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In the present work, chitosan-glycidyl methacrylate-xanthan ((CTS-g-GMA)-X) hydrogel was successfully
synthesized by the chemical reaction of a co-polymer of chitosan-g-glycidyl methacrylate (CTS-g-GMA),
under different stoichiometric molar ratios from 1:1 to 1:4, and xanthan (X). (CTS-g-GMA)-X was
synthesized by two methods to obtain a hydrogel: an agueous acid media followed by neutralization and
a neutral agueous media, with an extended reaction time. Human epidermal keratinocytes (HEK) and
nerve cells (neuroblastoma x glioma hybrid cell NG108-15) were sown over the hydrogels, and their

vitality was determined using a calcein stain. The viability for keratinocytes and nerve cells was quantified
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Accepted 18th December 2024 using a DNA (proliferation) assay at several intervals. Additionally, immunocytochemistry, detecting E-

cadherin, fibronectin, and laminin proteins in HEK, was performed to discard possible diseases caused by

DOI: 10.1039/d4ra06549b (CTS-g-GMA)-X hydrogels. The (CTS-GMA) shows greater results compared with the positive control
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(glass) and the pure chitosan; all polymers show similar satisfactory behaviors between them.

1. Introduction

Due to their abundant availability and unique biological prop-
erties, natural polymers have attracted significant interest in
regenerative medicine, particularly for applications such as cell
scaffolding, wound dressing, tissue regeneration, and wound
healing. These materials exhibit vital attributes, including
biocompatibility and structures similar to the extracellular
matrix (ECM) components. As a result, they have facilitated the
development and application of new natural and semi-synthetic
materials that mimic the structure and functionality of tissues
while also providing favorable conditions for cell growth." For
example, designing a cellular scaffold involves tailoring the
biomaterial's properties to encourage proper interaction
between cells and the ECM, which is crucial for effective tissue
formation.” Therefore, selecting the appropriate components
for the biomaterial is essential. Materials under investigation
for these applications include collagen, cellulose, alginate,
chitin, hyaluronic acid, starch, and chitosan.

Chitin, the second most abundant polysaccharide in nature
after cellulose, is converted into chitosan (CTS), a natural
polymer, through deacetylation.? Due to its structural similarity
to natural glycosaminoglycans and its biodegradability by
human enzymes such as lysozyme, CTS has been extensively
explored for various tissue engineering applications.**®
Furthermore, CTS possesses several attractive properties,
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including low toxicity, a cationic nature, and versatile prepara-
tion methods that allow for producing a wide range of bioma-
terials (e.g., scaffolds, films, hydrogels, and foams). Its
functional groups also enable the functionalization or conju-
gation of biomolecules, making it highly suitable for tissue
engineering.” CTS-based hydrogels are widely investigated in
skin tissue engineering, with numerous studies demonstrating
the in vitro proliferation of various cell types, such as fibroblasts
and keratinocytes, to form skin layers.***> Additionally, neuronal
cell growth has been observed in vivo and in vitro.'>'* Moreover,
there is strong evidence supporting the acceleration of the
wound-healing process when wounds are in direct contact with
CTS-based hydrogels, as shown in various in vivo models™™"*
and clinical studies.

Xanthan gum (X), an exopolysaccharide produced by the
bacterium Xanthomonas, is an intriguing biomaterial for various
biomedical applications, including tissue engineering and drug
delivery, due to its desirable properties such as excellent
biocompatibility, biodegradability, non-toxicity, and immuno-
logical activity.**** Several studies have focused on evaluating X-
based biomaterials to promote the growth and proliferation of
specialized cells for skin regeneration.>*® However, X-based
biomaterials for nerve cell tissue engineering®*>® have not been
as extensively investigated as their chitosan (CTS) counterparts.
This study evaluates the in vitro biocompatibility of (CTS-g-GMA)-
X hydrogels as extracellular matrix (ECM) supports (scaffolds) for
fibroblasts, keratinocytes, and nerve cells, using assays such as
calcein viability, DNA quantification for cell number, peroxide
levels, interleukin-1B, and immunocytochemistry.

