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Introduction

Abstract

Introduction: Nanocomposite scaffolds
comprising mesoporous bioactive glass
(MBG) were able to increase the viability,
proliferation, and growth of stem cells in
vitro, rendering them promising candidates
for dental root tissue regeneration. e
Methods: The Sol-Gel process was utilized | ™
for the synthesis of MBG and zinc-doped
MBG (Zn-MBG), the latter being integrated
into alginate/chitosan scaffolds which
in turn were cross-linked to strengthen
mechanical properties, followed by freeze-
drying. The scaffold's physicochemical
characterizations were evaluated, followed by investigations of its antioxidant properties, swelling
behavior, mechanical properties, and porosity. The capacity of these biomaterials to increase cell
viability and growth of apical papilla stem cells (SCAPs) and hemocompatibility was assessed as
a final step.

Results: All fabricated scaffolds demonstrated proper porosity, biocompatibility, and
hemocompatibility. Nanocomposite scaffolds with Zn-MBG presented a significant enhancement
in cell viability for SCAPs compared to alginate/chitosan scaffolds. DPPH tests indicated that the
Zn-MBG-alginate/chitosan scaffold showed the highest antioxidant properties.

Conclusion: ~Zn-MBG-alginate/chitosan nanocomposite scaffolds demonstrated great
physicochemical characteristics and biological and mechanical properties, marking them as
suitable candidates for dental root tissue engineering.

blood vessels, nerves, and stem cells. This approach

Endodontic reconstruction focuses on repairing or
promoting the regeneration of damaged or necrotic pulp
tissue. Even though current root canal therapies have a
high success rate, the ultimate aim is to reconstruct the
tooth by replacing necrotic pulp with healthy tissue.
This strategy aims to preserve both the tooth's function
and structure, resulting in optimal oral health.! Tissue
engineering utilizes a combination of scaffolds, cells, and
growth factors to restore, improve or regenerate various
tissues. Thus, it offers a promising approach in dentistry.
Pulp tissue engineering, a subset of regenerative dentistry,
targets the restoration of damaged or unhealthy dental
pulp which is the soft tissue within the tooth containing

employs scaffolds, cells, and growth factors to regenerate
functional pulp tissue, thereby supporting the tooth's
vitality and sensitivity.

Stem cells are instrumental in tissue engineering
because of their remarkable capacity for differentiation
into diverse cell types. These cells are responsible for
tissue renewal and reconstruction throughout the body,
including the repair of damaged or necrotic tissues.?
Apical papilla stem cells (SCAPs) can differentiate into
odontoblasts and osteoblasts, the cells that produce
dentin and bone, respectively. SCAPs also have a
high proliferation rate, self-renewal capacity, and
immunomodulatory properties.>> SCAPS, which share a
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neural crest lineage with craniofacial tissues, represent a
valuable source for craniofacial tissue regeneration due
to their cellular homology.® These specialized stem cells
play a vital role in tooth development and subsequent
pulp regeneration within permanent teeth with open root
ends. Notably, SCAPs can differentiate into dental pulp
cells (DPSCs) and primary odontoblasts which makes
them a promising candidate for dental pulp regeneration.”
Their regenerative potential shows significant promise
for advancements in dental therapies and enhanced tooth
repair strategies.*’

Furthermore, scaffolds offer a supportive substrate
for cell adhesion and organization. By mimicking the
native extracellular matrix, they serve to guide tissue
development.® Scaffolds are critical elements in damaged
tissue regeneration. They mimic the extracellular
matrix. Additionally, scaffolds serve as delivery systems
for growth factors and other maintenance factors that
promote stem cell activity and they can be fabricated from
diverse materials, including polymers and ceramics.’
Natural polymeric scaffolds, particularly those derived
from biocompatible and biodegradable materials with
minimal immunogenicity are better suited for bone
tissue engineering applications. Alginate, an edible
heteropolysaccharide naturally extracted from brown
seaweed (Phaeophyceae) is a prime example.'® Alginate's
biocompatibility, biodegradability, and hydrophilicity
render it a versatile material for diverse tissue engineering
applications.'**? Chitosan, a deacetylated derivative
of chitin and the primary component of crustaceans,
insects, and some fungal exoskeletons belongs to the
class of natural polysaccharides.”” Chitosan exhibits
many properties. Biocompatibility, biodegradability,
and inherent antimicrobial activity make it a compelling
candidate for tissue-engineered scaffolds.'*'*

