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Received: The integration of graphene-based nanomaterials into biopolymeric scaffolds offers a promising
9 August 2025 route to enhance mechanical, physicochemical, and biological performance for neural tissue
Accepted: engineering. In this work, alginate-based scaffolds incorporating graphene oxide (GO) and
5 December 2025 graphene quantum dots (GQDs) were fabricated via modified Hummer’s and hydrothermal
Published in issue: methods, respectively, at varying concentrations. Scanning electron microscopy (SEM) analysis
31 December 2025 revealed that GO increased surface roughness and formed interconnected porous networks,

promoting superior cell adhesion and infiltration, while GQDs enhanced porosity but contributed
less to mechanical reinforcement. Compressive strength improved significantly in GO-
containing scaffolds (7 kPa) compared to GQDs (3 kPa), correlating with higher in vitro cell
proliferation and adhesion. Attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR) confirmed nanomaterial integration into the alginate matrix. Swelling and
degradation assays indicated faster degradation for AL-GQDs scaffolds, whereas conductivity
testing showed higher electrical performance in GQDs-based scaffolds due to quantum
confinement effects. Gene expression analysis revealed significant upregulation of PLCB1 and
TRPVI1 in AL-GO scaffolds, highlighting microarchitecture-mediated mechanotransduction.
The presence of botulinum neurotoxin type A (BoNT/A) suppressed gene expression; however,
tre O1CC Pres anie he rems ot AL-GO ' scaffolds maintained higher functional expression levels. Overall, scaffold and
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scaffolds promising candidates for neural tissue engineering.
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1. Introduction

Graphene-based nanomaterials, particularly graphene
quantum dots (GQDs) and graphene oxide (GO), have
emerged as highly promising candidates in the field of
tissue engineering due to their unique structural and
physicochemical characteristics. GQDs, typically
smaller than 100 nanometers in size, exhibit remarkable
electronic, optical, and biocompatible properties[1].
These quantum-scale materials, especially green GQDs
synthesized through eco-friendly methods, represent an
advanced class of carbon nanostructures with potential
in regenerative medicine[2]. Similarly, GO, with its two-
dimensional structure and high surface area, exists in
various morphologies such as nanosheets, nanolayers,
nanoplatelets, and nanoribbons[3]. Its surface
functionality, mechanical robustness, and ability to form
stable composites with polymers have positioned GO as
a versatile component in scaffold fabrication[4]. Recent
advances in nanomedicine have highlighted the
biological effects of GQDs on stem cell behavior. For
instance, Yang et al. [5] reported that GQDs at a
concentration of 10 pg/mL significantly enhanced the
proliferation of stem cells derived from human
exfoliated deciduous teeth (SHED) and promoted
osteogenic  differentiation via the Wnt/B-catenin
signaling cascade. In a parallel study, Geng et al. [6]
demonstrated that negatively charged GQDs, in contrast
to positively charged counterparts, effectively
stimulated osteogenic differentiation through activation
of the BMP/Smad signaling pathway. Incorporation of
these GQDs into a gelatin methacryloyl (GelMA) matrix
further improved bone regeneration outcomes in a
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calvarial defect model in mice. Beyond bone-related
applications, GQDs have also shown significant promise
in cardiovascular tissue repair. Si et al. [7] developed a
conductive hydrogel incorporating ultra-small GQDs
and human mesenchymal stem cells (hMSCs), which
enhanced angiogenesis and reduced cardiomyocyte
necrosis in myocardial infarction models. Likewise, Hou
et al. [8] employed GO-derived and chemically modified
GQDs to label human skin fibroblasts within scaffolds,
enabling efficient long-term cell tracking without
impairing cellular viability or function. GO has
independently been recognized for its biofunctional
interfaces and antibacterial properties, which are critical
in orthopedic and tissue engineering contexts[9].
Prakash et al. [10] synthesized a GO-based composite
via gel casting for application in orthopedic implants.
Their study revealed notable antibacterial effects against
both Gram-positive and Gram-negative bacterial strains,
including E. coli, S. mutans, S. aureus, and P.
aeruginosa. These findings underscore GO’s potential
for reducing implant-associated infections and
enhancing scaffold bioactivity. Furthermore, bioinks
containing GO-polymer composites have been utilized
for fabricating vascularized bone constructs through
three-dimensional  bioprinting[11]. The
groups present on the GO surface—including hydroxyl,

functional

epoxy, ketone, carboxyl, and diol moieties—facilitate
strong interactions with biological molecules such as
polysaccharides, proteins, aptamers, and nucleic
acids[12]. This chemical versatility supports the
integration of GO within polymeric matrices for
enhanced mechanical and biological performance[13].
Studies have shown that incorporating GO into gelatin-
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alginate  scaffolds improves cell attachment,
proliferation, and osteogenic differentiation. Purohit et
al. [14] demonstrated that GO-based nanocomposites
exhibit increased compressive strength, high
hydrophilicity, and prolonged biodegradation, making
them ideal for supporting tissue regeneration. Although
numerous studies have investigated the individual
applications of GO and GQDs in scaffold design, their
combined effect within alginate (AL)-based systems
remains insufficiently explored. Most prior research has
focused either on enhancing mechanical integrity or
improving biological performance independently, often
overlooking the synergistic potential of co-
functionalization with both nanomaterials. Additionally,
only a limited number of studies have provided an
integrated evaluation of scaffold behavior across
structural, physicochemical, electrical, and cellular
domains. This study was designed to address these gaps
by systematically investigating the combined impact of
GO and GQDs on the multifunctional performance of
alginate-based scaffolds for tissue engineering. At the
time of project initiation, the literature lacked a
comprehensive comparison of scaffold behavior in terms
of both bioactivity and mechanical enhancement through
dual  carbon nanomaterial  incorporation. A
comprehensive set of analyses—including transmission
electron microscopy (TEM), scanning electron
microscopy (SEM), and Fourier-transform infrared
spectroscopy (FTIR)—was employed for material
characterization. Key functional properties, including
porosity, compressive strength, swelling behavior,
degradation kinetics, electrical conductivity, cell
viability, proliferation capacity, and gene expression
profiles, were evaluated to assess scaffold performance
and their potential applicability in regenerative
medicine.

2. Materials and Methods
2.1. Chemicals and Reagents

The materials used in this study include Sodium
Alginate (Merck), Calcium Chloride (CaCly) (Merck),
Distilled Water, Dulbecco's Modified Eagle's Medium
(DMEM), Fetal Bovine Serum (FBS), Trypsin,
Phosphate  Buffered Saline (PBS), Penicillin-
Streptomycin  (Gibco), Glutaraldehyde, Dimethyl
Sulfoxide (DMSO) (Dnabiotech). Graphite meshes (size
< 200 mm), ammonia  solution  (25%),
dimethylformamide (DMF), sulfuric acid (95-97%),
sodium nitrate (NaNOj3), oxygen peroxide (H»0»)
(30%), sulfuric acid (H,SO,), potassium permanganate
(KMnOy), polytetrafluoroethylene (PTFE), ethanol,
botulinum neurotoxin (BoNT), and HCl (97%) were
purchased from Merck (Germany).The C6 Glioma Cell
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Line was used for evaluating scaffold biocompatibility,
cell viability, and gene expression. This cell line is
widely recognized for its relevance in modeling
glioblastoma behavior. The equipment used in this
research included a Microplate Reader for ELISA and
MTT assays, a SEM for morphological analysis of
scaffolds, a Freeze-Dryer for scaffold preparation, and
an Ultrasonic Bath Sonicator for sample dispersion and
nanoparticle preparation.

2.2. The synthesis procedure of nanomaterials

This section details the synthesis procedures for two
nanomaterials: GO and GQDs

2.2.1.8ynthesis of GO

GO was synthesized using a modified Hummer’s
method [15], previously optimized in our laboratory to
improve oxidation efficiency and structural integrity.
The process began by pre-cooling 46 mL of concentrated
sulfuric acid (H;SO4, 95-97%) in an ice bath under
continuous magnetic stirring at approximately 400 rpm.
1 gram of graphite powder was gradually added to the
acid to ensure homogenous dispersion and to prevent
local overheating. After 15 minutes of stirring, 1 g of
sodium nitrate (NaNOjz) was introduced to promote
intercalation between the graphite layers and facilitate
the subsequent oxidation reaction. Following this step, 6
g of potassium permanganate (KMnO,) was slowly
added to the suspension while carefully maintaining the
temperature below 20°C. This controlled addition
minimized the risk of violent exothermic reactions and
ensured uniform oxidation. The mixture was then stirred
at approximately 40°C for 3 hours under continuous
magnetic stirring, allowing for the gradual formation of
manganese oxide intermediates and the development of
a dark brown color, indicating successful oxidation of
the graphite lattice. Subsequently, 80 mL of deionized
water was added dropwise, causing a rise in temperature
due to the exothermic nature of the dilution step. The
temperature was stabilized at 80—85°C and maintained
for 30 minutes to ensure complete oxidation. Upon
cooling to room temperature, 200 mL of additional
deionized water was added, followed by slow dropwise
addition of 6 mL hydrogen peroxide (H,O,, 30% v/v).
The reaction between residual KMnO, and H,O,
resulted in the evolution of oxygen and a distinct color
change from dark brown to yellow, confirming the
complete decomposition of excess permanganate and the
formation of oxidized graphite species. The resulting
dispersion was filtered and subjected to sequential
washing purification procedure clarified. Initially, 10%
(w/w) hydrochloric acid (HCI) was used to eliminate
manganese residues and metal ions. Multiple washes
with deionized water followed until the pH of the filtrate
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reached approximately 6, ensuring removal of all acidic
and ionic contaminants purification endpoint defined.
The solid product, identified as graphite oxide, was
collected on a cellulose-based filter membrane and dried
under ambient conditions at temperatures not exceeding
38°C to preserve its layered structure. To produce
exfoliated GO nanosheets, the dried graphite oxide was
redispersed in deionized water at a concentration of 2
mg/mL and treated using an ultrasonic probe sonicator
at 200 W, 20 kHz for 30 minutes. Ultrasonication
disrupted the van der Waals forces between layers,
yielding stable colloidal GO with high surface area and
monolayer or few-layer architecture suitable for further
functionalization. A schematic representation of the
entire synthesis process is presented in Figure 1.