2. Materials and methods

2.1. Materials

The commercial reagents were from Aldrich Chemical and were
used without additional purification. The chitosan had a degree
of deacetylation of about 87%, determined by a titration
method, and an average molecular weight of 300 kDa, deter-
mined by viscometry in a 0.1 M acetic acid and 0.2 M sodium
chloride solution at 25 °C. The Mark-Houwink constants, «,
and K, were taken from Milas et al.*” for the xanthan (X) and
from Kasaai et al* for chitosan (CTS). The liquid glycidyl
methacrylate (GMA) had 97% purity and was used without
additional purification.

2.2. Cells culture

2.2.1. Dermal fibroblasts. The dermal fibroblasts for the
primary culture used for the experiments were obtained from
the newborn foreskin. Informed consent was obtained from
each subject's parents (Hospital Angeles del Pedregal, México).
The skin was removed, cleaned in 10 mL of Microcyn® for two
minutes, and then maintained in a complete growth medium
made up of Dulbecco's modified eagle's medium (DMEM) (Life
Technologies Inc. Invitrogen) with 10% fetal bovine serum, 1%
penicillin-streptomycin, and 1% amphotericin (Life Technolo-
gies Inc. Invitrogen). Explant techniques obtained the fibro-
blasts. First, the tissue (1-2 g) was minced and incubated in
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10 mL of 3% collagenase (Worthington, USA) in DMEM media
with 2% penicillin-streptomycin-amphotericin solution for
four hours in a shaker at 37 °C. The lysate was centrifuged at
800xg for 5 min, and the supernatant was discarded. Next, the
cell pellet was washed twice in phosphate buffer saline (PBS)
supplemented with a 2% penicillin-streptomycin-amphoter-
icin solution. Aspirate the supernatant, tap the pellet to disso-
ciate the cells, and resuspend them in 1 mL of fresh complete
growth medium. The cell pellet was filtered through a nylon
mesh of 42 pm and cultured in a single T25 cm? flask. The
following day, cells were washed twice in 0.9% saline solution to
remove red blood cells (RBC). The tissue culture continued with
exchange every three days until confluent cell monolayers were
formed. After three or four subcultures, homogeneous, slim,
spindle-shaped cells growing in characteristic swirls were ob-
tained. Dermal fibroblasts were used for these experiments in
their third and fifth passages.”*°

2.2.2. Keratinocytes. Human epidermal keratinocytes from
adults (HEKa) were proliferated in T75 flasks with a surface
treatment to ensure optimal cell attachment and growth in
DMEM (5% FBS and 1% antibiotic). H413 keratinocytes were
proliferated in T75 flasks with a surface treatment to ensure
optimal cell attachment and growth in a DMEM:F12 media
supplemented with 50 mL of hydrocortisone per liter of
media.>* Both keratinocytes were maintained at 37 °C in
a humidified incubator with 5% CO,. The keratinocytes used
were both from the cell line (H413) and the primary culture
(HEKa) to be able to make a comparison between both cell lines
and to be able to evaluate the cell viability of the material
against both modified and “natural” keratinocytes.

2.2.3. Murine BALB/c monocyte-macrophage cell line
J774A.1. The murine BALB/c monocyte-macrophage cell line
J774A.1 was obtained from the European Collection of Cell
Cultures (no. 91051511). Cells were proliferated in T75 flasks
with a surface treatment to ensure optimal cell attachment and
growth in a DMEM supplemented with 10% fetal bovine serum
(FBS) and 1% antibiotic (all from Life Technologies, Paisley,
Scotland). In addition, cells were cultured in Nunc tissue
culture flasks and plates (Nunclon, Oxford, UK) and maintained
at 37 °C in a humidified incubator with 5% CO,.?*

2.2.4. Nerve cells line NG108-15. Nerve cells line NG108-15
were proliferated in T75 flasks with a surface treatment with
proprietary Nunclon Delta surface to ensure optimal cell
attachment and growth, with DMEM high glucose media
without antibiotics, supplemented with 5% FBS, 1% HAT, and
1% of antibiotic, were maintained at 37 °C in a humidified
incubator with 5% CO,.