MBG presents advantageous assets, including high
surface area, controllable pore size, tunable composition,
bioactivity, biodegradability, and the capacity for
drug delivery.'®” MBGs exhibit the ability to induce
hydroxyapatite formation on their surfaces upon exposure
to physiological fluids. Furthermore, MBGs possess the
ability to release calcium, phosphate, and silicate ions,
thus promoting the odontogenic/osteogenic potential of
DPSCs and stimulating dentin regeneration.'s

Zinc is a crucial trace element and participates in
diverse biological processes, including immune function,
wound healing, and bone development. Notably, zinc
exhibits both antibacterial and angiogenic properties.
Composite scaffolds incorporating zinc and Mg-doped
bioactive glass demonstrate remarkable antibacterial
efficacy which is attributed to their ion release capacity.*®
Haider et al report the development of strontium- and
zinc-doped bioglass (BG)-alginate composite scaffolds.
These scaffolds exhibit a desirable combination of
bioactivity, porosity, and mechanical stability. Notably,

BG incorporation significantly improved the scaffold's
compressive strength. Furthermore, the composites
demonstrated sustained release of zinc, calcium, and
strontium ions in Tris/HCI buffer, suggesting potential
in vivo bioactivity and promotion of bone formation."
Huang et al investigated the influence of zinc and zinc-
doped bioactive glasses on the odontogenic differentiation
potential of human DPSCs. Synthesized zinc-doped BGs
were assessed for their ability to induce mineralization
and promote odontogenic differentiation. The findings
revealed that free zinc ions (0-5 ppm) significantly
enhanced both DPSCs proliferation and alkaline
phosphatase activity. Notably, long-term treatment
with zinc-doped BGs promoted the development of
mineralized nodules in a similar vein as hydroxyapatite.?
Tabari et al investigated the cytotoxic effects of four
metal oxide nanoparticles (titanium, silicon, zinc, and
aluminum) on human DPSCs. Their study revealed
dose- and time-dependent cytotoxicity across the
tested nanoparticles. Notably, all nanoparticles induced
cell death and morphological alterations within the
concentration range of 25-100 ug/ml.*' Materials such as
Zn-MBGs have emerged as promising tools for dental and
craniofacial tissue engineering, often used in combination
with apical papilla stem cells (APSCs). Notably, Zn-MBG
nanoparticles exhibit the ability to increase the osteogenic/
odontogenic differentiation of SCAPs. This effect may be
due to the sustained release of zinc ions and bioactive
molecules, which stimulate the expression of genes and
proteins associated with osteogenesis and odontogenesis.

Alginate-chitosan scaffolds incorporating Zn-MBG
represent a promising multifunctional platform for
regenerative medicine applications. This nanocomposite
design synergistically leverages the properties of each
biomaterial to promote the repair and regeneration
of damaged tissues, including bone and dental pulp.
However, optimizing scaffold composition, structure,
and degradation kinetics remains crucial. Additionally,
long-term biocompatibility evaluation is essential.
Notably, Zn-MBG offers a versatile platform for pulp
tissue engineering due to its combined bioactivity,
mechanical support, and drug delivery capabilities.
Addressing limitations in scaffold design, optimizing
material compositions, and ensuring robust safety
profiles are paramount for successful tissue regeneration.
Furthermore, the successful clinical translation of these
scaffolds necessitates overcoming technical, biological,
and regulatory hurdles. Establishing clinically relevant
manufacturing processes, demonstrably safe and sterile
products and ensuring long-term stability are all critical
for the commercialization of these tissue engineering
technologies.”? Looking ahead, scaffolds will continue to
play a critical role in advancing tissue engineering.”

In the present study, the significance of a nanocomposite
scaffold composed of chitosan and alginate which
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incorporated zinc-doped MBG nanoparticles was studied
on the growth and proliferation of SCAPs.

