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Abstract: Carbon nanomaterials are becoming increasingly significant in biomedical fields since 

they exhibit exceptional physicochemical and biocompatible properties. Today, the stem cells 

offer potentially new therapeutic approaches in tissue engineering and regenerative medicine. 

However, the induction of differentiation into specific lineages remains challenging, which 

provoked us to explore the biomedical applications of carbon nanomaterials in stem cells. In 

this study, we investigated the interactions between graphene/single-walled carbon nanotube 

(G/SWCNT) hybrids and rat mesenchymal stem cells (rMSCs) and focused on the proliferation 

and differentiation of rMSCs treated with G/SWCNT hybrids. Cell viability and morphology 

were evaluated using cell counting kit-8 assay and immunofluorescence staining, respectively. 

Osteogenic differentiation evaluated by alkaline phosphatase activity of MSCs proved to be 

higher after treatment with G/SWCNT hybrids, and the mineralized matrix nodule formation 

was also enhanced. In addition, the expression levels of osteogenic-associated genes were 

upregulated, while the adipocyte-specific markers were downregulated. Consistent with these 

results, we illustrated that the effect of G/SWCNT hybrids on the process of osteogenic differ-

entiation of rMSCs can be modulated by activating the p38 signaling pathway and inhibiting the 

extracellular signal-regulated kinase 1/2 pathway. Nevertheless, our study suggests that carbon 

nanomaterials offer a promising platform for regenerative medicine in the near future.

Keywords: carbon-based nanomaterials, 3D nanostructure, stem cell therapy, bone formation

Introduction
Current clinical challenges require new regenerative medicines for diseased and injured 

organs and tissue. The aim of regenerative medicine research is to develop potential 

therapeutics to restore or maintain their regular and normal function.1,2 In orthopedic 

surgery, when osteonecrosis and nonunion bone fractures occur, there is little intrinsic 

repair ability, owing to poor regeneration potential. Stem cell therapy is considered a 

promising and effective approach in complex tissue regenerative studies. This therapy 

induces the stem cells into the desired cell lineage, but requires adequate extracellular 

microenvironment to regulate cell proliferation and differentiation.

Mesenchymal stem cells (MSCs) are bone marrow-derived cells that can differentiate 

into various mesodermal lineages, including osteoblasts, adipocytes, chondrocytes, and 

neurons, both in vitro and in vivo.3 By self-renewal and multiple lineage differentia-

tion capabilities, MSCs provides an ideal model system for applications in stem cell 

therapy and regenerative medicine. Moreover, MSCs are less likely to be rejected by 
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the host immune system and can be used as autologous grafts 

in stem cell therapy, especially for bone repair.4–6 Therefore, 

it is critical to induce osteogenic differentiation of MSCs 

directed toward osteoblasts for using them in bone repair and 

regeneration. Because stem cell differentiation is controlled 

by the interaction between the extracellular microenviron-

ment and the cells, the microenvironment around the stem 

cells, including the chemistry, micro-, and nanostructures, is 

important. Concerning this, there is still a large initiative to 

explore the nanostructure materials that promote osteogenic 

differentiation in stem cell therapy for new bone formation.

In an effort to enhance the differentiation of stem cells into 

lineage specification, nanostructure materials have elicited 

substantial attention in the fields of biological and regenera-

tive medicine due to their physicochemical, biological, and 

biomimetic properties.7,8 The combination of nanostructure 

materials and stem cell therapy offers a promising therapeutic 

option for promoting bone repair. Among the various kinds 

of nanomaterials, carbon nanomaterials have attracted great 

interest due to their applications in biomedical and biotechno-

logical fields, including biological sensing,9,10 gene and drug 

delivery,11,12 cancer therapy,13,14 and tissue engineering.15,16 

G/SWCNT hybrids, three-dimensional (3D) nanostructure 

carbon nanomaterials, have been in the forefront of numer-

ous electrical and thermal conductive researches due to their 

extraordinary physicochemical properties. A 3D structure 

has been constructed by combining one-dimensional single-

walled carbon nanotubes (SWCNTs) and two-dimensional 

(2D) graphene into 3D G/SWCNT hybrids. Graphene and 

SWCNTs can be expected to exhibit high surface area in the 

G/SWCNT hybrids.17,18 Likewise, there is limited literature 

concerning the potential interference with the proliferation 

and differentiation processes of stem cells.

Recent studies on carbon nanomaterials have made great 

progress in demonstrating the differentiation ability of MSCs. 

It has been reported that graphene-based nanomaterials can 

promote the specific differentiation of MSCs into osteoblasts 

without hampering proliferation.19 Graphene nanogrids can 

also serve as 2D selective templates to accelerate the differen-

tiation of MSCs into osteogenic lineage, based on their excel-

lent capability for adsorption of chemical inducers and the 

physical stresses induced by surface topographic features.20 

Carbon nanotubes exhibit the ability to improve cell attach-

ment and proliferation, and also to differentiate human 

adipose-derived MSCs to osteogenic cells, since these carbon 

nanotubes are concentrated more on bone-inducing proteins 

and modulate downstream stem cellular response.7 In addi-

tion to carbon nanomaterials, other types of nanomaterials, 

such as gold, titanium, silicon, and hydroxyapatite, also 

exhibit the potential to enhance differentiation.8,21–23 The 

earlier studies contain crucial literature as a basis for further 

exploration of the possible uses of G/SWCNT hybrids for 

bone repair and regeneration using stem cells.