2.3. (CTS-g-GMA)-X hydrogel synthesis

The (CTS-g-GMA)-X hydrogels were synthesized by modifying
the method proposed by Elizalde-Pena et al. 2008.** The (CTS-g-
GMA)-X hydrogels were labeled Z11E, Z12E, Z13E, and Z14E,
respectively. The numbers 1:1,1:2,1:3, and 1:4 correspond
to stoichiometric molar ratios of CTS: GMA. E = A for CTS-g-
GMA materials dissolved in acid solution and E = B for neutral
dissolution (Table 1).*3*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 General reaction conditions for the materials Z, for both methods: A acidic and B neutral media

General conditions

Material Stoichiometric ratio (CTS : GMA) CTS-g-GMA solvent Xanthan solvent Gravimetric ratio (CTS-g-GMA) : X
Z11A 1:1 Acetic acid 0.4 M Distilled water 1:1
Z12A 1:2
Z13A 1:3
Z14A 1:4
Z11B 1:1 Distilled water
Z12B 1:2
Z13B 1:3
Z14B 1:4
THa CH3
— ]
CH=¢ CHz=C
¢=o ¢=0
1 2
o b
CH—
o o Ne (CTS-g-GMA)-X
THZ C\”z * Hydrogels
0 o]
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Fig. 1 The proposed chemical reaction for synthesizing the (CTS-g-GMA)-X hydrogels.

To obtain a pH similar to physiological, we used a neutral and
acid aqueous media to synthesize CTS-g-GMA-X hydrogels. In an
Erlenmeyer flask, a known quantity, in dry weight, of CTS-g-GMA
was placed, and then an acetic acid solution of 0.4 M (pH mixture
3.1) was added for series A or distilled water for series B. When
the CTS-g-GMA was dissolved, the xanthan solution was added
slowly. The vial was closed, then a nitrogen flow was introduced;
the temperature was 50 & 1 °C, and constant magnetic agitation
was used; the reaction scheme is shown in Fig. 1. The gas flow,
heating, and agitation were stopped after one hour (for series A)
or four hours (for series B). The product was cooled down in an
ice bath for 15 minutes to complete the reaction.

NaOH 0.2 M solution was added for the polymer's series A
until a pH of ca. 6.8 was reached. Under these conditions, white
pearls remained formed, immersed in a colorless solution, and
they were recovered by decantation. The pearls were rinsed
several times in distilled water to eliminate the residual reac-
tants. The material was recovered by decantation and washed
several times in distilled water for the series B polymers to
eliminate the residual reactants. Both products were dried in an
oven for one hour at 45 °C to obtain films for the subsequent
characterization.

All the items used for the tests were conditioned to avoid
introducing microbes that could have been picked up while
handling the materials in non-sterile places. First, material

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

discs of 10 mm diameter were placed in 48-well plates and were
immersed twice in 1 mL of ethanol (70%) for 15 minutes. Then,
the ethanol was removed, washed twice with sterile PBS, and
maintained overnight in a sterile environment.**

2.4. Infrared characterization

Infrared spectroscopy determined the structural differences
between both series of materials. The FTIR spectra were recor-
ded on a PerkinElmer spectrometer (model Spectrum One) in
the 4000 to 450 cm ™' range at a resolution of 4 cm™" in trans-
mission mode.

2.5. Live/dead assay

A LIVE-DEAD® Viability/Cytotoxicity Kit (L-3224, Molecular
Probes, Invitrogen) was used to check the cell viability. The cells
were seeded at a density of 4 x 10* cells per mL in corresponding
media onto each disc of polymer; additionally, glasses were used
as a positive control. Each well received 500 mL of calcein AM in
PBS containing 2 mM of EthD1, which was added for 20 minutes
of incubation. The times for this assay were 1 and 5 days, after
which media was removed, and the samples were rinsed three
times with PBS. Following removing the media, each sample was
placed on a glass microscope slide and observed under a fluo-
rescence microscope; healthy cells fluoresce green, while
damaged cells fluoresce red. All assays were made in triplicate.

RSC Adv, 2025, 15, 7693-7708 | 7695
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2.6. DNA assay for cell number

H413 keratinocytes were seeded at a density of 4 x 10" cells
per mL in DMEM:F12 onto each polymer; additionally, glass
coverslips were used as a positive control. The keratinocyte's
behaviors were observed quantitatively on the materials medi-
ated by a DNA assay for cell number. The times for this assay
were 1, 3, and 7 days. After this time, the media was removed,
and samples were rinsed with PBS. Each sample was transferred
to a separate replicate multiwell plate. Distilled water was added
to each new well, and samples were freeze-thawed three times.
Aliquots of 100 mL of the specimens, standards, and blank
(distilled water) were placed into a 96-well plate, and 100 mL of
Hoechst stain was added to each well. The plate was shaken for
10 seconds, and fluorescence measurements at 355 nm excita-
tion and 460 nm emission were carried out using a fluorescence
plate reader (Fluostar Optima).**** All assays were made in
triplicate.

