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ABSTRACT

Objective(s): Biocomposite scaffolds made from polymers and bioactive materials can provide the necessary
bioactivity and mechanical properties for bone tissue engineering.

Materials and Methods: In this study, we aimed to evaluate the properties of a novel composite scaffold made
from a combination of chitosan, PVA, MgCl,, and GPTMS as a crosslinking agent. Scanning Electron Microscopy
(SEM) and Fourier-Transform Infrared Spectroscopy (FTIR) analysis characterized the prepared composite
scaffold. The composite scaffolds' mechanical properties, bioactivity, biocompatibility, swelling, and degradation
were also investigated.

Results: Significant improvements in the mechanical properties were observed in the modified composite
compared to those seen in the scaffold without MgCl,. With an increase in MgCIl, content, the scaffold's
degradation and porosity increased, while its swelling capacity decreased. Bioactivity was also enhanced in the
composite following the further addition of MgCl..

Conclusion: In vitro tests for cytotoxicity and MG-63 cell proliferation showed that the composite scaffolds were
non-cytotoxic, resulting in better cell adherence and growth on the surface of these scaffolds.
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regeneration. Nevertheless, these biomaterials

INTRODUCTION

Each year, an increasing number of individuals
experience bone defects due to diseases, tumors,
biochemical disorders, and infections. Traditional
biological procedures for bone grafting, including
autografts, allografts, and non-degradable
materials, have been employed to address these
issues [1-3]. However, significant drawbacks—such
as the limited availability of donors, risks of disease
transmission, and potential immune rejection—
have restricted their clinical use [4-5].
Consequently, tissue engineering offers a viable
solution by utilizing biocompatible, biodegradable
materials to facilitate tissue regeneration. Various
inorganic materials, including metals and ceramics,
have been explored as implants to promote bone

*Corresponding author(s) Email: asefnejad@srbiau.ac.ir;
Note. This manuscript was submitted on April 14, 2024;
approved on December 09, 2024

Nanomed J. 12: 1-, 2025

often exhibit insufficient regenerative capabilities
due to limitations related to immunogenicity, lack
of resorption, non-degradability, and inadequate
interconnective porosity [6-9]. Bone tissue
engineering provides biopolymeric scaffolds as
practical solutions for bone tissue regeneration.
Among synthetic polymers, chitosan—extracted
from crustacean shells and the cell walls of certain
fungi—has been widely utilized in bone tissue
engineering applications. Unlike many synthetic
polymers, chitosan possesses a hydrophilic surface
that enhances cell adhesion and proliferation, and
its degradation products are non-toxic. Chitosan
promotes the attachment and proliferation of
osteoblasts, facilitating the formation of a
mineralized bone matrix, making it a promising
material for bone scaffolds [10-14]. However,
chitosan alone lacks the mechanical strength
necessary to support cell growth; thus, it can be
combined with other biomaterials, such as
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additional polymers, to create composite scaffolds
with improved mechanical and biological properties
[15-17]. Another biodegradable polymer frequently
employed in tissue engineering is poly(vinyl
alcohol) (PVA), a semi-crystalline hydrophilic
polymer known for its good chemical stability [18-
19]. PVA is highly biocompatible, biodegradable,
and non-toxic, which has led to its application as a
biopolymer in bone tissue engineering. Research
has indicated that the combination of chitosan and
PVA vyields scaffolds with desirable mechanical and
chemical properties [20-22].