The mechanism of interaction between nanomaterials 

and MSCs has been previously investigated at a molecular 

level.8,24 The p38 signaling pathway, a main family member 

of the mitogen-activated protein kinases (MAPK) pathway, 

plays an important role in a wide variety of biological 

processes, including cell development, death, and cell 

differentiation.25 Many studies demonstrated that p38 MAPK 

can promote osteogenic differentiation.26,27 The MAPK 

signaling pathway also has been implicated in stem cell 

proliferation and differentiation induced by nanomaterials. 

Gold nanoparticles promoted the differentiation of MSCs 

toward osteoblast cells by activating the p38 MAPK signaling 

pathway.8 Silica nanoparticles increased the proliferation of 

human adipose tissue-derived stem cells by increasing the 

phosphorylation of p38 and extracellular signal-regulated 

protein kinase (ERK)1/2.24

In this paper, we aim to systematically investigate the 

interactive effects of G/SWCNT hybrids on the osteogenic dif-

ferentiation of rat mesenchymal stem cells (rMSCs). We used 

cell counting kit-8 (CCK-8) assay and immunofluorescence 

staining techniques to study proliferation, morphology, and 

the cytoskeleton structures of rMSCs treated with G/SWCNT 

hybrids. Additionally, the effect of G/SWCNT hybrids on the 

differentiation toward osteoblasts and adipocytes was evalu-

ated. Alkaline phosphatase (ALP) activity and mineralized 

matrix nodule formation were measured as specific markers 

of osteogenic differentiation of rMSCs at early and late stages. 

More importantly, we expand upon the exploration of the 

alteration of intracellular molecules to explain the possible 

underlying mechanisms of G/SWCNT hybrids effects on the 

differentiation processes of rMSCs.

Materials and methods
Preparation of g/sWcNT hybrids
G/SWCNT hybrids and SWCNTs were obtained from 

Beifang Guoneng New Material Co. Ltd. (Beijing, People’s 

Republic of China). Graphene was purchased from Morsh 

Science and Technology Co. Ltd. (Ningbo, People’s Republic 

of China). SWCNTs were synthesized by chemical vapor 

deposition processing using FeCo nanoparticles as catalysts 

and CH
4
 as the carbon source under temperatures below 

900°C, as described in a previous study.17 SWCNTs were 

purified by washing FeCo nanoparticles with 37% HCl, fol-

lowed by spray drying. The fabrication of the G/SWCNT 

hybrids was similar to the preparation method for SWCNTs, 
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but involved using FeMgAl catalytic nanoparticles instead of 

FeCo catalysis.17 The as-prepared hybrids were also purified 

by 37% HCl, followed by a spray drying process to eliminate 

water. From the material’s dealer, the characteristics of the 

synthesized G/SWCNT hybrids were obtained, which were as 

follows: 1) surface area: 1,676 m2/g; 2) mean pore diameter: 

approximately 3.5 nm; and 3) porosity: around 63%.

The G/SWCNT hybrids dispersion was sonicated for 

30 minutes (frequency =40 kHz) to minimize the heteroge-

neous intracellular responses before treating the cells. The 

stock solution of G/SWCNT hybrids was prepared at a con-

centration of 1 mg/mL using sterilized double-distilled water 

(dd-H
2
O). Transmission electron microscopy (Hitachi Ltd., 

Tokyo, Japan) was used to characterize the morphologies 

and structures. Raman spectrum was obtained on confocal 

Raman microspectroscopy (RM-1000; Renishaw, Wotton-

under-Edge, UK) at an excitation wavelength of 514.5 nm.

cell culture and osteogenesis induction
MSCs were isolated from 6-week-old Sprague Dawley mice 