Materials and methods

Synthesis of MBG nanoparticles by the Sol-Gel method
The sol-gel method was utilized for the synthesis of MBG
nanoparticles. This process involved synthesizing both
MBG and Zn-MBG (where zinc replaces calcium ions
within the MBG structure). The creation began with the
addition of 2.24 g of CTAB (cetyltrimethylammonium
bromide) to 104 mL of deionized water. This mixture
underwent stirring for 30 min at 30 °C using a magnetic
stirrer until a clear solution resulted. The subsequent step
involved the gradual addition of 32 mL of ethyl acetate
dropwise to the reaction solution, followed by another
30 min of magnetic stirring. The solution's pH was then
adjusted to an alkaline state using ammonia and 23 mL
of tetraethoxysilane (TEOS) was added dropwise. After
30 min, 5.21 g of calcium nitrate was incorporated into
the reaction mixture for MBG synthesis. To achieve zinc
substitution in the Zn-MBG structure, the synthesis
utilized a combination of 4.34 g of zinc nitrate and a
reduced amount of calcium nitrate (1.09 g). The reaction
mixture then underwent stirring at room temperature for
4 h, followed by nanoparticle separation via centrifugation
(9000 rpm for 10 min). Finally, the nanoparticles were
aged at 60 °C for 16 h and calcined in a furnace at 700 °C.
The protocol for synthesizing Zn-MBG is similar, with
the only difference being the use of the aforementioned
amounts of calcium nitrate and zinc nitrate to replace
calcium ions with zinc ions within the MBG structure.*

Fabrication of scaffolds

To create the hydrogel scaffold, a uniform blend of
alginate and chitosan polymers was first prepared.”
This involved combining 25 mL of a 5% Wt./V alginate
solution (prepared in double-distilled water) with 25 mL
of a 5% Wt./V chitosan solution (prepared in 2% acetic
acid). An identical procedure was used for fabricating
the nanocomposite scaffolds. In the final stage, 20%
Wt./V of either MBG or Zn-MBG nanoparticles were
incorporated into the polymeric solution. The mixture
underwent thorough mixing on a magnetic stirrer to
achieve a completely homogenous state. To improve
the mechanical strength of the resulting scaffolds, 1%
V/V glutaraldehyde was added to each polymer mixture
for in-situ crosslinking. The mixture was then stirred
using a magnetic stirrer for 30 minutes and subsequently
degassed using an ultrasonic bath. Following this, the
prepared mixture was transferred to a mold and subjected
to a gradual freezing process (1 h at 4°C, 16 h at -20°C,
and 5 h at -70°C). Finally, the fabricated scaffolds were
cut with a 5 mm biopsy punch, and slices with a thickness
ranging from 2 to 10 mm were obtained from the freeze-
dried samples for further analysis.

Characterization of synthesized nanoparticles

A high-resolution imaging technique known as Field
Emission Scanning Electron Microscopy (FESEM,
MIRA3) was utilized to examine the surface characteristics
and particle size of the MBG and Zn-MBG nanoparticles.
Image] software served as the tool for estimating the
particle size. Energy-dispersive X-ray spectroscopy (EDS)
was employed to analyze the elemental composition of
the synthesized nanoparticles and to verify the presence
of the desired ions within the MBG structure. Fourier
transform infrared spectroscopy (FTIR) (Bruker) was
used to identify the functional groups present in the
synthesized MBGs. This involved mixing the sample with
potassium bromide (KBr) powder in a 1:40 ratio. The
resulting mixture was then compressed and analyzed at
a frequency of 2.60 Hz within the wavenumber range of
400-4000 cm™. X-ray diffraction (XRD) was employed
to determine the crystalline or amorphous structure and
phases present in the synthesized MBGs. This technique
involved recording the diffraction pattern of the MBGs
across a range of angles (20) from 10 to 70 degrees.”

Characterization of fabricated nanocomposite scaffolds
The examination of the scaffolds' surface characteristics
and internal pore structure, along with the elemental
distribution throughout the fabricated scaffolds, was
conducted using a scanning electron microscope (SEM)
coupled with EDS (X MIRA3, Tescan, Brno, Czech
Republic). FTIR, performed using a Bruker-IFS48
instrument, was employed to identify the functional
groups present within the scaffolds. An assessment of the
mechanical properties and compressive strength of the
prepared scaffolds (measuring 10x20 mm) was carried
out using a compressive strength test. The SANTAM
model STM-2, manufactured in Iran, was utilized for this
purpose.’

