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Abstract: The cell-material interface is one of the most important considerations in designing a high-performance tissue
engineering scaffold because the surface of the scaffold can determine the fate of stem cells. A conductive surface is required
for a scaffold to direct stem cells toward neural differentiation. However, most conductive polymers are toxic and not
amenable to biological degradation, which restricts the design of neural tissue engineering scaffolds. In this study, we used a
bioactive three-dimensional (3D) porcine acellular dermal matrix (PADM), which is mainly composed of type | collagen, as a
basic material and successfully assembled a layer of reduced graphene oxide (rGO) nanosheets on the surface of the PADM
channels to obtain a porous 3D, biodegradable, conductive and biocompatible PADM-rGO hybrid neural tissue engineering
scaffold. Compared with the PADM scaffold, assembling the rGO into the scaffold did not induce a significant change in the
microstructure but endowed the PADM-rGO hybrid scaffold with good conductivity. A comparison of the neural differentiation
of rat bone-marrow-derived mesenchymal stem cells (MSCs) was performed by culturing the MSCs on PADM and PADM-rGO
scaffolds in neuronal culture medium, followed by the determination of gene expression and immunofluorescent staining. The
results of both the gene expression and protein level assessments suggest that the rGO-assembled PADM scaffold may
promote the differentiation of MSCs into neuronal cells with higher protein and gene expression levels after 7 days under
neural differentiation conditions. This study demonstrated that the PADM-rGO hybrid scaffold is a promising scaffold for neural
tissue engineering, this scaffold can not only support the growth of MSCs at a high proliferation rate but also enhance the

differentiation of MSCs into neural cells.

1. Introduction

The regeneration of a damaged nervous system is still a major challenge in the field of neuroscience.®
Tissue engineering, which is based on seeded cells, growth factors and scaffolds, is one of the most
promising approaches in regenerative medicine, which aims to restore or enhance tissue and organ
functions.? In particular, the success of neural tissue engineering mainly relies on the regulation of stem
cell behavior and the progression of tissue through the scaffold. Generally, the scaffold for neural tissue
engineering should be analogous to the natural extracellular matrix (ECM) with appropriate mechanical
properties, biocompatibility, conductivity, controllable degradability with non-toxic degradation
products, a porous structure for cell adhesion and migration, and able to support three-dimensional (3D)
cell culture.34

Recently, numerous natural and synthetic materials have been investigated for the fabrication of
scaffolds for neural tissue engineering. Nanostructured porous poly (L-lactic acid) (PLA),> poly (glycolic
acid) (PGA),® and their co-polymer, poly (L-lactic acid)-co-poly (glycolic acid) (PLA-PGA),” have been

intensively studied for neural tissue engineering scaffold applications because these polymers are
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formable and easy to scale up. However, these synthetic polymers could rapidly release and accumulate
acidic degradation products, which would result in a more rapid decrease in the pH of the surrounding
milieu and decrease the in vivo biocompatibility.® ° Certain natural polymer scaffolds, such as collagen,
gelatin and silk fibroin,19 have attracted much attention because of their biocompatibility and bioactivity.
However, natural and synthetic polymers cannot meet all the requirements of an ideal scaffold because
natural polymers often lose their mechanical properties very early during degradation, which makes it
difficult to regulate the morphology of the newly generated nerve.l! During the past decade, many
efforts have been devoted to designing decellularized tissues and organs for tissue engineering.12 13
Although a decellularized neural tissue matrix would be the best choice for a neural tissue engineering
scaffold, the limitation in this tissue resource is a great obstacle for the practical application of this type
of scaffold. As a type of natural ECM, porcine acellular dermal matrix (PADM) is a promising natural
polymer scaffold for nerve regeneration. PADM is derived from porcine skin by removing cells and
cellular components, leaving only the native structure of the dermal meshwork, and is mainly composed
of type | collagen, with a small amount of type Il collagen.* As provided, PADM possesses excellent
biocompatibility, bioactivity, controllable biodegradability via cross-linking, a porous structure that is
similar to the ECM, and an immunogenicity similar to human acellular dermal matrix. PADM has been
successfully applied in skin tissue engineering, covering full thickness burn wounds in clinical practice,
and bone tissue engineering studies.!> 16 PADM thus appears to be a good choice for a neural tissue
engineering scaffold. However, PADM does not fulfill another important requirement to qualify as a
neural tissue engineering scaffold, i.e., good conductivity of the material.l” Therefore, improving the
conductivity of the materials has become the major challenge in designing a scaffold for neural tissue
engineering.18 Graphene, a zero-band two-dimensional (2D) monolayered carbon material, has attracted
the attention of scientists and engineers in many fields due to the perfect physical, chemical, thermal,
and mechanical properties of this material.1® Most recently, graphene oxide (GO), which is chemically
exfoliated from bulk graphite, has attracted much attention from biomaterials scientists and biomedical
engineers because of its biocompatibility and biodegradation ability.2° Graphene-related materials have
been used in many biomedical applications, including cellular imaging, drug delivery, and stem cell
research, and have the potential for neural interfacing.2! However, bulk graphene-based porous
structures, normally synthesized from GO, possess drawbacks, such as low strength and too small pores,
resulting in low cell adhesion and slow migration on these surfaces.??2 Prof. Loh and co-workers
demonstrated that graphene film can be used to enhance cell adhesion and neural differentiation of
mesenchymal stem cells (MSCs).23 Therefore, based on the above discussion, assembling a graphene
layer on the surface of porous PADM channels to combine the advantages of both the high strength and
high bioactivity of PADM with the high electric conductivity of graphene should be one of the best
approaches for manufacturing high-performance neural tissue engineering scaffolds.