The properties necessary for scaffolds used in
bone tissue engineering extend beyond promoting
cell adhesion and proliferation; they must also
exhibit biocompatibility, biodegradability, and high
mechanical strength. Research indicates that
glycidoxypropyl trimethoxy silane (GPTMS) can
stimulate apatite nucleation and growth in
physiological environments while being
cytocompatible, thus supporting MC3T3-E1 cell
culture. The capability of apatite deposition
enhances the fixation of scaffolds to tissue defects
by forming direct bonds. GPTMS, a silane-coupling
agent characterized by its epoxy and methoxysilane
groups, is non-toxic and capable of creating a
networked structure, unlike various cross-linking
agents such as epoxy compounds and aldehydes,
which are often highly cytotoxic and can impair the
biocompatibility of polymers [19-22]. Addressing
challenges in healing bone defects and fractures,
incorporating growth factors into  implantable
scaffolds has been recognized as a promising
strategy. Among these, ~bone  morphogenetic
protein-2 (BMP-2),” derived from transforming
growth factor-B (TGF-B), is known for its potent
osteogenic properties. However, the clinical
application of BMP-2"is limited due to its short
biological half-life, rapid local clearance, potential
side effects such as ectopic ossification, and high
treatment costs [23-25]. Incorporating bioactive
ions such as Si, Mg, Ca, Zn, and Sr has emerged as
an effective method to enhance the bioactivity of
biomaterials. Magnesium, the second most
abundant intracellular divalent cation associated
with biological apatite, is crucial in calcification and
bone biomineralization [25-28]. In this respect, we
aimed to study the effect of Mg on the new
composition of the pore structure, water uptake,

mechanical properties, bioactivity, and
cytocompatibility of the porous chitosan-PVA-
GPTMS-MgCl, scaffolds, which were prepared using
the freeze-drying technique. The primary objective
of this study was to develop and characterize novel
porous composite scaffolds composed of chitosan,

polyvinyl alcohol (PVA),
glycidyloxypropyltrimethoxysilane (GPTMS), and
magnesium  chloride (MgCl,) for potential
application in  bone tissue engineering.

Incorporating MgCl, into the chitosan-PVA-GPTMS
matrix is a unique approach that has not been
extensively explored in - the literature. The
researchers aimed to investigate the effect of MgCl,
on the composite scaffolds' physicochemical,
mechanical, and biological properties, which could
potentially enhance. their suitability for bone
regeneration. The study provides valuable insights
into developing biocomposite scaffolds with
improved mechanical properties, bioactivity, and
biodegradation characteristics by adding MgCl,.
The in " vitro evaluation of the scaffolds’
biocompatibility and their ability to support the
proliferation of MG-63 osteoblast cells further
demonstrates their potential for bone tissue
engineering applications. The results of this
research contribute to the ongoing efforts to design
and optimize advanced biomaterial-based scaffolds
for effective bone regeneration.

MATERIALS AND METHODS
Preparation of hybrid composite
(Polymer/GPTMS/MgCI2)

Poly(vinyl alcohol) (PVA) with a molecular
weight of 72,000 g/mol, 3-
glycidoxypropyltrimethoxysilane  (GPTMS), and
acetic acid were obtained from Merck, while
chitosan [poly(B-(1-4)-2-amino-2-deoxy-D-
glucopyranose)] was sourced from Sigma-Aldrich.
SAMCHUN supplied magnesium chloride (MgCl,). A
3% (w/v) solution of chitosan/PVA in a 50:50 weight
ratio was prepared using a 2% (v/v) acetic acid
solvent. GPTMS and MgCl, were subsequently
incorporated into the polymeric solution in varying
ratios of Polymer/GPTMS/MgCl, (5:5:0.5, 5:5:1,
5:5:2), resulting in the compositions listed in Table
1. The samples were coded according to the
precursor solution compositions, as shown in Table
1.

Table 1. Notation of different freeze dried scaffolds studied in this work

Composition

MgCl2: Polymers

Freezing temperature Polymer: GPTMS

Codes (Weight ratio) (Weight ratio) (C) (molar ratio)
5C5P0.5M Chitg;fgépv‘\ 0.5:5 20 1:1
5C5P1M Chitgg"’:;&PVA 15 20 1:1
5C5P2M Chitg‘:gépw 2:5 -20 1:1
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All polymer solutions were then poured into
cylindrical molds with a diameter of 1 cm and
placed in a freezer to solidify overnight. Following
this, the solidified solutions were subjected to
freeze-drying at -58°C and a pressure of 0.5 bar for
48 hours to completely remove the solvent and
water phase.

Structure characterization

A scanning electron microscope (SEM,
STEREOSCAN S 360-Leica, UK) was employed to
examine the morphology of the 3D scaffold. Image
analysis software was used to quantify pore sizes.
For each procedure, a minimum of twenty pores
were selected from three distinct sample areas. The
percentage of total porosity (P) was calculated by
comparing the density of the scaffold to the initial
density of the powder, as shown in Equation 1.