2.7. Interleukin 1b assay (IL-1pB)

This assay quantitatively determines the IL-1B in cell culture
supernatant released for the macrophages when seeded onto
the materials. Cells were cultured for 2 and 48 hours on the
material samples.

We used 50 ug mL ™" of lipopolysaccharide (LPS) as a positive
control for the II-1B release at various concentrations at both
times. The assay was performed, and the optical density of each
well was determined using a microplate reader at 450 nm
(measurement) and 540 nm (reference) wavelengths.*? All assays
were made in triplicate.

2.8. Immunocytochemistry (ICC)

This test has been made only for the HEKa. Fibronectin,
laminin, and E-cadherin antibodies were detected in the cells
by ICC protocol, using rabbit IgG as a secondary antibody for
fibronectin and laminin; for E-cadherin, mouse IgG and
rabbit IgG were used. This assay was performed for 1 and 5
days, respectively, after which media was removed, and the
samples were rinsed twice with PBS. The cells were fixed in
3-4% paraformaldehyde in PBS for 15 minutes at room
temperature and washed twice using ice-cold PBS. The
samples were incubated for 10 minutes with PBS containing
0.25% Triton X-100. Samples were washed in PBS three times
for 5 minutes.

Cells were incubated with 1% Bovine Serum Albumin (BSA)
in PBS for 30 minutes to block the unspecific binding of the
antibodies. Next, the solution was removed, and cells were
incubated in the diluted antibody in 1% BSA in PBS in
a humidified chamber for 1 hour at room temperature. After
that, the solution was removed, and the cells were washed
thrice in PBS, 5 minutes for each wash. Next, the HEKa cells
were incubated with the secondary antibody corresponding to
1% BSA for 1 hour at room temperature in the dark, and the
solution was removed. After that, the samples were washed
thrice with PBS for 5 minutes each in the dark. Finally, the
cells were mounted in a coverslip with a drop of mounting
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medium and stored in the dark at 4 °C overnight to be
analyzed using a fluorescence microscope. All assays were
made in triplicate.

3. Results

3.1. (CTS-g-GMA)-X hydrogel synthesis and characterization

Our research group was the first to report synthesizing and
characterizing a functionalized CTS-based biomaterial using
the synthetic polymer glycidyl methacrylate (GMA). The result-
ing hybrid hydrogel (CTS/GMA) exhibited superior mechanical
properties compared to CTS hydrogels.** Subsequently, we
provided evidence for synthesizing a (CTS-g-GMA)-xanthan (X)
hydrogel. Rheological analysis demonstrated that the
composite biomaterial exhibited physical hydrogel behavior,
while in vitro qualitative studies revealed a decrease in cell
viability associated with the GMA content.*” However, in vivo
studies highlighted the significant potential of this composite
biomaterial for treating spinal cord injuries.*

In this study, the films obtained after drying had an optimal
thickness for infrared characterization. Fig. 2a shows the
infrared spectra of the hydrogels (CTS-g-GMA)-X (Z) series B,
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Fig. 2 The infrared spectrum of the (a) hydrogels Z series B. (b) The
hydrogels Z series A.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where all spectra display the same bands with minimal
changes. For example, it can be observed that in the region
corresponding to the OH groups, the Z11B and Z13B samples
show wider bands. The band's widening in this region is
commonly associated with hydrogen bonding interactions. The
OH groups can form hydrogen bonds either with each other or
with neighboring water molecules, which causes the band to
expand in the FTIR spectrum. This hydrogen bonding is
a characteristic phenomenon of materials that contain water or
have a high capacity to form hydrogen bonds, such as gels.

Nevertheless, these spectra maintain the characteristic
bands compared to the material obtained in an acidic medium
without neutralization.?® However, some differences are evident
when comparing series B with series A.