As mentioned above, stem cells play a pivotal role in tissue engineering and modern regenerative
medicine.?* As one of the most important seed cells for tissue engineering, bone-marrow-derived MSCs
have the potential to differentiate into various cell types, including adipocytes, osteoblasts and
chondrocytes,?* cardiac muscle cells,?> hepatocytes2® and neural cells.2” Compared with neural stem cells,
because of the ease of isolation of MSCs and the abundant sources of these cells, bone-marrow-derived
MSCs have generated great interest regarding their potential application to neural regenerative
medicine.?8 By combining neural differentiation protocols with growth factors,?® the effects of the
conductive property of materials on the neural differentiation of MSCs can be studied.3°

In this study, we successfully assembled a layer of reduced graphene oxide (rGO) nanosheets on the
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surface of porous PADM channels to form a conductive, porous, 3D PADM-rGO hybrid neural tissue
engineering scaffold. MSCs were used as seed cells to determine whether the variation in conductivity
caused by the rGOs can affect the neural differentiation of MSCs. The results demonstrated that the
rGO-assembled PADM not only maintains the porous 3D structure and good cytocompatibility but also
enables the delay the biodegradation rate and greatly improves the conductivity of the PADM. Most
importantly, the porous, 3D PADM-rGO hybrid neural tissue engineering scaffold with high conductivity
can enhance neuronal differentiation under neural differentiation conditions for 7 days, as
demonstrated by the assessment of protein and gene expression levels. This work opens a facile
approach to designing and preparing a conductive biopolymer-based porous 3D scaffold. This type of

scaffold has great potential in neural tissue engineering.

2. Results and discussion

2.1 Characterization of the scaffolds
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Figure 1. Characterization of the PADM and PADM-rGO scaffolds. SEM images of the topography of
PADM (a, b) and PADM-rGO (c, d), the (a-inset) and (c-inset) are photographs of PADM and PADM-rGO
with 8 mm diameter, respectively. (e) Raman spectra (514 nm) of the two scaffolds. (f) The percentage of
residual mass of the PADM and PADM-rGO after enzymatic degradation at different time points.
(*p<0.05, **p<0.01, n=3)

The SEM images of the PADM scaffold are presented in Figure 1a and b. The results indicate that the
PADM scaffold is white (Figure la-inset) and has a typical porous 3D structure with pores ranging from
50 to 150 um, which is favorable to cell perfusion into the interior of the scaffold. As shown in Figure 1b,
the surface of the channel walls of the PADM collagen is smooth. From the digital pictures of the
scaffolds, we can see that the color of the PADM changes from white to black after the rGO assembly

(Figure 1c-inset), and the PADM-rGO scaffold becomes conductive, as confirmed by the I-V test (Figure
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S4). Figure 1c and d are the SEM images of the PADM-rGO hybrid scaffold. The topography and structure
are not obviously changed after the assembly of a layer of rGO film, including the channel wall surfaces.
From the SEM images of ascorbic acid reduced GO (Figure S3a), the channel surface of PADM-rGO hybrid
scaffold (Figure S3b), they have similar surface topographies, it could demonstrated that the rGO film is

well covered on the surface of the PADM.