P=1-— Pscaffold

Eq.1
Psolid

A minimum of 5 samples were analyzed until the
correct standard deviation of the percentage of
porosity was obtained. The PVA, chitosan, GPTMS,
MgCl,, and grafted Polymer/GPTMS/MgCl, 3D
scaffolds were analyzed by FT-IR (FTIR, Nicolet Is10,
USA) over a range of 4000-400 cm™,

Mechanical testing

The compressive behavior of Polymer/ GPTMS/
MgCl, hybrid scaffolds with varying compositions
was evaluated using a mechanical testing system
(SANTAM, STM 20, Iran) at a compression rate of
0.5 mm/min. Five samples from each composition
(n =5) were tested to determine the average value
and standard deviation.

Absorption and biodegradation test

The swelling and dissolution behaviors of the
scaffolds were assessed using phosphate-buffered
saline (PBS) at pH 7.4 (Sigma—Aldrich). The PBS
solution was prepared according to previously
established protocols. The degree of swelling was
measured at 2, 4, 6, and 24 hours, while the
dissolution degree was evaluated after 1, 2, 3, and
4 weeks. The swelling percentage was calculated as
follows:

AW, = (;W) x 100 Eq.2

Wo

Where Wo and Ws are the sample weights
before and after swelling, respectively.

After drying at 37°C for 48 h in an oven, samples
were weighed again, and the degradation
percentage was calculated as:

AW, = (w;‘”d) x 100 Eq.3

Nanomed J. 12: 1-, 2025

Where Wy is the dried sample weight. Five
samples were measured for each interval, and the
result was shown as an average value t standard
deviation.

In vitro bioactivity assays

The in vitro bioactivity of the composite scaffold
(5C5P1M) was studied by soaking samples in
Simulated Body Fluid (SBF) solution. The SBF was
prepared as described by Kokubo et al., and the
scaffolds were immersed in it at 37°C for 3, 7, and
14 days. Scanning Electron Microscopy (SEM) and
Fourier-Transform Infrared Spectroscopy (FTIR)
were used to evaluate apatite formation.

Characterization and in vitro biocompatibility
MTT assay

To conduct the MTT assay, MG-63 cells were
cultured on the scaffolds for 3 and 5 days, and their
proliferation rates were compared with those of
cultured osteoblasts. Five samples were prepared
for the 5C5P1M scaffold. MG-63 osteoblast cells
were maintained in DMEM medium supplemented
with 10% fetal bovine serum, 1% penicillin—
streptomycin, and 1.2% glutamine. The cultures
were incubated at 37°Cin a humidified atmosphere
containing 5% CO,. Once the cells reached 80%
confluence, they were trypsinized using 0.25%
trypsin with 1 mM EDTA. Cell viability was assessed
using the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide; Thiazolyl blue) assay.
Before the MTT assay, the 5C5P1M scaffolds were
sterilized using high-pressure steam for 15 minutes
and placed into wells of a 24-well culture plate. The
samples were then incubated in 1 mL of DMEM
medium at 37°C for 24 hours. After this incubation,
the membranes were removed, and the resulting
extracts were collected. MG-63 cells were seeded in
a 96-well plate at a density of 103 cells per well.
Following an additional 24-hour incubation, the
culture medium was replaced with the previously
prepared extraction medium, and the cells were
incubated for another 24 hours. Subsequently, 100
uL of MTT solution was added to each well. After a
3-hour incubation at 37°C, 200 pL of dimethyl
sulfoxide was added to dissolve the formazan
crystals. The resulting solution was mixed
thoroughly for 10 minutes using a shaker. The
optical density of the formazan solution was
measured using an ELISA reader at 570 nm.

SEM observation of cell culture and adhesion

Cells were seeded into fresh culture medium
(control) under the same seeding conditions for
reference. The sterilized scaffolds were washed
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three times with sterile phosphate-buffered saline
(PBS) and transferred to individual 24-well tissue
culture plates. Aliquots (1 mL) of osteoblast MG-63
suspension (1.5 x 10* cells/mL) were seeded onto
the sample membranes. After 48 hours of culture,
cellular constructs were harvested, rinsed twice
with PBS to remove non-adherent cells, and then
fixed with 3.0% glutaraldehyde at 4°C for 4 hours.
The samples were subsequently dehydrated
through a series of graded ethanol solutions and
air-dried overnight. Finally, the dried samples were
sputter-coated with gold to observe cell
morphology on the surface of the scaffolds using
Scanning Electron Microscopy (SEM).

