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1. Introduction
Damage to peripheral or central neural tissue 

significantly reduces patients’ quality of life. 
Central nervous system (CNS) injuries often 
results in permanent loss of neurological functions, 
primarily because the regeneration of neural cells, 
especially within the spinal cord, is hindered by 
the formation of dense scar tissue at the injury site. 
This process is further complicated by physiological 
responses such as alterations in blood pressure, 

excessive release of neurotransmitters, and the 
death of neural cells [1]. The scar tissue hinders the 
growth of axons through the gaps, disrupting the 
structural integrity needed for proper neural signal 
transmission. The normal path for regeneration is 
the directional growth of the axons through the 
injury location so that physical support serves as a 
bridge for reconnecting severed peripheral nerves 
or spinal cord tissue [2]. The main limit of spinal 
cord regeneration is the lack of an extracellular 

In this study, we fabricated porous and low-molecular-weight graphene oxide (GO) aerogel scaffolds via a single-
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Biocompatibility was confirmed using MTT assays with L929 fibroblast cells, showing 124% cell viability after 72 hours, 
indicating no cytotoxicity and even promotion of cell proliferation. P19 mouse embryonal carcinoma cells cultured on 
these scaffolds successfully differentiated into neural cells, as evidenced by the expression of microtubule-associated 
protein-2 (MAP-2) confirmed via immunofluorescence staining. Quantitatively, neural differentiation efficiency on the 
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matrix for neural conduction to improve the 
function of the disconnected neural tissue. In 
fact, in a living creature, the cells are in a three-
dimensional microenvironment surrounded by 
other cells and the extracellular matrix (ECM). 
The ECM comprises nanoscale collagen, elastin, 
and laminin molecules, which are organized by 
exclusive bioactive motifs. The extracellular matrix 
(ECM) plays a critical role in regulating cellular 
behaviors by transmitting biochemical signals and 
providing topographical cues. It maintains cellular 
homeostasis and balances cell functions. Cells 
residing in a three-dimensional ECM environment 
exhibit distinct morphological and phenotypic 
characteristics compared to those cultured in two-
dimensional systems. Therefore, an ECM-like 3D 
structure offers a guiding framework that supports 
key cell functions such as adhesion, migration, 
proliferation, and differentiation. Additionally, in 
vitro three-dimensional models better replicate the 
native tissue environment, offering deeper insights 
into cellular processes as they occur in living 
organism [3, 4]. Biomaterials used to fabricate 
tissue engineering scaffolds contain synthetic and 
natural polymers, including polysaccharides, poly 
(α-hydroxy esters), hydrogels, and thermoplastic 
elastomers. In addition, the bioactive metals 
used for this purpose are iron alloys, silver, gold, 
titanium, and zinc and the nanomaterials include 
nano-clay, carbon nanotubes (CNTs), and graphene 
[5, 6]. 

Neural scaffolds, commonly used in neural 
tissue engineering for regeneration, serve multiple 
essential functions. They guide axonal sprouting 
from the nerve’s origin to its target, provide 
adequate mechanical support for regenerating 
neural fibers, and act as conduits enabling the 
diffusion of neurotrophic and neurotropic factors 
released from injured nerve endings. Furthermore, 
these scaffolds minimize infiltration of fibrous 
tissue that can obstruct axonal repair and establish 
a micron-scale environment conducive to nerve 
reconstruction by regulating the accumulation and 
release of biochemical signals. This comprehensive 
functionality supports effective nerve regeneration 
and repair, mimicking the native extracellular 
matrix and microenvironment of neural tissues 
[10-12]. Therefore, the scaffolds must be expanded 
to create three-dimensional, supportive, synthetic 
microenvironments to control and guide cell 
behaviors and elicit cell-exclusive reactions. The 
rapid expansion of scaffold fabrication methods 
and the multiple amazing chemical properties of 
graphene and its derivatives have created many 
opportunities in different fields of medicine [13-
16]. Graphene is a monolayer of carbon atoms in 
which the atoms are connected in the SP2 layer 
and create a hexagonal structure (honeycomb) 