2.2.2. Synthesis of GODs

GQDs were synthesized using a hydrothermal cutting
method[16] in which GO previously obtained from the
modified Hummer’s process served as the carbonaceous
precursor. A total of 270 mg of dried GO powder was
dispersed in 10 mL of anhydrous dimethylformamide
(DMF, >99.8% purity) to promote exfoliation and
facilitate uniform solvothermal reaction conditions. The
suspension was magnetically stirred for 20 minutes at
approximately 400 rpm and subsequently subjected to
probe ultrasonication (200 W, 20 kHz) for an additional
30 minutes to ensure homogenous dispersion at the
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nanoscale level. The resulting brownish-black colloidal
suspension was carefully transferred into a 30 mL
Teflon-lined stainless steel autoclave reactor (filling
volume 40% of the total reactor capacity), which was
hermetically sealed to maintain internal pressure during
heating. The reactor was placed in a laboratory oven and
maintained at 200°C for 5 hours (heating rate 5°C/min).
Under these conditions, the solvothermal reaction
initiated oxidative fragmentation and carbon-core
reconstruction processes, leading to the formation of
fluorescent carbon-based nanodots with well-defined
size distributions. The appearance of a clear orange hue
in the final product solution indicated the successful
formation of GQDs with uniform particle size and
optical characteristics. Following completion of the
reaction, the autoclave was allowed to cool naturally to
room temperature. The reaction mixture was then
filtered using a 0.22 um cellulose acetate membrane
(vacuum-assisted filtration) to remove any unreacted
residues or larger aggregates. The clarified filtrate was
subjected to freeze-drying for 24 hours under reduced
pressure to obtain solid GQDs powder. The dry product
was stored at 4°C in a sealed, desiccated environment to
maintain its photoluminescent stability and prevent
agglomeration prior to subsequent use. A schematic
diagram illustrating the synthesis steps of GQDs is
provided in Figure 2 to facilitate process visualization.
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Figure 1. Synthesis of GO via a modified Hummer’s method
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Figure 2. Synthesis of GQDs via a hydrothermal method

2.3. Preparation of the Hydrogel Scaffold

AL-based hydrogel scaffolds were fabricated through a
multistep process designed to ensure uniform nanomaterial
dispersion and reproducible three-dimensional structural
integrity. Initially, medium-viscosity sodium alginate was
dissolved in deionized water at a concentration of 2 wt%
under continuous magnetic stirring at 500 rpm for 1 h at
room temperature (25 + 2°C) to obtain a homogeneous
polymeric solution. This solution served as the primary
hydrogel-forming matrix. In parallel, GO and GQDs were
each dispersed separately in deionized water at
concentrations of 0.5, 1.0, and 1.5 wt%. GO dispersions
were subjected to probe ultrasonication at 200 W and 20
kHz for 60 min to promote nanosheet exfoliation and
suppress agglomeration, while GQD dispersions were
sonicated for 20 min under identical conditions to ensure
colloidal stability and uniform particle distribution.

Following sonication, each nanoparticle suspension was
added dropwise to the alginate solution under continuous
magnetic stirring at 500 rpm and blended for an additional
60 min. This controlled mixing step facilitated
homogeneous nanomaterial distribution within the alginate
matrix and minimized interfacial aggregation, which is
essential for maintaining the physicochemical and
biological functionality of the scaffolds. To initiate ionic
crosslinking and hydrogel formation, a 2 wt% aqueous
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solution of calcium chloride (CaCl,) was added dropwise
to the nanoparticle-containing alginate mixtures at a
volume ratio of 1:1 between the alginate solution and
CaCl; solution, while gently stirring with a sterile spatula
for approximately 5 min. The divalent calcium ions
induced ionic crosslinking between the guluronic acid
blocks of alginate chains, resulting in cohesive and
mechanically stable hydrogel networks incorporating GO
or GQDs. The resulting hydrogels were subjected to a two-
step structural stabilization process. First, samples were
frozen at —80°C for 24 h to preserve the internal pore
architecture and immobilize the hydrogel structure.
Subsequently, the frozen scaffolds were freeze-dried at a
condenser temperature of —50°C under vacuum below 0.1
mbar for 48 h to remove water via sublimation, yielding
porous three-dimensional scaffolds suitable for tissue
engineering applications. All scaffold formulations were
prepared using at least three independently fabricated
batches, and each experimental characterization was
performed in triplicate to ensure reproducibility and
statistical reliability.

2.4. Characterization
2.4.1. Microscopic analyses and porosity evaluation

For microscopic and structural characterization, scaffold
samples were initially washed using a combination of
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ethanol and deionized water in an ultrasonic bath (Elma,
Germany) for 20 minutes to eliminate residual surface
contaminants. For bulk samples, electrical conductivity
was enhanced by affixing aluminum conductive adhesive
tape to the specimen edges. To further improve surface
conductivity and imaging resolution, samples were sputter-
coated with a thin layer of conductive metal via the
Physical Vapor Deposition (PVD) method using a
COXEM instrument. High-resolution imaging was
performed using a scanning electron microscope (SEM
QUANTA 200, USA) equipped with both backscattered
electron (BSE) and secondary electron (SE) detectors.
Elemental composition was analyzed using an energy-
dispersive X-ray spectroscopy (EDS) system with a silicon
drift detector (EDAX, USA), enabling semi-quantitative
analysis of carbon, oxygen, and other trace elements
present in the nanostructured scaffolds. Scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) were employed as complementary techniques to
evaluate the microstructural features of GONPs and GQDs.
SEM was primarily utilized to assess the surface
morphology and pore architecture of the composite
scaffolds, with attention to uniformity, interconnected
porosity, and dispersion of nanomaterials. TEM analysis
was conducted to provide detailed insights into the
nanoscale structure of the individual materials. For
GONPs, characteristics such as sheet morphology, flake
size, and thickness were examined, while for GQDs,
particle size distribution, shape uniformity, and colloidal
dispersion were evaluated with nanometer-level resolution.
The integration of both techniques allowed for
comprehensive structural profiling and correlation of
micro- and nano-scale features.
Porosity was determined using a liquid displacement and
uptake-based method according to the Archimedes
principle. Briefly, dried scaffolds were immersed in
ethanol, which was selected as the displacement fluid due
to its low surface tension and minimal chemical interaction
with polymeric matrices. A specific gravity bottle was
employed for accurate volumetric measurements. The
porosity value was calculated based on the mass changes
before and after immersion using Equation (1). It should be
noted that this approach reflects the apparent porosity,
which accounts for the accessible pore volume and liquid
uptake behavior of the scaffold. In highly hydrophilic and
swellable alginate-based systems, ethanol can penetrate
both the pore network and the polymer matrix, leading to
apparent porosity values exceeding 100%. Therefore, the
reported porosity values represent pore accessibility and
absorption capacity rather than true volumetric
porosity[17]:

(W —W3-Ws)/pe (1)

Porosity (%) = (W1-Ws)/pe
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where W, stands for the weight of the specific gravity
bottle (0.03 M CaCl,), W, shows the weight of the specific
gravity bottle with CaCl, and scaffolds, W3 demonstrates
the weight of the specific gravity bottle considered after
removing the W, scaffold, W the initial weight of scaffold,
and finally, p. stands for the density of the desired amount
of CaCl; in the solution.

2.4.2. Compressive strength and swelling evaluation

The mechanical stability of the scaffolds was assessed by
measuring their compressive strength using a universal
testing machine (UTM). Cylindrical scaffold samples with
uniform dimensions were subjected to uniaxial
compression under a constant crosshead speed until
complete structural failure occurred. The peak force
recorded during deformation was considered the maximum
load-bearing capacity, which was then used to calculate
compressive strength. This mechanical parameter serves as
a critical indicator of the scaffold's ability to maintain
structural integrity under physiological loads, particularly
in load-bearing tissue engineering applications.

To evaluate the swelling behavior, dried scaffolds were
immersed in phosphate-buffered saline (PBS, pH 7.4) at
room temperature. Scaffold diameters were recorded both
before and after immersion at predefined time intervals to
monitor dimensional changes due to fluid uptake. The
swelling capacity reflects the scaffold’s hydrophilic
character and fluid retention capability, which are essential
for nutrient diffusion, cell infiltration, and mechanical
compliance in a biological environment. The swelling ratio
was calculated using the equation (2)[18]:

S :MXlOO ()

Dary
Dyt and Dy are the diameters of the swollen and dry
scaffold, respectively.