The zeta potential of GO and PADM has a large gap of approximately 30.74 mV (Figure S5a); the GO
sheets can thus be easily adhered onto the surface of the PADM and spread, ascorbic acid, not only as a
green reducing agent but also provide an acid environment for the esterification reaction between
collagen and GO, make the rGO nanosheets more stable on the surface of PADM (Figure S2a ). From the
Figure S2b, the state of rGO was stable after the GO reduced by ascorbic acid, it also demonstrated that
once the GO adhered on the surface of PADM, except the chemical bonding between the rGO and PADM
the adsorption capacity of rGO film on the PADM surface is another guarantee of rGO film stable on
PADM. PADM is a collagen-based material that possesses three characteristic amide band FT-IR
spectrum absorbance peaks: amide | at 1660 cm?, amide Il at 1550 cm™ and amide Il at 1240 cm™L. The
amino group absorbance peak (3300-3400 cm'l) appears after the cross-linking process (Figure S5b).
With the rGO assembled on the surface of the PADM, some amide absorbance peaks are concealed, and
the C=C absorbance peak is evident at 1650 cm1. A Raman spectrum is the most powerful tool to detect
the presence of graphene, the Raman spectra of graphene includes the G peak located at ~1580cml,
caused by the in-plane optical vibration (degenerate zone center E2g mode), D peak, located at
~1350cm due to first-order zone boundary phonons.3! As shown in Figure le, the Raman spectrum of
the PADM-rGO has two broad peaks, the ratio of % is approximately 0.91, the ration of % of highly
reduced GO sheet-PADM is 0.80 (Figure S3c), the defects make the ascorbic acid reduced GO film has a
better adhere ability with proteins. Because of the absence of rGO, there is no characteristic peak for the
PADM scaffold. Both the FT-IR spectrum and Raman spectrum indicate the successful assembly of rGO
film on the surface of PADM.

Figure 1f illustrates the biodegradation behaviors of the PADM and PADM-rGO scaffolds. The results
indicate that both of the scaffolds are biodegradable. After 1 day of enzymatic degradation, the residual
mass of the PADM is approximately 53.05+2.61%, but the residual mass of the PADM-rGO is
approximately 89.45+1.30%. The residual mass of both scaffolds decreased with an increase in enzymatic
degradation time. After 4 days, the residual mass of the PADM was only approximately 7.09+3.2%, but
the PADM-rGO remained at 65.01+6.42%, which indicates that rGO can delay the biodegradation period
of PADM. Because neural regeneration is a long process,3 this result suggests that the PADM-rGO hybrid
scaffold with a lower degradation rate could be consistent with the neural regeneration process.

The characteristics of the two scaffolds suggest that these materials are good candidates for neural
tissue engineering. The main purpose of this research was to investigate the effect of the two scaffolds
on the neural differentiation of MSCs.

2.2 Cytocompatibilities of the scaffolds and cell attachment to the scaffolds

’
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Figure 2. The cytocompatibilities of the two scaffolds. Live/dead cellular staining was performed 24 h
after the MSCs were seeded on the PADM (a, b, c) and PADM-rGO (d, e, f). The live cells are stained
green, and dead cells are red. The 2D structures of CLSM fluorescence morphologies of the actin
cytoskeleton of the MSCs cultured on the PADM (g) and PADM-rGO (i) scaffolds after normal culture for
3 days. The actin filaments of the cells were stained with Alexa-Fluor 488-phalloidin (green), and the
nuclei were stained with DAPI (blue). 3D structures of the CLSM fluorescence morphologies of the MSC
actin filaments on the PADM (g1) and PADM-rGO (i1) reveal the 3D cell culture framework of the
scaffolds. SEM images indicate the typical cell attachment of the MSCs after 3 days on the PADM (h) and
PADM-rGO (j).