in a two-dimensional plate [17]. Extra-mobile 
carriers in single-layer graphene enable them to 
perfectly conduct electricity with zero band gap, 
which is a unique feature for non-metal materials 
[18]. Research shows that electronic stimulation 
can be useful for neural regrowth [19, 20]. The 
structure of graphene allows it to absorb proteins 
and low-molecular-weight molecules on its surface 
through van der Waals (due to π−π interactions) 
and ionic bonds, increasing its application in tissue 
engineering. Each cell secretes substances to grow 
and connect to other cells, which can be absorbed to 
the surface of graphene and affect cell proliferation 
and differentiation. The use of graphene in tissue 
engineering has produced substantial results 
because of its stable chemical structure. Neural 
cells behave desirably next to conductive graphene 
due to their electroactivity and electric function. 
Graphene also promotes nerve sprouting and 
the growth of nerve processes from the cell body 
of immature neural cells. Graphene consists of 
carbon atoms arranged in a two-dimensional 
hexagonal lattice [21]. This is a basal block frame 
for other graphite materials such as several-layer 
graphene, GO, and reduction of graphene oxide 
(rGo). Several-layer graphene is a pile like the 2-to-
10-layer cortex of graphene. Once the graphene 
undergoes oxidation, it changes chemically and is 
called GO. GO is a simple way to create graphene 
planes that include functions like hydroxyl, epoxy, 
carbonyl, and carboxylic. These oxygen-containing 
groups not only increase the dispersion of GO in 
different solvents but also provide the formation of 
other functions [16, 22-24].

Graphene is a relatively new material, and 
research into its use in tissue engineering is still 
in its early stages. Despite the limited research in 
this field, most of the performed activities have 
been satisfying. Graphene nano-substances can 
have a crucial role in the growth, adhesion, and 
cell differentiation as a cell growth medium. The 
main drive for this phenomenon is the ability of 
these nano-substances to absorb protein and low-
molecular-weight substances on their surface. 
This kind of action is based on ionic bonds or the 
action between the electron clouds of graphene 
and proteins. After the absorption of protein on 
graphene nano-substances and its transfiguration, 
which depends on the its hydrophilicity or 
hydrophobicity, these nano-substances will 
affect the cell behavior. Moreover, graphene 
nano-substances can be applied to strengthen 
other scaffold substances, and many studies 
are undergoing [19, 25]. As mentioned earlier, 
graphene can lead to the differentiation of stem 
cells into neural cells alone. Meng et al. studied the 
effect of constant electrical stimulation to modify 
cell behavior and improve tissue repair by placing 
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a graphene film on a polyurethane substrate 
using a spray coating method and examining the 
effect of intensity, duration, frequency, pulse, and 
the time distance of electric stimulations on cell 
differentiation. They reported that this approach 
could be applied to improve differentiation in 
other composites [26]. 

Although pristine graphene can promote 
synaptogenesis and support the stable growth of 
nerve cells, its smooth surface, chemical inertness, 
and lack of biological recognition sites limit 
its ability to effectively interact with and guide 
peripheral nerves within living organisms [7, 27, 
28]. Nanostructures, including fibers, grooves, 
and threads, have been found to increase cellular 
attachment and new tissue proliferation, while 
proliferation induced by growth factors increases 
the growth and alignment of neural cells [29, 30]. 
Moreover, π-πstrong bonds are the direct specifiers 
of aromatic accumulations on the graphene surface. 
This hypothesis holds that bacterial interaction 
with cell membranes is a serious damaging factor. 
Currently, a significant portion of high-quality 
pure graphene is produced using the chemical 
vapor deposition (CVD) method. However, this 
technique demands substantial energy input due 
to the high temperatures required, rendering it 
both costly and environmentally challenging 
[31]. Therefore, graphene derivatives have been 
modified to produce different nanocomposites, 
such as GO, to improve surface roughness and 
increase neural growth [29, 32-34]. For example, 
considering the high mobility of charge carriers 
in graphene, different parts of its structure can 
be proportionate for connecting to a neural grid 
by charging different surfaces, which shows the 
neural levels for nerve length increase and general 
growth [35]. Moreover, graphene nanocomposites 
are suitable to be loaded into growth factors or 
drugs and provide ways for connecting to various 
biomolecules, such as proteins, carbohydrates, and 
nucleic acids [20, 36, 37]. These various forms of 
graphene nanocomposites and their high electrical 
capability allows graphene to collect and register 
neural system’s complex signaling processes by 
functioning as an electrode. 

