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Chitosan—acrylic acid biomaterial with an
antimicrobial nature supports biomineralization
and is suitable for bone tissue regeneration

12 Satish Kumar,t° Tejas Pravin Rokade,”
*acC

Sweta Agarwal,® Abhishek Singh,
Chandan Goswami® and Luna Goswami

Rapid increases in different pathophysiologies in mineralized tissues have imposed demands on
biomaterials of natural origin to act as a surface for the regeneration of fully functional tissue. It has
been reported that chitosan-based biomaterials are biocompatible, biodegradable, nontoxic, and also
have antibacterial properties. However, due to the insoluble nature of chitosan, for biomaterial synthesis
it needs to be dissolved in an acidic medium followed by pH neutralization. The objective of this study
was to synthesize a chitosan-based biomaterial without the use of any acidic medium, followed by
modification with acrylic acid in different w/v ratios. The synthesized biomaterial, i.e. chitosan—acrylic
acid (chitosan—AA) shows uniform dispersion in water. It was further characterized for various physico-
chemical properties. The obtained results indicate successful modification of the polymer, exhibiting a
porous nature with a high swelling index. It shows biocompatibility against different osteogenic cell lines
and supports biomineralization by osteoblasts under osteo-inductive conditions. No hemolytic effect
was observed in response to the biomaterial even after prolonged exposure to blood cells. We also
show that the synthesized material can be used for controlled drug release. This work demonstrates that
the biomaterial can be used as a suitable surface for the adhesion and proliferation of bone cells in vitro.

Introduction

Advances in medical science and reductions in morbidity rates
have increased the average lifespan of human beings. However,
it is compromised by several lifestyle-related disorders, such as
cancer, hormonal problems, changes in food habits, random
and unmethodical use of therapeutic agents, and other patho-
physiological problems. All of these have led to an increase in
bone-related disorders, which have created new challenges for
clinicians. Some frequent cases of bone-related disorders
involve osteoporosis, rickets, scoliosis, Paget’s disease, osteoar-
thritis, osteomyelitis, bone cancer and tumors.™? All of these,
slowly or rapidly, lead to an imbalance in skeletal integrity,
disruption of vascular structures, and improper flow of nutri-
ents, thus preventing initiation of the repair process. The
primary bone repair process involves the production of certain
cytokines and growth factors, followed by chondrogenesis and
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differentiation of bone cells into osteoblasts, osteoclasts, and
osteocytes. These cells then carry out mineralization, leading to
new bone formation and bone remodeling. This bone healing
process is not sufficient for severe bone damage, which
demands proper medical assistance and even surgical proce-
dures. Two procedures, namely “autograft” and “‘allograft”, are
widely used, but both come with a few limitations and side
effects.® So better and cheaper alternative options are needed to
overcome these limitations.

Biomaterials can act as a scaffold for tissue engineering.
There are various polymeric compounds, such as gelatin, alginate,
collagen, and chitosan,® which are used for the synthesis of
scaffold materials. Due to their diverse chemical properties,
naturally occurring polysaccharides show great advantages for
tissue engineering purposes. Pure forms of such polysaccharides
lack stability and mechanical strength, especially under physiolo-
gical conditions. To act as a suitable surface for tissue regenera-
tion, these need to be modified with improved physicochemical
and mechanical properties.’

Among many polymerization methods, UV-irradiation has var-
ious advantages. Due to its shorter wavelength, it holds more
energy than visible light, which allows reactions to occur instanta-
neously with a higher rate of polymerization. Additionally, it is
much safer, simpler, pollution-free and cheaper than thermal
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polymerization because it eliminates the involvement of volatile
organic solvents. The method of polymerization by the UV-
irradiation method involves the incorporation of the monomer
on the polymer chain in the presence of photo-initiators. Photo-
initiators are molecules that undergo excitation in response to
light for the generation of reactive species, which are responsible
for carrying out consecutive reactions. Benzophenones, alpha-
hydroxy ketones, phosphine oxides, and thioxanthones are some
commonly used photo-initiators. These molecules absorb photons
from light to produce reactive species, and free radicals for
initiation of the reaction. This method has already been used for
the production of optical fibers, composites, microchips, micro-
electronics, coatings, adhesives, edible films, and 3D-objects.

Chitosan (CS), the second most abundant polymer after
cellulose, is a naturally occurring polysaccharide composed of
two arbitrarily distributed monomers, N-acetyl-p-glucosamine
and B-(1-4)-linked p-glucosamine. It is non-toxic, biocompati-
ble, and biodegradable, and has attracted a lot interest because
of its application in the delivery of therapeutic drugs, wound
dressing, and tissue engineering. The synthesis of chitosan-
based biomaterial demands the initial dissolution of chitosan
in acetic acid,®” hydrochloric acid® or other acidic media. Post-
synthesis and neutralization of such biomaterials with a base,
for biological applications, has also been reported.