(Huazhong University of Science and Technology, Wuhan, 

People’s Republic of China) using well-established meth-

ods.28 This study and all animal experiments were approved 

by the Institutional Animal Care and Use Committee of 

Huazhong University of Science and Technology and were 

in accordance with the National Institutes of Health animal 

use guidelines. In brief, both ends of the femurs and tibiae 

were cut off at the epiphysis, and the marrow was flushed out 

using supplemented Dulbecco’s Modified Eagle’s Medium 

(DMEM)/F12 (Hyclone, Logan, UT, USA). rMSCs were 

collected and cultured in DMEM/F12 with 10% fetal bovine 

serum (Thermo Fisher Scientific, Waltham, MA, USA) and 

1% penicillin/streptomycin (Thermo Fisher Scientific) at 

37°C in 5% CO
2
 atmosphere. At confluence, the cells were 

detached by 0.25% trypsin-ethylenediaminetetraacetic acid 

(Thermo Fisher Scientific). Cells were used in the follow-

ing experiments at passage 3–4 and were maintained on the 

plate with a precoating of 1% gelatine solution (Cyagen, 

Guangzhou, People’s Republic of China). For osteogenic 

differentiation, Sprague Dawley rat MSC osteogenic dif-

ferentiation medium (Cyagen) was used and changed every 

3 days. Cells treated with sodium fluoride (NaF) at 1 µM and 

without G/SWCNT hybrids were used as the positive and 

negative controls, respectively.29

ccK-8 assay
Cell viability and proliferation were determined using a 

CCK-8 assay kit (Dojindo, Kumamoto, Japan). Cells were 

seeded in a 96-well plate and incubated with culture medium 

containing different concentrations of G/SWCNT hybrids, 

grapheme, and SWCNTs for 24 hours. Cells were also 

incubated with G/SWCNT hybrids at different concentrations 

for 1, 3, and 7 days. At a predetermined time point, the culture 

media were removed and washed with phosphate-buffered 

saline (PBS) twice. Then, each well was replaced with 90 µL 

cell culture medium and 10 µL CCK-8 and was maintained 

for another 2 hours in the dark at 37°C. The absorbance 

was recorded at 450 nm using a microplate reader (BioTek, 

Winooski, VT, USA).

Immunofluorescence staining
Cellular morphology was determined using immunofluores-

cence staining. After the cells were seeded, they were cultured 

with cytochalasin D (Aladdin, Shanghai, People’s Republic of 

China) for 30 minutes and then incubated with and without G/

SWCNT hybrids for 24 hours. Next, the cells were fixed with 

4% formaldehyde, permeabilized with 0.5% Triton X-100 

at room temperature, and blocked with 1% bovine serum 

albumin (Sigma-Aldrich Co., St Louis, MO, USA). Cells 

were then rinsed with PBS three times and incubated in PBS 

including tetramethylrhodamine (TRITC)-phalloidin (Yeasen, 

Shanghai, People’s Republic of China) at a final concentration 

of 100 nM in the dark for 30 minutes, according to the manu-

facturer’s instructions. The cells were then counterstained 

with 4′,6-diamidino-2-phenylindole Fluoromount-G™ 

(Yeasen) for 5 minutes at room temperature. Images were 

collected using a confocal fluorescent microscope (LSM 780; 

Carl Zeiss Meditec AG, Jena, Germany).

alP activity assay
ALP activity assay was performed according to the manufac-

turer’s instructions (Jiancheng, Nanjing, People’s Republic of 

China). Following a wash with PBS, the cells were lysed with 

1% Triton X-100 (Beyotime, Shanghai, People’s Republic of 

China) on each well. The lysate was collected with the aid of 

a cell scraper and centrifuged at 12,000 rpm for 15 minutes 

at 4°C to remove cell debris. Total protein content in the 

lysate was measured using a bicinchoninic acid assay kit 

(Jiancheng). The absorbance of samples was recorded at a 

wavelength of 562 nm using a microplate reader. Cell lysate 

was prepared as mentioned earlier, which proceeded for 

15 minutes at 37°C, and then a developer was added. The 

absorbance was measured at 520 nm with a microplate reader 

using p-nitrophenol phosphate as the standard. All results 

were normalized by the total intracellular protein content, 

and thus expressed as units/g protein. One unit of enzyme is 

defined as the amount of enzyme that converts 1 g of protein 

to 1 mg of p-nitrophenol phosphate in 15 minutes at 37°C.
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alizarin red staining assay
The formation of mineralized matrix nodules was deter-

mined by alizarin red staining (ARS; Cyagen). After the 

cells were seeded, the culture medium was changed to 

the osteogenic differentiation medium in the presence or 

absence of G/SWCNT hybrids. In brief, samples were fixed 

in 4% paraformaldehyde for 30 minutes, following which 

they were washed in distilled water three times. Next, the 

samples were incubated with ARS solution for 5 minutes 

at room temperature. The staining was washed twice with 

distilled water and visualized using fluorescence microscope 

(CKX41; Olympus Corporation, Tokyo, Japan). For semi-

quantification of ARS content, the stain was extracted by 

adding 10% cetylpyridinium chloride (Sigma-Aldrich Co.) 

for 30 minutes with constant shaking, and the ARS concen-

trations were determined by detection of the absorbance at 

a wavelength of 570 nm.

Oil red O staining
For adipogenic differentiation assay, Sprague Dawley rat 

bone marrow MSC adipogenic differentiation medium 

(Cyagen) was used in the protocol. The formation of adipo-

cytes was measured by the oil red O staining (Cyagen) of 

lipid droplets. Cells were plated in 6-well plates and cultured 

with adipogenic differentiation medium in the presence or 

absence of G/SWCNT hybrids. At a desired time point, the 

cells were washed with PBS twice and stained with oil red 

O solution for 15 minutes. In order to quantify, the staining 

was dissolved in isopropyl alcohol and the absorbance was 

recorded at 510 nm using a microplate reader.

Western blot analysis
After incubating the G/SWCNT hybrids for 14 days, the cells 

were washed with PBS and harvested using the lysis buffer. 