Evaluation of scaffolds antioxidant properties

The free radical scavenging capacity of the prepared
scaffolds was evaluated with the DPPH radical scavenging
assay. A solution containing the fabricated nanocomposite
scaffolds (20 mg of scaffolds appropriately immersed
in 1 mL of methanol) was prepared in a 1:1 ratio with
DPPH solution (80 pg/mL), serving as the source of free
radicals. The samples were incubated in darkness at room
temperature (maintained at 25 °C with a tolerance of plus
or minus 1 °C) for 30 min. Following incubation, the
neutralization of DPPH compared to the negative control
was measured at a wavelength of 517 nanometers using a
Shimadzu UV-1800 spectrophotometer, as described by
the following equation:

SC% =

0D, =0Ds
oD,

n

In this context, OD_ represents the absorbance of the
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control reaction, while OD, corresponds to the absorbance
of the sample.?

Biocompatibility and hemocompatibility

The prepared scaffolds' cytotoxicity is evaluated using
the MTT assay against SCAPs cells. To achieve this, the
freeze-dried scaffolds were sterilized with 70% v/v ethanol
followed by UV light exposure. Subsequently, they were
incubated in a-MEM medium for 24 hours at 37°C. The
next step involved seeding 1 x 10A4 SCAPs cells (passage
4) onto the top of each scaffold. The cell culture medium
used contained 1% penicillin streptomycin and 15%
EBS. The plates were then placed in an incubator set at
37°C with 5% CO2 and 95% humidity for 1 and 3 days.
Following each desired incubation period, 10 pL of MTT
solution was added to each well. The plate was then
incubated for 3.5 hours at 37°C. This was followed by the
addition of 100 uL. DMSO to dissolve the formazan crystals
formed. After 5 minutes of adding DMSO, the medium
was transferred to a 96-well plate and the optical density
(OD) was measured at a wavelength of 595 nm using a
microplate reader) Stat Fax 4300). The hemocompatibility
of the prepared scaffolds was evaluated similarly to our
previous study.”’

Statistical analysis

SPSS version 18 was used for data analysis. Differences
in the parameters of all groups have been evaluated by
ANOVA analysis.

Results

Characterization of nanoparticles

The diffraction pattern of MBGs in the ranges of 10 to
70 and angles of 20 was shown in Fig. 1. XRD spectrum
revealed similar patterns for both nanoparticles. Notably,
a broad band across 20-34° 20 can be attributed to
amorphous silicate, signifying the amorphous nature of
both samples.**

FTIR spectra of both MBG nanoparticles are shown in
Fig. 2. The characteristic bands, notably located at 1000
to 1250/cm comprise a sharp peak attributed to the Si-O-
Si stretching vibrational mode at 1090/cm. Furthermore,
a characteristic vibrational band of Si-O-Si was detected
around 800/cm. Another Si-O-Si band was identified at
approximately 470/cm. No significant variations in the
molecular structure of Zn-MBG were observed following
the doping of zinc in the MBG structure at the FTIR
spectrum.*

The FESEM image is shown in Fig. 3. The size of MBG
and Zn-MBG were 80 nm and 30 nm, respectively. Doping
of zinc into the MBG structure reduced the nanoparticle
size. Additionally, the effectiveness of zinc doping
was verified via EDS analysis (Fig. 3), a technique that
determines elemental distribution within the samples.

DLS/zeta was used to determine the size distribution,
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Fig. 1. XRD pattern of MBG (A) and Zn-MBG (B).
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Fig. 2. FTIR spectrum of MBG (A) and Zn-MBG (B).

hydrodynamic diameter, and surface charge of the MBG.
Notably, a broad peak was observed for both types, which
could be attributed to aggregations of MBGs and their
partial dispersion. This is consistent with the findings
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observed in the FESEM images. The average hydrodynamic
diameter and zeta potential of MBG were 448.5 nm, and
-15.3 mV, while for Zn-MBG, the average diameter was
85.86 nm, and -10.7 mV, respectively (Fig. 4).