Polymers incorporating acrylic acid (as a monomer) exhibit
PH sensitivity and can impart high water-absorbing capacity to
the biomaterial. This pH sensitivity is imparted by the presence
of the ionizable carboxylic acid functional group of the mono-
mer. It can be polymerized with other monomers or polymers
of both hydrophobic and hydrophilic nature in the presence of
crosslinking agents. This ability of acrylic acid to react easily
with free radicals allows the formation of copolymers with
desired physicochemical properties.’

So far it has been found that due to lack of solubility
in water, chitosan-based biomaterials need to be fabricated
by dissolving them in an acidic medium,*’ requiring an
additional step of post-synthesis neutralization for biological
applications. Therefore, in this work, a simple approach was
designed to synthesize a chitosan-based biomaterial by modify-
ing the chitosan backbone with acrylic acid monomer without
the use of any acidic medium to dissolve the polymer and the
homogenous dispersion of chitosan-AA in water was observed.
The resulting material (chitosan-AA) was further characterized
for its physicochemical properties, and possibility for biological
applications. To check the extent of the modification, different
instrumental techniques, like UV-vis spectroscopy, FTIR and
TGA, were performed. Further, to investigate whether this bio-
material is suitable to act as a surface for cell growth, the
swelling index and SEM were studied which show its swelling
ability and porous structure. Due to this swelling ability, chit-
osan-AA was utilized for a drug release assay. Additionally, from
a well diffusion assay it was determined whether the inherent
antimicrobial property of chitosan is retained in chitosan-AA, so
that it can also be used for osteomyelitis along with bone tissue
regeneration at the site. As chitosan is already known to be
beneficial for bone tissue engineering, this biomaterial was used
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as a surface for both osteoclast and osteoblast and finally for
in vitro biomineralization, which was further supported by Ca**-
imaging. Detection of mitochondrial membrane potential and
hemolysis experiments suggested no toxic effect of the bioma-
terial on bone cells or RBCs, respectively.

Materials and methods

Materials

Chitosan (mol wt of chitosan = 3800-20000 Daltons, degree of
deacetylation >75.00%), acrylic acid, sodium chloride, tryptone,
yeast extract, tryptic soy broth, penicillin-streptomycin, and
trypsin-EDTA (1X) were purchased from Hi-media. Sodium dodecyl
sulfate, DMSO, cetyl-pyridinium chloride and MTT were purchased
from MP Biomedicals (India). Benzophenone and agar-agar were
purchased from Merck India. 4’-Hydroxyacetanilide was procured
from TCI Chemicals Co., Ltd (India). Acetone was purchased from
Sisco Research Laboratories Pvt. Ltd, (India). Milli-Q water was
used for all experiments, where required.

Synthesis of chitosan-AA

Chitosan-AA 1:0.5, 1:1, 1:1.5 (~weight ratio) were synthe-
sized where sodium dodecyl sulfate (SDS) and benzophenone
(initiator) were added in a 1:1 ratio. Briefly, 250 pL (1:0.5),
500 pL (1:1) and 750 pL (1:1.5) of acrylic acid (AA) were taken in
different glass Petri dishes, followed by the addition of SDS and
benzophenone. A fixed weight of chitosan, i.e. 500 mg, was added
to the respective mixtures. A 1:1 water-ethanol solution was
added gradually to obtain a thick uniform paste. The reaction
mixture was exposed to UV irradiation of 365 nm for 30 min. This
was followed by washing with acetone for the removal of any
unreacted monomer, homopolymer, and initiator molecules. The
purified sample was kept for 15-20 h in a hot-air oven at 50 °C,
until dried. These variables, i.e. 1:0.5, 1:1, and 1:1.5, were used
for the ~weight ratio of chitosan to acrylic acid. The synthesis of
the material is shown in a schematic diagram (Fig. 1).

Solubility of pure chitosan and chitosan-AA in water

To examine the solubility, 1% (w/v) solutions of both pure
chitosan and synthesized chitosan-AA were prepared and kept
on a magnetic stirrer at 80 °C and 320 rpm for 72 h.

Swelling study

This was performed by the tea bag method,'® where a dry
sample of a fixed weight was completely submerged in water
at room temperature. The biomaterial was weighed at constant
intervals, until it attained its maximum swelling weight.
The swelling index was then calculated using the following
equation:"'

_ Final wt — Initial wt

Swelling index (o) x 100

Initial wt

The same method was performed by immersing the sample
in solutions of different pH, i.e., 6.2, 6.8, 7.4, and in Ringer’s
solution.
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Chitosan + Acrylic Acid

Chitosan-AA Chitosan-AA Chitosan-AA
(1:0.5) (1:1) (1:1.5)
Fig. 1 Schematic diagram for the synthesis of chitosan—AA biomaterial.