Total protein was separated by 12% sodium dodecyl sulfate 

polyacrylamide gel electrophoresis and transferred to poly-

vinylidene difluoride membranes (EMD Millipore, Billerica, 

MA, USA). After washing three times, the membranes were 

incubated with the corresponding primary antibodies in 

Tris-buffered saline, 0.1% Tween 20 containing 1% bovine 

serum albumin solution overnight at 4°C, followed by incu-

bation with secondary antibodies (Proteintech, Rosemont, 

IL, USA) for 60 minutes. The expressions of runt-related 

transcription factor 2 (Runx2; Proteintech), osteocalcin 

(OCN; Abcam, Cambridge, MA, USA), osteopontin (OPN; 

Abcam), peroxisome proliferator-activated receptor-γ2 

(PPARγ2; Abcam), p38 (Epitomics, Burlingame, CA, USA), 

p-p38 (CST, Danvers, MA, USA), c-Jun-NH
2
-terminal 

kinases (JNK; CST), p-JNK (CST), ERK1/2 (Bioworld, 

Minneapolis, MN, USA), and p-ERK1/2 (Bioworld) were 

visualized using an enhanced chemiluminescence detection 

system (Beyotime).

statistical analysis
Data were expressed as mean ± standard deviation (SD) of at 

least three independent experiments. Statistically significant 

values were defined as P,0.05 (95% confidence interval) 

based on a two-tailed Student’s t-test.

Results
characterization of g/sWcNT hybrids
From the transmission electron microscopy image of the 

G/SWCNT hybrids, the expected 3D nanostructure was 

confirmed (Figure 1A). Figure 1B shows the Raman spectrum 

curve of the G/SWCNT hybrids. The peak appearing at the 

location of 100–250 cm-1 corresponds to the radial breathing 

mode peak of SWCNTs. Two near peaks emerging at the 

location of ~1,340 and ~1,580 cm-1 are D peak and G peak, 

respectively, which attribute to the SP3 and SP2 of carbon 

atoms. The last one at the location of ~2,700 cm-1 is the 2D 

Figure 1 characterization of g/sWcNT hybrids.
Notes: (A) TEM images of G/SWCNT hybrids showing the fibers and particles assembling together. (B) raman spectrum of g/sWcNT hybrids.
Abbreviations: g/sWcNT, graphene/single-walled carbon nanotube; TeM, transmission electron microscopy.
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peak of graphene. The results indicate the existence of large 

amount of graphene and SWCNTs in the hybrids.

effect of g/sWcNT hybrids on the 
viability and proliferation of rMscs
CCK-8 assays measured the number of living cells based 

on the integrity of mitochondrial function (Figure 2). In 

Figure 2A, the cytotoxicity of three carbon nanomaterials 

is observed. At each added concentration of G/SWCNT 

hybrids, the cells became more viable compared to addition 

of graphene and SWCNTs. Figure 2B shows the viability 

and proliferation of cells after treatment with G/SWCNT 

hybrids at different time points. After treatment for 1 day 

with G/SWCNT hybrids at a concentration of 20 µg/mL, 

there was no effect on proliferation. We then examined the 

effect of the culture period on proliferation. Cells cultured 

with G/SWCNT hybrids at 10 µg/mL up to 7 days did not 

show any inhibitory effects on proliferation, but cells treated 

with G/SWCNT hybrids at a concentration of 20 µg/mL for 

7 days inhibited proliferation. The results reveal that treat-

ment of cells with G/SWCNT hybrids at a concentration 

of 10 µg/mL did not cause inhibitory effects and they still 

proliferated well. It is important to note that the cell viability 

was not affected by the presence of G/SWCNT hybrids, since 

G/SWCNT hybrids are biocompatible.

effect of g/sWcNT hybrids on the 
cytoskeleton organization of rMscs
The structure and morphology of the cells can be used, to 

some extent, to reflect cellular behavior. Figure 3 displays 

the fluorescent images of rMSCs treated with G/SWCNT 

hybrids, which were obtained using immunofluorescence 

staining. Cells were stained with TRITC-phalloidin to 

label actin stress fibers (red) and with 4′,6-diamidino-2-

phenylindole to label the cell nuclei (blue). Cytochalasin D  

is a cell-permeable fungal toxin that causes inhibition of 

actin polymerization.30 Figure 3B shows that cells pretreated 

with cytochalasin D for 30 minutes possessed less actin 

stress fibers compared to the control group (Figure 3A). 

Following pretreatment with cytochalasin D, no noticeable 

difference occurred in the red fluorescence signal associated 

with actin stress fiber formation between the G/SWCNT 

hybrids (Figure 3D) and the control group after 24 hours of 

culture. However, cells treated without G/SWCNT hybrids 

still showed less fluorescence intensity (Figure 3C). The 

results suggest that G/SWCNT hybrids could enhance 

actin polymerization.

