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Tobacco mosaic virus (TMV) is a protypical nanorod-shaped bioparticles that has been used as a building block to
construct a variety of self-assembled nanomaterials for different biomedical applications, including drug delivery, in vivo
imaging, tumor immunotherapy and tissue engineering. In this work, the roles of TMV and its mutant TMV-RGD1 nanopar-
ticles on the differentiation of human bone marrow stem cells (hBMSCs), an important process in bone regeneration,
were carefully investigated. We observed that cells cultured on the TMV-RGD1 nanorods coated substrate showed signifi-
cantly higher levels of gene and protein expression of osteo-specific markers osteocalcin (OCN) and bone morphogenetic
protein 2 (BMP2). Investigation of alkaline phosphatase (ALP) activity and calcium deposition further confirmed that the
TMV-RGD1 substrate could promote the osteogenesis and induce the mineralization of hBMSCs. On the other hand, the
adipogenesis was downregulated on TMV and TMV-RGD1 coated substrates. Taken together, this study demonstrates
for the first time the potential of TMV-RGD1 in promoting osteogenic differentiation of hBMSCs which can lead to future
applications in clinical bone engineering.
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INTRODUCTION
Bone marrow derived mesenchymal stem cells (BMSCs)
are the most well-known multipotent cells which have
the ability to differentiate into various lineages, including
osteoblasts, chondrocytes and adipocytes, etc.1–3 The dif-
ferentiation potential of BMSCs makes it a good candidate
for regenerative therapies in the field of bone or cartilage
regeneration.4�5 The differentiation of BMSCs relies on
many factors, including physical, chemical and biological
cues present in the stem cell microenvironments. In addi-
tion, the surface chemistry and topography of materials
also play a crucial role in regulating the cellular differen-
tiation of BMSCs.6–9 Therefore, understanding the specific
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cellular behaviors of BMSCs on a given substrate is the
key to apply BMSCs to tissue engineering in the clinic.
Many reports have confirmed that a variety of

organic and inorganic nanoparticles could accelerate the
osteogenic differentiation of BMSCs, such as hydrox-
yapatite nanoparticles and gold nanoparticles.10–15 Plant
viral nanoparticles are emerging as promising building
blocks for improving osteogenic differentiation of stem
cells.16–19 In particular, Tobacco mosaic virus (TMV) is
300 nm in length with a diameter of 18 nm, which resem-
bles the structure of major extra cellular matrix (ECM)
components. The viral capsid of TMV consists of 2130
coat protein units which assemble into the rod-like heli-
cal structure. Due to the known chemical and biological
properties, it is feasible to functionalize TMV nanorods
using chemical and genetic modification methods.20�21

For example, it was reported that the genetically mod-
ified TMV-RGD1 mutant with multivalent display of
cell adhesion motifs arginine-glycine-aspartic acid (RGD)
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could accelerate cell adhesion and spreading in serum-
free osteogenic media.22�23 Since the BMSCs derived from
human (hBMSCs) hold tremendous promise for in clinic
application, it is important to explore the effect of TMV
nanoparticles on the differentiation of hBMSCs.
It is well-known that human MSCs respond differently

from rodent MSCs to osteoinductive conditions.24 For
instance, BMPs induce osteogenesis in MSC derived from
rats and mice. However, it is relatively inefficient in induc-
ing human MSC to undergo osteogenesis.25 In another
study, Reilly and co-workers found that human MSCs
and rat MSCs respond differently to bioactive glass.26

Rat MSCs showed elevated levels of alkaline phosphatase
activity when grown on 45S5 bioactive glass, whereas
human MSCs produced markedly less alkaline phos-
phatase activity, and did not respond to the growth factor
BMP2 in the same way as rat MSCs. In another example,
we have reported that topographies created by Potato virus
X (PVX) coated substrates enhanced osteogenic differen-
tiation of rat BMSCs as indicated by the upregulation of
osteogenic markers and increase of calcium deposition;27

in contrast, Commandeur group’s study did not observe an
increase of calcium deposition of human MSCs cultured
on PVX coated substrates.28

Therefore, to better utilize TMV as building block for
regenerative therapy in the clinic, we investigated how the
differentiation of hBMSCs would be influenced by TMV-
coated substrates. For the first time our work demonstrates
that the topography and multivalent ligand display gen-
erated by TMV and its mutant TMV-RGD1 have great
impacts on the differentiation process of hBMSCs.