Schematic representation for the synthesis of the biomaterial chitosan—AA
with varying ratios of chitosan to acrylic acid shown.

Spectroscopic characterization

UV-visible spectra of pure chitosan and chitosan-AA were
measured in the wavelength range 200-500 nm (Agilent, Cary
100 UV-visible spectrophotometer). FTIR analysis was performed
within the frequency range 400-4000 cm™ " (FTIR Spectrophot-
ometer-Spectrum Two, PerkinElmer).

Thermo-gravimetric analysis (TGA)

A thermo-gravimetric analyzer was utilized to perform thermal
stability analysis (TGA 4000, PerkinElmer, USA). It was carried
out in the temperature range 40 °C to 700 °C in an inert
environment with a constant heating rate of 20 °C min~*.*?

Microscopic structural analysis

The microscopic structure of the lyophilized sample was stu-
died using SEM (Hitachi S3400 N) at an accelerating voltage of
15.0 kv. Sample preparation was done by freezing the swelled
sample at —80 °C overnight and then lyophilizing it for 48 h.
Both lateral and cross sections were cut and subjected to gold-
sputtering before examination.'? These images were also uti-
lized to measure pore size for frequency distribution analysis.

Porosity (%) measurement

A known weight of the lyophilized sample (W;) was immersed
in a fixed volume of absolute ethanol at 25 °C. The total
weight of ethanol and sample submerged in ethanol (W,) was
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noted. After 24 h, the swelled sample was removed and the
remaining ethanol was weighed (W;). The porosity (%) was
calculated by the volumetric displacement method, using the
equation:'*

(Wr— W — W3)

x 100
(W — W73)

Porosity (%) =

Drug release

For drug release analysis, a fixed weight of lyophilized chito-
san-AA was immersed in a solution of 4’-hydroxyacetanilide for
24 h at room temperature. The drug-loaded biomaterial was
removed, wrapped in a muslin cloth and kept in the rotatory
basket of a type II drug dissolution apparatus (Electrolab
dissolution tester, TDT-06L)."> 2 mL of drug dissolution
solution was taken out at regular intervals and replaced by an
equal volume of fresh 1X PBS (pH 7.2) solution. 1X PBS
was prepared by adding NaCl, KCl, Na,HPO, and KH,PO,
to 400 mL of distilled water. The pH was adjusted to 7.2
and the final volume was made up to 500 mL. The absorbance
of the drug dissolution solution at each time point was mea-
sured at a wavelength of 249 nm (A,a Of 4’-hydroxyacetanilide)
using a UV-visible spectrophotometer (Agilent, Cary 100 UV-
visible spectrophotometer) and the drug release pattern was
evaluated.

Antimicrobial efficacy

The antimicrobial properties were analyzed by a well diffusion
assay. Luria-Bertani agar, and tryptic soy agar Petri plates were
inoculated with Gram-negative (—ve) bacteria Klebsiella pneumoniae
(MTCC 12949) and Gram-positive (+ve) bacteria Staphylococcus
aureus (ATCC 6538 and MRSA), respectively. Different concentra-
tions of all three ratios of chitosan-AA were prepared in Milli-Q
water Le., 0.6%, 1.2%, 1.8%, and added to different wells of the
agar plate for each microbial strain. The Petri plates were kept at
37 °C overnight in an incubator and checked for any ‘“zone-of-
inhibition” by measuring the longest diameter of clear zone around
the well.

Cell culture

RAW 264.7 cells and SaOS-2 cells (procured from NCCS Pune)
were maintained in DMEM (Gibco) and McCoy’s (Gibco) media
enriched with 10% FBS (Gibco), and penicillin-streptomycin
(Hi-Media), respectively, within an incubator maintained at
37 °C with 5% CO,.

Biocompatibility test

To check the biocompatibility, thin films of different concen-
trations of the biomaterial were coated onto 12-15 mm glass
coverslips and air dried. Mouse preosteoclast cells (RAW 264.7)
and osteoblast cells (SaOS-2) maintained in DMEM and
McCoy’s media, respectively, as described earlier, were pas-
saged using trypsin-EDTA (1X), and ~20 000 cells were seeded
on the coated and uncoated coverslips and grown for 48 h in
the CO, incubator at 37 °C. Cells were subsequently fixed using
paraformaldehyde (PFA).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Nucleus and cytoskeletal staining

Cells were fixed with 4% PFA and treated with Triton-X (0.1%)
to permeabilize the cell membrane. The cell cytoskeleton
(actin) was subsequently stained with Alexa-488-labeled phal-
loidin (Invitrogen, 1:200) and Alexa-594-labeled phalloidin
(Invitrogen, 1:200). Cells were further labelled with DAPI stain
(1:2000, Invitrogen). They were then visualized under a con-
focal laser-scanning microscope (Olympus FV3000), and images
were acquired accordingly.'®