RESULTS AND DISCUSSION
Morphology observation and porosity
measurements

The microstructural properties, including pore
size, distribution, and shape, significantly influence
cell infiltration, proliferation, and function in tissue
engineering. The morphological characteristics of
the composite scaffolds with MgCl, were examined
using Scanning Electron Microscopy (SEM) images,
as shown in Figure 1.

Chitosan:PVA:MgCI2:GPTMS
solution

e

|
A‘r

Freeze drying frozen solutions ;

sp‘fg\:,-ﬁ =
&

Fig. 1. Freeze drying process of prepared CPM porous
scaffolds

SEM images revealed a porous structure with a
three-dimensional (3D) interconnected network
throughout the scaffolds across all compositions.
Elongated pores were observed as the proportion
of MgCl, increased. The freeze-drying technique
involves freezing a suspension of polymers and
MgCl,, which traps the suspension between
growing ice crystals, resulting in a continuous
network of ice crystals surrounded by a polymeric
matrix. The pore structure of the scaffold reflects
the ice crystal formation during the freezing
process, suggesting that the pore architecture can
be controlled by modifying the freezing conditions
used in freeze-drying. Freezing is the initial step in
the freeze-drying process, and this stage
significantly influences its overall effectiveness. The
first event in freezing involves primary nucleation
(heterogeneous ice. nucleation), followed by
secondary nucleation,” which progresses to
encompass portions of the liquid volume. This
process stops when the liquid temperature reaches
the equilibrium freezing temperature.
Consequently, the addition of MgCl, lowers the
freezing temperature of the suspension, allowing
ice crystals to grow larger due to extended growth
time. Additionally, a higher solute concentration in
the solution increases the number of nucleation
sites, promoting further ice crystal growth. Another
factor contributing to the larger pore size in
scaffolds with added MgCl, is the tendency for
scaffold collapse during the freeze-drying process,
which counteracts pore fusion and reduces pore
size. However, due to the interaction between
MgCl, and the polymer matrix, which acts as afiller,
slight collapse occurs with increased MgCl,
addition, leading to enlarged pores. When MgCl, is
incorporated into polymer solutions at varying
concentrations, the composite scaffolds exhibit a
more porous structure with a broader distribution
of holes and pores. Porosity measurements
indicated varying pore sizes among the three
samples, attributed to changes in the MgCl, ratios,
as shown in Figure 2.
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. 2. Average pore size of samples, among the MgCl>
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These differences in pore size indicate that
lower MgCl, content results in smaller diameter
pores and a tighter network structure in porous
scaffolds. The pore size of the scaffolds increased
from 50 pum to 55 pm and 60 um for the 5C5P0.5M,
5C5P1M, and 5C5P2M scaffolds, respectively. As
concluded, higher porosity in scaffolds provides
more space and nutrition to cells and tissue than
lower porosity, which is facilitated by an increased
MgCl, ratio. Figure 2 illustrates the average pore
sizes of the scaffold samples as a function of the
MgCl, content incorporated into the porous
structures. The data demonstrate how varying
concentrations of MgCl, affect the pore
architecture of the scaffolds, emphasizing the
relationship between the amount of MgCl, added
and the resultant pore size. As the concentration of
MgCl, increases, noticeable changes in pore size
and distribution are observed, indicating that MgCl,
plays a crucial role in modifying the structural
properties of the scaffolds. This relationship is
significant for applications in tissue engineering,
where optimal pore size is essential for facilitating
cell infiltration, nutrient transport, and overall
scaffold functionality. The results suggest that
carefully manipulating MgCl, concentrations can
tailor scaffold properties to meet specific biological
requirements.