Different methods have been employed to 
fabricate geraphene based scaffolds such as freeze-
drying, ice segregation-induced self-assembly 
(ISISA), solvent casting, gas foaming, melt 
moulding, emulsification, electrospinning and 
bioprinting. Scaffolds fabricated via freeze-drying 
benefit from thermal stability, apt hydrophilicity, 
biocompatibility, good porosity, and improved 
morphology to stimulate cell growth. Good 
porosity and interconnectivity enable easy 
microvasucularizations while some inflammatory 
responses have been reported [38].

This study presents the development of a novel 
porous, low-molecular-weight GO aerogel scaffold 
fabricated via a single-step chemical reduction 
using EDA followed by freeze-drying, designed 
to mimic the mechanical properties of native 
nerve tissue for neural regeneration. The scaffold 
was optimized for porosity and density through 
experimental design methods and coated with 
laminin to enhance bioactivity. Characterization 
by SEM and FTIR confirmed a three-dimensional 
interconnected porous structure with appropriate 
chemical functionalities. Biological assessments 
demonstrated excellent biocompatibility, fibroblast 
adhesion, and the ability to support P19 mouse 
stem cell differentiation into neural cells, confirmed 
by immunofluorescence for neural marker MAP-2. 
These findings highlight the scaffold’s promising 
mechanical and biological properties, making it a 
suitable candidate for nerve tissue engineering and 
regeneration applications

2. Materials and methods
2.1. Materials

The materials included graphite, H2SO4, EDA, 
96% ethanol, glutaraldehyde with (Merck Co.), 
potassium permanganate KMnO4, hydrochloric 
acid (HCL), hydrogen peroxide (H2O2), retinoic 
acid (RA), MAP-2 antibody (Sigma-Aldrich, U.S.).

2.2. Experimental design
Design of Experiments (DOE) methodologies 

are widely employed to identify and optimize critical 
variables and assess their effects on experimental 
outcomes. Traditional approaches, particularly 
Full Factorial Design (FFD), can be complex 
and often inefficient when numerous factors are 
involved, requiring extensive experimental runs. 
To address these limitations, modern DOE designs, 
such as those implemented in specialized software 
like Design Expert (Version 11), have gained 
prominence for their efficiency and robustness. 
In this study, GO and EDA concentrations were 
selected as cross-linking factors, with ranges of 3 
to 8 mg/ml and 20 to 50 µl, respectively. Six levels 
for GO and four for EDA were chosen, resulting in 
16 experimental runs as suggested by the software 
(Table 1).

The optimal predictive model was selected 
based on the coefficient of determination (R²). 
Additionally, analysis of variance (ANOVA) was 
conducted using mean square values, residual 
errors, and regression analysis to evaluate the 
statistical significance and adequacy of the model. 
Relevant details of the experimental design and 
statistical analysis are summarized in Table 2. 

Design of Experiments (DOE) methods are 
commonly used to identify and optimize critical 
variables, as well as to evaluate their effects on 
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Fig. 1- The GO preparation steps according to the modified Hummer’s method.
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Table. 1- Used and the levels of variables in each experiment in the experimental design

Table. 2- The data of the experimental designing method
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outcomes. Traditional approaches, especially Full 
Factorial Design (FFD), tend to be complex and 
often inefficient when many variables are involved, 
necessitating a high number of experiments. To 
overcome these challenges, various alternative 
experimental designs have been developed, 
among which the methodology implemented in 
Design Expert software has gained considerable 
attention. In this study, the experimental design 
was created using Design Expert (Version 11), with 
graphene oxide (GO) and ethylene diamine (EDA) 
concentrations set as cross-linking factors ranging 
from 3 to 8 mg/ml and 20 to 50 µl, respectively. 
Six and four levels were selected for GO and EDA, 
leading to 16 experimental runs as suggested by the 
software (Table 1).

