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lerated differentiation of
mesenchymal stem cells on graphene oxide/poly-
L-lysine composite films†

Wei Qi,* Wenjing Yuan, Jing Yan and Hua Wang*

A new type of composite films of graphene oxide (GO) and poly-L-lysine (PLL) have been fabricated for use

as bio-scaffold coatings with improved mechanical properties. The morphology, growth and differentiation

of mesenchymal stem cells (MSCs) on the GO/PLL composite films have been examined. The results

demonstrated that the GO/PLL composite films could not only support the growth of MSCs with a high

proliferation rate, but could accelerate the osteogenic differentiation of MSCs, showing strong alkaline

phosphatase (ALP) and gene expression. Importantly, the high pre-concentration capacity of the GO/PLL

films for osteogenic inducers could play a key role in accelerating the osteogenic differentiation of MSCs

through the strong non-covalent binding and electrostatic interaction between them. Moreover, the

mild and inexpensive fabrication strategy could be applicable to biomacromolecules including chitosan,

gelatin, etc. Therefore, such a kind of composite film could provide a multifunctional and highly

biocompatible scaffold coating tailored for potential application in stem cell research.
1 Introduction

Mesenchymal stem cells (MSCs) isolated from bone marrow
have been shown to differentiate into a variety of cell lineages in
vitro, including adipocytes, chondrocytes, myocytes and osteo-
blasts. The combination of MSCs with scaffold materials
provides a promising strategy for cell therapy and tissue engi-
neering.1–4 Some natural biomaterials such as polypeptides have
been investigated as potential scaffold materials for stem cell
transplantation. For example, poly-L-lysine (PLL), with plentiful
active amino groups and positive surface charges, is most
commonly used in biomedical elds such as bioactive surfaces,
drug delivery and or so for promoting cell adhesion and sup-
porting cell growth.5–7 However, mechanical properties of PLL
are not good enough for some biomedical applications such as
bone tissue engineering or bone regenerative medicine.
Therefore, it is essential to develop nanocomposites based on
PLL to improve its mechanical properties. Graphene and its
derivative, graphene oxide (GO), is an attractive substance as a
composite material, especially as polymer nanocomposites due
to its extraordinary mechanical properties including high
Young's modulus, hardness and excellent exibility. Moreover,
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as reported previously, the incorporation of GO into a polymer
multilayer could improve the lm properties signicantly.8 On
the other hand, biointerfaces composed of graphene or GO have
been investigated for adhesion, proliferation and differentia-
tion of the MSCs.9–15 Particularly, GO, in which the basal plane
and edges possess epoxide, carboxyl, and hydroxyl groups,
enables greater interactions with biomacromolecules through
covalent, electrostatic and hydrogen-bonding than graphene.

Herein, a new type of GO/PLL composite lms have been
built up in this study via layer-by-layer (LbL) assembly, for
growth, proliferation and differentiation of stem cells (Fig. 1).
The LbL assembly technique has been well recognized as a
Fig. 1 Schematic representation of formation of the GO/PLL
composite film.
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simple and versatile method to immobilize functional mole-
cules.16–23 Herein, the unique properties of GO, i.e. a large
surface area and excellent mechanical properties, could be
synergically coupled with the biocompatibility of PLL resulting
in a kind of multifunctional scaffold coating, which can be used
in tissue engineering and stem cell-based therapy.

2 Experimental
2.1 Materials

Expandable graphite (�180 mm) was obtained from Qingdao
BCSM. CO., LTD. Poly-L-lysine (PLL) and phosphate buffer
solution (PBS) were purchased from Sigma-Aldrich (USA). Cal-
cein-AM and ethidium homodimer were obtained from Dojindo
(Japan). Antibodies including anti-CD-44 and anti-osteocalcin
(OCN) were purchased from Abcam (Hong Kong). Water used in
this work was puried by a Milli-Q water system (Millipore,
USA).