To study the response of MSCs to the two scaffolds, the cytocompatibility of the scaffolds was
determined using isolated MSCs (the purity of the MSCs was above 90%, as illustrated in Figure S6).
Third-passage cells were seeded on the PADM and PADM-rGO scaffolds at a density of 5x10* per dish.
Live/dead cellular staining was assayed 24 h after the MSCs were seeded on the PADM and PADM-rGO
scaffolds. The fluorescent images of the live/dead-stained MSCs on the PADM (Figure 2a, b, c) and
PADM-rGO (Figure 2d, e, f) scaffolds illustrate that a high percentage of the seeded cells survive on the
scaffolds, which suggests that both the PADM and PADM-rGO scaffolds have great biocompatibility. The
morphology of the MSCs on the scaffolds after 1 day was also observed via actin staining (Figure S7). The
cells on both of the scaffolds maintained the typical spindle shape. The proliferation of MSCs on the
scaffolds was also assessed after cultivation of the cells for 1, 3, and 5 days. As depicted in Figure S8, the
proliferation rate of the MSCs on the PADM-rGO scaffold was somewhat higher than that on the pure
PADM scaffolds. A more detailed observation of cell proliferation was provided by the 2D CLSM
fluorescence morphologies of the actin cytoskeletons of the MSCs cultured on PADM and PADM-rGO
(Figure S7) after 1 day. The cell quantity increased rapidly on both scaffolds after 3 days, and the cells on
the PADM-rGO hybrid scaffold had a higher proliferation rate. After 5 days, the cell quantities had nearly
completely plateaued on the PADM and PADM-rGO hybrid scaffolds. This result suggests that the
beginning of the neurogenesis process occurs at day 3 after cell seeding.

After normal culture of the MSCs on the scaffolds for 3 days, immunofluorescence and SEM
observations were performed to examine the morphology of the MSCs. By labeling the actin
cytoskeleton with phalloidin, the attachment and morphological characteristics of the MSCs on the
PADM scaffold are revealed in typical 2D structure fluorescence micrographs (Figure 2g). The cells spread

well on the PADM channels and maintained the typical spindle shape. As shown in Figure 2i, the cell
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density on the PADM-rGO hybrid scaffold was slightly higher. This result was confirmed in the 3D
structure fluorescence micrographs of the MSCs actin filaments (Figure 2g1, i1). This result demonstrates
that a layer of rGO assembled on the surface of PADM will promote cell attachment and proliferation.
After reduction, rGO retains a few oxygen-containing groups, which can adhere serum proteins and
endows the scaffold with an improved cell attachment ability.2! In addition, the typical 3D structure in
the CLSM images of the actin filaments demonstrates that the cells not only attach onto the surface of
the scaffold but also migrate into the inner pores of the two scaffolds (Figure S9a and S9b). The depth of
the ingrowth of the cells can reach approximately 160 um. SEM images of MSCs cultured on the PADM
(Figure 2h) and PADM-rGO (Figure 2i) exhibit the normal attachment behavior after 3 days of normal
culturing. The SEM images results reveal that most of the area of the surface of the PADM and
PADM-rGO scaffolds is covered with the cells. Previous studies have demonstrated that hydrophilic GO
could contribute a more appropriate environment for cell attachment and growth by combining the
serum proteins.3?2

Moreover, the above results indicate that, with normal culturing of MSCs on the two scaffolds, there is
no cytotoxicity, and the assembly of a layer of rGO on the surface of the PADM could promote the
attachment and proliferation of MSCs. Therefore, PADM-rGO is an ideal candidate scaffold to study the
effect on MSC neural differentiation.

2.3 Neural differentiation of MSCs on the scaffolds
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Figure 3. Neural marker expression of MSCs under neurogenesis conditions for 7 days. 2D and 3D CLSM
fluorescence micrographs of immunostained cells on the PADM (a-d1) and PADM-rGO scaffolds (e-h1).
Nestin, Tujl, GFAP and MAP2 are shown in green, and the nuclei were stained with DAPI (blue). qPCR
analysis of the expression levels of the neural-specific genes Nestin (i), Tujl (j), GFAP (k), and MAP2 (l) on
the PADM and PADM-rGO scaffolds, respectively. (¥p<0.05, **p<0.01, n=3)

The MSCs were cultured on the PADM and PADM-rGO scaffolds under neurogenic conditions for 7
days. The differentiated cells were observed after immunostaining for the early neural markers Nestin,
B-Tubulin 11l (Tujl) and GFAP and the later neural marker, MAP2. The neural-like cells were observed on
both scaffolds.

Compared to that of the cells on the PADM scaffold (Figure 3a and al), the Nestin expression of the

cells on the PADM-rGO scaffolds is much stronger (Figure 3e and el). For the neuronal specific
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markers-Tujl and MAP2, Figure 3f, f1, h and h1 illustrates a significant increase of positive cells on the
PADM-rGO scaffold compared with the PADM scaffold (Figure 3b, b1, d and d1). For the glial marker
GFAP, there is a slight decrease in the cells on the PADM-rGO (Figure 3g and gl1) compared with the cells
on the PADM scaffold (Figure 3c and c1), which is not a negative result. These results suggest that the
PADM-rGO scaffold could specifically enhance MSC neural differentiation compared to the PADM
scaffold.

