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Hydrogels are one type of materials that are widely exploited for bioactive agent delivery, partly owing to their
high biocompatibility and low toxicity. When hydrogels are used as carriers, their performance in agent loading
and sustained agent release are predominately determined by the gel structure, which can be largely affected
by variations during gel preparation. Till now, effective and easy methods to enable monitoring of such
variations in real time have been lacking, making quality control of the generated gel-based carrier
technically challenging. To address this technical gap, in this study we take advantage of the
clusteroluminogenic properties of gelatine and chitosan to generate a crosslinked blended hydrogel which
not only shows intrinsic antibacterial properties and high tunability in delivery performance but also shows
a self-indicating capacity to enable quality control during hydrogel preparation. Upon fitting the curves of
agent release into different kinetic models, the release profiles of the agent-loaded gels have been found
to follow the Higuchi model well, with the non-Fickian mechanism being the major mechanism of the
release process. Along with their high efficiency in agent loading, our gels warrant further exploitation for
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1. Introduction

Hydrogels are swellable networks which can absorb a substan-
tial amount of fluids."* Their major constituents are polymers,
which can be either synthetic or natural in origin. Owing to their
high biocompatibility and low toxicity,* hydrogels are one type
of materials that are widely exploited for bioactive agent
delivery. When hydrogels are used as carriers, their perfor-
mance in agent loading and sustained agent release are
predominately determined by the gel structure, which can be
largely affected by variations during gel preparation. For
example, a slight change in the mass-to-mass ratio of the
polymer constituents of a polyelectrolyte complex gel could lead
to a substantial change in the efficiency in drug encapsulation.®
Variations in the molecular weight of a gel-forming polymer can
also result in alterations in drug release sustainability.” Despite
the impact of preparation variations on gel performance, till
now effective and easy methods to enable monitoring of such
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use in bioactive agent delivery and related biomedical applications.

variations in real time are lacking, making quality control of the
generated gel-based carrier technically challenging.

To address this technical gap, the objective of this study is to
develop a self-indicating hydrogel that enables real-time quality
control during gel preparation. Gelatine (GE) is one of the major
constituents of the blended gel in this study. It is a hydrolysis
product of collagen,®**® but compared to collagen, it exhibits
higher aqueous solubility and lower antigenicity.'* Over the
years, GE-based hydrogels have been extensively used in
bioactive agent delivery."*™® For instance, an earlier study has
achieved sustained release of basic fibroblast growth factor
(bFGF) by using a GE hydrogel, and has successfully led to
regenerative effects on acute vocal fold scarring in vivo."” More
recently, carbon dot cross-linked GE nanocomposite hydrogel
has also been reported for pH-sensing and pH-responsive
delivery of bioactive agents.' All these have demonstrated the
practical potential of GE in pharmaceutical formulation. In this
study, we take advantage of high biocompatibility of GE, along
with its clusteroluminogenic properties, to generate a blended
hydrogel with chitosan (CS), which is a linear polysaccharide
consisting of B(1 — 4) linked p-glucosamine residues with
a variable number of randomly distributed N-acetyl-p-glucos-
amine units and can be derived from chitin via alkaline
hydrolysis with an inorganic base."?® After the incorporation of
CS into the GE-based hydrogel, not only can the properties of
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the gel be tuned for bioactive agent delivery, but the cluster-
oluminogenic properties of the gel enables easy and real-time
quality control during hydrogel preparation and hence allows
better control of the subsequent performance in agent release.
Along with their high efficiency in agent loading and intrinsic
antibacterial properties, our gels warrant further exploitation
for use in bioactive agent delivery and related biomedical
applications.

2. Experimental
2.1 Materials

GE and various other chemicals were purchased from Macklin
Chemical Co., Ltd (Shanghai, China). Dulbecco's Modified
Eagle's Medium (DMEM; Gibco, Grand Island, USA), penicillin
G-streptomycin sulphate (Life Technologies Corporation. USA),
and foetal bovine serum (FBS; Hangzhou Sijiqing Biological
Engineering Materials Co., Ltd, China) were used as the cell
culture medium. Trypsin-EDTA (0.25% trypsin-EDTA) was ob-
tained from Invitrogen (Carlsbad, CA, USA).