The most suitable model was selected based on 
the coefficient of determination (R²). Furthermore, 
an analysis of variance (ANOVA) was performed 
using mean square, residual error, and regression 
values to assess the significance and adequacy of 
the model. Table 2 summarizes the details of the 
experimental design and analysis.

2.3. Scaffold fabrication 
2.3.1. Synthesis of GO

Fig.1. shows the process of scaffold fabrication. 
The color of each box represents the product color 
during the reaction steps. 1 g of graphite was 
added to 80 ml of concentrated H2SO4 then, 6 g of 
potassium permanganate (a4) was gently added to 
the resulting solution. The solution was kept stirring 
at 20°C after the addition of KMnO4 overnight. In 
the following, the color of the solution changed 
from greenish brown to brownish yellow by adding 
H2O2 to the system. The solution was centrifuged at 
4000 rpm for ten min to separate the graphite oxide 
from the reaction mixture. The resulting substance 
was rinsed with distilled water and HCL five 
times to separate the acid and salts of the reaction 
mixture from the graphite oxide. To prepare GO, 
the obtained graphite oxide was poured into the 
water first and mixed using ultrasonic waves for 1 
h. Once the sonication was finished, a light brown 
homogeneous mixture was obtained [39-41].

2.3.2. Preparing GO aerogel
5 ml of suspended GO with different 

concentrations and the desired volume of EDA 
were added to the glass tube and placed on a 
shaker at 200 rpm for 1 min followed by placing 
in the ultrasonic homogenizer for 2 min under the 
power of 80 watts and with pulses of 0.5 seconds 
to 0.5 seconds. The container was sealed using 
teflon tape then placed in the oven (95°C for 6 h). 
The suspension became dark blue and remained 
homogeneous, indicating chemical reduction. A 
black cylinder floated until the top of the suspended 

solution was formed. After the reaction completion, 
the excess water was removed to prevent entering 
the hydrogel grid. In the first step of reduction, 
some of the graphene sheets appear from the same 
reduced amount, in which the hydrophobicity of 
graphene sheets leads to aggregation, which agrees 
with the reported results [42-45]. As the reaction 
continues, the hydrophobicity and π-π conjugated 
structures of the reduced GO sheets increased. By 
the end, a compressed three-dimensional structure 
can be created due to the spatial hindrance effect 
of graphene sheets in micrometer diameters. Also, 
the hydrogel was rinsed with double distilled 
water every 4 h for at least 48 h to ensure that the 
unreacted EDA has been removed. It was finally 
freeze-dried for 24 h [46, 47].

2.3.3. immobilization of laminin on the surface 
of the scaffold

After preparing the scaffolds, they were rinsed 
with physiological serum several times, and twice 
with distilled water. 300 μl of L2020 laminin was 
dissolved in 3 ml of double distilled water. The 
scaffolds were then soaked in laminin solution 
followed by drying. 

2.4. scaffold characterization
In order to compare the effect of cross-linker 

and the polymer concentration on the density of 
the samples, the pycnometer measuring method 
was used. To this aim, Polyethylene glycol (PEG) 
with a molecular weight of 400 was used. It is worth 
mentioning that the solvent density was measured at 
the test temperature first, as density is temperature 
dependent. Also, the applied pycnometer had a 
volume of 10 ml.

The AIS210 scanning electron microscope 
(SEM; SERON TECHNOLOGY, South Korea) was 
used to examine the cross-sectional morphology 
of the scaffolds after coating by gold sputter coater 
device (SC7620, QUORUM TECHNOLOGIES-
EMITECH, U.K.). 

To identify the bonds and chemical structure 
of graphene sheets Fourier transform infrared 
spectroscopy (FTIR; Thermo Nicolet, NEXUS 870, 
400-5000 cm-1) was used.