Fig. 2b shows the infrared spectra of series Z A compared to
series B. The most notable difference is observed in the bands
around 1695 and 1560 cm ', which correspond to the C=C
stretching vibrations of the GMA group attached to chitosan. This
result suggests that the chemical treatment used for neutraliza-
tion slightly degraded the chemical structure of the CTS-g-GMA
fraction, as reported in previous studies, where it was indicated
that the affected groups in CTS-g-GMA are the terminal methyl-
vinyl groups, which are primarily in contact with the basic
medium.** In an acid environment, the protonated groups can
interact with the epoxy group, decreasing the signals between
1070 and 1035 cm ™', which is associated with the C-O-C group of
GMA. This phenomenon correlates with the shift to the left of
NH, and OH signal compared to Fig. 2a. However, as in series B,
the rest of the bands for series A show the same position as the
un-neutralized biomaterials described in previous work.*3-3¢3%3°

In summary, although no significant differences were found
between the spectra of series A and B, the slight degradation
observed in the functional groups of GMA suggests that the
neutralization treatment influences the chemical structure of
the material, especially the groups that react with the basic
medium. Finally, the composed biomaterial showed no
apparent immune rejection or severe tissue damage; it is
necessary to verify the biocompatibility at a cellular level; the
scaffold is an exogenous agent that will be interacting with
a living host, which could cause different cellular responses,
such as inflammatory responses (acute and chronic), foreign
body reactions, fibrous capsule development and wound heal-
ing responses.*’

3.2. Epithelial cells

The biocompatibility of a material means that it does not harm
cells, allowing them to survive, proliferate, and support tissue
formation. To assess the biocompatibility of the (CTS-g-GMA)-X
hydrogel, we employed calcein, live/dead, and DNA assays with
keratinocytes H413 and human epidermal keratinocytes.**> All
assays were performed in triplicate, and no significant differ-
ences were observed, with a p-value > 0.05.

3.2.1. Live/dead assay. For the live/dead assay in HEKa
cells, Fig. 4 shows representative results for 1 and 5 days after
cell incubation. The images were obtained using confocal
microscopy. Green clusters are visible in both figures, though

© 2025 The Author(s). Published by the Royal Society of Chemistry
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they appear somewhat undefined. This observation is likely
because the polymers support cell growth within their three-
dimensional hydrogel structure.

In Fig. 3(a-d), the positive control shows a high number of
live cells (green). Meanwhile, all materials exhibit numerous
live cells organized into clusters, although some dead cells (red)
are also present. In comparison, chitosan shows a more
significant proportion of dead cells.

Fig. 3(e-h) presents the live/dead assay results after 5 days of
cell inoculation. The glass surface displays a high number of
nuclei (dead cells in red) embedded within a layer of cytoplasm
(live cells). These nuclei could be due to the high pressure
applied to the coverslip. In the CTS group, only remnants of
cytoplasm are visible, with no live cells present. The tendency
for cells to organize into clusters persists across the biomate-
rials, though dead cells are evident within these clusters.

3.2.2. DNA assay for counting cells. The viability of H413
keratinocytes was quantified using a DNA (proliferation) assay.
Fig. 4 illustrates the growth of keratinocytes on the different
processed biomaterials. The results show that some samples
(Z14A and Z13B) exhibit behavior similar to the positive control,
with cell numbers increasing over time. However, the hydrogels
generally maintain better cell viability than the positive control
(glass with a treated surface).

For materials in series A, it is noteworthy that there is a peak
in cell growth on day 3, followed by a decrease in cell numbers
on subsequent days. This growth pattern could be attributed to
the chemical structure of the biomaterials, which may create an
unfavorable environment for keratinocyte attachment and
growth on the material surface. In contrast, the series B poly-
mers support keratinocyte growth at all time points across the
biopolymers. This observation could be due to the neutral
nature of the reaction, which likely results in a different three-
dimensional arrangement in this material, promoting better
cell adhesion and proliferation.

The viability of HEKa cells was quantified using the DNA
(proliferation) assay. Fig. 5 shows cell growth on the biomate-
rials. The results indicate that most samples, except for Z13B
and Z14B, exhibit better performance than the positive control
(glass with a treated surface), with an increase in cell numbers
over time. However, while the cell count in Z13B and Z14B is low
on day 1, these samples show a significant increase in cell
numbers by day 7, with cells doubling in that period.