Scaffolds characterizations
The infrared (FTIR) spectra of Alg/Cs, Alg/Cs-MBG, and
Alg/Cs-MBG/Zn scaffolds are shown in Fig. 5. In the Alg/
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Fig. 3. Scanning electron microscope micrograph and relative EDS
analysis of MBG (A) and MBG-Zn (B). (scale 500 nm).
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Cs scaffold, the peaks located between 3400 and 3600 cm ™
indicate the presence of O-H (hydroxyl) bonds. The peak
at 1600 cm™* corresponds to the N-H (amine) bending
vibration and the peak at 1450 cm™ represents the COO-
(carboxylate) or C=0O (carbonyl) groups.

The morphology, porosity, and elemental distribution
of the scaffolds were assessed by a SEM coupled with
an EDS analyzer. As represented in Fig. 6, SEM images
showed scaffolds porous structure. The porous and rough
surface of these scaffolds provided an ideal environment
for cell adhesion and cell proliferation. As per data
obtained from Image], the average pore size was between
120, 180 and 217 um for Alg /Cs, Alg /Cs-MBG, and
Alg /Cs-MBG/Zn scaffolds respectively. The elemental
analysis of the constructed scaffolds revealed the following
constituent elements within the fabricated scaffolds; Alg
/Cs containing oxygen (O), carbon (C), nitrogen (N),
Alg /Cs-MBG representing C, O, N and silicon (Si), as
well as calcium (Ca) and the Alg /Cs-MBG/Zn scaffold
containing C, O, N, Si, Ca and zinc (Zn).

Biocompatibility

In this study, the MTT method was used to assess the
viability of cells on various scaffolds (Fig. 7A). The viability
of SCAPs cells on the first and third day was assessed for
the following scaffold types: Alg/Cs, Alg/Cs-MBG, and
Alg/Cs-MBG/Zn, which were compared to the scaffold-
less control group. MTT assay results demonstrated that
Alg/Cs, Alg/Cs-MBG and Alg/Cs-MBG/Zn scaffolds
exhibited favorable biocompatibility properties on the
first and third day. Cell viability significantly increased
as the scaffolds provided a 3D microenvironment for
proliferation. Additionally, the addition of MBG and
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Fig. 4. DLS/Zeta of synthesized MBG NPs, the hydrodynamic diameter of MBG(A), the zeta potential of MBG NPs (B), the hydrodynamic diameter of Zn-MBG
(C), and related zeta potential of Zn-MBG NPs (D).
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Zn scaffolds (C).

MBG/Zn enhanced cell viability compared to the neat
scaffold. Notably, MBG/Zn exhibited elevated viability
compared to the other scaffolds.

The hemolysis test results (Fig. 7B) demonstrate that the
fabricated scaffolds were hemocompatible. Furthermore,
the incorporation of MBG or Zn-MBG did not notably
influence the lysis of red blood cells, compared to the
Triton X100 as the control group.

Antioxidant properties

Fig. 8 presents the outcomes of the antioxidant property
test utilizing DPPH, which confirms the antioxidant
characteristics of the fabricated scaffolds. The addition of
MBG and Zn-MBG enhanced the antioxidant properties
of the scaffolds by 44.58% and 69.43%, respectively, as
compared to the neat Alg/Cs scaffold.

cps/eV

T
B 10 15 20 2 30
Energy [kev])

Fig. 6. SEM micrographs and EDS analysis of Alg/Cs scaffolds (A), Alg/
Cs-MBG (B), and Alg /Cs-MBG/Zn (C) scaffolds (Scale 200 um).

Mechanical properties

The elastic modulus of the Alg/Cs scaffold was higher
than other scaffolds, the addition of MBG and MBG-
Zn nanoparticles in the scaffold decreased the scaffold’s
elastic modulus as anticipated. Table 1 presents the elastic
modulus for the fabricated scaffolds.