2.5. biological evaluations
P19 mouse cells were used to assess the 

suitability of the fabricated hybrid scaffolds for 
supporting neural cell growth. The P19 cell line 
used in this study was obtained from the Genetics 
Institute of Iran. Initially, frozen aliquots of P19 
cells were rapidly thawed at 37°C and cultured 
under standard conditions in α-MEM (GIBCO, 
Germany) supplemented with 10% fetal bovine 
serum (FBS), 100 IU/ml penicillin, and 100 µl/
ml streptomycin. The cells were incubated at 37°C 
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(5% CO₂), and the culture medium was refreshed 
every 48 hours. The cells were then transferred 
to 100 mm bacteriological culture dishes. At this 
point (day 0), the culture medium consisted of 
α-MEM supplemented with 10% FBS and 0.3 μM 
retinoic acid (Sigma). The culture continued for 
four days, with the medium refreshed every 48 
hours. During this time, multiple cell aggregates 
were formed. These aggregates were mechanically 
dissociated and then seeded into specialized 
culture vessels containing the hybrid scaffolds in a 
retinoic acid-free medium. Cultivation proceeded 
for an additional ten days, totaling fourteen days 
in culture.

Cell growth and differentiation were monitored 
regularly using optical microscopy, while parallel 
dishes without scaffolds served as negative controls 
to observe baseline cell proliferation. After 14 days, 
the culture medium was gently aspirated to stabilize 
the cells adhered to the scaffolds. The scaffolds were 
then washed for five minutes to remove non-viable 
cells, rinsed with phosphate-buffered saline (PBS), 
and dehydrated through sequential immersion 
in graded ethanol-water solutions (90%, 80%, 
70%, 60%, 50%, and 100%) for five minutes each. 
Following another PBS wash, the scaffolds were air-
dried at room temperature for 24 hours.

Finally, after the differentiation of P19 cells on 
the hybrid scaffolds, the samples were analyzed 
using scanning electron microscopy (SEM) and 
optical light microscopy to assess cell morphology 
and interactions with the scaffold.

The cell attachment on the scaffolds was 
observed using SEM to examine the interaction 
of cells and scaffold after 24 hours. to this aim, 6 
ml of 25% glutaraldehyde was added to 44 ml of 
distilled water. Then, 8.4 ml of the mentioned 
solution was added to each scaffold. The scaffold-
containing plate was placed in an incubator for 15 
min followed by dehydration in ethanol gradient 
and drying to be investigated by SEM. 

The biocompatibility of the samples was 
evaluated using methylthiazolyl diphenyl 
tetrazolium bromide (MTT, Sigma) based on our 
previous study [47]. Briefly, the L929 fibroblast 
cells were cultured in a DMEDM2 medium 
containing 10% fetal bovine serum (FBS), and 1% 
streptomycin/penicillin. All cellular examinations 
were performed on each cell of this test in a moist, 
5% CO2-containing medium at 37°C after sterilizing 
the samples with an ultraviolet ray for half an hour. 
DMEM medium (high glucose level) enriched by 
10% FBS and 1% penicillin/streptomycin was used 
for NIH-3T3 fibroblast cells.

The suitability of the hybrid scaffolds as a medium 
for the growth of neural cells was validated using 
P19 mouse cells. The P19 cell line was supplied 
by the Genetics Institute of Iran. The frozen P19 

cell package was rapidly thawed at 37°C. The cells 
were maintained in the standard environment 
containing α-MEM (GIBCO, Germany) with 
10% FBS, and were supplemented with 100 IU/
ml Penicillin and 100µl/ml Streptomycin. The cells 
were then incubated at 37°C (5% CO2) during 
which the culture medium was refreshed every 48 h 
until the number of cells reached 104×5 cell/ml. The 
cells were transferred to 100 mm bacteriological 
containers. The culture medium consisted of 10% 
FBS, α MEM (GIBCO), and 0.3μM RA (Sigma) 
in 100mm bacteriological Petri dishes. The cell 
culture was carried on four days during which the 
medium was refreshed every 48 h.

Multiple cell aggregates were mechanically 
separated. Then, special cell cultures were 
provided, which consisted of hybrid scaffolds in 
a non-retinoic acid environment, in which the 
mechanically separated aggregates were placed. 
The cultivation was carried on for another ten days 
(a total of fourteen days). An optical microscope 
was used to monitor the growth and differentiation 
of cells. Accordingly, the cultivation dishes were 
treated as the positive control to reflect cell growth.