effects of g/sWcNT hybrids on the alP 
activity of rMscs
ALP activity assay was used to evaluate the early differ-

entiation status of cells following addition of G/SWCNT 

hybrids to the osteogenic induction medium. The results of 

ALP activity were measured by testing normalized to total 

protein content. NaF was used as the positive control. As 

shown in Figure 4, the G/SWCNT hybrids promoted the 

osteogenic differentiation of cells. The results reveal that 

cells treated with G/SWCNT hybrids showed a significant 

increase in the ALP content of rMSCs as early as day 7, 

with more accumulation observed as the cells matured at day 

14. G/SWCNT hybrids at different concentrations showed 

the highest ALP activity after culturing for 14 days than 

Figure 2 The viability and proliferation of rMscs after they were treated with different concentrations of carbon nanomaterials.
Notes: (A) cell viability of rMscs incubated for 24 hours with different concentrations of g/sWcNT hybrids, g, and sWcNTs. (B) The proliferation of rMscs after 
they were treated with different concentrations of g/sWcNT hybrids for 1, 3, and 7 days. Data represent mean ± sD for n=5. *P,0.05 (compared to control) or #P,0.05 
(compared to the corresponding concentration of the g/sWcNT hybrids).
Abbreviations: G, graphene; G/SWCNT, graphene/single-walled carbon nanotube; NaF, sodium fluoride; rMSCs, rat mesenchymal stem cells; SD, standard deviation; 
sWcNTs, single-walled carbon nanotubes.
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Figure 3 Immunofluorescence images of cytoskeletal organization of rMSCs stained with phalloidin for F-actin (red) and with PI for nuclei (blue).
Notes: (A) cells incubated with culture medium were  used as the control group. (B) cells were pretreated with cytochalasin D for 30 minutes and then incubated (C) 
without and (D) with g/sWcNT hybrids at a concentration of 10 pg/ml for 24 hours. scale bar =50 µm.
Abbreviations: g/sWcNT, graphene/single-walled carbon nanotube; PI, propidium iodide; rMscs, rat mesenchymal stein cells.

Figure 4 alP activity of rMscs treated with different concentrations of 
g/sWcNT hybrids.
Notes: cells treated with g/sWcNT hybrids had higher alP activity, indicating 
increased cellular differentiation. Data represent mean ± sD for n=4. *P,0.05 
(compared to control).
Abbreviations: alP, alkaline phosphatase; g/sWcNT, graphene/single-walled 
carbon nanotube; NaF, sodium fluoride; rMSCs, rat mesenchymal stem cells; 
sD, standard deviation.

after culturing for 7 and 10 days. Both G/SWCNT hybrids-

treated and NaF-treated groups were able to increase the 

ALP activity.

effects of g/sWcNT hybrids on the 
mineralized matrix nodule of rMscs
The formation of a mineralized matrix nodule, a marker for 

the late stage of osteogenic differentiation, was determined 

by ARS. Figure 5 shows the representative microscopic 

images of ARS and the semi-quantification results for cells 

treated with G/SWCNT hybrids. ARS positive staining was 

found to be much greater after incubating the cells with 

G/SWCNT hybrids at a concentration of 10 µg/mL for 

14 days (Figure 5A–C). There was no mineralized nodule 

formation in cells that were cultured in regular growth media 

(Figure 5D), and the quantification results are consistent with 

the microscopic pictures shown in Figure 5E. G/SWCNT 

hybrids increased the level of calcium deposition in a 
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dose-dependent manner. G/SWCNT hybrids at a concentra-

tion of 10 µg/mL promoted the greatest mineralization; 2.5, 5, 

and 10 µg/mL of G/SWCNT and NaF promoted mineraliza-

tion by 103%, 111.9%, 133.3%, and 118.5%, respectively, 

on day 14. Cells treated with G/SWCNT hybrids deposited 

an obvious mineralized matrix between day 14 and 21.

effects of g/sWcNT hybrids on 
adipogenic differentiation of rMscs
In Figure 6, it is observed that cells stained with oil red O 

showed fatty lipid deposits after incubation with G/SWCNT 

hybrids at concentrations of 2.5, 5, and 10 µg/mL in adipo-

genic differentiation media. The results reveal that rMSCs 

cultured with G/SWCNT hybrids and NaF exhibited less 

staining of adipocytes compared to the control group 

(Figure 6A–C), but no lipid droplets were observed in the 

noninduced group (Figure 6D). The quantitative statistical 

analysis showed a similar trend. Figure 6E displays the semi-

quantification of oil red O staining for MSCs cultured at dif-

ferent time points. The data indicate a decrease in adipocyte 

content after treatment with increasing concentrations of G/

SWCNT hybrids; 2.5, 5, and 10 µg/mL of G/SWCNT and 

NaF inhibited adipogenic differentiation of MSCs by 84%, 

77.03%, 71.97%, and 90.27%, respectively, on day 21.

effects of g/sWcNT hybrids on the 
expression levels of osteogenic and 
adipocytic differentiation specific genes
To demonstrate the enhanced osteogenic differentiation 

of rMSCs with G/SWCNT hybrids, we studied the gene 

expressions of the differentiated cells, wherein cells that 

differentiated without G/SWCNT hybrids were used as the 

control group. Figure 7 shows that all the osteoblast lineage-

associated genes, including OCN, OPN, and Runx2, were 

upregulated in rMSCs in the presence of G/SWCNT hybrids, 

while the adipose-specific gene PPARγ2 was downregulated, 

compared to the control group. In addition, the osteoblast 

lineage-associated genes showed the highest expression with 

G/SWCNT hybrids at a concentration of 10 µg/mL, which was 

greater than in other concentrations and the NaF-treated group. 