METHODS
Virus Purification
Wild type TMV and its mutant TMV-RGD1 nanoparticles
were purified from infected leaves according to previously
reported method.23 The structure of TMV and TMV-RGD1
were characterized by transmission electron microscopy
(TEM) analysis. Briefly, TEM analysis was carried out by
dropping 20 �L aliquots of each sample at a concentra-
tion of 0.1 mg/mL onto 300-mesh carbon-coated copper
grids. Then the grids were viewed with JEOL JEM-1011
microscope.

Preparation of Virus-Coated Substrates
Viruses based substrates were prepared according to a pro-
tocol previously reported.27 Briefly, 12-well tissue culture
plates (TCPs) were first coated with 0.1 mg/mL poly-
d-lysine (PDL). 0.7 mL of 1 mg/mL TMV or TMV-
RGD1 in 18.2 m� water were dropped into PDL coated
plate and incubated under sterile cells culture hood for
overnight. The bottoms of each well were rinsed briefly
with 18.2 m� water before used for cell culture. The sur-
face morphology of virus based substrates were character-
ized by atomic force microscopy (AFM). The bottoms of

each virus coated 12-well plate were cut out and observed
by a Bruker Multimode 8 SPM.

Human Bone Marrow Stem Cells (hBMSCs)
Isolation and Expansion
Human bone marrow cells were harvested from healthy
patients undergoing hip and knee arthroplasty as previ-
ously described.29 The hBMSCs were isolated and used in
accordance with the guidelines for human tissue experi-
mentation by the Affiliated First People’s Hospital to Uni-
versity of Jiangsu, Zhenjiang, China. Briefly, marrow cells
were aspirated from the femoral medullary cavity. The
aspirate was washed and resuspended in basal media, then
centrifuged at 1500 rpm for 10 min. The pellet was resus-
pended in medium and overlaid on a Ficoll gradient, then
centrifuged at 1500 rpm for 45 min to concentrate cells
at interface layer. The cells were collected and washed
with DMEM medium, then transferred in growth DMEM
containing 10% FBS and incubated at 37 �C with 5%
humidified CO2. The non-adherent cells were removed
after 24 hours and the remaining adherent cells were
cultured for further experiments. To induce osteogenesis,
growth media were replaced with osteogenic media con-
sisting of DMEM supplemented with 10% FBS, 100 nM
dexamethasone, 1 mM sodium �-glycerophosphate and
50 �M vitamin C. To induce adipogenesis, growth media
were replaced with adipogenic media consisting of DMEM
supplemented with 10% FBS, 1 �M dexamethasone,
10 �g/mL insulin, 200 �M indomethacin and 0.5 �M
3-isobutyl-1-methylxanthine (IBMX). After induction for
3 days, the medium was changed to growth media con-
taining 10 �g/mL insulin. Media were replenished every
3 days.

Cell Morphology and Proliferation
TCP and virus coated substrates were seeded with
hBMSCs in osteogenic DMEM and allowed to culture for
various periods. The cells morphology on the tests were
examined by inverted microscope. MTT test was carried
out to investigate the cell adhesion and proliferation of
hBMSCs grown on the virus coated substrates. Briefly,
after culture for 6 h, 4 d, 7 d, 14 d, cells were incubated
for another 4 h in MTT (0.5%) containing DMEM, then
the medium was carefully removed. 150 �L/well dimethyl
sulfoxide was added and oscillated gently to make crystal
dissolved. The absorbance at 492 nm was measured using
a microplate reader.