At the end of the 14th day, the culture medium 
was gently discharged to stabilize the grown cells 
on the hybrid scaffold. The dead cells were then 
washed off the hybrid scaffolds for 5 min. The 
samples were washed with PBS for 5 min and 
dehydrated by immersion in a series of ethanol-
water solutions with 90, 80, 70, 60, 50, and 100% 
v/s for 5 minutes in each alcohol. They were then 
washed for another 5 min. Ultimately; the hybrid 
scaffolds were exposed to ambient temperature for 
24 h to dry. After the culturing and differentiating 
stages of the P19 cells into scaffolds, an SEM 
analysis was performed [47].

To study the differentiation of P19 cells to neural 
cells on the prepared scaffolds monoclonal antibody, 
which is a specialized antibody for recognizing 
MAP-2, was used. To confirm the presence of cells 
in newly created layers, a fluorescent microscope 
was used. The stabilized cell-containing scaffolds 
were evaluated by DAPI staining.

3. Results and Discussion
In addition to reporting the experimental 

outcomes, it is essential to clarify the mechanisms 
underlying the observed changes in scaffold 
properties. The variation in GO and EDA 
concentrations directly influences scaffold density 
and porosity. Increasing GO concentration 
enhances nucleation density, leading to denser 
microstructures, while EDA contributes to 
crosslinking through amine–epoxy and amine–
carboxyl interactions, which regulate pore 
size and distribution. Moreover, π–π stacking 
interactions among reduced GO sheets promote 
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aggregation and improve structural stability, 
thereby enhancing compressive strength and 
long-term integrity of the scaffold [48, 49]. 
Laminin coating further strengthens the biological 
performance by presenting cell-binding motifs 
that interact with integrins, facilitating fibroblast 
adhesion and promoting neural differentiation 
[16, 20]. Additionally, the three-dimensional 
porous microarchitecture provides interconnected 
channels that allow nutrient diffusion and cell 
infiltration, both of which are critical for supporting 
sustained proliferation and neural differentiation 
[13, 50].

The density is among the important properties 
affecting the function of the scaffold and all other 
features including the mechanical strength. Primary 
percent composition modeling was performed on 
the amount of density. The software suggested the 
Quartic model based on this data. Fig.2 indicates 
the three-dimensional analysis of the relationship 
between the amounts of GO and EDA with density. 
The initial nucleolus of aerogel is made of graphene 
plates, and it is expected that by increasing the 
concentration of graphene in the system, its density 
will increase as well. The amount of applied EDA 
and the ratio of graphene to EDA is another factor, 
which has a direct effect on the density [49, 51]. 

A summary of the statistical details of the 
model is mentioned in Table 3. Fig.2 indicates 
the analysis of this model. The maximum density 
is approximately 8 mg/ml for GO and formed in 
sample 12 (i.e. 8 mg/ml GO, 20 µl EDA), the highest 
rate of graphene.

Fig.3 shows the GO and GO/Laminin aerogel 
spectrum. Fig.3 shows the absorption peaks 
originated from oxide groups localized on GO. 
The peak appeared in 3443 cm-1 is related to 
flexural (bending) vibrations of O-H groups and 
the peak appeared at 1739 cm-1 corresponds to 
tensile vibrations of C=O groups in carbonyl and 
carboxyl groups; the peak at 1568 cm-1 reveals 
tensile vibrations of aromatic carbon C=C; at 1467 
cm-1 tensile vibrations of the carboxyl group of C-O 
existing in –COOH are seen; the peak at 1089 cm-1 
represents the tensile vibrations of epoxy groups (1 
and -2 ether), and finally the peak appeared at 544 
cm-1 is attributed to the change in the form of the 
C-H group attached to C = C. The presence of these 
functional groups causes the GO polarization, 
which justifies the ease of homogeneous 
distribution in the water [48, 52]. According to the 
structure of Laminin, the carbonyl amide peak at 
1637 cm-1 in the Laminin-containing scaffold.

Fig.4 shows the SEM images illustrate the 
honeycomb porous structure of GO aerogel plates 
of sample 15; Pore diameters are shown on the 
image. As observed, the distances between the layers 
can be tens of micrometers [21], which shows the 
creation of a three-dimensional, interconnected, 
porous grid with high compressive strength. The 
images of the GO aerogel cross-section show the 
wide range of structure porosity.