2.4.3. ATR-FTIR evolution

The chemical composition and functional group
distribution of the fabricated scaffolds were evaluated
using attenuated total reflectance Fourier-transform
infrared spectroscopy (ATR-FTIR) operated in reflective
mode. This technique enables non-destructive surface
analysis and is particularly suitable for biomaterial systems
with complex organic-inorganic compositions. Spectral
data were collected for each scaffold formulation and
compared against reference spectra of the individual pure
components to confirm the successful incorporation and
retention of the constituent materials. The obtained spectra
were interpreted to identify characteristic absorption peaks
associated with specific functional groups, including
hydroxyl, carboxyl, carbonyl, ether, and epoxide moieties,
which are indicative of the presence of alginate, graphene
oxide, and graphene quantum dots within the composite
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structure. The spectral analysis covered a wavenumber
range from 600 to 4000 cm™, encompassing both
fingerprint and functional group regions. Key absorption
bands were assigned based on established spectroscopic
libraries, ensuring precise identification of chemical bonds
and molecular interactions within the scaffold matrix.
Variations in peak position and intensity among different
scaffold formulations provided insight into potential
chemical interactions, hydrogen bonding, and changes in
polymer-nanoparticle compatibility.

2.4.4. Cell culture and treatment

The C6 glioma cell line was employed in this study due to
its well-established relevance as a syngeneic model for
glioblastoma research. Glioblastoma multiforme is
characterized by rapid proliferation, aggressive
invasiveness, and extensive vascularization, all of which
are effectively mirrored by the C6 model in rat systems.
Unlike  xenograft-based  models  that
immunodeficient hosts, the wuse of C6 cells in
immunocompetent rodents offers a biologically relevant
tumor microenvironment with preserved immune
interactions. Moreover, C6-derived gliomas exhibit several

require

histological and morphological similarities to human
glioblastoma, including the formation of dense peritumoral
zones and modification of native vasculature, making them
suitable for evaluating tumor—biomaterial interactions[19].
For in vitro assessment, C6 cells were cultured in
Dulbecco’s  Modified Eagle Medium (DMEM)
supplemented with 10 percent fetal bovine serum (FBS)
and 1 percent penicillin-streptomycin. The cells were
maintained under standard culture conditions at 37°C in a
humidified incubator with 5 percent carbon dioxide. Prior
to seeding, scaffolds were sterilized using UV irradiation
and weighed precisely at 8 mg per sample. A seeding
density of 1.5 x 10° cells per scaffold was selected to
ensure uniform cellular distribution across the scaffold
surface and internal pores. To evaluate the biological
response to therapeutic modulation, selected scaffold
groups were treated with 0.1 nanomolar concentrations of
botulinum neurotoxin type A (BoNT/A). This treatment
was designed to assess both the cytocompatibility of the
scaffold matrices and their influence on cellular behavior
under neuroactive stimulation. Biological evaluations,
including cell viability and gene expression analysis, were
performed at three time points: days 1, 3, and 7 following
BoNT/A exposure.

2.4.5. diphenyl-2H-tetrazolium bromide (MTT) assay

To assess the cytocompatibility of the scaffolds, the MTT
assay was conducted over a seven-day experimental
period. Scaffolds were initially sterilized under ultraviolet
light and transferred into individual wells of a 24-well
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culture plate containing 2 mL of complete culture medium.
Following overnight equilibration, C6 glioma cells were
seeded onto the scaffolds at a defined density. The
experimental groups included pristine AL, alginate with
graphene oxide (AL-GO), and alginate with graphene
quantum dots (AL-GQDs), both with and without
botulinum neurotoxin type A (BoNT/A) treatment.

Cell viability was evaluated at three time points: days 1, 3,
and 7 post-seeding. At each time point, 150 microliters of
MTT reagent (5 mg/mL in phosphate-buffered saline) were
added directly to each well, and the plates were incubated
for 4 hours at 37°C under standard culture conditions.
During this period, metabolically active cells reduced the
yellow tetrazolium salt to insoluble purple formazan
crystals. Upon completion of incubation, the culture
medium containing unreacted dye was removed, and the
formazan crystals were solubilized in 150 microliters of
dimethyl sulfoxide (DMSO) per well.

The absorbance of the resulting solution was measured at
570 nanometers using a microplate reader to quantify cell
viability[20]. Each experimental condition was tested in
quintuplicate to ensure statistical robustness. The viability
percentage was calculated relative to the control group
(untreated cells without scaffolds or BoONT/A exposure)
using the equation (3)[18]:

ODtest

%Viability= — x100 3)

control

In this equation, ODy represents the optical density (OD)
of the wells containing the treated scaffold samples, while
ODcontrol ~ represents the optical density of the wells
containing untreated cells cultured under the same
conditions without scaffold or BONT/A (control group).

2.5. Gene expression analysis

Gene expression analysis was conducted to evaluate the
impact of scaffold composition and BoNT/A treatment on
cellular signaling pathways. The study aimed to determine
whether the incorporation of GO or GQDs into alginate-
based scaffolds could modulate gene expression patterns in
C6 glioma cells and whether this modulation was
influenced by neuroactive stimulation. Comparative
assessments were performed across experimental groups
including AL-GO and AL-GQDs scaffolds, both with and
without BoNT/A exposure, to identify scaffold-dependent
transcriptional Quantitative  real-time
polymerase chain reaction (qPCR) was employed to

responses.

quantify mRNA expression levels of target genes. This
technique offers two principal modes of analysis: absolute
quantification, which involves constructing a standard
curve to determine exact transcript numbers, and relative
quantification, which compares gene expression levels in
treated samples to those in a defined reference group. In
this study, the relative quantification method was selected
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due to its procedural simplicity, cost-effectiveness, and
ability to minimize variability associated with standard
curve generation. The relative approach also allows for
direct comparison of transcriptional changes among
treatment conditions, thereby providing more functionally
meaningful insights into scaffold-induced cellular
responses. All gene expression levels were normalized
against an internal housekeeping gene, and fold changes
were calculated using the 22" method to determine
statistically significant differences in expression across the
experimental conditions.

2.5.1. Reverse transcription-polymerase chain reaction
(RT-PCR)

Total RNA was extracted from cell-seeded scaffold
samples using the RNX-Plus reagent (Sina Clone, Tehran,
Iran) in accordance with the manufacturer’s protocol. The
purity and concentration of the extracted RNA were
verified by spectrophotometric analysis, and the RNA was
immediately reverse-transcribed into complementary DNA
(cDNA) using the Vira Gene reverse transcription kit to
ensure high-fidelity synthesis suitable for quantitative gene
expression analysis. Quantitative real-time polymerase
chain reaction (qQPCR) was performed using a SensoQuest
Biomedizinische thermal cycler. SYBR Green PCR Master
Mix was employed as the fluorescent intercalating dye to
monitor DNA amplification in real time. The qPCR
reactions were prepared using gene-specific primers
targeting the following genes:

e TRPVI: Forward 5'-
CATCTTCACCACGGCTGCTTAC-3', Reverse
5'-CAGACAGGATCTCTCCAGTGAC-3'

e PLCBI: Forward 5'-
GCCCCTGGAGATTCTGGAGT-3', Reverse 5'-
GGGAGACTTGAGGTTCACCTTT-3'

e GAPDH (internal control): Forward 5'-
CATTGCTGACAGGATGCAGAAGG-3/,
Reverse 5'-
TGCTGGAAGGTGGACAGTGAGG-3'

Thermal cycling conditions consisted of an initial
denaturation step at 95°C for 18 seconds, followed by 40
amplification cycles comprising denaturation at 95°C for
18 seconds, annealing at 58°C for 60 seconds, and
extension at 55°C for 60 seconds. All reactions were
performed in triplicate to ensure reproducibility. The
selection of PLCB1 (Phospholipase C Beta 1) and TRPV1
(Transient Receptor Potential Vanilloid 1) as target genes
was based on their critical roles in neural signaling
pathways. PLCB1 is a pivotal enzyme within the
phosphoinositide signaling cascade, responsible for the
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hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2)
into the secondary messenger’s inositol trisphosphate (IP3)
and diacylglycerol (DAG). This pathway governs calcium
ion mobilization, cell proliferation, and neural
differentiation, thereby serving as a valuable marker for
scaffold-induced modulation of intracellular signaling. In
contrast, TRPV1 encodes a non-selective cation channel
predominantly expressed in sensory neurons. It is activated
by various stimuli such as heat, acidic pH, and capsaicin,
and it plays a key role in calcium-mediated responses
related to inflammation, nociception, and tissue
regeneration. Monitoring TRPV1 expression provides
insights into the scaffold’s effects on neurofunctional
plasticity and its potential role in promoting neural repair.
By evaluating both PLCB1 and TRPV1 expression levels,
this study aimed to capture a comprehensive view of
scaffold—cell interactions, encompassing intracellular
signaling dynamics and functional neuroregeneration
under the modulatory influence of BoNT/A. Relative
quantification of gene expression was performed using the
2744C¢t method, with GAPDH serving as the internal
housekeeping gene. This approach enabled accurate
assessment of expression fold changes across experimental
conditions relative to the untreated control group.