2.2 Gel preparation

CS was dissolved in a 5% (v/v) acetic acid solution to generate
a 5% (w/v) CS solution. After that, GE was dissolved in water at
50 °C to prepare a 5% (w/v) GE solution. 50 mL of the GE
solution was mixed with 50 mL of the CS solution, followed by
the addition of 10 mL of glutaraldehyde. The reaction mixture
was incubated at ambient conditions until the completion of
the gelation process. The gel formed was designated as G050.
Other gels (viz., G000, G025, G075 and G100) were prepared
based on the volumes as presented in Table 1.

2.3 Thermogravimetric analysis (TGA) and derivative
thermogravimetry (DTG)

TGA and DTG of G100, G050 and G000 were performed using
a Q50 TGA analyser (TA Instruments, New Castle, Delaware,
USA) equipped with platinum pans. Analysis was performed in
an inert nitrogen atmosphere from 40 °C to 600 °C. The heating

rate was set as 10 °C min™".

2.4 X-ray diffraction (XRD) analysis

Powder XRD patterns of G100, G050 and G000 were obtained
using an X-ray diffractometer (X'Pert PRO, PANalytical

Table 1 Volumes of the CS solution, GE solution and glutaraldehyde
used in preparation of different gels

Volume (mL)

Gel CS solution GE solution Glutaraldehyde
G000 100 0 10
G025 75 25 10
G050 50 50 10
G075 25 75 10
G100 0 100 10
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Company, Almelo, Netherlands) with CuKe radiation (A =

1.54060 A) at a counting rate of 5° min ™.

2.5 Fourier-transform infrared (FT-IR) spectroscopy

FT-IR spectroscopy was carried out using an FT-IR spectrometer
(Spectrum 2000; PerkinElmer, Norwalk, CT, USA) at ambient
conditions. The potassium bromide (KBr) disk technique was
adopted for analysis. Spectra were obtained at a resolution of
2 em ™, and reported as an average of 16 scans.

2.6 Compressive strength test

The mechanical properties of G000, G025, G050, G075 and G100
were studied using a Universal Testing Machine (Testometric
Co. Ltd, Rochdale, UK) as previously described.® In brief, all gels
were prepared in the shape of a column (diameter = 2.8 cm,
height = 1.5 cm). Each of them was placed between the self-

levelling plates, and was compressed at a rate of 10 mm min~".

2.7 Microscopic examination and UV irradiation

Microstructures of the gels were examined under a stereomi-
croscope, and photographed using a digital microscope camera.
Fluorescence images of the gels were captured, after excitation
of the gels at 365 nm, by using a small compact digital camera.
Photoluminescence (PL) measurements were performed by
using a FLS920P fluorescence spectrometer (Edinburgh Instru-
ments Ltd, Livingston, UK).

2.8 Evaluation of swelling ratios

Gels with different mass percentages of CS were prepared and
dried in an oven at 60 °C for 24 hours. The swelling properties of
the dried gels were determined as previously described.** The
swelling ratio was calculated using the following equation (eqn

(1)):

my

Swelli tio= — 1

welling ratio - (1)

where mg and mq represent the mass of the swollen gel and the
mass of the dried gel, respectively.

2.9 Determination of the encapsulation efficiency (EE)

Minocycline hydrochloride (MH) was used as a model agent.
Gels with different mass percentages of CS were prepared as
usual but MH was added to the reaction mixture at a concen-
tration of 9.17 x 10°° mol mL " prior to gelation. The
concentration of unloaded MH was determined using
ultraviolet-visible (UV-Vis) spectroscopy at Amax of 350 nm. The
EE was estimated using the following equation (eqn (2)):

EE (%) = % 100% )

my

where m; is the mass of MH encapsulated successfully by the
gel, and m; is the total mass of MH added during the encap-
sulation process.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) A schematic diagram depicting the process of gel formation. (B) Schematic representation of the glutaraldehyde-mediated covalent

crosslinking reaction held between CS and GE. (C) Photos of (a) G100, (b) G050, and (c) GO0O. (D) Photos depicting changes in the reaction
mixture during the gelation process when different gels are made. The photos are taken at different time intervals (min), which are shown in the

top row of the figure.
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Fig. 2 (A) Microscopic images of gels containing different mass
percentages of CS: (a) GO0O, (b) G025, (c) GO50, (d) GO75, and (e)
G100. Scale bar =1 mm. (B) FT-IR spectra of (a) GO0O, (b) G100, and (c)
GO050. (C) XRD curves of G000, G100 and GO50.