Detection of mitochondrial membrane potential by TMRM
staining

For measurement of the mitochondrial membrane potential,
RAW 264.7 and Sa0S-2 cells were seeded on coverslips (25 mm)
coated with or without biomaterials and allowed to grow for
48 h within the incubator set at 37 °C and CO, (5%). For TMRM
imaging, the cells were incubated with a TMRM (tetramethylr-
hodamine methyl ester, perchlorate) probe (Invitrogen, 50 nM)
for a duration of 0.5 h at 37 °C. Images of the cells were
captured, as described for the detection of cytosolic Ca**, and
TMRM intensity was plotted in GraphPad Prism.

Ca”*-imaging

For the measurement of changes in Ca*>"-levels of osteogenic
cells, Sa0S-2 cells were grown for 48 h on both uncoated
and biomaterial coated coverslips (25 mm) within the incubator
set at 37 °C and CO, (5%). For Ca’*-imaging, the cells were
incubated with a Fluo4-AM probe (Invitrogen, 1 uM) for a
duration of 0.5 h at 37 °C. Images of the cells were captured
using a confocal laser-scanning microscope (Olympus FV3000).
Fluo4-AM intensity and cellular parameters (area and peri-
meter) were plotted in GraphPad Prism for a clear comparison
between the two conditions, i.e. biomaterial uncoated (control)
and coated surface (chitosan-AA). Linear regression analysis of
Fluo4-AM intensity and cellular area was also performed to
determine the correlation between the two (intensity vs. area)."”

Cell proliferation by MTT assay

To check the cytotoxicity, 48-well plates were coated with
chitosan-AA. Approximately, 3 x 10* cells per well (RAW
264.7 and SaOS-2 separately) were seeded on both uncoated
and coated surfaces and kept in a CO, incubator at 37 °C for
48 h. Subsequently, the medium was discarded and 200 pL
(0.5 mg mL™") of MTT solution (prepared in 1X PBS) was added
to the wells and kept at 37 °C for the development of formazan
crystals.'> After 4 h of incubation, DMSO was added to each
well to dissolve the formazan crystals, and the optical density
(0.D) was measured at 570 nm in a multimode spectral scan-
ning reader (Thermo-Scientific Varioskan Flash).

Hemolytic compatibility

A hemocompatibility assay was performed, as described earlier'?
with slight modifications. Goat blood was collected from a
slaughter house in vials pre-coated with EDTA to prevent coagu-
lation. The collected blood samples were centrifuged thrice at
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1006g for 10 min with washing of the pellet every single time
with cold 0.9% NaCl solution. Finally, the biomaterial solution
(1 mg mL™" or 3 mg mL ') was gradually added to the pellet
followed by incubation at 37 °C with gentle mixing for a duration
of 1 h. Milli-Q water and PBS were taken as positive (“+ve’) and
negative (‘—ve’) controls, respectively. For collection of the super-
natant, the samples were centrifuged at 3000 rpm for 5 min. The
optical density (O.D) of the collected supernatant was measured
at 540 nm with a Thermo-Scientific NANODROP ONE@©), and the
release of hemoglobin was determined with the equation:

Als) —A4(=)

T4 DA x 100

% Hemolysis =

A (s) = O.D of the sample, A (—) = O.D of the ‘—ve’ control, A
(+) = O.D of the ‘+ ve’ control.

Mineralization assay in vitro by Sa0S-2 cells

Mineralization takes place as a result of the late differentiation
of osteoblastic bone cells and is a crucial phenomenon for the
regeneration of bone tissue.’® An osteo-induction medium con-
sisting of L-ascorbic acid (100 mM), B-glycerophosphate (10 mM)
and dexamethasone (10 nM) in McCoy’s 5A medium was pre-
pared for differentiation of SaOS-2 cells on both biomaterial-
coated and uncoated surfaces in a 24-well plate for 10 days. Cells
were then fixed using PFA (4%) followed by staining with Alizarin
Red S solution (Sigma-Aldrich, India, at pH 4.2, 40 mM). Alizarin
Red S selectively binds to calcium salts, developing a red color.
Quantitative analysis was also performed by extracting it in 10%
cetyl-pyridinium chloride solution and the absorbance (O.D.)
was measured at 590 nm. Digital images of each well were also
captured for representation.

Statistical study

All the graphs were created using OriginPro and GraphPad
Prism 8.4.3, while all the statistical analyses were executed in
GraphPad Prism 8.4.3. For comparison of two groups, an
unpaired t-test was performed, whereas for more than two
groups, one-way ANOVA was chosen, and a p-value of less than
0.05 was considered to be statistically significant.