Real-Time Quantitative Polymerase Chain
Reaction (RT-qPCR) Analysis
hBMSCs were seeded on TCP and virus coated substrates
and allowed to attach overnight in growth media. The
media were replaced to osteogenic media and cultured
for 6 h, 4 d, 7 d, and 14 d. The cell culture were termi-
nated at each time point and total RNA was subsequently
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extracted from cells using RNAiso plus (Takara) according
to the manufacturer’s instructions. The total RNA was
reverse-transcribed into cDNA using an M-MLV Reverse
Transcriptase kit (Invitrogen), and the resultant cDNA
mixture was diluted 10 fold in RNase free ddH2O. RT-
qPCR amplification was performed using SYBR Premix
Ex Taq™ kit (Takara) in a 20 �L reaction containing
0.4 �L of each primer, 0.4 �L ROX Reference Dye and
2 �L of cDNA. The PCR primers were GCACCAAGAT-
GAACACAG and GAGCCACAATCCAGTCAT for bone
morphogenetic protein 2 (BMP2), AGCGAGGTAGT-
GAAGAGAC and GAAAGCCGATGTGGTCAG for
osteocalcin (OCN), CCAATGATGAGAGCAATGAG and
GTCTACAACCAGCATATCTTC for osteopontin (OPN),
CAGACACGACAACATCCTA and CTAGCCTCA-
GAGCCAGAT for TGF-�, CAGCACTCCATATCTC-
TACTAT and CTTCCATCAGCGTCAACA for RunX2,
GCCAACTATGCCTCTCAG and AGAACAGTGTAAGT-
GAACCT for Collagen I, GCTGGATGAGAACAACAC
and AAGAAGTGGCAGGAAGAG for osteonectin, AGC-
GAGCATCCCCCAAAGTT and GGGCACGAAGGCT-
CATCATT for �-actin. RT-qPCR was carried out on a
ABI 7500 Fast (Applied Biosystems) with following pro-
gram: 95 �C for 30 sec followed by 40 cycles of 95 �C for
5 sec and 58 �C for 34 sec. The relative gene expression
level was calculated with 2–��Ct method using �-actin
as internal control.

Immunohistochemical Staining
The localization of osteogenic markers OCN, OPN and
BMP2 were analyzed by immunohistochemical staining.
hBMSCs culture on TCP, TMV and TMV-RGD1 coated
substrates were terminated on 6 h, 4 d and 7 d. Cells were
fixed with 4% formaldehyde in phosphate-buffered saline
(PBS) containing 1% sucrose at 37 �C for 15 min. The
fixative was then removed and the samples were permeabi-
lized with 0.1% of Triton-X 100 at 4 �C for 10 min. This
was followed by a blocking step with 1% bovine serum
albumin (BSA)/PBS at 37 �C for 5 min. After blocking, the
cells were incubated with anti-osteocalcin (Abcam, 1:200
dilution), anti-osteopontin (Abcam, 1:200 dilution) or anti-
BMP 2 (abcam, 1:200 dilution) for 1 h at 37 �C. The
samples were then incubated with goat anti-rabbit IgG-
HRP (1:200 dilution) at 4 �C for 30 min. After a final
wash, the samples were mounted in hematoxylin to stain
the nucleus. Images of the stained substrates were taken
via a Leica IX71 microscope. Image J software was used
for the data acquisition of staining intensity from the dif-
ferent substrates.

Immunofluorescence Staining
The localization of osteogenic markers OCN and BMP2
were analyzed by immunofluorescence staining. hBM-
SCs culture on TCP, TMV and TMV-RGD1 coated sub-
strates were terminated on 7 d and 14 d. Cells were fixed

with 4% formaldehyde in PBS containing 1% sucrose at
37 �C for 15 min. The fixative was then removed and
the samples were permeabilized with 0.1% of Triton-X
100 at 4 �C for 10 min. This was followed by a block-
ing step with 1% bovine serum albumin (BSA)/PBS at
37 �C for 5 min. After blocking, the cells were incu-
bated with anti-osteocalcin (Abcam, 1:200 dilution) or
anti-BMP2 (Abcam, 1:200 dilution) in 1% BSA/PBS for
1 h at 37 �C. After that, Cy-3 conjugated secondary goat
anti-rabbit antibody was used for 30 min at 4 �C. The sam-
ples were mounted in hoechst to stain the nucleus. Images
of the stained substrates were taken via a Leica IX71 flu-
orescent microscope. Image J software was used for the
data acquisition of staining intensity from the different
substrates.