The SEM images clearly display the overall 
structure, interaction, and adhesion of cells to the 
samples. The interconnection between cells is well 
demonstrated in the scaffold images. It is more 

 

  Fig. 2- The three-dimensional analysis of the relationship between the amounts of GO and EDA with density.
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3 
 

 

  

Table. 3- A summary of the statistics of the model

Fig. 3- FTIR spectrum of GO and GO/ Laminin aerogel.
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Fig. 4- The SEM image of GO aerogel (sample 15- pore diameters are shown on the image).

Fig. 5- (a) SEM image of GO aerogel scaffold surface prepared through fibroblast cell culture after 72 hours (b), (c), and (d) 
electron microscope images of the cross-section of GO aerogel scaffold prepared through fibroblast cell culture after 72 

hours in different magnifications.
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difficult to take appropriate images in the scaffolds 
due to their porous structure and the penetration 
of cells therein.

Fig.5 shows that the cells are completely 
overspread on the compositional scaffold surface, 
and the cells’ filopodia are clearly visible. According 
to Fig.5 (b, c, and d), the fibroblast cells are highly 
able to infiltrate and migrate to inner parts, which 
proves the biological uniformity.

Fig.6 specifies the MTT test results of scaffolds 
and the control group following 72 h of cell 
culturing. All the samples fabricated in this study 
were biocompatible after 72 h which implies lack of 

toxicity in L-929 cells. Cell viability and the L-929 
cell contact were 124%.

Fig.7 shows the SEM images of differentiated 
mouse P19 cell on the scaffold after 14 days at 
different scales. Blue dots represent the live cells. 
According to Fig.7, a completely new layer is visible 
on the scaffolds. As mentioned before, the cell 
cultivation operation was performed statically in 
this research, which is not the best condition for 
tissue formation, since a layer of cells has formed 
on the scaffold and does not allow the other cells 
or even the nutrients to enter the scaffold, and the 
captivated cells might also get destroyed.

 

  

 

  

Fig. 6- Cell viability percentage after 72h cell culture on the surface of the scaffold in comparison with the control group.

Fig. 7- The SEM images of differentiated mouse P19 cell on the scaffold after 14 days at different scales. Blue dots represent the 
live cells.
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An objective was to prove the P19 cell’s ability 
to differentiate into neural cells on the prepared 
scaffolds. To this aim, a specified test was required 
to prove that the obtained cells through this process 
are neural. Accordingly, a monoclonal antibody 
specialized to recognize MAP-2 was used. MAP-2 
is a special protein in neural cells. Fig.8 represents 
the fluorescence imaging of the cells marked with 
MAP-2 antibody on the scaffold after 14 days of 
culturing; The blue dots represent cells. (a) nuclei 
stained by DAPI, (b) primary antibody to MAP-2, 
(c) merge, magnification: 400×, Positive reaction: 
80.2%.

Another specified test was performed to 
examine the differentiation of P19 mouse cells 
into neural cells in addition to confirming the 
formation of neural tissue on the scaffolds. Since 
different cell classes produce their special proteins, 
in other words, peptides, an accurate evaluation 
of the cell-made environment around vital cells 
can provide precise information about the type of 
cells. Therefore, the specified antibody was used 
to identify the MAP-2 protein. MAP-2 is a neural-
cell-specified protein. It must be noticed that the 
images of the fluorescent microscope were taken 
by coloring the nucleus of desired P19 cells after 14 
days of loading inside the scaffold, and the observed 
green color in the images is the fluorescent light 
reflected by the scaffold. The figures show that 
the MAP-2 antibody-marked cells were visible by 
the microscope. The neon green dots in Fig.8 is 
the regions that have shown a positive reaction to 
the special antibody due to the existence of MAP-
2 protein and have been observed and registered 
by the microscope. The presence of this protein, a 
special neural cell protein, proves that P19 cells are 
well differentiated from neural cells after the steps 
of cultivation and cellular modification.