Results and discussion
Synthesis of chitosan-AA

Chitin is a natural biopolymer readily available from crustacean
waste and its deacetylation results in the production of chitosan.
The degree of acetylation plays an immense role in its
solubility."® Chitosan has been commonly modified using var-
ious techniques, like etherification, acylation, or alkylation,
to improve its solubility.’”*' However, in the last 30 years,
acrylic-acid-modified chitosan has been synthesized in the form
of microspheres,> polyelectrolyte complex,*®* nano-capsules,>*
interpenetrating networks,”®> nanofibers,*® etc. to enhance the
solubility and mechanical properties of this polymer. While most
of the routes involved suspension mode synthesis via thermal
initiation of free radical polymerization,?” ' only a few reports
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suggested synthesis via gamma irradiation,>* UV irradiation®? or
photochemical initiation.*® To date, these hydrogels/blends
have been studied mostly for anticancer/gastric drug delivery
applications,**° wastewater treatment,*®*! metal ions**™** and
lipoprotein adsorption.”> Whereas for application in bone
tissue regeneration,*® nanohydroxyapatite,*” silica®® or calcium
carbonate® have been reported to be additionally incorporated
in chitosan-acrylic acid blends. However, in this work chitosan-
AA biomaterial was synthesized via UV irradiation, where chit-
osan was used in the solid state, eliminating the need for any
acidic or organic solvent to dissolve chitosan, as required pre-
viously (Fig. 1). Hydrolysis of polymeric biomaterials is related to
its bioactivity and ability to interact with the surrounding body
tissue. The synthesized biomaterial was also found to be dis-
persed in water and was investigated for application in bone
tissue regeneration.

Chitosan-AA exhibits improved solubility/dispersibility in water

Unlike pure chitosan, modified chitosan ie. chitosan-AA,
shows dispersion in water on continuous stirring at 80 °C. As
acrylic acid is already known to impart water solubility, this
change in the solubility/dispersibility pattern of chitosan might
indicate the successful incorporation of acrylic acid monomer
into the polymeric chitosan backbone.

Physicochemical characterization

Swelling study of all the ratios of chitosan-AA. Measurement
of the swelling index of a biomaterial is a simple, safe, and
inexpensive method to acquire important information about the
extent of crosslinking of the polymeric chains. It also provides
vital information about the structural properties that are useful
for drug release and tissue engineering. It can be observed in
Fig. 2a that pure chitosan shows the lowest swelling ability while it
is increased to ~2900% for chitosan-AA (1:0.5). The hydrophi-
licity further increases from chitosan-AA (1:0.5) to chitosan-AA
(1:1) with the swelling index reaching ~4000%, while it rapidly
decreases thereafter for chitosan-AA (1:1.5). This decrease in the
swelling index with increased acrylic acid concentration might be
due to the incorporation of AA/PAA (polyacrylic acid) onto the
polymer backbone.’® Therefore, chitosan-AA (1:1) shows the
highest swelling ability and was chosen for further analysis.

Swelling kinetics at different pH of PBS and Ringer’s solution.
The swelling ability of the biomaterial at different pH was
analyzed (Fig. 2b). As chitosan is naturally soluble in an acidic
medium, this chitosan-based biomaterial also shows better swel-
ling kinetics in 1X PBS with slightly acidic pH of 6.2 and 6.8, while
it is the lowest for the same at slightly alkaline pH of 7.4. Ringer’s
solution is a mixture of CaCl,, NaCl, NaHCOj3, glucose, MgSO,-
7H,0, NaH,PO,-H,0 and KClI at concentrations similar to human
body fluid, which is widely used clinically to treat dehydration by
restoring extracellular fluid losses and also for arthroscopic
lavage. The swelling index is observed to be highest in the Ringer’s
solution of pH 7.3-7.4, suggesting that chitosan-AA might show
better interaction with the fluid system of the human body.>"

UV-visible spectroscopic characterization. UV-visible or elec-
tronic spectroscopy is a non-destructive analytical technique for
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structural interpretation. Pure chitosan shows a single peak at
~208 nm,*** acrylic acid shows a single peak at ~205 nm,**
while chitosan modified with acrylic acid shows two peaks: one
at ~207 nm (which is similar to pure chitosan) and the other at
~256 nm. These absorbance peaks in chitosan-AA might
suggest the successful incorporation of the acrylic acid mono-
mer into the backbone of the chitosan polymer (Fig. 2c).