Discussion

Treatment of immature root canals presents certain
challenges such as reduced tooth sensitivity and vitality,
susceptibility to secondary infections, and an increased
risk of subsequent fractures. However, advancements
in regenerative therapy offer a promising approach to
restoring pulp-dentin tissue. To that end, a combination
of mesenchymal stem cells, growth factors, and scaffolds is
employed. Specifically, stem cells of apical papilla (SCAPs),
which reside in the apical papilla of immature permanent
teeth, play a crucial role. These SCAPs exhibit unique
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Fig. 8. Comparison of antioxidant properties in Alg/Cs, Alg/Cs-MBG, and
Alg/Cs-MBG/Zn scaffolds.

characteristics, including high proliferation potential,
self-renewal ability and low immunogenicity.*%*

In the present study, nanocomposite scaffolds were
synthesized and their biological properties were assessed
in vitro for dental tissue regeneration treatments. To
that end, an Alg/Cs-MBG/Zn scaffold was chosen to
enhance the regeneration of dental tissues.” In contrast
to microparticles, nanoparticles offer an elevated level of
bioactivity. Furthermore, the mesoporous structure of
these particles enhances the surface area, resulting in more
binding sites for cell adhesion and tissue formation.**

Based on the XRD pattern of the synthesized MBGs,
it was found that the inspected material possessed
an amorphous structure, consistent with previous
findings.** Additionally, FTIR results further validated
the synthesis of the aforementioned nanoparticles, with
distinct bands associated with MBG being observed in the
obtained spectra.**** The combination of these analytical
techniques provided valuable insights into the material’s
composition and structure, supporting the successful
synthesis of MBGs.

DLS/Zeta analysis results indicate the Zn-MBG
hydrodynamic diameter is less than neat MBG NPs
diameter, and the zeta potential of Zn-MBG increased
due to the zinc positive charge. In line with the DLS

Table 1. The mechanical properties of the prepared scaffolds
Scaffold Alg/Cs-MBG/Zn  Alg/Cs-MBG Alg/Cs
Elastic modulus 29.13 34.52 35.72

results, the FESEM images showed a decreased size of
Zn-MBG NPs. EDS analysis yielded several valuable
insights. 1-Zinc Doping, proper zinc doping was observed
in the Zn-MBG structure. 2-Calcium Reduction, in
comparison to synthesized MBG, the Zn-MBG exhibits a
reduced calcium content. This reduction occurs because
zinc replaces calcium during the synthesis process.
3-Impurity-free synthesis, the presence of Si, O, and Ca
in the structure of the MBG confirms their purity. These
synthesized MBGs are devoid of impurities.'®*

When comparing the FTIR spectrum of the fabricated
scaffolds with other types, characteristic bonds of
chitosan, alginate and MBG were observed. Additionally,
EDS revealed the distribution of MBG or MBG/Zn
elements throughout the scaffold structure contributed to
its supportive surface properties for cell adhesion.’

Cell adhesion on polymer surfaces is influenced by
several factors, including cell type, surface charge, and
substrate surface roughness. Notably, both microscopic
and submicron roughness, similar to what was observed
in scaffolds fabricated in the present study, exhibited
positive effects on cell adhesion and cell growth.* These
observations were in alignment with results obtained
from cytotoxicity and survival assessments. SEM images
of the fabricated nanocomposite scaffolds revealed
both the surface roughness and the porous structure of
the scaffold. These features made the scaffold ideal for
stem cell adhesion and growth.*® Notably, uniform and
homogeneous dispersion of MBG particles within the
Alg/Cs-MBG/Zn composite scaffold structure is a critical
attribute that any synthesized scaffold must possess to
tulfill its intended role in tissue regeneration and repair
effectively.’”?® This well-designed scaffold holds promise
for advancing tooth tissue regeneration and contributing
to the field of biomedical engineering.

The interconnected pores in the scaffolds exhibited
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a range of sizes, spanning from less than 50 pm to 500
um. The average pore size was within the range of 120
to 217 um. The porous structure of these scaffolds played
a crucial role in cell migration, angiogenesis, nutrient/
waste diffusion, and the formation of new tissues. For
tissue engineering, the minimum suitable pore size is 75
um, while the maximum acceptable pore size is 900 um.'*

According to the DPPH method, the addition of Zn-
MBG, and MBG to the nanocomposite scaffolds, increased
the antioxidant properties of fabricated scaffolds, and
elevated antioxidant properties were seen in Zn-MBG
scaffolds, due to the antioxidant properties of zinc. The
mechanical strength of the nanocomposite showed
improvements due to the incorporation of MBGs. While
having a porosity ranging from 55% to 74%, the scaffolds
maintained mechanical integrity. The degree of porosity,
water absorption capacity and scaffold degradation
significantly impacted their mechanical strength and
biological activity. Ideally, scaffold degradation should
occur concurrently with new tissue formation.””* The
ions released from the scaffold can trigger various cellular
responses. Moreover, scaffolds play a role in stimulating
stem cell proliferation and differentiation within their
porous structure.*’