2.6. Statistical analisis

All quantitative data are presented as mean * standard
deviation (SD) unless otherwise stated. All experiments
were performed in triplicate (n = 3) using independently
prepared samples. Statistical significance among multiple
groups was assessed using one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test for pairwise
comparisons. A p-value < 0.05 was considered statistically
significant.

3.Results and discussion

3.1. SEM and TEM Characterization of synthesized
nanoparticles

Figure 3 presents the morphological and structural features
of synthesized GO and GQDs using SEM and TEM
analyses. The SEM image of GO (Figure 3a) reveals a
typical wrinkled and layered morphology, indicative of a
sheet-like structure with partially exfoliated flakes. These
features suggest the presence of few-layer GO with a high
specific surface area, which is essential for enhanced
physicochemical interaction in hydrogel matrices[21]. In
contrast, the SEM image of GQDs (Figure 3b) shows a
homogeneous distribution of small, spherical particles
dispersed over a rough surface, consistent with the
formation of nano-sized graphene derivatives[22]. TEM
imaging was further employed to examine the internal
morphology. The GO sample (Figure 3c) exhibits ultra-
thin, transparent layers with slight folding and overlapping,
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confirming its multi-layered nature and large lateral
dimensions in the range of hundreds of nanometers. These
sheet-like domains are essential for forming mechanically
robust scaffolds and establishing electrostatic interactions
with charged biomolecules[23]. More notably, the TEM
image of GQDs (Figure 3d) confirms the successful
formation of monodisperse, zero-dimensional quantum
dots. The particles are uniformly distributed, exhibiting a
quasi-spherical morphology[24]. Quantitative analysis
revealed that the average particle diameter of GQDs was
approximately 0.65 = 0.09 nm, aligning with the expected

SEM HV: 150 kV WO: 9.18 mm
SEM MAG: 75.0 kx Det: SE

View field: 2.77 pm  Date{mvdly): 061521 RMRC FESEM

MIRAJ TESCAN  SEM HV: 15.0 kV
SEM MAG: 15.0 kx Det: SE 2pm

View field: 13.8 pm  Date(midy): 1111521

size range of ultra-small GQDs produced via hydrothermal
methods. The narrow size distribution underscores the
efficacy of the synthesis protocol and highlights the
potential of these nanomaterials for biomedical
applications where precise dimensional control is critical
for cellular uptake and bioactivity[25]. Overall, the SEM
and TEM analyses confirm the successful synthesis of
structurally distinct GO nanosheets and GQDs with
desirable morphology and nanometric features, supporting
their integration into alginate-based scaffolds for tissue
engineering.

¥

WD: 13.22 mm
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RMRC FESEM

d

Figure 3. SEM images of a: GO, b: GQDs, and TEM images of ¢c: GO and d: GQDs
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3.2. AT-FTIR Characterization of AL, GO, and
scaffolds

Figure 4 illustrates the ATR-FTIR spectra of AL, GO,
GQDs, and the corresponding nanocomposite scaffolds
(AL-GO and AL-GQDs), recorded in the range of 300 to
4300 cm™. The spectrum of pure AL exhibited
characteristic absorption bands at approximately 3444
cm™', attributed to O—H stretching vibrations of hydroxyl
groups, and at 2923 cm™' corresponding to aliphatic C—H
stretching vibrations [26]. Additional bands observed at
1619 and 1415 cm™ were assigned to the asymmetric and
symmetric stretching vibrations of carboxylate (COO7)
groups, respectively [27], while the band at 1029 cm™ was
associated with C—O stretching vibrations originating from
ether linkages or pyranose ring structures [28]. These
spectral features are consistent with the polysaccharide
backbone of AL, which contains abundant hydroxyl and
carboxyl functional groups capable of forming hydrogen
bonding and ionic interactions [29]. The FTIR spectrum of
GO displayed a broad O—H stretching band around 3444
cm™!, reflecting the presence of hydroxyl groups and
adsorbed water on the oxidized graphene surface. Distinct
bands at 1619 cm™, associated with sp? carbon domains,
and at 1415 cm™!, related to oxygen-containing functional
groups, were also observed. The presence of a band near
1029 cm™ further confirmed C—O stretching vibrations
associated with epoxide and alkoxy groups introduced
during oxidation[30]. In the GQDs spectrum, a broad O—-H
stretching band centered around 3444 cm™ was similarly
observed, indicating surface hydroxyl functionalities.
Bands located at 1619 and 1415 cm™ were attributed to
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carboxylate groups and aromatic carbon domains, while
the band at 1029 cm™ was assigned to C-O stretching
vibrations[31]. The presence and preservation of these
characteristic bands reflect the functionalized surface
chemistry of GQDs, which facilitates their dispersion and
interaction within polymeric matrices. The AL-GO
composite spectrum retained the characteristic bands of
both alginate and GO, while notable band broadening and
slight positional variationswere observed in the O—H and
carboxylate regions. Such spectral changes indicate the
formation of intermolecular interactions, primarily
hydrogen bonding and electrostatic interactions, between
alginate chains and oxygen-containing functional groups
on GO[32]. The persistence of the C—O stretching band at
approximately 1029 cm™ further supports the molecular-
level integration of GO within the alginate network.
Similarly, the AL-GQDs spectrum exhibited broadened
and slightly shifted bands in the O-H and carboxylate
regions, suggesting strong intermolecular interactions
between alginate and the surface functional groups of
GQDs[33]. The retention of the characteristic C—O
stretching band at 1029 cm™ confirms the successful
incorporation of GQDs into the alginate matrix without
disruption of their surface chemistry. Overall, the observed
band positions, shifts, and broadening across the composite
spectra provide clear evidence of effective incorporation of
GO and GQDs into the alginate hydrogel. These spectral
features indicate the presence of hydrogen bonding and
electrostatic interactions at the molecular level, which are
known to influence the structural stability, hydration
behavior, and biofunctional performance of polymer-based
composite scaffolds.
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Figure 4. AT-FTIR spectra of AL, GO, AL-GO scaffold, GQDs, and AL-GQDs scaffold
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3.3. Porosity and SEM of scaffolds

Figure 6 presents a comprehensive evaluation of the
porosity and morphological characteristics of alginate-
based scaffolds reinforced with GO and GQDs. The upper
panel (Figure 5A) illustrates the porosity rate (%) of
scaffolds containing different concentrations of
nanomaterials (0%, 0.5%, 1%, and 1.5% w/w), while
Figures 5B and 5C provide representative SEM images of
the internal microstructure of AL-GO and AL-GQDs
scaffolds at 0.5%, 1%, and 1.5% concentrations.
Quantitative porosity analysis (Figure 5A) revealed that the
incorporation of nanomaterials significantly influences the
scaffold’s porosity in a concentration- and structure-
dependent manner. Pristine AL scaffolds exhibited an
average porosity rate of approximately 112%, which
remained statistically unchanged upon the addition of
either GO or GQDs at 0% nanomaterial (p > 0.05).
However, at 0.5% and 1% concentrations, AL-GQDs
scaffolds demonstrated a significant increase in porosity
compared to their AL-GO counterparts (p < 0.001).
Specifically, AL-GQDs scaffolds reached porosity rates of
approximately 142% and 148% at 0.5% and 1%,
respectively, while AL-GO scaffolds exhibited a more
modest increase to 115% and 118%. This disparity is
primarily attributed to the morphological differences
between GO and GQDs. GQDs, due to their zero-
dimensional spherical structure and small size, tend to
occupy interstitial voids without significantly restricting
pore formation[34]. Their uniform dispersion at lower
concentrations promotes a looser network architecture,
resulting in enhanced porosity[35]. In contrast, GO
nanosheets, with their two-dimensional lamellar structure,
interact strongly with the AL matrix through hydrogen
bonding and electrostatic interactions, which leads to a
partial densification of the polymer network and
consequently a moderate porosity increase[36]. At higher
concentrations (1.5%), a reduction in porosity was
observed in both AL-GO and AL-GQDs scaffolds
compared to their 1% counterparts, though the decline was
more pronounced in AL-GO. This reduction is likely due
to nanoparticle agglomeration and network densification,
which compromise pore connectivity and size[37]. In AL-
GQDs scaffolds, despite the decrease, the porosity
remained significantly higher than AL-GO, indicating
better pore retention capacity due to the limited network
crosslinking ability of GQDs. The morphological
observations from SEM micrographs (Figures 5B and 5C)
corroborate the quantitative porosity data. The AL-GO
scaffolds exhibit a relatively compact and dense
microstructure with smaller, well-distributed pores, which
becomes increasingly compact at higher GO
concentrations. This morphology is consistent with the
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hypothesis that GO sheets act as physical crosslinkers
within the AL matrix, restricting excessive network
expansion[38]. Conversely, the AL-GQDs scaffolds
displayed a more open and interconnected pore
architecture with larger pore diameters, particularly at
0.5% and 1%, supporting their higher porosity values.
However, at 1.5% GQDs, signs of local aggregation and
irregular pore distribution are evident, which aligns with
the observed reduction in porosity at this concentration.
The macroscopic images of AL-GO and AL-GQDs
scaffolds further emphasize these structural differences.
AL-GO scaffolds present a rigid, well-shaped architecture,
indicative of enhanced mechanical stability, while AL-
GQDs scaffolds appear softer and more gelatinous,
reflecting their higher porosity and lower crosslinking
density. Overall, these findings highlight the tunable nature
of scaffold porosity through strategic selection and
concentration adjustment of graphene-based
nanomaterials. GO provides superior mechanical
reinforcement with moderate porosity enhancement,
whereas GQDs contribute to higher porosity with limited
mechanical stiffening. Such tunability is essential for
tailoring scaffolds for specific tissue engineering
applications, where balancing porosity and mechanical
integrity is crucial for optimizing cell infiltration, nutrient
diffusion, and overall scaffold performance.