2.10 Evaluation of the kinetics of agent release

The release sustainability of a gel was studied using the protocol
as previously reported.”” In brief, 13 g of the agent-loaded gel
was put into 30 mL of PBS (pH 7.4). 1 mL of the release medium

© 2023 The Author(s). Published by the Royal Society of Chemistry

was withdrawn at regular intervals, and was replenished using
the same amount of PBS. The amount of MH released from the
MH-loaded gel was measured at A, of 350 nm using a UV-Vis
spectrophotometer. The percentage of cumulative agent release
was estimated using the following equation (eqn (3)):

t

Zmr
== % 100%

(3)

Cumulative release(%) p
where m; is the mass of MH released from the MH-loaded gel at
time ¢, and m., is the total mass of MH loaded into the gel. The
release curve was fitted into the zero-order model, the first-order
model, the Higuchi model and the Korsmeyer-Peppas model to
study the mechanism of agent release.

2.11 Antibacterial test

A G075 gel containing 0.05 g of MH was prepared in a shape of
a column (diameter = 1.5 cm, height = 0.2 mm). Either
Staphylococcus aureus or Escherichia coli was swabbed on a LB
agar plate. After placing the gel in the plate and incubating the
plate for 24 hours at 37 °C, photos were taken. The same
procedure was repeated by replacing the MH-loaded gel with
a plain gel, a filter paper (circular shape with a diameter of 1.5
cm) soaked with a 0.09% (w/v) NaCl solution, or a filter paper
(circular shape with a diameter of 1.5 cm) containing 0.05 g of
MH.

2.12 In vitro evaluation of toxicity

HEK293 cells and 3T3 mouse fibroblasts were cultured as
previously described.? 24 hours before the experiment, the cells

RSC Adv, 2023, 13, 11865-11873 | 11867
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Fig. 3 Optical images of different blended hydrogels [(a, f) GOOO, (b, g) G025, (c, h) GO50, (d, i) GO75, and (e, j) G100] under (a, b, ¢, d, ) UV light
and (f, g, h, i, j) white light (A) before and (B) after the cross-linking process. The wavelength of UV light used for excitation is 365 nm. (C) PL
spectra of gels containing different mass percentages of CS. The spectra were taken at an excitation wavelength of 365 nm.

were seeded in 96-well plates at a density of 5000 cells per well.
The plates were put under a humidified atmosphere of 5% CO,
at 37 °C. An appropriate amount of CS, GE, or lyophilized gels
(including G100, G050 and G000) was ground in the fresh cell
culture medium using mortar and pestle to obtain a suspension
with a desired concentration. The suspension was then filtered
by using a microfilter with the pore size of 0.45 pm. During the
assay, the medium in each well was replaced with 100 pL of the
filtrate. After 5 hour incubation at 37 °C under a humidified
atmosphere of 5% CO,, the medium in each well was replaced
with the fresh cell culture medium. The viability of cells in each
well was examined by using the CellTiter 96 Aqueous Non-
Radioactive Cell Proliferation Assay (MTS assay; Promega
Corp., Madison, WI), according to the manufacturer's instruc-
tions, either immediately or after 24 hours of post-treatment
incubation.