To further confirm these results, a qPCR assay was performed to analyze the neuronal gene expression
levels after MSC neurogenesis for 7 days. The sequences of the real-time PCR primers are shown in Table
S1. Compared with the cell differentiation on the PADM scaffold, the changes in Nestin, Tujl and MAP2
expression in the cells differentiated on the PADM-rGO hybrid scaffold were 2.597+0.422-fold,
5.987+0.826-fold and 15.321+0.804-fold, respectively (Figure 3i, j, 1), which indicates a significant
increase in neuronal differentiation on the PADM-rGO scaffold. The GFAP expression on the PADM-rGO
scaffold was 0.864+0.048-fold lower than on the PADM scaffold (Figure 3k). These results also confirmed
that the PADM-rGO scaffold can specifically increase neuronal gene expression.

The flexibility, stiffness, dimensions, topographical and electrical properties of the scaffolds could be
the biological effects that regulate the fate of stem cells. Neural cells are electro-active ones and
bio-electronic interface can affect neural cells behaviors, graphene can match the charge transport
demand for electrical cellular interfacing applications to regulate nerve cells behaviors, which makes it a
promising candidate as a neural interfacial material. These results demonstrate that with a layer of rGO
nanosheets assembled on the surface of the PADM channels, the good conductivity of the PADM-rGO
scaffold is a positive influence on the differentiation of MSCs into neural cells as assessed by protein and

gene expression levels and promotes a faster maturation rate of the neural cells.

—— oy

Figure 4. SEM images showing the typical neurite sprouting and outgrowth of the MSCs after 7 days
under neurogenic conditions on the PADM scaffold (a) (b) and the PADM-rGO hybrid scaffold (c) (d).

To characterize the effect of the PADM and PADM-rGO scaffolds on differentiated MSC neurite
sprouting and outgrowth, the cell morphologies were observed via SEM after the MSCs were exposed to
neurogenic conditions for 7 days. In the SEM images of the neural-induced MSCs on the PADM (Figure 4a,
b) and PADM-rGO (Figure 4c, d), the MSCs had differentiated into cells with neural morphology. The
length of the differentiated cellular neurites on the PADM-rGO hybrid scaffold was over 100 um, which is
much longer than the neurite length on the PADM scaffold. Figure 4c, d also show a more powerful
adhering property of PADM-rGO than PADM for serum proteins.

Neural cells in the early development stage are more sensitive to surrounding physical cues, and the

ability to utilize physical cues such as topographical features, substrate stiffness, electric conductivity



Nanoscale

and the dimensions of the ECM to regulate stem cell fate has great potential in regenerative medicine.33
A neurite refers to any projection from the cell body of a neural cell. This projection can be either an
axon or a dendrite. Neurite sprouting and outgrowth is one of the most important phenomena in the
development of the nervous system. The PADM-rGO hybrid scaffold possesses an enormous interface
with high conductivity for bioelectricity and is thus promising in the development of a much better
bioelectric interface to enhance the differentiation of MSCs into neural cells compared to the PADM
scaffold. It is interesting to note that the topography of PADM-rGO with bundled collagen fibers may
mimic the surrounding ECM of neural cells, which might provide another cue to make the scaffold a
more positive substrate for neural cell growth.

Above all, these findings indicate that the incorporation of a layer of graphene on PADM provides
specific cues to MSCs, resulting in enhanced cell-cell communication. The results suggest that graphene
with good electrical conductivity may promote the differentiation of MSCs into neural cells. Without a
significant change in the surface topography after assembling a layer of rGO film on the PADM channels,
we can assure that the differentiation of MSCs into neural cells induced on the graphene-based platform
is not due to the effects such as stiffness and roughness.

According to this sample method, assembling a small amount of graphene on the channel surface of
porous 3D PADM is an effective approach for designing a graphene-based, conductive, porous 3D
scaffold in the field of neural regeneration. Our method may also allow the fabrication of other 2D or 3D

graphene-based scaffolds using a combination of convenient biomaterials.