3.4. Compressive strength

The compressive strength of scaffolds plays a crucial role
in determining their structural stability and mechanical
compatibility for tissue engineering applications,
particularly in load-bearing tissues such as bone and
cartilage. Figure 6 illustrates the compressive modulus of
AL-based hydrogels reinforced with either GO or GQDs at
varying concentrations (0.5%, 1.0%, and 1.5% by weight),
compared to the neat AL scaffold (0%). The results
indicate a clear and progressive increase in compressive
strength with increasing nanomaterial concentration in
both AL-GO and AL-GQDs groups. The most significant
enhancement was observed in AL-GO scaffolds containing
1.5 wt% GO, reaching a modulus of approximately 7 kPa,
which represents a 55% increase compared to the neat AL
control and 20% higher than the 0.5% GO scaffold. In
comparison, AL-GQDs scaffolds with 1.5 wt% GQDs
exhibited a peak modulus of 3 kPa, reflecting a ~30%
increase over the control and 15% higher than the 0.5%
GQDs scaffold. These differences were statistically
significant (p < 0.05), as indicated in the figure. The
superior mechanical performance of AL-GO scaffolds is
primarily attributed to the inherent two-dimensional (2D)
structure of GO nanosheets, which offer a high aspect ratio,
extensive surface area, and abundant oxygen-containing
functional groups (e.g., hydroxyl, carboxyl, epoxy)[39].
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Figure 5. a: Porosity rate of AL, AL-GO and AL-GQDs scaffolds. Data are presented as mean + SD from three independent experiments (n = 3).

Statistical significance was evaluated using one-way ANOVA. *p < 0.05,

***p < 0.001; ns indicates no significant difference, b) and C: SEM images of

composite scaffolds. (magnification is 100x and scale bars are 1mm), and AL and AL-GQDs scaffolds with SEM images

These features enable robust interfacial interactions with
the polymeric matrix via hydrogen bonding, electrostatic
forces, and van der Waals interactions, which collectively
enhance load transfer efficiency within the scaffold[40].
Furthermore, the layered morphology of GO contributes to
stress dissipation and energy absorption, resulting in
improved mechanical resilience[41]. In contrast, GQDs
possess a zero-dimensional (0D) spherical morphology
with a much smaller size and lower surface-to-volume
ratio. Although their surface contains functional groups
that can engage in interactions with the AL matrix, the
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spatial confinement and lack of planar domains limit their
capacity to form percolated reinforcing networks[42]. As a
result, the enhancement in mechanical strength in AL-
GQDs scaffolds is relatively modest and does not match
the level achieved with GO. Additionally, the role of GO
in increasing crosslinking density with calcium ions (Ca?*)
during ionic gelation should not be overlooked. The
negatively charged functional groups on GO may facilitate
ionic bridging with Ca?*, thereby increasing network
connectivity and stiffness. This effect is less pronounced in
GQDs due to their limited interaction sites and smaller


https://doi.org/10.57647/pibm.2025.1403.36

Shomali et.al., J. Prog. BioMater. 2025, 14(4)

13

interface with the surrounding matrix[43]. It is also
important to consider the potential plateau or saturation
behavior observed in AL-GQDs at 1.5 wt%. While a higher
concentration generally leads to increased reinforcement,
excessive nanoparticle loading may lead to agglomeration
or phase separation, disrupting the homogeneity of the
matrix and impeding uniform stress distribution[44]. This
effect is well-documented in nanocomposite literature,
where beyond a certain threshold, nanofillers may
compromise rather than improve mechanical performance

due to poor dispersion or interfacial debonding. These
findings are consistent with previous reports that have
emphasized the superior mechanical reinforcement
potential of GO compared to other graphene derivatives,
including GQDs, carbon dots, and reduced GO. The ability
of GO to form a continuous and mechanically active
network within polymer matrices renders it particularly
suitable for developing hydrogels aimed at supporting
structural integrity under physiological loads[45].
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Figure 6. Compressive modulus of alginate-based hydrogels incorporated with different concentrations (0%, 0.5%, 1%, and 1.5% w/w) of GO and GQDs.
A significant concentration-dependent enhancement in mechanical stiffness was observed for AL-GO scaffolds compared to AL-GQDs. Statistical
significance between corresponding concentrations is indicated as follows: ns (not significant), *p < 0.05, **p < 0.01, ***p <0.001 (n=3).
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3.5. Swelling degree

The swelling capacity of scaffolds is a critical parameter in
tissue engineering, as it directly influences nutrient
diffusion, cell infiltration, and overall scaffold
functionality in a physiological environment. Figure 7
illustrates the swelling behavior of alginate-based
hydrogels reinforced with GO and GQDs at concentrations
0of 0.5%, 1.0%, and 1.5% (w/w) over a 50-hour immersion
period. For both AL-GO and AL-GQDs scaffolds, a rapid
initial swelling phase was observed within the first 5 hours,
reaching over 80% of their maximum swelling capacity.
This immediate uptake can be attributed to the hydrophilic
nature of sodium alginate and the porous architecture of the
freeze-dried scaffolds, which facilitate rapid water
absorption. Following this initial phase, a plateau was
reached, indicating the equilibrium swelling state[46].
Notably, scaffolds reinforced with GO exhibited a higher
equilibrium swelling ratio compared to those containing
GQDs. At 0.5% GO, the swelling percentage stabilized
around 980-1000%, whereas AL-GQDs at the same
concentration reached approximately 950-970%. This
difference, although subtle, suggests that the planar, sheet-
like morphology of GO introduces additional microvoids
and capillary channels within the hydrogel network,
enhancing water retention capacity[47]. In contrast, the
spherical morphology of GQDs, despite their nanoscale
size, contributes less effectively to network expansion and
pore interconnectivity[48]. As the concentration of
nanomaterials increased to 1.0% and 15%, a
concentration-dependent decrease in swelling capacity was
observed in both systems. For AL-GO scaffolds, swelling
decreased to approximately 850% at 1% and further to
740% at 1.5%. Similarly, AL-GQDs scaffolds exhibited a
reduction to 810% at 1% and 670% at 1.5%. This inverse
relationship between nanofiller content and swelling ratio
is attributed to the densification of the hydrogel network
due to the physical presence of nanomaterials and their
interaction with alginate chains[49]. Specifically, GO
nanosheets are known to form hydrogen bonds and
electrostatic interactions with carboxyl and hydroxyl
groups in AL, leading to a more compact and mechanically
reinforced matrix, which restricts excessive water
uptake[50]. This crosslinking effect is also present in
GQDs-containing scaffolds but to a lesser extent, given the
limited surface area and interaction domains of the zero-
dimensional GQDs[51]. Another critical observation is the
more pronounced decline in swelling capacity in AL-
GQDs scaffolds at higher concentrations compared to AL-
GO scaffolds. This can be explained by the tendency of
GQDs to agglomerate at elevated loadings, which disrupts
the homogeneity of the polymeric network and creates
localized dense regions, thereby impeding uniform water
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diffusion[52]. In contrast, the extended planar structure of
GO facilitates better dispersion and formation of
continuous water-absorption pathways even at higher
loadings[53]. These results suggest that while both GO and
GQDs can modulate the swelling behavior of alginate-
based hydrogels, the morphological characteristics and
interfacial interaction capacity of GO enable a more
controlled and tunable swelling response. This property is
particularly advantageous for applications where scaffold
hydration needs to be balanced with mechanical stability,
such as in wound healing or cartilage regeneration[46]. In
summary, the incorporation of GO leads to a higher and
more stable swelling capacity due to its unique two-
dimensional structure and strong matrix interaction,
whereas GQDs exhibit a more limited reinforcement effect
on the swelling behavior, especially at higher
concentrations where aggregation effects become
dominant. These findings are in agreement with previous
reports highlighting the superior structural influence of GO
in polymeric hydrogels compared to zero-dimensional
graphene derivatives.