3. Results and discussion

3.1 Fabrication and structural characterisation of the
blended gels

Glutaraldehyde is one of the most commonly used crosslinking
agent.”* It is inexpensive and easily available, and has high

11868 | RSC Adv, 2023, 13, 11865-11873

efficiency in stabilizing collagenous materials.>**** The cross-
linking process is mediated by the reaction between the free
amino groups of the collagenous materials and the aldehyde
groups of GTA. In this study, glutaraldehyde is adopted as
a cross-linker to generate hydrogels from CS and GE (Fig. 1A-C).
CS is selected to modify the properties and performance of the
GE-based hydrogel partly because of its low toxicity, high
biocompatibility, high biodegradability, and non-allerge-
nicity.** Comparing with the plain GE solution, solutions con-
taining CS form much more heterogeneous gels, with the level
of heterogeneity being positively related to the concentration of
CS (Fig. 1D). This may be explained by the increase in the
viscosity of the gel-forming solution, thereby reducing the effi-
ciency of mixing between the solution and glutaraldehyde. The
positive relationship between the extent of heterogeneity of the
gel and the mass percentage of CS is further supported by
microscopic examination of the generated gels under a stereo-
microscope (Fig. 2A). Comparing with G100 which shows
a uniform and smooth morphological structure, those con-
taining CS exhibit rough morphological features. The extent of
roughness increases when the mass percentage of CS in the gel
increases from 25% to 100%. This evidences the impact of
increasing the concentration of CS on the efficiency of mixing

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) TGA and (B) DTG curves of G000, G050 and G100. (C)

Changes in the swelling ratio of the blended gels containing different
mass percentages of CS over time.
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Fig. 5 Compressive stress—strain curves of the blended gels con-
taining different mass percentages of CS.

between the gel-forming solution and the cross-linker, leading
to a decline in the homogeneity of the gel structure.

The structures of GE, CS and the gels formed are studied by
using FT-IR spectroscopy (Fig. 2B). In the spectrum of GE,
a peak is detected at around 1630 cm ™. The presence of this

© 2023 The Author(s). Published by the Royal Society of Chemistry
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amide I band is caused by C=O0 stretching vibrations of the
amide group. A signal is also noted at 1539 cm ™. It is assigned
to N-H bending vibrations and C-H stretching vibrations. On
the other hand, the spectrum of CS exhibits a broad peak at
2960-3599 cm ™" owing to O-H and N-H stretching vibrations.
Because of C-H and C-N stretching vibrations, a signal is
detected at 2879 cm ™. This peak is also present in the spectrum
of G050. Structural characterization of the gels is further per-
formed by using the XRD technique. Compared to G000, G100
shows a higher level of crystallinity. The peaks found in G100
also appear in the diffractogram pattern acquired on G050
(Fig. 2C). This suggests that the structural features of both G000
and G100 are retained during the fabrication of G050.

3.2 Self-indicating capacity of the blended gels during gel
preparation

GE and CS are known to exhibit clusteroluminogenic properties.”
In fact, while the photophysics of clusteroluminescence has been
studied widely only very recently, the application potential of this
optical properties has already been shown in food and pharma-
ceutical applications.®?*® Over the years, various mechanisms have
been proposed to explain the emissive properties of cluster-
oluminogenic polymers. Some studies have attributed the lumi-
nescence to the oxidation of nitrogen atoms in polymers that
contain amine groups;*”*® while others have linked cluster-
oluminescence to through-space nonbonding interactions
between second and third row heteroatoms.***' In the latter,
through-space nonbonding interactions are thought to play a role
in producing orbitals that help narrow the energy gap between
the HOMO and LUMO of the system.*

In this study, the clusteroluminogenic property of the
blended gels is shown in Fig. 3. Clusteroluminescence exhibited
by the CS solution, GE solution, and CS/GE mixtures is negli-
gible; however, upon the process of cross-linking, the intensity
of luminescence increases. This is partly attributed to the fact
that the cross-linking process reduces intermolecular distances
between polymer chains, facilitating the occurrence of through-
space nonbonding interactions. By increasing the mass
percentage of CS, the compactness of the gel structure also
increases, leading to an increase in the intensity of cluster-
oluminescence. Regarding the fact that the intensity of lumi-
nescence is positively related to the extent of clusterization
exhibited by polymer chains, the uniformity of the intensity
reflects the homogeneity of the gel structure. For this, we can
determine the heterogeneity of the gel during gel preparation in
real time by monitoring the uniformity of the intensity of
clusteroluminescence exhibited by the gel. In fact, the extent of
homogeneity of the luminescence intensity can reflect the
extent of homogeneity of the composition of the generated gel,
and hence the quality of the gel prepared. Because the homo-
geneity of the composition of the gel will directly affect drug
delivery properties including drug release sustainability and
encapsulation efficiency, the clusteroluminogenic properties of
the gel serves as an indicator to enable real-time quality control
of the blended hydrogel for subsequent bioactive agent delivery
applications.