According to these results and as expected, the G/SWCNT 

hybrids could enhance the differentiation of rMSCs into osteo-

blasts through upregulation of osteogenic differentiation genes 

and downregulation of adipogenic differentiation gene.

Western blot analysis of the key proteins 
involved in MaPK signaling pathway
The mechanism of the differentiation processes, which 

possibly account for the observed effects of MAPK signaling 

Figure 5 effect of different concentrations of g/sWcNT hybrids on the mineralized bone nodule of rMscs.
Notes: representative images showing ars of rMscs treated (A) without and (B) with g/sWcNT hybrids after 14 days of differentiation. (C) NaF treatment was used 
as a positive control. (D) cells incubated with the culture medium were used as the undifferentiation control. scale bar =100 µm. (E) Mineralization was quantitated by 
measuring the ARS content of stained calcium deposits. The extracted ARS content confirmed that G/SWCNT hybrids increased extracellular calcium deposition of cells. 
Data represent the mean ± sD with n=4 for each bar. *P,0.05 (compared to control).
Abbreviations: ARS, alizarin red staining; G/SWCNT, graphene/single-walled carbon nanotube; NaF, sodium fluoride; rMSCs, rat mesenchymal stem cells; 
sD, standard deviation.
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pathways, is shown in Figure 8. It is notable that the genes 

related to the MAPK cellular signaling pathways, such as p38, 

were significantly upregulated and ERK1/2 was downregu-

lated when rMSCs were treated with G/SWCNT hybrids.

Discussion
Following osteogenic induction, MSCs could be used to 

mimic the course of osteogenic differentiation in vitro based 

on their biological properties, including easy isolation and 

expansion, and could minimize substantial risks for host 

rejection.31 The ability to control the differentiation of MSCs 

into osteoblasts is crucial for effective bone engineering 

and regeneration. Carbon nanomaterials, in particular, 

have emerged as a promising platform with potential use 

in biological applications, mainly because of their intrigu-

ing physiochemical properties and the natural existence of 

carbon in the human body.32 It is noteworthy that carbon 

nanomaterials could modulate the differentiation of cells 

toward osteogenic differentiation. In this study, we found that 

G/SWCNT hybrids could enhance such beneficial osteogenic 

differentiation of rMSCs.

The cytotoxicity of G/SWCNT hybrids was initially 

measured by cell proliferation assay and morphology obser-

vations. Previous studies have suggested that carbon nanoma-

terials present high level of biocompatibility toward MSCs 

and osteoblasts.19,33 Our results show that the cytotoxicity 

of G/SWCNT hybrids was less than that of graphene and 

Figure 6 evaluation of adipogenic differentiation of rMscs after they were treated with g/sWcNT hybrids.
Notes: representative images showing oil red O staining of adipocytes treated (A) without and (B) with g/sWcNT hybrids after 21 days of differentiation. (C) NaF 
treatment was used as a positive control. (D) cells incubated with culture medium were used as the undifferentiation control. scale bar =100 µm. (E) adipocytes were 
quantitated by measuring oil red O from the stained cytoplasmic lipid accumulation. The results demonstrated g/sWcNT hybrids inhibited adipogenic differentiation of 
rMscs. Data represent the mean ± sD with n=4 for each bar. *P,0.05 (compared to control).
Abbreviations: G/SWCNT, graphene/single-walled carbon nanotube; NaF, sodium fluoride; rMSCs, rat mesenchymal stem cells; SD, standard deviation.

γ

Figure 7 Western blot analysis for the expression levels of osteogenic and 
adipogenic differentiation specific genes in rMSCs treated with G/SWCNT hybrids 
after differentiation.
Notes: NaF-treated group served as positive control. after treatment with 
g/sWcNT hybrids, the expression levels of osteogenic genes, including Runx2, 
OCN, and OPN, were upregulated, while the adipose-specific gene, PPARγ2, was 
downregulated.
Abbreviations: c, control; gaPDh, glyceraldehyde-3-phosphate dehydrogenase; 
G/SWCNT, graphene/single-walled carbon nanotube; NaF, sodium fluoride; OCN, 
osteocalcin; OPN, osteopontin; PParγ2, peroxisome proliferator-activated receptor-
γ2; rMscs, rat mesenchymal stem cells; runx2, runt-related transcription factor 2.
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SWCNTs, and there were no significant differences in cell 

viability and no deleterious effects on the cells after treatment 

with G/SWCNT hybrids in concentrations up to 10 µg/mL. 

The data also demonstrate that treatment with G/SWCNT 

hybrids provides a suitable environment for the rMSCs to 

remain viable. It can be also assumed that proliferation of 

cells was not affected by the nanomaterial. Following cell 

proliferation, osteogenic differentiation occurs as a sequential 

event. On the other hand, the concentration of G/SWCNT 

hybrids in the following experiments could be confrmed. 