Likewise in Fig. 5, the samples Z13A and Z14A, containing
higher concentrations of GMA, demonstrated increased interac-
tions with CTS through hydroxyl groups. These interactions
reduced the availability of amino groups in CTS, which would
otherwise interact with X, leading to a notable decrease in the
characteristic C=0 signals compared to samples with lower GMA
concentrations.””** This effect not only limits the availability of
positively charged groups but also enhances the exposure and
prevalence of negatively charged groups, such as -COOH and -
OH, on the surface. The increased density of negative surface
charges provides potential chelation sites for positively charged
ions or enzymes, thereby modifying the local biochemical envi-
ronment.*>* These surface modifications can negatively affect
cell viability, as observed in primary keratocytes HEKa.***
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Fig. 3 Confocal microscopy of live/dead assay results: (a) glass (positive control), (b) treatment Z11A, (c) treatment Z12B, and (d) chitosan after 1
day of cell incubation; (e) glass (positive control), (f) treatment Z13A, (g) treatment Z14B, and (h) chitosan after 5 days of cell incubation.

Polymers from series A generally perform better than those for H413 keratinocytes in previous work,*® where series B
from series B, with Z11A showing the most significant growth demonstrated better attachment and growth. This difference
after seven days. These findings contrast with results obtained may be attributed to the distinct nature of the two cell types. The

7698 | RSC Adv, 2025, 15, 7693-7708 © 2025 The Author(s). Published by the Royal Society of Chemistry
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results show no significant differences between most polymers,
though notable differences were observed between specific
samples on days 1 and 7.

3.2.3. Interleukin 1B assay (IL-1B). For the IL-1B assay,
eight points were analyzed to construct the calibration curve
using the recombinant mouse IL-1B standard. Fig. 6 presents
a comparative histogram of the values obtained in the test. This
graph shows a low concentration of IL-18 after 2 hours of
incubation, with values similar to the positive control. However,

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

after 48 hours, an increase in IL-1B levels was observed in
response to Z13A, which exhibited the highest value, approxi-
mately 300 pg mL ™"

In contrast, the remaining samples had values below 200
pg mL ™", with chitosan showing low activity and yielding the
lowest value compared to the positive control.

All samples responded similarly when in contact with macro-
phages, although their values were generally higher than those
reported by other studies. Our samples were used at 1 mg mL ™",
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differences, with a p > 0.05.

whereas other studies employed concentrations of 50 or
500 mg mL " for incubation periods of 18 or 24 hours (Table 2).*°
The observed increase in IL-13 production may be attributed to the
expected behavior of macrophages in the presence of foreign
materials, triggering a non-specific inflammatory response that
could promote accelerated biodegradation.

3.2.4. SEM. Fig. 7 presents scanning electron microscopy
(SEM) images obtained in secondary electron mode. Panel 7a
shows the polymer surface with macrophages attached. The
polymer thickness was measured at approximately 4 um, while
the macrophage diameter was around 10 pm. Meanwhile, the
image in Fig. 7c illustrates signs of material degradation, likely
due to macrophage resorption of the surface. Although no
significant degradation was observed in the images, some
macrophages displayed a spread morphology (Fig. 7b and d).
This observation suggests that the macrophages may be
involved in the degradation of the polymer. Given their ability to
support cell viability, the materials induced only a mild
inflammatory response and could be proposed as potential
scaffolds for tissue engineering applications.

Table 2 Concentrations and values of IL-1b of different polymers
based on chitosan compared with the materials

Dose Incubation  IL-1f production
Material (ngml™)  time (h) (pg ml™) Ref.
Oligochitosan 40 18 101.9 + 46.6 49
S-DAC70 50 24 28 50
S-DAC70 500 24 45 50
Chitosan-DNA® — 24 No detected 51
Z13A 1000 48 298.5 + 6.1 —
CTS 0.5% 1000 48 3.2+£0.5 —

“ With 0.1, 1, 10, and 20 pg of DNA.
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Interleukin-1B production by mouse macrophages J774A.1 after 2 and 48 hours. All assays were made in triplicate; there are no significant

3.3. Immunocytochemistry (ICC)

Cell adhesion is a critical cell proliferation process involving
several multi-protein complexes. E-Cadherin (epithelial) is
a crucial cell-cell adhesion molecule in epithelial tissues,
playing an essential role in forming and maintaining these
tissues' typical architecture and function.>

Fibronectin is one of the most studied matrix glycoproteins,
owing to its crucial role in the adhesion of various cell types. It is
vital for regulating cell behavior through communication with
intracellular and extracellular environments and is essential in
wound healing.**** Laminin, the most abundant structural
multidomain protein in basement membranes, regulates cell
attachment, proliferation, differentiation, and motility.