RSC Adv, 2023, 13, 1865-11873 | 11869
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(A) EE of (a) GOOO, (b) G025, (c) GO50, (d) GO75, and (e) G100. (B) Release profiles of MH from MH-loaded gels containing different mass

percentages of CS. (C) Images showing (a, f) untreated LB plates, as well as the zone of inhibition induced by (b, g) filter paper soaked with an NaCl
solution, (c, h) filter paper containing MH, (d, i) plain GO75 gel, and (e, j) MH-loaded G075 gel for (a—e) E. coli and (f-j) S. aureus.

Table 2 Correlation coefficients (%) and release exponent (n) of
different models for the kinetic data of agent release

Gel
Model G000 G025 G500 G075 G100
Zero-order model ” 0.801 0.823 0.940 0.935 0.902
First-order model ” 0.860 0.868 0.957 0.957 0.943
Higuchi model ”  0.997 0.992 0.968 0.962 0.980
Korsmeyer-Peppas model n 0.484 0.506 0.683 0.687 0.611
”  0.997 0.992 0.993 0.989 0.991

3.3 Thermal and mechanical properties of the blended gels

The thermal properties of GE, CS, as well as the gels formed, are
characterised by using TGA and DTG (Fig. 4A and B). The curve
of G100 displays two stages of weight loss. The first stage is
observed below 198 °C, accounting for a weight loss of around
18.7%. This weight loss step is caused by the loss of adsorbed
moisture. The second stage is found at the temperature range of
215-482 °C, resulting in a weight loss of approximately 50%. In
the curve of G000, a significant weight-loss stage also occurs at
around 40-167 °C due to the evaporation of physically absorbed
or bound water. Another weight loss step is found at the onset
temperature of 215 °C, owing to the onset of chain degradation
of CS. All these peaks overlap in the curve of G050, leading to
a complicated thermal degradation process.

In addition, changing the mass percentage of CS in the
blended gels appears to lead to changes in the swelling capacity
of the gels (Fig. 4C). The swelling capacity of the gels increases
when the mass percentage of CS increases, with C000 showing

1870 | RSC Adv, 2023, 13, 11865-11873

the highest swelling capacity. This is attributed to the fact that
the presence of CS leads to an increase in the brittleness and
rigidity of the gels, facilitating the formation of cracks in the
gels during the drying process. The presence of cracks enables
more effective diffusion of water molecules into the dried gels,
resulting in an increase in the amount of water held by the
samples and hence an increase in the determined swelling
ratio. Despite this, as demonstrated by the stress-strain curves
as presented in Fig. 5, increasing the mass percentage of CS
leads to an increase in the overall compressive strength of the
gels. This is due to the fact that CS is rich in amine groups.**™*
Its presence can increase the number of cross-links among
polymeric chains. Because the elongation at break of the gels is
linked to the breakage of the polymer chains,* increasing the
mass percentage of CS has led to an increase in the elongation
at break of the gels formed.

3.4 Performance of the blended gels in agent delivery

By using MH as a model agent, the EE of all of the blended gels
is estimated to be higher than 90% (Fig. 6A). This reveals the
high efficiency of the gels in drug encapsulation. Although the
difference in the EE of G000, G025, G050, G075 and G100 is
found not to be statistically significant, G050 shows the highest
agent release sustainability among the gels tested, followed by
G025 and G075 (Fig. 6B). On the other hand, the agent release
sustainability of gels containing only CS or GE is much lower
than that of blended gels (viz., G025, G050, and G075). This is
proposed to be due to the combined effect of (i) the increase in
the compressive strength of the gels upon the addition of CS
and (ii) the ability of GE to form gels with a more compact and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Viability of (A) 3T3 fibroblasts and (B) HEK 293 cells after 5 h treatment with CS, GE and the gels formed, (a) before and (b) after 24 hour

post-treatment incubation.