The combination of in vitro cell cultivation 
experiments and immunofluorescence 
tests showed that the prepared scaffolds are 
appropriate for P19 cell adhesions, formation of 
cell aggregations, and establishing connections 
between cells and their differentiation. Also, the 

obtained piped morphology through the phase 
separation method is a suitable structure for neural 
cell infiltration and growth. Besides the positive 
reaction of cells to the immunofluorescence test, 
the intensity of this reaction is also important. 
The series of cell cultivation reactions, DAPI, 
and immunofluorescence tests showed that the 
prepared scaffolds are suitable for the adhesion of 
P19 mouse cells, establishing connections between 
cells, formation of cell aggregations, and their 
differentiation to neural cells. 

Previous researches have been performed on 
laminin modified geraphene oxide for neural 
tissue engineering. Kang et al. fabricated the 
nanofibre composite matrices of poly(L-lactide-
co-ε-caprolactone) (PLCL) and laminin (Lam) 
functionalized with graphene oxide (GO) (PLCL/
Lam/GO). They observed the potential of the 
scaffolds to enhance cell adhesion, proliferation 
the differentiation of hippocampal neuronal cells 
[53].  Qian Y et al. intend to fabricate a GO based 
PCL scaffold modified by laminin to investigate the 
potential compatibility of the scaffold for Schwann 
cells in the peripheral nerve tissue engineering. 
The biocompatible nerve scaffold was seen to be 
beneficial to nerve regeneration [54]. 

In addition to reporting the experimental results, 
it is important to clarify the mechanisms that 
underlie the observed changes. The variation in GO 
and EDA concentrations directly influences scaffold 
density and porosity. Higher GO concentrations 
increase nucleation density, leading to denser 
scaffolds, while EDA acts as a crosslinker through 
amine-epoxy and amine-carboxyl interactions, 
modifying the pore architecture. Furthermore, π–π 
stacking interactions among reduced GO sheets 
contribute to aggregation and structural stability, 
thereby affecting the compressive strength. 
Laminin coating enhances scaffold bioactivity by 
providing cell-binding motifs that interact with 
integrins, facilitating fibroblast adhesion and 
promoting neural differentiation. The porous 3D 
architecture further provides channels for nutrient 
transport and space for cell infiltration, which are 

 Fig. 8- Fluorescence imaging of the cells marked with MAP-2 antibody on the scaffold after 14 days of culturing, (a) nuclei stained 
by DAPI, (b) primary antibody to MAP-2, (c) merge, magnification: 400×, Positive reaction: 80.2%.
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critical for long-term tissue regeneration. Our 
findings can also be placed into the context of other 
practical works in the field. For instance, Zhang et 
al. demonstrated that aligned PLLA nanofibrous 
scaffolds coated with GO promoted neural growth, 
while Song et al. reported enhanced cell adhesion 
using GO-based polycaprolactone composites 
[29, 34]. Similarly, Chiacchiaretta et al. showed 
that GO could modulate astrocyte-to-neuron 
communication, and laminin-functionalized GO 
scaffolds supported Schwann cell compatibility 
in peripheral nerve regeneration [32]. Compared 
to these studies, our scaffolds achieved higher 
neural differentiation efficiency (~80%), which we 
attribute to the synergistic optimization of scaffold 
porosity, density control through GO/EDA ratios, 
and laminin coating. This positions our work as 
a step forward in developing effective GO-based 
scaffolds for neural tissue engineering.

4. Conclusion
This study reports the successful fabrication 

of  porous and low-molecular-weight GO aerogel 
scaffolds  using a single-step chemical reduction 
with EDA, followed by freeze-drying and laminin 
coating for enhanced bioactivity. Scaffold 
composition was systematically optimized for 
density and porosity via design of experiments, 
resulting in a tunable microarchitecture 
with interconnected pores and low density 
(13 mg/cm³). The scaffolds exhibited  excellent 
biocompatibility, confirmed by high cell viability 
(124%) in fibroblast cultures, and effectively 
supported  neural differentiation demonstrated by 
80% efficiency in converting P19 mouse embryonal 
carcinoma cells into neural cells as verified by 
MAP-2 immunofluorescence. Collectively, these 
engineered scaffolds demonstrate promising 
mechanical and biological properties for  neural 
tissue engineering and regeneration applications, 
with control over microenvironment features, 
strong fibroblast adhesion, and robust neural cell 
support.
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