Analysis of the functional groups by Fourier transform
infrared (FT-IR) spectroscopy. The infrared spectra of pure
chitosan and chitosan-AA are depicted in Fig. 2d. A significant
change in the spectra was observed in chitosan-AA compared
to pure chitosan. The analysis of the functional group region of
pure chitosan shows an intense peak at ~3289 cm™* for the
stretching of the O-H and N-H groups and at ~2869 cm ™" for
the inter-molecular hydrogen bonds of the polysaccharide.’®
In general, the literature shows that the bands of absorption at
~1651 (C=0), 1551 (N-H), and 1373 cm~ " (C-N) are due to
amides I, II, and III, respectively.’®>’ In chitosan-AA, the amide
I band undergoes extreme weakening, while the amide II and
III bands show an increase in intensity and shift to ~1556 and
~1378 cm™ ', respectively.>” This shift might correspond to the
bending and deformation of methylene (CH,) and methyl (CHj;)
groups, respectively.”® Sharp peaks at ~1060, 1024 and
893 cm !, which correspond to the C-O and C-H bonds, are
found to be present in both pure and modified chitosan.’ The
extreme broadening and weakening of the characteristic -OH
and N-H groups of the chitosan-AA spectrum imply that it took
part in the modification reaction.>”®® The presence of such
bands might indicate the incorporation of acrylic acid into the
chitosan backbone.

Thermal stability analysis. Thermogravimetry is a technique
to determine the thermal stability of specimens by measuring
mass change with temperature. The synthesized biomaterial
was analyzed for its thermal stability by TGA and its derivative
DTGA thermogram, performed under inert conditions. For pure
chitosan, the initial weight loss (of ~8%) was firstly due to the
elimination of the bound moisture by evaporation. This was
followed by a steady weight loss (of ~45%) initiated at 259 °C
and continuing up to 400 °C, after which no weight loss is
observed until 700 °C (Fig. 2e). The second stage of degradation
might resemble the breakage of the polymeric chain of the neat
polysaccharide.®>®> Degradation of chitosan-AA shows a dis-
tinct reduction in the extent of degradation, as indicated by the
peak values of the kinetic plot (Fig. 2f). The initial degradation
(of ~38%) was initiated at 190 °C, and continued up to 350 °C.
This might be due to degradation of the acrylic acid side chains
incorporated in the polymeric chain. This analysis reflects the
difference in the thermograms of pure and modified chitosan.

Microstructural analysis by SEM. Morphological studies of
porous samples in their native swollen state are crucial for
biological application. Unlike other microscopic techniques
like light microscopy and confocal microscopy, scanning elec-
tron microscopy (SEM) allows structural insights at higher
resolution of sub-micron range and enhanced depth of field,
without any need for chemical contrast and labels. The SEM
micrograph provides details about the surface topology, nature,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Swelling index and spectroscopic characterization for pure chitosan and chitosan—AA. (a) Swelling indexes of all the ratios of chitosan—AA, where
chitosan—AA (1:1) shows the maximum swelling ability. (b) Hydro-swelling behavior of chitosan—AA (1:1) in different pH solutions. Mean values of
swelling index (%) from three independent experiments (n = 3). (c)-(f) Representative graphs of all the spectroscopic analysis. UV-vis spectroscopy (c) and
FTIR spectra of pure chitosan and chitosan—AA indicating the successful incorporation of acrylic acid in the biomaterial chitosan—AA (d). Thermogram
showing the weight retention (%) (e) and comparison of the derivative weight (%) (f) of pure chitosan and chitosan—AA.

and size of the pores present in the sample.®® These factors are
important determinants for cellular adhesion and prolifera-
tion. The lateral view (Fig. 3a) and cross-sectional (Fig. 3b) view
of the lyophilized sample show that the synthesized chitosan-
AA is highly porous with non-uniform pores. The frequency
distribution analysis (Fig. 3c) indicates that the biomaterial
exhibits pore sizes ranging from 10 pm to 100 pm, which are
also interconnected. The uneven surface morphology and lar-
ger pore size satisfy the requirements for biocompatibility and
application in tissue engineering purposes.®

© 2025 The Author(s). Published by the Royal Society of Chemistry

Porosity (%) of chitosan-AA. Fig. 3d represents the porosity
content of the biomaterial chitosan-AA. The values suggest that
the biomaterial exhibits a remarkable total porosity percent of
greater than 90%, which might prove its suitability for effective
cell adhesion and proliferation through better uptake of
nutrients.

Drug release study of chitosan-AA in vitro. Dissolution of a
drug is a crucial parameter in the pharmaceutical industry to
determine its therapeutic effectiveness and bioavailability.
Drug release from a matrix involves two simultaneous
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Fig. 3 Chitosan—AA has suitable pores. (a) and (b) Microstructure analysis by SEM shows the highly porous structure of chitosan—AA, as depicted in both lateral
section (a) and cross section images (b). The inset images show the lyophilized sample view of the respective lateral and cross section. (c and d) Distribution pattern
of pore size with pore count of 52 (calculated by SEM images using ImageJ-win64 software) (c) and porosity (%) (d). (€) Release pattern of the drug (4'-
hydroxyacetanilide) from the chitosan—AA matrix in controlled pH conditions represented by mean + SEM values of experiment performed three times.