3.6. Biodegradatin

Figure 9 illustrates the in vitro degradation profiles of
alginate-based  scaffolds reinforced with varying
concentrations of GO and GQDs over a 24-day period.
Panels (a) and (b) represent the degradation behavior of
AL-GO and AL-GQDs scaffolds, respectively, compared
to pure alginate controls (No NANO;). In AL-GO
scaffolds (Figure 8a), a gradual and controlled degradation
trend is observed across all concentrations. Initially, all
groups exhibited minimal mass loss within the first 7 days,
with degradation percentages ranging from 5% to 20%.
After day 7, the degradation rate accelerated, reaching
approximately 60%—-65% by day 24. Notably, scaffolds
containing higher GO concentrations (1% and 1.5%)
demonstrated slightly reduced degradation rates compared
to the 0.5% GO and pure AL control groups. This trend can
be attributed to the structural reinforcement provided by
GO nanosheets, which interact with the AL matrix through
hydrogen bonding and electrostatic interactions, forming a
denser and more stable network that resists enzymatic and
hydrolytic breakdown. The planar morphology of GO
further contributes to this stabilization by acting as a
physical barrier against water penetration and polymer
chain mobility[53]. Conversely, AL-GQDs scaffolds
(Figure 8b) exhibited a markedly different degradation
behavior. A steep initial degradation phase was observed,
with mass loss exceeding 30% within the first 3 days. This
rapid degradation can be attributed to the lower
crosslinking density and weaker physical reinforcement
imparted by GQDs, whose zero-dimensional structure and
limited surface functionalization result in reduced
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interfacial interactions with the AL matrix[54]. Although
the degradation rate of AL-GQDs scaffolds decelerated
beyond day 7, the total mass loss reached 90%—-95% by day
24, significantly higher than the AL-GO counterparts. The
presence of GQDs appears to promote localized matrix
disruption and water uptake, thereby accelerating scaffold
disintegration. A concentration-dependent effect was also
observed in AL-GQDs scaffolds, with higher GQDs
content (1% and 1.5%) marginally reducing the
degradation rate compared to the 0.5% group. This slight
retardation may be due to the increased probability of
GQDs aggregation at higher loadings, which can create
localized dense regions that offer some resistance to
degradation[55]. However, this reinforcement is not
comparable to the network-integrating capacity of GO
sheets. These findings emphasize the critical influence of
nanomaterial morphology and interaction mechanisms on
the degradation kinetics of composite scaffolds. While GO
facilitates structural stability and controlled degradation
through its two-dimensional layered architecture and
strong polymer interactions, GQDs, due to their nanoscale
dimensions and limited binding affinity, induce a more
rapid scaffold breakdown[56]. This differential
degradation behavior can be strategically leveraged
depending on the intended tissue engineering application.
AL-GO scaffolds are better suited for long-term structural
support in load-bearing tissues, whereas AL-GQDs
scaffolds, with their faster degradation profile, may be
advantageous for applications requiring rapid scaffold
resorption and matrix remodeling, such as soft tissue
regeneration. In summary, the degradation profiles
presented in Figure 8 validate the tunability of scaffold
resorption rates through selective incorporation of
graphene-based nanomaterials, with GO offering sustained
structural integrity and GQDs promoting accelerated
biodegradability.

3.7. Electrical conductivity

Figure 8c illustrates the electrical conductivity of alginate-
based scaffolds reinforced with GO and GQDs at
concentrations of 0.5%, 1%, and 1.5% by weight. The
results demonstrate a marked difference in the conductive
behavior of scaffolds depending on the type and
concentration of incorporated nanomaterials. Across all
concentrations, AL-GQDs scaffolds exhibited significantly
higher conductivity compared to their AL-GO
counterparts, with all differences being statistically
significant (p < 0.001). Specifically, at 0.5% loading, the
conductivity of  AL-GQDs  scaffolds  reached
approximately 420 pS/cm, which is nearly five times
higher than that of AL-GO scaffolds at the same
concentration (80 puS/cm). This trend persisted at higher
concentrations, where AL-GQDs scaffolds achieved
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values of 450 pS/cm and 500 uS/cm at 1% and 1.5%,
respectively, whereas AL-GO scaffolds exhibited only
modest increases to 90 uS/cm and 100 pS/cm.

The superior conductivity of AL-GQDs scaffolds can be
attributed to the intrinsic quantum confinement and edge
effects of GQDs, which impart unique electronic properties
not present in larger GO nanosheets[57]. GQDs possess
discrete energy levels and exhibit sp?-hybridized carbon
domains within their structure, facilitating efficient charge
carrier mobility. Furthermore, the zero-dimensional
spherical morphology of GQDs enables uniform dispersion
throughout the hydrogel matrix, establishing continuous
conductive pathways even at low concentrations[58]. In
contrast, GO nanosheets, while structurally advantageous
for mechanical reinforcement, possess oxygen-containing
functional groups (epoxy, hydroxyl, and carboxyl) that
disrupt m-conjugation across the graphene lattice, leading
to significantly reduced electrical conductivity. Moreover,
GO’s large planar structure increases the likelihood of
restacking and agglomeration, which impedes the
formation of effective percolation networks essential for
charge transport[59]. The incremental rise in conductivity
with increasing GQDs concentration suggests the
formation of a more interconnected conductive network,
where higher filler content increases the number of contact
points between adjacent GQDs, thus enhancing the
percolation threshold[60]. However, the conductivity
improvement in AL-GO scaffolds was minimal with
increasing concentration, indicating that beyond a certain
point, GO’s contribution to electronic transport is limited
by its inherent structural defects and insulating oxygen
functionalities[61]. These findings are consistent with
previous studies, which have reported the superior
electroconductive properties of GQDs over GO in
polymeric matrices. The pronounced difference in
conductivity profiles underscores the critical role of
nanomaterial dimensionality and surface chemistry in
determining the electrical properties of composite
scaffolds[61]. From an application perspective, the high
conductivity of AL-GQDs scaffolds positions them as
promising candidates for bioelectronic interfaces, neural
tissue engineering, and electroactive tissue regeneration,
where electrical stimulation plays a pivotal role in cellular
behavior modulation. On the other hand, AL-GO scaffolds,
with their moderate conductivity and superior mechanical
properties, may be more suited for applications where
structural support is prioritized over electronic
functionality.

3.8. Cell proliferation

Figure 9a illustrates the cell viability (%) of C6 glioma
cells cultured on tissue culture polystyrene (TCP), pure AL
(No (nano particles) NPs), and AL-GONPs scaffolds
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Figure 8. a) The degradation of AL-GO scaffolds, b) AL-GQDs scaffolds, and c) the conductivity of AL-GO and AL-GQDs scaffolds, ***p <0.001

containing different concentrations of GO (0.5%, 1%,
1.5%) over 1, 3, and 7 days. A time-dependent increase in
viability was observed across all groups, indicating
sustained cellular adaptation and proliferation.

On day 1, all samples exhibited comparable viability
levels, suggesting that the initial cell attachment was not
significantly influenced by the presence of GO. However,
by day 3 and day 7, scaffolds containing GO demonstrated
a marked increase in viability compared to the TCP and No
NPs controls. This enhancement was statistically
significant (p < 0.05 to p < 0.01), particularly in scaffolds
with 1% and 1.5% GO content. The improved cell viability
in AL-GONPs scaffolds can be attributed to the bioactive
surface chemistry of GO nanosheets, which enhance
protein adsorption, promote cell adhesion, and modulate
cytoskeletal ~ organization[62].  Furthermore,  the
oxygenated functional groups on GO surfaces facilitate
favorable interactions with extracellular matrix proteins,
thereby improving the biocompatibility of the scaffold. The
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porous microarchitecture formed by the GO sheets also
contributes to enhanced nutrient and oxygen diffusion,
supporting cell survival and proliferation over time[63].
Figure 9b presents the proliferation profile of C6 cells
cultured on TCP and AL-GONPs scaffolds in the presence
(+) and absence (-) of BONT/A. In the absence of BONT/A
(-), a progressive increase in proliferation was observed,
with significant enhancements by day 3 and day 7 (p <
0.001). This indicates that the AL-GONPs scaffolds
provide a supportive microenvironment that facilitates cell
division and metabolic activity. Conversely, in BoNT/A-
treated groups (+), a substantial reduction in cell
proliferation was noted across all time points, with no
significant difference compared to TCP controls. This
inhibitory effect of BONT/A on proliferation aligns with its
known mechanism of action, where it interferes with
vesicular exocytosis and downregulates neurogenic
signaling pathways, thereby suppressing mitotic
activity[64]. Importantly, despite the presence of GO in the
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scaffolds, the BoNT/A-induced proliferation suppression
was not reversed, indicating the dominant inhibitory effect
of BoNT/A over scaffold-induced bioactivity[65].

Figure 9c depicts the cell viability profile of scaffolds
incorporated with GQDs at varying concentrations (0.5%,
1%, 1.5%), alongside TCP and No NPs controls. Similar to
AL-GONPs scaffolds, a time-dependent increase in
viability was evident in all groups. However, the degree of
enhancement in AL-GQDs scaffolds was slightly lower
compared to AL-GONPs scaffolds at equivalent
concentrations. The observed viability improvement in
AL-GQDs scaffolds can be attributed to the unique
physicochemical properties of GQDs, including their
nanoscale dimensions, excellent dispersibility, and
functional surface groups, which enhance cellular
interactions[66]. Nevertheless, due to their zero-
dimensional structure and limited surface area compared to
GO nanosheets, the extent of cell-matrix interactions is
relatively reduced, leading to a less pronounced viability
enhancement[67]. This suggests that while GQDs
contribute to scaffold biocompatibility, their role in
promoting cellular adhesion and proliferation is less
effective than GO when incorporated into a hydrogel
matrix. Figure 9d demonstrates the proliferation behavior
of C6 cells on AL-GQDs scaffolds with and without
BoNT/A treatment. In the absence of BoNT/A (-), a
substantial increase in proliferation was observed, reaching
peak levels by day 3 (p < 0.001), followed by a slight
plateau at day 7. This trend indicates that AL-GQDs
scaffolds provide a favorable microenvironment for initial
cell proliferation, which stabilizes over extended culture
periods. In BoNT/A-treated groups (+), a significant
reduction in proliferation was evident, mirroring the
inhibitory effects observed in AL-GONPs scaffolds.
Despite the unique quantum properties of GQDs, the
presence of BoNT/A effectively suppressed cellular
proliferation across all groups, confirming its dominant
role in modulating cellular behavior through vesicular
transport inhibition and synaptic signaling disruption[68].
While both AL-GONPs and AL-GQDs scaffolds enhanced
proliferation in untreated conditions, the magnitude of
proliferation was slightly higher in AL-GONPs scaffolds.
This difference underscores the superior bioactivity of GO
nanosheets in modulating cell-matrix interactions, likely
due to their higher surface area and mechanical
reinforcement properties that influence
mechanotransduction pathways.