Alkaline Phosphatase (ALP) Activity
After 4 d, 7 d and 14 d of induction in the osteogenic
media, the hBMSCs seeded on TCP and virus coated sub-
strates were fixed with 4% formaldehyde for 15 min at
room temperature. ALP activity was determined by incu-
bating with BCIP/NBT (5-bromo-4-chloro-3-indolyl phos-
phate/nitroblue tetrazolium chloride) solution (Solarbio) at
room temperature for 0.5 h according to the manufacturer’s
instruction. Images of the stained substrates were taken via
a bright-field optical microscope. Image J software was
used for the data acquisition to quantify the ALP activity.

Alizarin Red Staining
After 14 d of induction in the osteogenic media, hBM-
SCs seeded on TCP and virus substrates were tested for
Alizarin red staining to stain for calcium rich deposits.
Cells were fixed in 4% formaldehyde for 15 min at room
temperature. Then the cells were rinsed twice with ddH2O
followed by staining with 1% aqueous solution of Alizarin
red (Duly) (pH 4.2) for 5 min in the dark. After rinse with
ddH2O and PBS, images of the stained substrates were
taken by bright-field optical microscope. To quantify the
amount of calcium deposition, 300 �L of 0.1 M NaOH
was added to each stained substrate to extract the dye from
the samples. The absorbance of extracted dye solution was
measured at 548 nm wavelength.

Oil Red O Staining
After 2 d, 5 d, 10 d and 15 d of induction in the adipogenic
media, hBMSCs seeded on TCP and virus substrates were
fixed with 4% formaldehyde and stained with oil red O
solution for adipogenesis. Briefly, fixed cells were washed
with PBS for three times, rinsed with 60% isopropanol
and stained with Oil Red O (Sigma) in 60% isopropanol
for 15 minutes. The cells were then rinsed with 60% iso-
propanol, and nuclei were stained with Mayer’s Haema-
toxylin, then rinsed in PBS and cover-slipped with aqueous
mounting medium. All stained samples were imaged using
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a Leica IX71 microsystem. Image J software was used for
the data acquisition to quantify the fat rate.

RESULTS AND DISCUSSION
Characterization of Virus-Coated Substrates
TMV-RGD1 is a mutant of wild type TMV by genet-
ically inserting a cell adhesion motif, GRGDSPG, into
the carboxyl end of TMV coat protein (Fig. 1(A)). The
TMV-RGD1 mutant can keep its structural integrity and
nanorod morphology as wild type TMV as shown in
Figures 1(B) and (C). To obtain the stable coating of TMV
and TMV-RGD1, PDL coated TCP was used as the under-
lying substrate. PDL is a positively charged biocompat-
ible polymer which can strongly absorb the negatively
charged viral particles (i.e., TMV particles) via electro-
static interaction. The TMV or TMV-RGD1 coating was
fabricated by depositing viral particles on PDL coated sub-
strates overnight. The presence of viral particles on sub-
strates was analyzed by AFM. The AFM images showed
a nearly complete coverage of substrates with TMV and
TMV-RGD1 particles (Figs. 1(E and D)). The root mean
square roughness (Rq) of virus substrates were collected
from AFM images (n= 4), showing no significant differ-
ence of nanoscale roughness between TMV and TMV-
RGD1 coating (Fig. 1(F)).

Cell Morphology and Cell Viability
The hBMSCs were cultured on TCP, TMV and TMV-
RGD1 coated substrates under osteogenic conditions and
the morphological differences of hBMSCs were imaged

Figure 1. (A) Molecular model of TMV particle showing the surface display of RGD motif (pink). The model was generated using
pymol with coordinate 2TMV from protein data bank. TEM images of (B) wild type TMV and its mutant (C) TMV-RGD1. AFM height
images showing the coverage of PDL coated substrates with (E) TMV and (D) TMV-RGD1. (F) Root mean square roughness (Rq)
of virus coated substrates. ns indicates nonsignificant and p > 0�05 based on student’s t-test.