Conclusion

In summary, engineering scaffolds to regulate the cellular behaviors of stem cells into desired cell
phenotypes and genotypes is the most critical factor in scaffold design for tissue engineering applications.
Our findings reveal that with a layer of rGO film assembled on the surface of PADM channels, the
conductivity of the PADM-rGO scaffold can not only support MSC attachment but also maintain cells in a
more active proliferation and neural differentiation state, with the up-regulation of Nestin, Tujl and
MAP2 protein and gene expression. The rGO on the channel surface of 3D PADM can more efficiently
promote neurite sprouting and outgrowth than the PADM scaffold under neurogenic conditions for 7
days. Due to these interactions of rGO and PADM with neural cells, it may be potentially used as an
implanted material to provide an ideal scaffold with a porous 3D structure and excellent biocompatibility,

controlled biodegradability, and conductivity for neural tissue engineering.

3. Experimental Section
3.1 Preparation of the PADM scaffold

The PADM was prepared by the procedure described in our previous work.3* To obtain a long-term
performance regarding biodegradation and endow the PADM with greater strength, the as-prepared
PADM was cross-linked by immersing the PADM sheet into a mixed solution containing 10 nm
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS)
(Alfa Aesar, Tianjin) with a molar ratio of 2.5:1 (EDC:NHS).3> The EDC/NHS cross-linking process serves to
reinforce the decellularized organ matrix, and EDC is a zero-length cross-linker which does not form
harmful crosslink bonds. Our previous work demonstrated that the mechanical strength of the PADM is
greatly improved and the biodegradation rate is decreased by this cross-linking process. The PADM
thickness was 0.2—0.3 mm, and the PADM was sliced into disks 8 mm in diameter for the following

experiments.
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3.2 Preparation of an aqueous solution of GO

The GO was prepared by the modified Hummers' method. Briefly, graphite powder was pre-treated
with concentrated H;SO4, K3S,08 and P,0s. Then, the pre-treated graphite powder was oxidized with
concentrated H,SO4 and KMnO, via the traditional Hummers' method. More detailed procedures can be
found in supporting information S1.
3.3 Preparation of the PADM-rGO hybrid scaffold

GO nanosheets were assembled on the PADM scaffold by a solution immersion process and then
reduced with ascorbic acid in situ as follows. The PADM disk was placed in a polyethylene (PE) tube with
4 ml of a 0.25 mg ml~1 GO solution and immersed for 12 h. Then, 1 ml of a 10% ascorbic acid solution was
added to the tube, which was incubated in a 50 °C water bath overnight for reduction. After the above
process, the white PADM disk turned black, and the samples were soaked in deionized water for 1 h and
washed carefully. After 4 washes, the PADM-rGO scaffolds were obtained and collected for cell culture.
3.4 In vitro enzymatic degradation studies

The biodegradation stability of the PADM samples was measured by exposing the scaffold to 1 ml of
collagenase (12.5 U mlt) (Sigma). The PADM-rGO samples were first exposed to 1 ml of 12.5 U ml?
collagenase for 12 h and then exposed to 1 ml of horseradish peroxidase (HRP) (Aladdin) (50 U ml?) for
an additional 12 h. The enzymatic treatment alternated every 12 h. At 24, 48, 72 and 96 h, the
degradation rate of the samples was evaluated. The stability of the PADM and PADM-rGO scaffolds to
biodegradation was assessed by calculating the percentages of the remaining weight after enzymatic
degradation at different time points.
3.5 Microstructural characterization of the samples

The topography of the samples was characterized via SEM (SU8020, Hitachi, Japan). A Dilor XY
microspectrometer with a 532 nm laser excitation was used to record the Raman spectra of the
PADM-rGO samples. The 3D scanning immunofluorescence micrographs were captured with a Leica SP8
confocal laser scanning microscope (CLSM) in a z-Stack model.
3.6 Cell culture

MSCs were isolated from the femurs and tibias of four-week-old male Wistar rats, as previously
described. The cells were cultured in primary medium containing low glucose (1.0 g I'1) Dulbecco's
modified Eagle’s medium (L-DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco), 1%
penicillin-streptomycin (Gibco), and 4 ng ml! basic fibroblast growth factor (bFGF). MSCs at the third to
eighth passage were used for all of the following experiments.
3.7 Neural differentiation of MSCs on the scaffolds