3.9. Gene expression

The comparative analysis of gene expression in C6 glioma
cells cultured on AL-GO and AL-GQDs scaffolds provides
significant insights into the interplay between scaffold
architecture, mechanical properties, and cellular responses
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(Figure 10, Table 1). Despite the apparent simplicity of the
experimental design, a deeper evaluation reveals critical
mechanistic pathways through which scaffold composition
modulates gene expression, thereby addressing existing
challenges in neural tissue engineering. The expression
levels of PLCBI and TRPVI1, two genes intricately
involved in calcium signaling and neuronal plasticity,
demonstrated distinct trends between the two scaffold
types. AL-GO scaffolds exhibited markedly higher
expression ratios for both PLCB1 (0.02) and TRPV1 (0.20)
compared to AL-GQDs scaffolds (PLCB1: 0.015; TRPV1:
0.15), with statistical significance (p < 0.01). This
upregulation can be directly correlated to the structural and
surface chemistry attributes of GO, which are absent in
GQDs. GO's two-dimensional, sheet-like morphology
provides extensive contact interfaces with the AL matrix,
enhancing the mechanical integrity of the scaffold (7 kPa)
and establishing a continuous load-bearing network[69].
This  robust
mechanotransduction pathways, which are critical
modulators of gene expression in neural cells. The
mechanical cues transmitted via focal adhesion complexes
activate downstream signaling cascades, including the
phosphoinositide pathway (PLCB1 activation) and

mechanical  framework  facilitates

TRPVl1-associated ion channel regulation, thereby

promoting gene upregulation[70]. This
mechanotransduction-induced gene expression is a
fundamental = mechanism  that bridges scaffold

biomechanics with cellular phenotype modulation[71]. In
contrast, GQDs, owing to their zero-dimensional structure
and limited lateral connectivity, fail to establish a
comparable mechanical reinforcement within the hydrogel
matrix, resulting in a significantly lower compressive
strength (3 kPa)[72]. The diminished mechanical support
translates into weaker focal adhesion formation and
reduced activation of mechanosensitive genes|[73].
Additionally, the smaller surface area of GQDs limits
biointeractive sites necessary for efficient protein
adsorption and integrin-mediated cell-scaffold anchorage,
further contributing to the subdued gene expression
profiles observed[74]. From a surface chemistry
perspective, GO's abundant oxygen-containing functional
groups (hydroxyl, epoxy, carboxyl) offer multiple binding
sites that enhance hydrophilicity and promote extracellular
matrix protein adsorption. These interactions facilitate
stronger cell adhesion, enabling cytoskeletal organization
and sustained signal transduction, which are essential for
maintaining elevated expression of genes associated with
cellular  proliferation, differentiation, and neural
response[75]. GQDs, despite their quantum confinement
properties, lack the extensive surface functionalities and
structural framework necessary to induce similar levels of
cellular engagement[33]. The application of BoNT/A
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across both scaffold systems consistently led to a
downregulation of gene expression. This effect, however,
was more pronounced in AL-GQDs scaffolds, indicating
that the architectural and chemical limitations of GQDs
exacerbate BONT/A’s inhibitory influence. In contrast, the
superior mechanical and biochemical
provided by AL-GO scaffolds mitigated, to some extent,
the suppressive impact of BoONT/A on gene expression,
underscoring GO's pivotal role in preserving cellular
functionality even under neurotoxin-induced stress[76].
Furthermore, the biocompatibility profiles align coherently
with the gene expression data. AL-GO scaffolds
demonstrated enhanced cellular viability and proliferation
in earlier assays, reinforcing the premise that a
mechanically robust and biointeractive scaffold
environment is instrumental in supporting not only cell
survival but also functional gene expression. While the
overall design of this study may appear straightforward, the

environment
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findings elucidate critical scaffold—cell interactions that are
often underexplored in more complex systems. By
systematically correlating scaffold mechanical properties
and surface chemistry with gene expression outcomes, this
work offers a mechanistic foundation that bridges material
design with functional cellular behavior. Such insights are
essential for the rational design of next-generation
scaffolds aimed at neural tissue regeneration, where fine-
tuning mechanical cues and biochemical interfaces is vital
for achieving therapeutic efficacy. These findings,
although derived from a targeted model system, provide
generalizable principles applicable to a broader spectrum
of biomaterial—cell interactions. The scaffold-dependent
modulation of BoNT/A’s biological effects further
amplifies the translational potential of this platform for
neuroregenerative applications where controlled gene
expression is a therapeutic requisite.

(b) Proliferation on TCP and AL-GONPs (+/- BONT/A)
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Figure 9. Cellular evaluation of scaffolds through viability and proliferation assays. a) Cell viability (%) of C6 glioma cells cultured on TCP, pure AL, and
AL-GONPs scaffolds at 0.5%, 1%, and 1.5% GO concentrations after 1, 3, and 7 days. Significant increases in cell viability were observed in AL-GONPs
scaffolds compared to controls (*p < 0.05, **p <0.01). b) Proliferation profile of C6 cells on TCP and AL-GONPs scaffolds in the presence (+) and absence
(—) of BONT/A. A substantial proliferation enhancement was observed in BoNT/A-untreated groups by day 3 and day 7 (***p < 0.001), while BoONT/A
treatment resulted in marked proliferation suppression (ns, not significant). ¢) Cell viability (%) of C6 glioma cells on TCP, AL, and AL-GQDs scaffolds
(0.5%, 1%, 1.5%) over 1, 3, and 7 days, with significant improvements compared to controls (*p < 0.05, **p < 0.01). d) Proliferation analysis on TCP and
AL-GQDs scaffolds in the presence (+) and absence (—) of BONT/A. BoNT/A-untreated scaffolds exhibited significantly higher proliferation on day 3 and
day 7 (***p < 0.001), while BONT/A treatment suppressed proliferation to control levels (ns). Error bars represent standard deviation (n = 3). Statistical

significance was determined using independent t-tests
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Table 1. Comparative Summary of Scaffold Gene Expression and Related Properties

Scaffold TRPV1 PLCBI1 Effect of Mechanical
Type Expressi  Expression BoNT/A Strength
on (Ratio) on Gene (kPa)
(Ratio) Expression

Biocompatibility =~ Key Porosit  Swellin  Conductivi

Observations y (%) g ratio
at 1.5 (%) at
wt% 1.5
wt%

ty (uS/cm)
at 1.5 wt%

AL-GO 0.2 0.02 Decreased 7

AL-GQDs 0.15 0.015 Decreased 3

Very high

Higher 110 740 100
compressive

strength and

hydrophilic

properties

support better

cell adhesion

and gene

expression.

Smaller size 137 670 500
and zero-
dimensional
structure led
to lower
mechanical
reinforcement
while
maintaining
favorable
cellular
interactions
and enhanced
electrical
properties.

3.10. Cell Attachment

Figure 11 presents a SEM image showcasing the
microstructural architecture of the AL-GO scaffold after
culturing with C6 glioma cells. The image reveals a highly
porous, interconnected network with irregular pore
morphologies and heterogeneous surface topography,
which are critical parameters in designing biomimetic
scaffolds for neural tissue engineering. The observed pore
diameters, ranging between 10-30 pm, fall within the
optimal size range to facilitate cellular infiltration, nutrient
diffusion, and waste removal. More importantly, the
presence of well-distributed micro- and nanopores
enhances the scaffold's surface area, providing ample
anchorage points for cell adhesion molecules (e.g.,
integrins). The rough, wrinkled texture of the pore walls,
attributed to the incorporation of GO nanosheets,
introduces nano-topographical cues that are essential for
focal adhesion complex formation and subsequent
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cytoskeletal organization[77]. Notably, multiple filopodia-
like cellular extensions can be observed penetrating into
the scaffold matrix, indicating active cell-material
interactions. These extensions suggest robust cellular
anchorage and spreading behavior, which is a direct
consequence of the scaffold’s mechanical stability and
surface chemistry[78]. The two-dimensional lamellar
structure of GO not only reinforces the mechanical
framework but also offers abundant oxygen-containing
functional groups, which enhance hydrophilicity and
promote protein adsorption at the cell-scaffold interface.
This biomolecular conditioning of the scaffold surface
facilitates integrin clustering and activates
mechanotransduction pathways that regulate cell
proliferation, differentiation, and gene expression[79].
Furthermore, the irregular distribution of pore sizes and the
multi-scale roughness observed in the SEM image are
highly advantageous for mimicking the native extracellular
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matrix (ECM) microenvironment. Such structural
heterogeneity supports dynamic cell-matrix interactions
and promotes the development of tissue-specific
architectures. This is particularly critical in neural tissue
engineering, where scaffold microarchitecture must
accommodate  neurite  outgrowth and  synaptic
connectivity[80]. From a functional standpoint, the
intricate porous network and the nanoscale features
introduced by GO incorporation enhance not only cell
adhesion but also mechanosensitive signaling, which are
key drivers for downstream biological responses. The