Additionally, it promotes neurite regeneration, highlighting its
multifunctionality.>>® Cellular responses such as adhesion,
spreading, proliferation, and differentiation are influenced by
proteins at the cell-biomaterial interface. These proteins' proper
expression and function—such as E-cadherin, fibronectin, and
laminin—are essential for promoting favorable cellular responses.
In contrast, dysfunctional or improperly expressed proteins have
been linked to immune reactions, carcinogenic phenotypes, and
dystrophies.””** Therefore, evaluating the behavior of these
proteins when a biomaterial is exposed to the host is crucial.

3.3.1. E-Cadherin antibody. Fig. 8a-d show representative
results for the E-cadherin antibody; after 5 days of cell incuba-
tion, confocal microscopy obtained the behavior of most poly-
mers as a correct stain without abnormal signals such as excess
or lack of this protein. In addition, the nuclei stain (blue) can be
appreciated. Still, it did not show apparent alterations, which
indicates that the polymers did not affect the correct union
between this type of cell.

3.3.2. Fibronectin antibody. Fig. 8e-h show representative
results for fibronectin staining after 5 days of cell incubation,
obtained using confocal microscopy. Although the fluorescence

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Micrographs showing polymer degradation around macrophage (a and b), and without degradation and an inactive macrophage (c and d).

intensity is relatively low, these images reveal proper fibronectin
staining. When comparing the polymers to the positive control
(glass), it can be concluded that the polymers do not inhibit
fibronectin production, allowing the cells to carry out their
normal functions.

3.3.3. Laminin antibody. Fig. 8i-1 show the results for the
laminin antibody after 5 days of cell culture, and images were
obtained by confocal microscopy. As in the previous antibody
results for E-cadherin and fibronectin, the stain for the laminin
antibody is appropriate since keratinocytes did not show alter-
ations or abnormal behavior for most of the polymers. Conse-
quently, a direct comparison with the positive control glass can
be made.

3.4. Nerve cells (NG108-15)

3.4.1. DNA assay for counting cells. Fig. 9 shows cell growth
on the biomaterials. The results indicate that most samples

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

exhibit lower growth than the positive control (glass with
a treated surface).

While no significant differences were observed between
most of the polymers, notable differences were found between
some samples on days 1 and 7, particularly in the positive
control. Although cell growth was lower than in the control
specimens, there is sufficient evidence to support the viability of
this type of cell for growth on the biomaterials.

3.4.2. Live/dead assay. Fig. 10 shows the live/dead assay
results after 5 days of the cell inoculation; the glass shows
several nuclei (dead cells) in red, immersed in a layer of live
cells.

The trend continues to organize the cells in straight clusters
with a random orientation on the biomaterials. However, in all
the polymers, including chitosan film, it is evident that dead
cells are absent in these clusters. This observation could be
attributed to the lack of attachment of dead cells and their
possible discard in some of the washes, especially when DNA

RSC Adv, 2025, 15, 7693-7708 | 7701
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Fig.8 Representative images for E-cadherin antibody stain on (a) glass (positive control), (b) chitosan, (c) Z12B, and (d) Z11A, fibronectin antibody
stain on (e) glass (positive control), (f) chitosan, (g) Z12B, and (h) Z14B and laminin antibody stain on (i) glass (positive control), (j) chitosan, (k) Z11B,
and (1) Z14A after 5 days of incubation. The blue regions are the cells’ nuclei.

assay shows a low number of cells onto biomaterials compared
with the glass.

3.4.3. SEM. Fig. 11 shows the SEM images of nerve cells
NG108-15, after seven days of inoculation, in two different
magnifications, 750x and 2000x.

In both cases, it is possible to observe the attachment to the
surface of the polymers, and the cells present a habitual

7702 | RSC Adv, 2025, 15, 7693-7708

behavior and a web-like morphology. These images confirm
the random orientation and the straight cluster formation
observed in the live/dead assay. In addition, the morphology
shown by the cells in the polymers demonstrates that,
although the number of cells is low according to DNA assay,
the cells are in a suitable environment for their growth and
proliferation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Representative results for live/dead assay after 5 days of cell incubation, (a) glass (positive control), (b) chitosan, (c) Z11B, and (d) Z14A.
Original magnification 20x. Green fluorescent regions denote cell activity, whereas red regions denote null cell activity.