2.2 Fabrication and characterization of GO

Graphite oxide was obtained by the Hummers method.8,24

Briey, graphite oxide was obtained by oxidation of graphite
with H2SO4, and KMnO4. The formed graphite oxide was
washed three times with 1.0 M of aqueous HCl solution and
deionized water until a pH of 4.0–5.0 was achieved. During the
washing process with deionized water, a graphene oxide gel
formed. Following that, a freeze-dry procedure was conducted
to obtain the graphene oxide solid. Atomic force microscopy
(AFM, Digital Instruments, USA), UV-Vis spectroscopy (UV-1601,
Shimadzu, Japan) and IR spectroscopy (NEXUS 470, Nicolet,
USA) were used to characterize the GO nanosheets.

2.3 Preparation and characterization of the GO/PLL lm

Glass coverslips (14 mm diameter or 4.5 mm diameter) were
used as the substrates for LbL assembly. They were rst cleaned
in piranha solution (7 : 3 v/v H2SO4/H2O2) before use, followed
by rinsing with water. PLL solutions were prepared at a
concentration of 2 mg mL�1 in PBS, and GO dispersion was
prepared at a concentration of 0.1 mg mL�1 in water. Then, PLL
and GO were alternately assembled onto the cleaned glass
slides. There were 15–20 minutes for each deposited layer and
three rinses in water until 4 cycles. The obtained (GO/PLL)4 lm
was also characterized using AFM, UV-Vis spectroscopy and IR
spectroscopy.

2.4 Cell culture

Rat bonemarrow derived MSCs were obtained from commercial
sources (Tianjin Weikai Bioeng Ltd., China) and were cultured
in low-glucose DMEM medium (Gibco, USA), supplemented
with 10% fetal bovine serum (Invitrogen, USA), 1% penicillin/
streptomycin (Invitrogen, USA). Herein, the MSCs at passage 4
were used.25,26 The MSCs (2 � 104 cells per well, 24-well plate)
were seeded on all the surfaces separately and cultured under
the same conditions. All the studied surfaces were sterilized in
advance and placed within a cell culture polystyrene well. For
cell viability, live/dead staining with calcein-AM (to stain live
5462 | J. Mater. Chem. B, 2014, 2, 5461–5467
cells with green color) and ethidium homodimer (to stain dead
cells with red color) was employed. For the purpose of
comparison, cell counting kit-8 (CCK-8) assays (Dojindo, Japan)
were carried out for all the studied cells. The morphology of the
MSCs on all the surfaces was observed by using a phase contrast
microscope (Olympus CKX31, Japan). The population doubling
times (PDT) of cells on all the studied surfaces were determined
with the growth kinetics and the following equation.27

PDT ¼ ðt2 � t1Þ lg 2

lg N2 � lg N1

(1)

N2: number of cells at time t2, and N1: number of cells at time t1.
2.5 Osteogenic differentiation

For osteogenic differentiation, the MSCs cultured on all the
surfaces for 1 day were transferred to the osteogenic medium
(Tianjin Weikai Bioeng Ltd., China) consisting of DMEM basal
medium added with dexamethasone (10�8 M), b-glycerol
phosphate (10 mM), and ascorbic acid (0.2 mM). The medium
was changed every 3 days until conuence.25,26 Alkaline phos-
phatase (ALP) staining was performed using BCIP/NBT stock
solution (Beyotime, China) and ALP quantication was done
using an alkaline phosphatase assay kit (Abcam, Hong Kong) at
day 2, 7, 12, and 15.
2.6 Immunouorescence staining

First, the cells on all the surfaces were xed with 3.7% formal-
dehyde solution over 30 min separately. Aer washing with PBS
three times, the cells were incubated in 0.2% Triton X-100 for
10 min. Then, the cells were treated with 10% fetal bovine
serum in PBS for 30 min. Aer removing the blocking agent, the
antibodies to cellular markers (CD-44 for MSCs and OCN for
osteoblasts) were added onto the separate substrates. Aer
being incubated for 1 h, the substrates were exclusively washed
with PBS and further were incubated with the diluted secondary
antibody (Dyelight 488 goat anti-mouse antibody) for 30 min in
the dark. Subsequently, the cells were stained by DAPI (Sigma-
Aldrich, USA) for 30 min to color the nuclei. Finally, in all the
cases, the cells were analyzed by using a confocal uorescence
microscope using the Olympus system and its soware package
(Olympus FV 1000, Japan).
2.7 Statistical analysis