morphological evidence presented in this SEM image
substantiates the scaffold’s capability to support cellular
viability and function, as observed in previous biological
assays. In conclusion, the SEM analysis of the AL-GO
scaffold confirms that its hierarchical porous architecture,
combined with nanoscale surface roughness and functional
group-rich  chemistry, provides a
microenvironment for effective cell-scaffold integration.
These structural attributes are fundamental in driving cell
adhesion, mechanotransduction, and ultimately, tissue
regeneration efficacy.
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Figure 10. Gene expression analysis of C6 glioma cells cultured on AL-GO and AL-GQDs scaffolds in the presence (+) and absence (—) of BoNT/A. The
expression ratios of PLCB1 and TRPV1 were quantified using qPCR, normalized against GAPDH, and presented as mean + standard deviation (n = 3).
Significant differences were observed in TRPV1 expression between AL/~BoNT/Cell and AL/+BoNT/Cell (*p < 0.05), as well as between Cell/~BoNT
and Cell/+BoNT (**p < 0.01). No significant difference (ns) was noted in PLCB1 expression between AL/~BoNT/Cell and ALG/+BoNT/Cell. The results
indicate that scaffold composition and BoNT/A exposure synergistically modulate gene expression, with GO-based scaffolds exhibiting enhanced resilience

against BONT/A-induced downregulation (n=3)
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Figure 11. SEM image of C6 cells in the presence of a: AL-GO and b: AL-GQDs. Scale bar in a; 20 pm. Scale bar in b; 50 pm
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4. Future perepective and conclusion
4.1. Future perepective

While the current study successfully demonstrates the
potential of GO and GQDs-incorporated alginate-based
scaffolds in modulating cellular behavior, enhancing
mechanical integrity, and influencing gene expression,
several avenues remain open for further exploration to
maximize the translational impact of these findings. The
fundamental insights derived from this work provide a
robust platform for advancing scaffold design strategies
toward more complex and application-specific biomedical
solutions. One of the primary limitations of the present
study lies in the evaluation of scaffold performance under
simplified in vitro conditions using a single cell type (C6
glioma cells). Although these models offer a controlled
environment for mechanistic investigations, they
inherently lack the biological complexity of native tissue
microenvironments. Future studies should focus on
validating these scaffolds in 3D co-culture systems that
incorporate multiple cell types, such as neurons, astrocytes,
and endothelial cells, to better mimic the cellular
heterogeneity and dynamic interactions present in neural
tissues. Moreover, while GO and GQDs have been
individually assessed for their respective roles in
reinforcing mechanical properties and enhancing scaffold
conductivity, the synergistic incorporation of both
nanomaterials within a single scaffold matrix remains
unexplored. Hybridizing the high mechanical strength of
GO with the superior electrical conductivity of GQDs
could lead to multifunctional scaffolds capable of
providing both structural support and bioelectrical cues,
which are essential for applications such as neural
regeneration and electroactive tissue engineering. Another
promising direction involves the functionalization of GO
and GQDs with bioactive ligands or peptides to further
augment cell-scaffold interactions at the molecular level.
Functional groups such as RGD peptides or growth factor-
mimicking sequences could be conjugated to the
nanomaterials to enhance integrin-mediated adhesion and
promote lineage-specific differentiation. In addition,
although BoNT/A was utilized in this study as a model
bioactive molecule to assess scaffold-mediated gene
modulation, the exploration of other pharmacological
agents or gene delivery systems integrated within the
scaffold could significantly broaden the therapeutic
applications. Incorporating controlled release systems or
stimulus-responsive elements would allow for dynamic
regulation of the scaffold’s biological activity in response
to the tissue microenvironment. From a materials
engineering perspective, the current freeze-drying
fabrication method offers simplicity and efficacy in
generating porous scaffolds. However, advanced
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biofabrication techniques such as 3D bioprinting or
electrospinning of nanofibrous composites could be
employed to achieve more precise control over scaffold
architecture, porosity gradients, and anisotropy, thereby
enhancing functional integration with host tissues. While
the study has been conducted using conventional GO and
GQDs synthesis approaches, recent advancements in green
synthesis methods leveraging eco-friendly precursors
could be explored to enhance the biocompatibility and
scalability of these nanomaterials for clinical translation.
In conclusion, the findings of this research lay a solid
foundation for scaffold-based strategies in neural tissue
engineering, highlighting the critical role of scaffold
architecture and nanomaterial properties in guiding cellular
responses. Building upon these results, future
investigations should aim to integrate multi-scale material
design, advanced biofunctionalization, and dynamic
biological modeling to develop next-generation intelligent
scaffolds that bridge the gap between laboratory research
and clinical application.

4.2. Conclusion

This study successfully developed and evaluated alginate-
based scaffolds incorporated with GO and GQDs for neural
tissue engineering applications, focusing on the interplay
between scaffold composition, mechanical properties, and
cellular  responses. @A  comprehensive set  of
physicochemical, mechanical, and biological assays was
conducted to elucidate the structure—function relationship
of these nanocomposite scaffolds. Morphological analyses
confirmed that the incorporation of GO introduced a highly
porous, interconnected microstructure with nanoscale
surface roughness, facilitating effective cell adhesion and
infiltration. Scaffolds containing GQDs exhibited higher
porosity levels; however, their smoother surface
topography resulted in less efficient focal adhesion
formation compared to GO-based scaffolds. The distinct
architectural differences directly influenced the scaffold’s
mechanical properties, where AL-GO scaffolds exhibited a
compressive strength of 7 kPa, significantly higher than
AL-GQDs scaffolds (3 kPa, *p < 0.001). This mechanical
reinforcement in AL-GO scaffolds is attributed to the two-
dimensional lamellar structure of GO, which forms a
continuous load-bearing network within the hydrogel
matrix.  Swelling and  degradation assessments
demonstrated that both scaffold types exhibited desirable
swelling capacities, with AL-GO scaffolds showing higher
swelling ratios due to their hydrophilic functional groups.
The degradation rates were found to be time-dependent,
with AL-GQDs scaffolds exhibiting faster degradation
profiles, whereas AL-GO scaffolds maintained structural
stability over an extended period, making them more
suitable for long-term tissue regeneration applications.
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Electrical conductivity measurements revealed that AL-
GQDs scaffolds provided superior conductivity (~500
puS/cm at 1.5 wt%) compared to AL-GO scaffolds (~100
puS/cm), highlighting their potential utility in applications
where bioelectrical signaling is critical. Cell viability and
proliferation assays (MTT) confirmed that both AL-GO
and AL-GQDs scaffolds supported high levels of cell
viability, exceeding 120% by day 7. However, AL-GO
scaffolds consistently outperformed AL-GQDs scaffolds in
supporting sustained cell proliferation, particularly under
challenging conditions induced by BoNT/A exposure. The
presence of BONT/A resulted in a significant decrease in
proliferation across all groups, but AL-GO scaffolds
exhibited a reduced magnitude of suppression, indicating
their potential to maintain cellular functionality under
neurotoxic stress. Gene expression analyses of PLCB1 and
TRPV1 provided further insights into the scaffold-induced
modulation of cellular responses. AL-GO scaffolds
demonstrated significantly higher expression ratios of both
genes (PLCBI1: 0.02; TRPVI1: 0.20) compared to AL-
GQDs scaffolds (PLCBI1: 0.015; TRPV1: 0.15), with
statistical significance (*p < 0.05 to *p < 0.01). These
findings highlight the pivotal role of scaffold mechanical
integrity and nano-topographical features in activating
mechanotransduction pathways that regulate neural-related
gene expression. SEM imaging corroborated these
molecular findings, where C6 cells cultured on AL-GO
scaffolds exhibited enhanced adhesion, spreading, and
cytoplasmic extensions anchored firmly within the scaffold
network. In contrast, AL-GQDs scaffolds, while
supporting cell attachment, showed reduced -cellular
anchorage and spreading due to their smoother surface
morphology and lower mechanical strength.

Overall, this study delineates the critical influence of
scaffold architecture and nanomaterial selection on cellular
behavior at both morphological and genetic levels. While
GO provided superior mechanical reinforcement and
biointeractive surfaces, GQDs contributed to scaffold
porosity and conductivity but lacked structural
interconnectivity. The differential performance of these
nanomaterials underscores the importance of tailored
scaffold design in modulating specific biological outcomes
for tissue engineering applications.

The foundational insights derived from this work establish
AL-GO nanocomposite scaffolds as promising candidates
for neural tissue engineering, with potential for further
optimization through advanced biofunctionalization,
hybrid nanomaterial integration, and dynamic in vivo
modeling. These findings not only reinforce the
significance of material—cell interaction strategies but also
pave the way for the development of next-generation
intelligent  scaffolds with enhanced
capabilities.

regenerative
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