The findings from the present study revealed that in Alg/
Cs-MBG/Zn and Alg/Cs-MBG scaffolds, proliferation of
SCAPs exhibited a significant increase on the first and
third days, as compared to both the control group and
the Alg/Cs scaffold. Notably, the highest survival rate was
observed in cells seeded on the Alg/Cs-MBG/Zn scaffold,
suggesting distinct cellular responses to varying materials.
In a study by Moshiri et al, it was observed that gelatin and
chitosan, when used individually, did not significantly
contribute to bone ossification. However, the combination
of biological materials in the form of a composite scaffold
were necessary.*’ Various studies have demonstrated the
beneficial impact of doping different elements into the
structure of nanoparticles incorporated in the scaffolds.
Zheng et al incorporated copper-doped bioactive glass
nanoparticles into a gelatin scaffold containing 45S5.
Their findings revealed an accelerated formation of an
apatite layer on the scaffold’s surface in the presence of
BG nanoparticles containing copper after immersion in
SBF.*” In a study by Shoaib et al, it was seen that various
concentrations of Mg-doped MBG nanoparticles did
not show significant cytotoxic effects on NHFB despite
reserved effect on the MG-63 cancer cell viability.”
Similarly, the addition of strontium-doped MSN, into
the chitosan/gelatin scaffolds exhibited favorable porosity
and surface roughness, along with high biocompatibility.”
Antibacterial alginate chitosan nanocomposite film with
functionalized multiwalled carbon nanotubes and zinc
oxide has potential use for biomedical applications.*
Alginate chitosan scaffolds containing zinc-doped
MBG apical papilla stem cells have been explored for

various applications in tissue engineering, especially for
dental and craniofacial regeneration. For example, these
scaffolds can be used to support the growth and function
of SCAPs and to induce the formation of vascularized and
mineralized tissues in animal models.*® These scaffolds
can also release zinc ions and bioactive molecules that
stimulate the expression of osteo/odontogenic genes and
proteins in SCAPs.*

Of note, the present study showed that a 20% Wt./
Wt. ratio of MBG and polymer not only was non-toxic
but also enhanced the proliferation potential of the
nanocomposite scaffold, compared to the control group.
The current research findings highlight the positive effect
of zinc doping in the structure of MBG, particularly in
enhancing the survival and proliferation of SCAPs seeded
on the nanocomposite scaffolds. When considering the
industrial scalability of these nanocomposite scaffolds
for dental root tissue regeneration, some substantial
features must be considered, e.g., manufacturing process
optimization, biocompatibility and safety (immune
response, and investigating potential long-term safety
of fabricated scaffold degradation products in vivo), and
confirming they meet regulatory standards.

Conclusion

In the present study, amorphous MBG and Zn-MBG
nanoparticles were synthesized by the sol-gel process.
To create the nanocomposite scaffold, chitosan and
alginate were utilized, which caused the incorporation of
the MBG and Zn-MBG nanoparticles into the hydrogel.
The scaffolds exhibited appropriate porosity, antioxidant
properties, and mechanical characteristics. These
scaffolds were both biocompatible and hemocompatible.
Notably, the Alg/Cs-MBG/Zn scaffolds provided a
suitable microenvironment for cell proliferation and
viability. The findings of the present study indicate that
the Alg/Cs-MBG/Zn nanocomposite scaffold could
serve as an ideal microenvironment for the proliferation
and differentiation of SCAPs. While Alg/Cs-MBG/
Zn nanocomposite scaffolds hold promise, addressing
the study limitations such as assessment of their overall
biocompatibility with surrounding tissues and immune
responses should be thoroughly evaluated, and explore
surface functionalization techniques to enhance specific
interactions with stem cells, such as incorporating
growth factors or peptides onto the scaffold surface will
contribute to their successful clinical translation in dental
regenerative medicine.
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