processes of swelling with water and deswelling of the same Fig. 3e reveals the initial release of 4’-hydroxyacetanilide
due to the release of the drug via a diffusion mechanism. within about the first 50 min followed by a sustained release
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(MDR) (ii) and S. aureus (iii) with clear “zone-of-inhibition". (b) Anti-microbial assay indicates that pure chitosan does not show any “zone-of-inhibition”
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and DAPI (blue). Confocal images were obtained. Scale bar of 30 um (RAW 264.7) and 50 pm (SaOS-2).

pattern for the next 4 h. This result determines that the release
of drug molecules from the chitosan-AA matrix might be due to
the pressure exerted by the surrounding water molecules,
resulting in the replacement of drug molecules from the
biomaterial matrix in dissolution media (1X PBS).

The biomaterial retains the antimicrobial property of chitosan.
Infections are caused by poor antimicrobial properties of implants
or biomaterial surfaces. It accounts for ~7% of orthopedic

© 2025 The Author(s). Published by the Royal Society of Chemistry

surgery and still remains a major complication in such cases.
Once biofilm formation takes place, it becomes extremely difficult
to control even with high doses of antibiotics.®®> Staphylococcus
aureus® and Klebsiella pneumoniae®” are reported to cause bone-
related infections like osteomyelitis and septic arthritis. These
infections are difficult to treat because in many cases the anti-
biotics are unable to reach the site of infection, leading to bone
loss, fractures and the need for surgery. Therefore, better
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Fig. 5 Chitosan—AA improves mitochondrial membrane potential. (a) and (b) RAW 264.7 (a) and SaOS-2 (b) cells were assessed for any change in the
mitochondrial membrane potential in the absence and in the presence of the biomaterial chitosan—AA. Cells were labelled with TMRM, a mitochondrial
membrane potential sensor and confocal images were obtained. Scale bar of 30 um. (c) and (d) Quantification of the images for TMRM intensity reveals a
significant increase in the mitochondrial membrane potential of cells grown on the biomaterial coated surface compared to cells grown on only a glass
surface for both RAW 264.7 (c) and SaOS-2 (d) cells. Statistical value of unpaired t-test, p-value: ****< 0.0001 and *< 0.05.
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cellular parameters were calculated. Represented graphs depict area (c) and perimeter (d), showing no major effect of cell morphology in response to the
chitosan—AA biomaterial. Unpaired t-test was performed by GraphPad Prism. ns (non-significant, p > 0.05). (e) and (f) Correlation graphs of area and
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analysis with lower R? values in both groups are indicative of no considerable correlation between cell morphology and cytosolic Ca2*-levels.
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Fig. 7 Chitosan—AA is biocompatible. (a) and (b) Both RAW 264.7 (a) and SaOS-2 (b) cells attain more than 75% cell viability on chitosan—AA surface.
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for hemolysis. (d) Quantitative analysis of Alizarin-stained calcium deposits by CPC extraction method. The graphical data is represented in the form
of mean + SEM. Actual images of plates with red-colored deposition of calcium complexes by SaOS-2 cells. Statistical value of unpaired t-test, p-value:

***k* < 0.0001, *** < 0.001, * < 0.05 and ns = non-significant.

alternatives are required to combat infection along with bone
regeneration. Chitosan is known to have inherent antimicrobial
properties. However, here in a well-diffusion assay, pure chitosan
shows no antimicrobial effect on a relative scale (which might
be due to its insolubility in water, resulting in an inability
to diffuse through the agar).®® The images of the “zone-of-
inhibition” indicate that chitosan-AA can not only easily diffuse
through the wells but also exhibit better antimicrobial properties
against all the tested microorganisms that cause bone infection.
Chitosan-AA is also equally effective against multidrug-resistant
S. aureus (MDR). The diameter of the “zone-of-inhibition” is

4374 | Mater. Adv, 2025, 6, 4364-4377

found to increase with increasing concentration of chitosan-AA
(Fig. 4a and b).

Chitosan-AA is biocompatible with both bone-absorbing
preosteoclasts and bone-forming osteoblasts. Adhesion is a
crucial phenomenon in tissue engineering as it is a major
prerequisite for cell growth and proliferation. Confocal images,
as described in Fig. 4c and d, reveal adhesion, growth, and
proliferation of RAW 264.7 (pre-osteoclast cells) and SaOS-2
(osteosarcoma) on the chitosan-AA matrix at different concen-
trations (w/v) (i.e. 0.6%, 1.2%, and 1.8%), without any morpho-
logical alterations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Chitosan-AA exerts a positive effect on mitochondrial health.
Mitochondrial health is a crucial parameter for various cellular
functions. Healthy mitochondria display a potential difference
between the two sides of the membrane (inside and outside of
the organelle). While damaged or dead cells are incapable
of maintaining this membrane potential. Therefore, to assess
mitochondrial cytotoxicity, pre-osteoclast RAW 264.7 cells
(Fig. 5a) and SaOS-2 (Fig. 5b) osteoblasts were labelled with a
cationic, mitochondrial membrane potential selective dye,
TMRM. Quantification of its fluorescent intensity from the
acquired images using Image], indicates a significant rise in the
TMRM intensity in the presence of the biomaterial (chitosan-AA)
(Fig. 5¢ and d), suggesting improved mitochondrial health."”