Cells treated with G/SWCNT hybrids proliferated, but no 

significant increase was observed with an increase in incu-

bation time, compared to the control group. These results 

demonstrate that enhanced osteogenic differentiation did not 

occur because of the increased rate of cell proliferation, and 

rMSCs could be potentially treated with G/SWCNT hybrids 

at a concentration of 10 µg/mL.

It has been reported that the morphological alteration of cells 

is related to their ability of being multipotential.34,35 Cells were 

stained simultaneously with TRITC-conjugated phalloidin to 

reveal actin filaments and with propidium iodide in order to 

detect the cell nucleus. After pretreatment with cytochalasin D,  

cells incubated with G/SWCNT hybrids proved to be richer 

in actin filaments than those incubated without G/SWCNT 

hybrids. The immunofluorescent staining results suggest that 

treatment with G/SWCNT hybrids may result in faster rate 

of repair compared to the untreated group.

Although the viability of cells is an indicator of initial bio-

compatibility, it may not predict the differentiation of MSCs 

that follows. To determine the effect of G/SWCNT hybrids 

on the osteogenic differentiation, rMSCs were characterized 

by measuring differentiation markers, including ALP, and the 

formation of mineralized matrix nodules. ALP, a predictor 

of osteoblast formation, is a highly specific marker of osteo-

blasts function and bone formation. Our results demonstrate 

that G/SWCNT hybrids lead to an increased expression of 

osteogenic differentiation markers at different time points 

compared to the control group, especially at day 14. Previ-

ous studies have demonstrated that ALP activity increased 

as the culture coursed toward early mineralization phase of 

cells where they differentiated into preosteoblasts and osteo-

blasts.29 Both G/SWCNT hybrid-treated and NaF-treated 

groups were able to increase the ALP activity. Similar effects 

of other carbon nanomaterials have been reported in previous 

studies. Oxygen plasma-treated SWCNT substrates enhanced 

the expression of ALP of human MSCs in the early days of 

culture.35 ALP of the SaoS2 cells cultured on multi-walled 

carbon nanotube compacts was at a significantly higher level 

at each culture time point.36

The formation of mineralized matrix nodules is an essen-

tial sign of osteogenic differentiation of MSCs. ARS assay 

was used to measure the mineralized matrix nodules, and 

semi-quantification of the amount was achieved by dissolu-

tion from stained calcium deposit. Similar to that of ALP 

activity assay, ARS staining revealed an obvious osteogenic 

differentiation potential after induction in the presence of 

G/SWCNT hybrids at all time points. The staining results 

also showed that the cells were fully mature as there was a 

high intensity of staining, which indicated the presence of 

calcium deposits due to the mineralized nodule formation. 

The semi-quantitative results further confirmed that cells 

treated with G/SWCNT hybrids exhibited a higher degree 

of mineralization potential toward the osteogenic lineage, 

compared to the control group. Notably, more of the rMSCs 

treated with G/SWCNT hybrids developed into osteoblasts 

by promoting early stage osteogenic differentiation and 

late stage mineralized matrix nodule formation, compared 

to the control group. This may be attributed to graphene, 

which has the ability to preconcentrate the growth factors 

Figure 8 Western blot analysis for the expression levels of MaPK signaling pathway 
genes in rMscs treated with g/sWcNT hybrids after differentiation.
Notes: The expression level of p38 was upregulated and erK1/2 was downregulated 
in rMscs in the presence of g/sWcNT hybrids.
Abbreviations: c, control; erK1/2, extracellular signal-regulated protein kinases; 
gaPDh, glyceraldehyde-3-phosphate dehydrogenase; g/sWcNT, graphene/single-
walled carbon nanotube; MaPK, mitogen-activated protein kinase; p-, phospho-; 
p38, p38 MaP kinase; rMscs, rat mesenchymal stein cells.
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and osteogenic inducers, including β-glycerolphosphate, 

dexamethasone, and ascorbic acid.20,37 Previous literature 

reports demonstrated that increasing concentrations of dex-

amethasone along with β-glycerolphosphate can enhance 

osteogenic differentiation through interaction with intracel-

lular ALP enzymes.38 Dexamethasone could be absorbed by 

a graphite structure by π–π bonding, and ascorbic acid also 

aids in the formation of mature osteoblasts that could interact 

with carbon nanomaterials through hydrogen bonding.39

Notably, the biological response between cells and mate-

rials is not only affected by their chemistry, but also by their 

structure.36,40 The structure of nanomaterials is a major con-

tributing factor that determines their surface properties, since 

cells can interact with nanomaterial surfaces immediately. 

Although both graphene and SWCNTs are isomorphs of pure 

carbon, it has been indicated that graphene and SWCNTs are 

expected to exhibit high surface area in G/SWCNT hybrids. 