FTIR analyses

Figure 3 shows the FTIR spectra of chitosan,
PVA, GPTMS, MgCl,, and composite scaffolds. In the
spectrum of pure PVA, the bands at 3440-cm™ and
2921 cm™ are attributed to the —OH and CH,
stretching vibrations, respectively. The observed
absorption peaks in PVA are 1734 cm™ (C=0), 1150
cm™(OH), 1098 cm™"(C-0), and 850 cm™ (C—C). The
absorption peak at 1000-1100 cm~' corresponds to
the stretching vibration of C—O groups in PVA. The
infrared spectrum of chitosan shows peaks around
894 cm™and 1159 cm™', which are attributed to the
saccharine structure. The C=0 stretching vibration
of amide groups (amide |) appears at 1647.26 cm™,
the NH, bending vibration of the amino group is
observed at 1585.54 cm™, the C-N stretching
vibration is seen at 1386 cm™, and the NH
stretching vibration occurs at 668 cm™. The
hydroxyl stretching of chitosan is observed at 3353
cm™. In the FTIR spectrum of GPTMS, the following
bands are observed: C—H stretching vibration at
2962.02 cm™, C-0O-C stretching vibration at
1094.24 cm™, Si—O stretching vibration at 1024
cm™, Si—C stretching vibration at 1261 cm™, and
oxirane ring vibration at 905 cm™. Additionally, the
FTIR spectrum of the composite scaffolds (CPM)
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Fig. 3. FTIR spectra of chitosan, PVA, MgCl2, CPTMS and
5C5P0.M, 5C5P1M and 5C5P2M scaffolds

shows the O—H stretching vibration at 3434.48 cm™,
C-H stretching vibration at 2924.18 cm™, and C=0
vibrations of the amide group (amide | and amide Il)
at 1647.26 cm™ and 1565.42 cm™, respectively, as
shown in Figure 3.

The disappearance of the absorption band at
910 cm™ (oxirane ring) and the shift of the NH
bending -absorption band from 1585.54 cm™
(primary amine) to 1560.24 cm™ indicate that the
oxidant groups of GPTMS have reacted with the
amine groups of chitosan. Additionally, the broad
band around 1045 cm™ is attributed to the
stretching vibration of Si—-O-Si groups.

Mechanical properties

The compressive strength of CPM scaffolds was
shown in Figure 4. The compressive strength
markedly increased when the concentration of
MgCl2 was increased. Increasing the amount of
MgCI2 to a 1 mass ratio increased compressive
strength from 0.5 MPa to 0.9 MPa. Also, further
increase of MgCl> content to 2 mass ratio led to
improvement in the mechanical properties of the
composite scaffolds, reaching 1.9 MPa.
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Compressive Strength
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SC5P0.5M 5C5PIM SCSPZM

Fig. 4. Compressive strength of 5C5P0.M, 5C5P1M and
5C5P2M.
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These results demonstrate the positive effects
of MgCl, on the mechanical properties of the
specimens. The improvement in the mechanical
properties of the scaffolds can be attributed to their
porosity and composition [29-32]. However, the
increase in MgCl, also results in larger pores, and
the dominant factor in the enhancement of
compressive strength is likely the increased pore
size. The enhancement of compressive strength in
the samples with increased MgCl, content may be
related to the role of these particles as stiff fillers
within the polymer matrix, which enhances the
hardness and stiffness of the composite [31-34].
Additionally, it is essential to note that the
distribution of the particles in the polymer matrix
plays a crucial role in achieving reasonable
mechanical properties. A homogeneous
distribution of particles leads to a significant
improvement in mechanical properties, as
demonstrated in this experiment. It was observed
that due to biochemical bonding between Mg?* ions

1200

and the amide (-NH) groups of chitosan, strong
interactions between the filler and matrix occurred,
which restrict the motion of the matrix [25-29].