during 14 days (data not shown). The hBMSCs were
observed to attach and spread on all substrates after 6 h of
incubation and continued to spread and proliferate signifi-
cantly as the culture continued to 4 d and 7 d. After 14 d of
incubation, the cells acquired a more spread morphology.
There is no significant difference of hBMSCs morphology
across the TCP and virus coated substrates, which is dis-
tinguished from the BMSCs derived from rats (rBMSCs)
in previous reports. Compared to fully spread on TCP, the
rBMSCs seeded on TMV substrates within 6 h showed
partially spread but formed cell aggregates by 24 h after
seeding.19 Similarly, rBMSCs aggregates on TMV-RGD1
was also observed after 48 h incubation.22

The growth of hBMSCs on all substrates were
determined by MTT assay (Fig. 2). No difference of cell
numbers on various substrates was observed at 6 h after
seeding. It was noted that cells cultured on TMV-RGD1
substrate showed a higher proliferation rate than that on
TCP and TMV substrates at day 4. As the widely studied
adhesive peptide, it is well-known that the RGD-peptide
can promote the cell adhesion via the binding with inte-
grin receptors, and consequently may upregulate the cell
proliferation.18�23 However, comparable cell proliferation
rates were observed among TCP, TMV and TMV-RGD1
substrates as the culture continued to day 14. This is due
to the fact that the later stage cell proliferation primarily
relies on the secreted ECM proteins from adhered cells.

Osteogenic Differentiation
To investigate the effect of various substrates on osteogen-
esis, the hBMSCs cultured on TCP, TMV and TMV-RGD1
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Figure 2. Proliferation of hBMSCs grown on the TCP and
virus coated substrates for 6 h, 4 d, 7 d and 14 d, respectively.

substrates under osteogenic conditions were terminated at
6 h, 4 d, 7 d and 14 d. The changes in expression of
osteogenic markers including OCN, RunX2, BMP2 and
TGF-� were quantitatively assessed by RT-qPCR anal-
ysis (Fig. 3). OCN is the most specific marker for the
osteogenic differentiation and mineralization, which is
expressed during the post-proliferative period and reaches
the maximum expression during mineralization.30�31 A sig-
nificantly higher level of OCN expression was observed
in the cells grown on TMV-RGD1 substrates at all other
selected time points except 6 h, in comparison to those
grown on TCP and TMV substrates. The highest level of
OCN expression in cells on TMV-RGD1 occurred at 14 d

Figure 3. RT-qPCR analysis of osteogenic markers expression in hBMSCs cultured on TCP and virus coated substrates under
osteogenic conditions for 6 h, 4 d, 7 d, 14 d, 21 d and 28 d. ∗p < 0�05 and ∗∗p < 0�01 based on one-way ANOVA.

suggesting complete maturation of hBMSCs was expedited
by TMV-RGD1. However, there was no significant dif-
ference of OCN expression between TMV and TCP sub-
strates, which is in contrast to Kuar et al.’s study using
rBMSCs. Significantly higher level of OCN was observed
for rBMSCs cultured on TMV compared to that on TCP.16

RunX2 is an early specific marker and plays a vital role in
osteogenic differentiation.32�33 The expression profile for
RunX2 also showed a higher level in the cells cultured on
TMV-RGD1 as compared to the TCP and TMV substrates.
BMP2 is known to be associated with stem cell

differentiation.34�35 In rBMSCs cultured on virus substrate,
osteogenic differentiation is mediated through the early
up-regulation of BMP2 expression.19�27 In our case, sig-
nificantly higher levels of BMP2 were observed for hBM-
SCs grown on TMV-RGD1 substrate by 14 d, which was
decreased by increasing culture time to 28 d. Although a
relatively higher expression level was observed in rBM-
SCs cultured on TMV than that on TCP,16 there was no
significant difference in the BMP2 expression for hBM-
SCs cultured on TMV and TCP. TGF-� has been found to
have a pivotal role in promoting osteoblast differentiation
and bone formation depending on its concentration.36�37

In the beginning at 6 h, there was no difference on
TGF-� expression among cells grown on different sub-
strates. By day 4, the hBMSCs cultured on TMV-RGD1
substrate was noted to have significantly higher level of
TGF-� expression in comparison of TCP control and
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Figure 4. Representative images of immunofluorescence staining of BMP2 (7 d) and OCN (14 d) expression in hBMSCs cultured
on TCP and virus coated substrates under osteogenic conditions.

