
However, there is a significant difference in time for drug release between M2 and M3
(p = 0.007). Based on these studies, the prepared hydrogel can be used for drug delivery
systems and other biomedical applications.
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Figure 12. Release profile of 5-FU incorporated in chitosan–BTC hydrogels (M1, M2, and M3)
investigated in phosphate-buffered saline (PBS) medium, pH 7.4. Results represent mean values ± SD;
n = 3 (For M1 and M2: p > 0.05; M1 and M3: p < 0.05).

At pH 6.5, rapid release of the drug occurs from 0 to 5 min, and then the drug is
released gradually from 5 to 180 min (as seen in Figure 13). In addition, there is not a
significant difference in time for drug release between the gel concentrations (M1, M2, and
M3) at this pH.
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Figure 13. Release profile of 5-FU incorporated in chitosan–BTC hydrogels (M1, M2, and M3)
investigated in phosphate-buffered saline (PBS) medium, pH 6.5 Results represent mean values ± SD;
n = 3 (For M1 and M2: p < 0.05; M1 and M3: p < 0.05).

When comparing the 2 release profiles at different pH values, it is evident that at
pH = 7.4 there is a higher extent of drug (cumulative) release than at pH 6.5. This might
suggest that 5-FU is not released via erosion of the hydrogel, (i.e., the polymer is solubilized,
and the hydrogel is disassembled); 5-FU is rather released via diffusion which is favoured
in non-acidic environments.

4. Conclusions

The current research aimed to develop BTC-cross-linked chitosan hydrogels contain-
ing 5-FU for cancer therapy. Using different ratios of BTC/chitosan, flow curves of the
hydrogels revealed shear thinning behavior of the resulting hydrogels. With an increase
in the shear rate, there is a decline in the apparent viscosity, which is a characteristic
feature of shear-thinning fluids. Viscoelastic investigations of the hydrogels revealed the
elastic (G′) modulus values were higher than the viscous (G′′) values, hence confirming the
elastic behavior of all prepared hydrogels. Further oscillatory tests (strain and frequency
sweep) confirmed the stable hydrogels’ behavior since all exhibited a plateau in the range
of 0.1–10 Hz. Under physiological conditions, the gel behaviour can be tuned by changing
the cross-linker concentrations. The low G′ (77.15 Pa) and G′′ (8.711 Pa) values of M2
indicate poor mechanical strength when compared to other samples. Spectroscopic and
structural investigations of the formulated hydrogels (NMR, FTIR, and SEM) confirmed
the presence of glycosidic bonds signals in all the spectra. The cross-sectional freeze-dried
images exhibited porous, compact, and homogenous distribution of hydrogel networks.
This provides a scope for encapsulating drugs in the hydrogel matrix. The hydrogels
exhibited slow drug release in PBS (<50%) that provides a scope for sustained drug release.
Additionally, the release at slightly acidic pH showed a slower and more prolonged release
of the drug, which might be explained in light of the porous structure of the hydrogel
matrix, coupled with the ionization of chitosan in acidic pH environments. The drug release
also appeared to have a direct correlation with the extent of polymer cross-linking, thus
facilitating a sustained drug delivery. This is a desired characteristic of hydrogels which
tends to enhance the safety and efficacy of drug therapy.

Overall, the data from this study on the properties of hydrogels and their behavior
in vitro demonstrates a great potential for enhanced biological performance and thus
warrant further investigations.
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and viscous moduli of chitosan cross-linked with BTC (M3 hydrogel). Table S1. Hydrogels composi-
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(sup-plementary material). Table S3. Amplitude strain sweep for hydrogels with chitosan–BTC con-
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