Water absorption test

The capacity of a scaffold to retain water is a
crucial factor in assessing cell infiltration within a
three-dimensional structure. Figure 5 (a-b) presents
the swelling ratios of various scaffolds. The swelling
property of the 5C5P0.5 scaffold was approximately
twice that of the 5C5P2M scaffold. The results
indicated no significant differences in water
absorption among different samples of the same
scaffold over specific incubation periods. The
water-binding capacity of the PVA/chitosan sample
can be attributed to its inherent hydrophilicity, as
evidenced by the presence of ~OH groups in PVA
and —OH and —NH groups in chitosan, as well as the
maintenance of its three-dimensional structure.
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Fig. 5. Results of (a) water absorption and (b) biodegradation of the composite scaffolds.
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It was observed that the swelling ratio
decreased with increasing MgCl, content, likely
because MgCl, reduced the hydrophilicity of the
scaffolds by binding to hydrophilic groups. These
findings suggest that the primary determinant of
water absorption is the presence of hydrophilic
groups, rather than the scaffolds' porosity (shape
and size). Furthermore, although an increase in
MgCl, ratio was expected to diminish the
mechanical properties of the scaffolds due to
reduced swelling, a similar behavior in strength and
swelling among the samples demonstrated a
controlled balance between the structural integrity
and composition of the scaffolds, which is optimal
for tissue engineering applications. Figure 5 (a-b)
illustrates the degree of biodegradation of all
scaffolds. The samples incubated in PBS showed
weight loss and gradually degraded over varying
periods. The weight loss of the 5C5P0.5M scaffold
occurred very slowly, with negligible changes
observed throughout the degradation period. In
contrast, increasing the MgCl, content accelerated
the degradation of the scaffolds in the PBS solution.
For instance, after one week, the biodegradation
degree for the 5C5P2M specimen was 49%,
compared to only 20% for the 5C5P0.5M scaffold.
These results indicate that the presence of MgCl,
reduced the biostability of the scaffolds over time,
with higher MgCl, concentrations correlating with
greater weight loss percentages. The increased
weight loss of the composite scaffolds. may be
attributed to the degradation of MgCly and the
subsequent release of ions into the solution. It is
hypothesized that the degradation of acidic
products from the polymers in the scaffolds led to

the release of alkaline ions (Mg?*) to counteract the
acidification of the solution caused by these acidic
byproducts. This buffering behavior could be
advantageous for composite scaffolds, as it may
help mitigate potential inflammatory responses
associated with the acidic degradation of polymers.
Additionally, the larger pore size resulting from
MgCl, incorporation enhances the connection
between the solution within the scaffold and the
surrounding environment, facilitating a more rapid
ionic release.

In vitro bioactivity of scaffolds in SBF

The in vitro bioactivity of the 5C5P1M scaffolds
in simulated body fluid (SBF) demonstrated the
biomaterials' ability to bond with living bone. The
bioactivity of these scaffolds was assessed by
immersing them in SBF for periods of 3, 7, and 14
days. SEM images of the scaffolds after soaking are
displayed in Figure 6 (a-d). After 3 days of
incubation, apatite nucleation was observed on the
exposed surfaces of the scaffold; however, the
apatite particles did not uniformly cover the entire
composite - surface. The density of spherical
particles ~increased with extended soaking
durations. These results show that the 5C5P1M
scaffolds are capable of inducing the formation of
hydroxyapatite (HA) particles on their surface in
SBF, even during shorter immersion periods. This
observation is consistent with previous research
highlighting the role of magnesium in apatite
formation. Furthermore, the bioactive behavior of
the MgCl, scaffolds was corroborated by the
Fourier-transform infrared (FTIR) spectra, as shown
in Figure 6.

Transmittance (%)

4000 3600 3200 2800

2400

2000

1600 1200 800 400

Wavenumber (cm!)

Fig. 6. SEM images of 5C5P1M scaffolds after soaking in SBF solution (a): 3 days, (b): 7 days, (c): 14 day and FTIR spectra of 5C5P1M
scaffolds after different time immersion
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The absorption peak at 1045 cm™ was
attributed to the asymmetrical stretching of PO,3",
and the peak at 603 cm™ was assigned to the
bending modes of PO,3" [21]. After 14 days of
soaking in SBF solution, stronger peaks at 603 cm™
and 1045 cm™ were observed. The band at 1454
cm™, corresponding to the vibration mode of
carbonate, became sharper with increasing
immersion time. The PO,* peak at 960 cm™
intensified with longer immersion times [30]. The
most significant increase in the PO, peak was
observed after 14 days. A band near 460 cm™,
which developed after 14 days, indicated the
maturation of the HA particles [31].