TMV coated substrate. These gene expression profiles dur-
ing osteogenesis implied that the nanoenvironment gen-
erated by TMV-RGD1 play a vital role in promoting the
osteogenic differentiation of hBMSCs by up-regulating the
expression of osteo-specific genes.
In order to assess if the difference observed in genomic

level is translated at protein level, the hBMSCs grown on
TCP and virus coated substrates under osteogenic condi-
tions were analyzed for osteo-specific markers BMP2 and
OCN expression by immunofluorescence staining (Fig. 4).
The quantified BMP2 and OCN expression was analyzed
as the fluorescence intensity and collected from immunos-
taining images (Fig. 5). In consistence with gene expres-
sion data, the immunofluorescence imaging of BMP2
revealed that hBMSCs cultured on TMV-RGD1 developed
significantly higher levels of BMP2 expression at day 7
than those on TCP and TMV substrates. The highest level
of OCN expression in cell cultures on TMV-RGD1 was
observed at day 14 among all substrates. In addition, a
slightly higher level of OCN expression was detected in
cells grown on TMV than that on TCP.

Figure 5. Quantified fluorescence intensity of BMP2 and OCN
from immunofluorescence staining.

To determine the morphology change of hBMSCs dur-
ing differentiation, cell cultures on various substrates were
terminated at 6 h, 4 d and 7 d and cells were stained for
osteo-specific markers OCN, OPN and BMP2 by immuno-
histochemical staining. As shown in Figure 6 hBMSCs
cultured on all substrates revealed a wide spread mor-
phology in the beginning at 6 h under osteogenic condi-
tions and remained spread throughout the selected time
points. The cells proliferated by the culture time increas-
ing to day 4 and 7 for all substrates. It was noted that the
cell densities on both TMV and TMV-RGD1 substrates at
day 7 are slightly lower than that on TCP, which was due
to the osteogenic differentiation induced by virus coated
substrates. The expression of OCN, OPN and BMP2 in
cells culture on all substrates was undetectable at 6 h. By
increasing the culture time to day 4, detectable expression
of OCN, OPN and BMP2 were observed in cells grown on
all substrates. By day 7, a significantly increased expres-
sion of these three markers were noted in hBMSCs cul-
tured on TMV-RGD1 substrate, in comparison to those on
TCP and TMV substrates.
The enhancement in bone differentiation was also

assessed by measuring ALP activity and calcium deposi-
tion at day 4, 7 and 14. ALP is an early marker of osteo-
genesis and its activity mediates matrix mineralization.38

As shown in Figure 7, the ALP enzyme activity for all
substrates showed a significant increase at day 7 and 14, in
comparison to those at day 4. Over the course of 2 weeks,
the hBMSCs culture on TMV-RGD1 substrate displayed
significantly higher enzyme activity compared to the TCP
and TMV substrates, suggesting that the TMV-RGD1 sub-
strate improved the osteogenic differentiation of hBMSCs.
The calcium deposition is a critical step of osteogen-

esis and normally can be observed at the late stage of
the process. Therefore, it was determined by staining with
Alizarin Red S at day 14. As shown in Figure 8, small
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Figure 6. Representative photomicrographs of immunohistochemical staining of OCN, OPN and BMP2 in hBMSCs cultured on
TCP and virus coated substrates under osteogenic conditions for 6 h, 4 d and 7 d.

nodules of mineralized calcium were observed for TCP
control. The cells culture on TMV coated substrate showed
a slightly more nodules compared to TCP, whereas the
nodules were visibly larger for the cells grown on TMV-
RGD1 coated substrate. UV-Vis absorbance measurements
of the extracted dyes indicated that the cells on TMV and
TMV-RGD1 substrates had significantly higher content of
calcium in comparison to TCP control. It was noted that
TMV-RGD1 induced the higher level of calcium depo-
sition than TMV did, suggesting that TMV-RGD1 was
more effective to enhance osteogenic differentiation and
mineralization.