In other words, G/SWCNT hybrids with larger surface areas 

could adsorb more osteogenic inducers and proteins from 

the culture medium, so G/SWCNT hybrids  considered to be 

“osteogenic inducers sorbent” might enhance the differentia-

tion of cells. On the other hand, the adsorption of osteogenic 

inducers and proteins might alter the surface energy, and 

the enhanced surface energy could promote the initial cell 

attachment and the following proliferation.7

MSCs are pluripotent and can differentiate into distinct 

cell lineages, including osteoblasts and adipocytes. Increas-

ing evidence has demonstrated that MSCs enter the osteo-

genic pathway when the adipogenic pathway is blocked and 

vice versa.41 Because of the reciprocal relationship between 

osteogenic and adipogenic differentiation of MSCs, we 

examined whether the promotion of osteoblast differentiation 

occurred due to the inhibition of adipogenic differentiation. 

The oil red O staining assay showed that cells treated with 

G/SWCNT hybrids had less staining of fatty lipid deposits, 

which was confirmed both visually and by quantification 

analysis. The adipogenic differentiation was inhibited when 

rMSCs were treated with adipogenic induction media in the 

presence of G/SWCNT hybrids.

Overall, the G/SWCNT hybrids have proven to greatly 

enhance osteogenic differentiation of rMSCs. To further 

confirm our findings and to demonstrate the underlying 

mechanism of G/SWCNT hybrid-mediated cell behavior, 

we analyzed the expression levels of osteogenic and adipo-

genic differentiation specific genes and intracellular pathway 

studies. Runx2 is a master regulator gene of osteogenic 

differentiation.42 OCN and OPN are regarded as the specific 

markers of mineralization and matrix maturation of the 

osteoblasts, which accumulate in mineralized bone and occur 

due to increased phosphate and calcium levels that induce 

spontaneous mineralization.43,44 Results indicate that the 

expression levels of the osteogenic commitment gene Runx-2, 

as well as other osteogenic phenotype genes including OCN 

and OPN, were all increased in cells treated with G/SWCNT 

hybrids as compared to the control group. This further 

indicates the enhancement of osteogenic differentiation of 

rMSCs after treatment with G/SWCNT hybrids. These results 

are consistent with those of ALP activity and ARS staining, 

which are other markers for the formation of osteoblasts.

The expression level of PPARγ2 was down-regulated, 

which plays an important role in modulating the adipogenic 

differentiation of MSCs.22 Based on the gene expression 

data, it was further confirmed that G/SWCNT hybrids could 

promote osteogenic differentiation and not adipogenic 

lineage of rMSCs, as evidenced by the upregulation of the 

osteogenic lineage-associated markers and downregulation 

of the adipogenic differentiation marker.

Compared to the control group, enhanced synthesis of 

ALP, deposition of mineralized matrix nodule, as well as 

decreased formation of fatty lipid deposits were observed in 

rMSCs treated with G/SWCNT hybrids. In this manner, our 

results demonstrate that combination of the nanostructure 

materials in G/SWCNT hybrids, together with the effec-

tive differentiation of stem cells into osteoblasts, could lay 

the foundation for potential applications in bone regenerative 

medicine. However, stem cell differentiation is activated or 

inhibited by specific signaling pathways. In order to better 

understand bone development and disease, elucidating the 

signaling pathways by which osteogenic differentiation is 

driven by G/SWCNT hybrids is necessary.

We seek to further understand the signaling pathways 

by which G/SWCNT hybrids control cell fate and modulate 

the differentiation of MSCs into the osteogenic lineage. The 

MAPK mediates the response of cells to many extracellular 

stimuli, including two stress-activated protein kinases, p38 

MAPK (p38) and JNK, and ERK. The three related MAPK 

pathways contribute to multiple cellular processes, such as 

proliferation, survival, and differentiation, that mediate the 

response of cells to extracellular stimuli.45 p38 has shown to 

act as a coactivator to regulate Runx2 gene expression during 

mesenchymal precursor cell differentiation.46,47 Combining all 

results, our data demonstrate that the p38 signaling pathway 

plays a positive role in enhancing osteogenic differentiation 

of MSCs with respect to G/SWCNT hybrid interactions. 

We hypothesize that the enhanced differentiation of cells 

by G/SWCNT hybrids is modulated through the MAPK 
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signaling pathway. Activation of the p38 signaling pathway 

and inhibition of the ERK1/2 signaling pathway lead to 

upregulation of osteoblast-related genes and downregulation 

of adipocytic differentiation genes, which further enhance 

the osteogenic differentiation of rMSCs.

Conclusion
In this study, the MSCs were derived from rat bone marrow 

and cultured with G/SWCNT hybrids for the first time. We 

found that the presence of G/SWCNT hybrids significantly 

affects the cell behavior and subsequent expression levels of 

genes involved in osteogenic and adipogenic differentiation. 

Our results suggest that G/SWCNT hybrids do not affect 

the viability of MSCs. Furthermore, G/SWCNT hybrids 

enhanced the osteogenic differentiation of rMSCs, while also 

inhibiting the differentiation toward adipocytes. This will lay 

the foundation for applying G/SWCNT hybrids as potential 

nanodelivery carriers and tissue engineering scaffolds that 

could influence the differentiation of rMSCs for enhancing 

bone formation. Overall, we envision that the combination of 

G/SWCNT hybrids and the effective differentiation of stem 

cells toward osteoblasts could pave the way toward a wide 

range of applications implementing this carbon nanomaterial 

for bone regeneration and tissue engineering.
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