Cytotoxicity and cell adhesion assay

Figure 7 (a-b) shows the absorbance obtained
from an MTT assay of MG-63 osteoblast cells
cultured with the extraction media of the scaffolds,
in comparison with the control. After 3 days, the
average absorbance intensity of the 5C5P1M
scaffolds was 0.8, which markedly increased to 0.25
after 5 days. The results indicated that after 3 and 5
days, the number of cells surpassed the number of
initially seeded cells, and MG-63 cells continued
proliferating on the scaffolds. The results
demonstrated that the prepared scaffolds were
non-toxic to MG-63 osteoblast cells and promising
candidates for porous tissue scaffolds.
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Fig. 7. a) Formazan absorption in MTT assays MG-

630steoblast cells seeded on the samples, and b) SEM
images of MG-63cells seeded on osteoblast cells after 48 h

As shown in Figure 7 (b), the SEM images of the
cells cultured on the 5C5P1M scaffolds for 2 days
demonstrate that the MG-63 cells interacted with
the scaffold, forming a continuous layer. The
improvement in cell adhesion by adding MgCl, is
attributed to the formation of more silanol groups
on the scaffold surface, which results in enhanced
cell adhesion [35-38]. The present study has several
limitations that should be addressed in future
research. Firstly, while the in vitro experiments
provide valuable insights into the scaffold's
properties and biocompatibility, in vivo studies are
necessary to evaluate the scaffold's performance in
a physiologically relevant environment. The
interaction between the scaffold, host tissue, and
the immune system should be investigated to
ensure the long-term success of the implant.
Additionally, although the study demonstrated the
positive effects of MgCl, on the scaffold's
properties, the optimal concentration of MgCl, was
not fully explored. Other bioactive agents could
further enhance the scaffold's functionality and
clinical relevance [39-44]. Future studies should
also focus on the scale-up and manufacturing
processes for these scaffolds to ensure consistent
quality and reproducibility, as well as the
integration of the scaffolds with other tissue
engineering strategies, such as the use of stem cells
or the incorporation of vascularization cues, to
develop more comprehensive bone regeneration
solutions [45-46]. Numerous contributions in
nanomedicine and tissue engineering have led to
innovative applications, including the development
of three-dimensional printed electroconductive
scaffolds for bone cancer therapy, the use of
artificial intelligence to assess bioceramics
combined with magnetite bio-nanocomposites for
hyperthermia, and the examination of lithium
disilicate ceramics reinforced with titanium
nanoparticles to enhance the durability of dental
materials. These efforts collectively advance the
integration of nanotechnology and bioengineering
to improve therapeutic strategies and patient
outcomes [47-55].

CONCLUSION

Novel porous composite scaffolds incorporating
chitosan, PVA, GPTMS, and MgCl, particles were
fabricated using a freeze-drying method, and the
influence of MgCl, on their properties was
assessed. The inclusion of MgCl, in the polymer
matrix resulted in scaffolds with increased porosity
and compressive strength compared to the
unmodified scaffolds. Furthermore, the bioactivity
of the 5C5P1M scaffolds improved with extended
immersion time. Our results indicate that adding
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MgCl, decreased the swelling ratio while enhancing
biodegradation. In vitro cytotoxicity and cell
proliferation tests demonstrated that the
composite scaffolds were non-cytotoxic, promoting
better cell adhesion and proliferation on their
surfaces. It is proposed that these composite
scaffolds could serve as effective templates for
bone tissue engineering applications. In conclusion,
this study successfully developed a novel porous
composite scaffold composed of chitosan, polyvinyl
alcohol, GPTMS, and MgCl, using the freeze-drying
technique. Incorporating MgCl, significantly
improved the scaffolds' mechanical properties,
bioactivity, and biodegradation, making them
promising candidates for bone tissue engineering
applications. The scaffolds also exhibited excellent
biocompatibility and supported the proliferation of
MG-63 osteoblast cells. While the in vitro results
are promising, further in vivo investigations are
necessary to fully evaluate the scaffold's
performance and potential for clinical translation.
Additionally, optimizing the MgCl, content and
exploring the integration of other bioactive agents
could enhance scaffold functionality and clinical
relevance.
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