4. Discussion xanthan and the amino group of chitosan. Adding glycidyl

methacrylate to chitosan does not appear to interact with xan-
Due to the ionic nature of the polymers, the reaction mecha- than, as infrared signals show no significant shifts in form or
nism suggests an interaction between the carboxyl group of intensity. Based on the FTIR spectra, no significant difference

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 7693-7708 | 7703
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Fig. 11 Micrographs of nerve cells NG108-15 onto (a) glass, (b) chitosan, (c) Z11B, (d) Z12A, (e) Z13A, and (f) Z14B after seven days of cell culture,
original magnification 750 x and 2000 x. The growth of cell colonies denotes that the biomaterials are an excellent scaffold for cell growth. These
series of biomaterials have been tagged as Z11, 12, 13, and 14 are stoichiometric ratios for (CTS-g-GMA), (A) chemically modified, and (B) aqueous

media.

was observed between the two methods, indicating that the
materials can be used in cell culture without affecting the pH of
the culture media.

The results from the peroxide assay show that these mate-
rials do not provoke a substantial reaction in macrophages over
short periods (6 hours), unlike the negative control (copper),
which exhibited higher values than the polymers. These

7704 | RSC Adv, 2025, 15, 7693-7708

findings support that the material does not induce an immune
response, allowing cell protection and growth on the biomate-
rial surface. However, the IL-1 assay reveals that the A series
polymers promote an increase in the inflammatory response
after 48 hours, while the B series materials do not. In the context
of biomedical applications, this low inflammatory response
enhances the potential for using these materials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Calcein staining demonstrates an increase in the viability of
human fibroblasts. The DNA assay results indicate that the
materials have potential as scaffolds for H413 keratinocytes, as
cell viability was maintained for 7 days in culture, with a high
cell density (many cells per mL). These findings support using
these materials in the biomedical field as scaffolds, given their
ability to maintain cell viability in connective, skin, and nerve
tissue.

The DNA assay for human epidermal keratinocytes shows
strong cell preservation and growth in most samples, with
results comparable to the blank (glass with a treated surface).
Immunocytochemistry staining revealed good labeling for all
antibodies tested in this study with human epidermal kerati-
nocytes, and the results were comparable to the positive control
(glass). These polymers do not negatively affect the growth and
proliferation of this cell type. Additionally, live/dead, SEM, and
DNA assays on NG108-15 nerve cells showed good viability, with
a significant proportion of cells remaining active after 7 days.

Given the importance of laminin in promoting neurite
regeneration, this result is crucial, as this study aims to regen-
erate spinal cord channels. If the laminin antibody staining is
accurate for this cell type on our biomaterials, we can expect
similar behavior in nerve cells, as reported in previous studies.**
Furthermore, the viability of dermal fibroblasts and keratino-
cytes aligns with the findings of Lopez-Munoz et al, who
demonstrated that CTS-g-GMA materials with gold nano-
particles and type I collagen can promote effective skin wound
healing.®

One of the main limitations of the present study is that, due
to the use of membranes and the extended duration of the tests,
we were unable to assess the viability of other cell types, which
could expand the potential applications of our polymer. For
future work, we propose differentiating NG108 cells to evaluate
their application in model organisms, such as rats, to scale up
to more complex organisms with advanced DNA structures.

In the present work, we have developed a simple yet effective
synthesis of a material with good mechanical properties and
cell viability for skin and nerve cells, complementing previous
studies.®*** This type of CTS-g-GMA composite supports the
proper growth of various cell types and aids in protecting
damaged areas. Our material offers a more straightforward and
versatile synthesis than other materials, such as fiber matrices.
However, its properties are currently more suited to wound care
and surface treatments.®* % That said, the material we devel-
oped demonstrates considerable versatility, as it can be modi-
fied to suit specific applications depending on the molecules
with which it is functionalized, thus significantly expanding its
potential applications.>®3%3437,62.63

5. Conclusions

The present study aimed to synthesize and evaluate the
biopolymer CTS-g-GMA-X, which maintains a physiological pH
close to 7. No significant differences were observed between the
two synthesis methods based on FTIR analysis, and neither
method negatively affected cell viability, suggesting that these
materials may be suitable for biomedical applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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However, whether they are biocompatible in vivo and effective
for specific medical applications (e.g., skin graft devices)
remains to be determined. Nevertheless, the results obtained in
this study are promising and strongly support the potential use
of these hydrogels as scaffolds for tissue engineering and the
repair of spinal cord injuries.
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