uniform structure. Upon fitting the curves of agent release into
different kinetic models (including the zero-order model, the
first-order model, the Higuchi model and the Korsmeyer-Pep-
pas model) and as shown by the calculated regression coeffi-
cient () values (Table 2), the release profiles of the agent-
loaded gels are found to fit the Higuchi model the most. This
reveals that agent release from the gels involves the penetration
of the release medium into the gel matrix. Moreover, the release
exponents (n), as calculated by using the Korsmeyer-Peppas
equation, are 0.484, 0.506, 0.683, 0.687 and 0.611 for G000,
G025, G050, G075 and G100, respectively. This suggests that the
release of MH from the gels is mediated mainly via non-Fickian
diffusion, with the polymer relaxation time being roughly equal
to the characteristic solvent diffusion time.*” For this, the
release profiles of MH from the MH-loaded gels are expected to
be affected by not only the swelling capacity of the gels but also
other factors such as polymer/solvent couple viscoelastic
properties.*®

The retention of the activity of MH after being loaded into
the blended gels is evaluated by using Staphylococcus aureus
(Gram-positive bacteria) and Escherichia coli (Gram-negative
bacteria) as models. As shown in Fig. 6C, incubation with
a filter paper containing 0.05 g of MH leads to the formation of
a zone of inhibition in both Staphylococcus aureus and Escher-
ichia coli. This is attributed to the fact that MH is a semi-
synthetic tetracycline derivative displaying broad-spectrum
antibiotic activity against Gram-positive and Gram-negative
bacteria.” In addition, a zone of inhibition is found in both
Gram-positive and Gram-negative bacterial treated with plain
G075. This is partly explained by the intrinsic antibacterial
properties of CS,*® which enables the plain gel to inhibit
bacterial growth. After the gel is loaded with MH, the

© 2023 The Author(s). Published by the Royal Society of Chemistry

antibacterial capacity of the gel is found to be much higher than
plain G075. This is due to the combined effects of MH and the
intrinsically antibacterial properties of the gel, and evidences
the retention of the activity of MH after the agent loading
process.

3.5 Toxicity of the blended gels

While the release sustainability and EE are important factors to
be considered when a material is adopted for bioactive agent
delivery, low toxicity of the material is required for real
applications.>* The toxicity of CS and GE is examined in vitro
by using the MTS assay (Fig. 7). No significant loss of cell
viability is detected after 5 hour treatment with both agents.
This indicates that no apparent cytotoxicity is mediated by CS or
GE. To evaluate the possible occurrence of delayed onset of
cytotoxicity after treatment, the viability of the treated cells is
examined after 24 hour post-treatment incubation. No observ-
able cytotoxicity is found in all concentrations tested. This
suggests the high safety profiles of the ingredients used for gel
fabrication. Apart from examining the cytotoxicity of CS and GE,
we examine the cytotoxic effects brought about by the gels
formed. Loss of cell viability is negligible after treatment with
different gels, regardless of the presence or absence of 24 hour
post-treatment incubation. This demonstrates that cytotoxicity
caused by the gels is acceptable.

4. Concluding remarks

Hydrogels have been extensively exploited as carriers of bioac-
tive agents,**** with the performance in bioactive agent delivery
being significantly affected by how the gels are fabricated and
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handled. In this study, GE and CS, which are two biopolymers
that have been extensively adopted for applications in
biomedicine,**** have been adopted to generate blended
hydrogels that not only allow for sustained agent release but
also effectively retain the bioactivity of the loaded agent. In
addition, the presence of CS renders the blended gels intrinsi-
cally antibacterial in nature. Importantly, owing to their clus-
teroluminogenic properties, the gels show self-indicating
capacity that enable real-time quality control of the generated
gels during gel preparation. Along with the negligible chronic
and acute toxicity of the gels as demonstrated in the in vitro
context, our gels show the potential to be further exploited for
use as smart sustained-release carriers of bioactive agents.
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