The neural differentiation of the MSCs was induced under the following neurogenic conditions: after
the first 3 days, the basal culture medium of the rMSCs was replaced with neural differentiation medium
DMEM/F12 (Gibco) containing 20 ng ml-1 bFGF (Peprotech), 10 ng ml* human nerve growth factor (NGF,
Peprotech), 10 ng ml-1 human brain-derived neurotrophic factor (0DNF, Peprotech), 2% B27 supplement
(Invitrogen) and 1% penicillin-streptomycin (Gibco). The culture medium was replaced every two days.
3.8 Cell morphology

The morphology of the cells cultured on the different samples 24 h after seeding the cells or after 7
days of neural induction was observed via SEM (Hitachi; SU8020). The cell-seeded scaffolds were
removed from the culture medium and gently washed with Dulbecco's phosphate-buffered saline (DPBS).
The cells on the scaffolds were fixed with 4% paraformaldehyde in PBS for 2 h at room temperature.
After removing fixative, the scaffolds were gently washed with PBS and immersed in 1% w/v osmic acid

for 2 h. After washing, the scaffolds were subjected to sequential dehydration for 15 min twice each with
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an ethanol series (30%, 50%, 70%, 85%, 90%, 95%, 98% and 100%). After lyophilization and coating with
gold, the scaffolds with the cells were observed by SEM to assess cell attachment and morphology at a 5
kV accelerating voltage.

3.9 Cell viability assay on PADM and PADM-rGO

MSCs were seeded on the PADM and PADM-rGO scaffolds. After 1 day of culture, a cell viability assay
was performed using the LIVE/DEAD Cell Imaging kit for mammalian cells (Life Technology) according to
the manufacturer’s instructions.

3.10 Immunofluorescence

To investigate the cellular attachment on PADM and PADM-rGO, the MSCs on the samples were
imaged with the immunofluorescence measurement of F-actin after 3 days of culture. Briefly, the cells
were washed with PBS, fixed with 4% paraformaldehyde solution in PBS for 20 min, washed with PBS
three times, extracted with 0.1% Triton X-100 (Sigma) for 10 min and blocked with 5% bovine serum
albumin (Sigma) for 30 min. The cells were then stained with phalloidin conjugated to Alexa Fluor 488
(Invitrogen) at a 1:200 dilution for 60 min to stain the actin filaments, and the nuclei were stained with 4'
6-diamidino-2-phenylindole (DAPI, 300 nM, Life Technology) for 10 min. Finally, the cells were washed
with TPBS three times before examination with a Leica confocal microscope SP8.

After culturing for 7 days in the neural differentiation medium, the scaffolds with the cells were
washed with PBS, fixed in 4% paraformaldehyde for 40 min, extracted with 0.1% Triton X-100 (Sigma) for
10 min and blocked with 10% goat serum (Sigma) for 2 h. The samples were incubated with the primary
antibodies overnight at 4 °C and then incubated for 2 h at room temperature with the secondary
antibodies, followed by DAPI staining. The primary antibody panel included Alexa Fluor 488-conjugated
anti-Nestin (1:200, Millipore), anti-Tuj1 (1:500, Abcam), anti- glial fibrillary acidic protein (GFAP) (1:500,
Abcam), and Alexa Fluor 488-conjugated anti- microtubule-associated protein-2 (MAP2) (1:200, Millipore)
antibodies. The secondary antibody was Alexa Fluor 488-conjugated goat anti-mouse 1gG (1:200, Jackson
ImmunoResearch).

3.11 qPCR

The RNA samples were extracted from the cells after 7 days of differentiation using an RNeasy Plus
Mini Kit (Qiagen). The RNA was reverse-transcribed into cDNA using PrimeScriptTM (Takara). The total
RNA concentration, purity, and integrity were determined using a spectrophotometer (Q-5000; Quwell)
and agarose gel electrophoresis. The qPCR assay was performed with SYBR Premix Ex TagTM (Takara) on
an ABI 7500 Fast Real Time PCR system (Applied Biosystems) for one housekeeping gene,
glyceraldehyde-3-phosphate (GAPDH), and four genes of interest, Tujl, Nestin, GFAP, and MAP2 (see
Table S1 for primer sequences). The relative transcript expression levels of the target gene were
normalized to GAPDH and were expressed as the meanststandard deviation (SD) (n=3 for each group).
3.12 Statistical analysis
The data were reported as the meanstSD, and the statistical analysis was performed using unpaired

Student’s t-tests. Statistical significance was accepted at *p<0.05 and **p<0.01.
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