No visible change in Ca**-levels of osteogenic cells in
response to chitosan-AA. Ca®>" is an essential element for
various biological functions, but it has major importance in the
bone mineralization process directly or indirectly. Therefore,
Sa0S-2 cells were grown on both surfaces, i.e. on coated with
biomaterials as well as on an uncoated surface and were labelled
with Ca**-sensitive Fluo4-AM dye and images were acquired
(Fig. 6a). Quantification of Fluo4-AM intensity from the
acquired images using Image], indicates that the biomaterial
does not exert any adverse change in the Ca**-levels of Sa0S-2
cells (Fig. 6b). Additionally, the presence of chitosan-AA does not
cause any significant change in the area or perimeter of the cells
(Fig. 6¢ and d). No strong correlation was observed between
intracellular Ca®*-level and the area of the cells in the presence
or absence of the biomaterial (Fig. 6e and f)., Additionally, no
considerable difference in the R* value of either group (0.1178
for ‘control’ and 0.1164 for ‘chitosan-AA’) was noted. This
suggests, that chitosan-AA can act as a suitable surface for cell
adhesion and proliferation without drastically altering the cel-
lular parameters.

In vitro cellular toxicity analysis by MTT assay. Toxicity by
MTT reduction reveals that chitosan-AA does not show any
cytotoxic effect on the cells. For both pre-osteoclastic RAW
264.7 and osteoblastic Sa0S-2 cells, more than 75% cell viability
was attained at 48 h after seeding (Fig. 7a and b). As more than
70% viability is considered to be non-toxic, the results suggest
that this biomaterial supports the growth and proliferation of
bone cells.*

Chitosan-AA does not exert any hemolytic effect. The hemolytic
assay recommended by the International Organization for Stand-
ardization (ISO) allows toxicological analysis of any biomaterial.
It is one of the most important parameters for application
of a biomaterial in vivo, to prevent any adverse reactions, like
coagulation, activation, inflammation, or reduction in the
numbers of each blood component. It eliminates the possibility
of any degradation product of the biomaterial interacting with the
components of blood, leading to detrimental effects. Chitosan-AA
at concentrations of 1 mg mL " and 3 mg mL ' shows ~0.5%
and ~1% hemolysis, respectively (Fig. 7c). These values are less
than the acceptable limit (5%) determined by ISO 10993-4. These
results indicate no RBC lysis or release of its lysed components in
response to the biomaterial, which indicates the absence or
formation of any toxic degradation products from the biomaterial.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In vitro Ca*>*-deposition on chitosan-AA surface. The growth
of inorganic crystals is a crucial phenomenon for bone tissue
repair and remodeling. Biomimetic mineralization on the
biomaterial surface is known to augment bone regeneration
by enhancing osteo-inductive and osteo-conductive activity of
bone cells.”””" Therefore, to understand the osteogenic
potential of the synthesized biomaterial, the ability to deposit
an insoluble Ca®*"-complex was evaluated. Sa0S-2 cells were
seeded on both chitosan-AA-coated and uncoated surfaces in
the presence of mineralization media and constantly observed
for 10 days. CPC extraction and quantification of Alizarin stain
calcium deposits, as shown in Fig. 7d, suggests that the
chitosan-AA surface supports mineralization and shows similar
fold change to that on the glass surface in the presence of osteo-
inductive media. The same trend is depicted in the images of
the well plate after staining with calcium-binding dye
Alizarin Red S.

Conclusions

This paper entails a quick and unique approach for the fabrica-
tion of a highly porous modified chitosan-based biomaterial,
without solubilizing the polymer in any low-pH solutions. Ana-
lysis indicates that the biomaterial holds excellent swelling
potential, which permits favourable attachment and viability of
cells, effective diffusion of nutrients, and mineralization by bone
osteoblasts in vitro. Compared to earlier work that used an acidic
medium for the dissolution of chitosan prior to biomaterial
synthesis, the chitosan-AA surface developed in this work shows
similar or better ability for bone cell adherence and mineraliza-
tion by osteoblasts. This biomaterial can be considered as a
suitable framework for bone tissue engineering due to its easy
dispersion in water, antimicrobial properties, and lack of notice-
able toxicity to blood and bone cells.
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