Adipogenic Differentiation
Many studies have revealed that there exists a recip-
rocal relationship between osteogenic and adipogenic

Figure 7. (A) Alkaline phosphatase staining of hBMSCs cultured on TCP and virus coated substrates under osteogenic condi-
tions for 4 d, 7 d and 14 d. (B) Quantified alkaline phosphatase activity of hBMSCs collected from alkaline phosphatase staining
images. ∗p < 0�05 and ∗∗p < 0�01 based on one-way ANOVA.

differentiation of MSCs that an osteogenic phenotype
occurs at the expense of an adipogenic phenotype and
vice versa.39 As reported by Kilian et al., the hMSCs
cultured on various shapes display different osteogenesis
and adipogenesis profiles. They found that shapes promot-
ing increased contractility led to preferential osteogenesis,
whereas cells in shapes that promote low contractility pre-
ferred to follow an adipocyte lineage,40 meaning that the
osteogenesis and adipogenesis are opposite under a certain
substrate.
To determine whether the virus coated substrates can

mediate a similar response in hBMSCs, the hBMSCs
were cultured on TMV and TMV-RGD1 coated substrates
under adipogenic condition and stained with Oil Red O
to probe the adipogenic differentiation. For adipogenesis,
the phenotype of differentiation (as indicated by Oil red O
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Figure 8. Alizarin red S staining and calcium quantification of hBMSCs cultured on TCP and virus coated substrates under
osteogenic conditions for 14 d. ∗∗p < 0�01 based on one-way ANOVA.

Figure 9. (A) Oil red O staining of hBMSCs cultured on TCP and virus coated substrates under adipogenic conditions. (B) Quan-
tified hBMSCs that displayed lipid accumulation vacuoles. ∗∗p < 0�01 based on one-way ANOVA.

staining) normally can be observed as early as 24–48 h,
therefore, we started the measurement at day 2. As shown
in Figure 9, Oil red O staining of the adipocytes cultured
on TCP had a higher density of lipid droplets compared to
TMV and TMV-RGD1 substrates. Clearly, the adipogene-
sis of hBMSCs was down-regulated on TMV and TMV-
RGD1 coated substrates, which is consistent with literature
report that a substrate if it could enhance the osteogenic

differentiation very often would decrease the adipogenic
potential.

CONCLUSIONS
In the present study we have demonstrated that how the
nanoenvironment generated by virus coating influence the
differentiation pathways of hBMSCs. Although in this
study no significant effect on osteogenic differentiation
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of hBMSCs was observed for TMV coating, our data
indicated that the TMV-RGD1 substrate that bearing cell
adhesion motifs significantly affected the expression lev-
els of osteo-specific genes including OCN, RunX2, BMP2
and TGF-� in hBMSCs. The gene expression was fur-
ther corroborated by immunostaining, which revealed the
higher expression levels of OCN and BMP2 in cells on
TMV-RGD1 substrate. Additionally, the subsequent cell
differentiation was investigated by ALP activity assay and
calcium deposition. On the other hand, the TMV coating
impeded the adipogenic differentiation of hBMSCs signif-
icantly. All the data indicated that the TMV-RGD1 coat-
ing promoted the osteogenic differentiation of hBMSCs
effectively in vitro. This can be attributed to two factors:
(1) the interaction between RGD peptides and hBMSCs
can enhance the cell adhesion and initial cell prolifera-
tion, and (2) the organization and clustering of RGD lig-
ands on TMV can regulate the osteogenic differentiation
as shown by Mooney and his coworker.41 Furthermore,
as we demonstrated in our previous work, the virus-based
scaffold may also contribute to the augmented osteoge-
nesis due to the nanotopographic effects.27�42�43 Further
investigation into the osteogenic effect of implants coated
with TMV-RGD1 will be performed to better understand-
ing this system and to apply it in clinical bone engineering
applications.
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