Fluorescent microscopy images were evaluated and analyzed
using ImageJ soware (NIH, USA). Statistical analysis was per-
formed using SPSS 13.0 to evaluate at least 10 images to
determine statistical differences (* < 0.05) among all samples or
between samples and controls, respectively. All experiments
were repeated at least three times in triplicate and all values
were presented as mean � SD.
2.8 Adsorption of the chemical inducers

Dexamethasone, b-glycerol phosphate, and ascorbic acid were
prepared separately in PBS with the concentration of 1 mM,
2 mM, 3 mM, 6 mM, and 10 mM, respectively. The solutions
This journal is © The Royal Society of Chemistry 2014
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with the concentration of 10 mM were employed for adsorption
kinetics with the addition of the substrates. The adsorption of
the chemicals was evaluated with UV-Vis spectroscopy. The
amount of the adsorbed was determined from the change in
absorption before and aer the adsorption.
3 Results and discussion
3.1 Fabrication and characterization of GO and GO/PLL lm

GO can be obtained by chemical oxidation and exfoliation of
graphite. The produced GO was conrmed rst by the atomic
force microscopy (AFM) technique. It was found that the GO
sheets had lateral dimensions of one to several hundred
nanometers with a thickness of 1.0 nm approximately (Fig. S1†),
which is characteristic of the fully exfoliated GO sheets.28 Then
the FTIR spectrum was used to characterize the produced GO.
In Fig. S2,† the GO spectrum showed the presence of O–H
(3430 cm�1), C]O (1733 cm�1), C]C (1630 cm�1), and C–O
(1128 cm�1).29 As a contrast, besides these sites, the IR spectrum
of the LbL-assembled (GO/PLL)4 composite lm exhibited PLL
absorption features, such as N–H (3259 cm�1), C]O
(1633 cm�1) and C–N (1552 cm�1). Also, the nanotopography
and thickness of the (GO/PLL)4 lm were determined by AFM.
Fig. 2A shows clearly the existence of GO sheets on the lm
surface showing the thickness of the (GO/PLL)4 lm of 5.51 nm
(Fig. S3†). The buildup of the GO/PLL lms was further moni-
tored by UV-Vis spectroscopy (Fig. 2B). Comparing with the UV-
Vis spectrum of PLL, all the spectra of the GO/PLL lms
Fig. 2 (A) AFM image of the (GO/PLL)4 film; (B) UV-Vis absorption
spectra of GO, PLL and the (GO/PLL)n film, n ¼ 1, 2, 3, 4.

This journal is © The Royal Society of Chemistry 2014
manifested the absorption peaks at 240 nm, and 310 nm. They
are characteristic absorption of GO from the p–p* transitions of
aromatic C–C bonds and n–p* transitions of C]O bonds,
respectively. These results conrmed the successful formation
of the GO/PLL composite lm.
3.2 MSCs viability and proliferation on the GO/PLL lm

To determine whether or not the GO/PLL lm had a signicant
effect on the MSCs, uorescence staining was performed using
calcein-AM (to stain live cells with green color) and ethidium
homodimer (to stain dead cells with red color). Fluorescence
microscopy revealed that most of the MSCs plated on the
composite lms were alive, as shown in Fig. 3A. From the phase
contrast image (Fig. 3B), the cells displayed the polygonal and
attened cell morphology on the GO/PLL lm and presented the
elongated structure with their spindle shape. The morphology
of cells on the other studied surfaces is shown in Fig. S4.†
Additionally, a cell count kit-8 (CCK-8) assay was carried out to
conrm the cell viability data aer 1 day and 7 day of cell culture
on the composite lm respectively. Glass coverslips (treated
with piranha solution), GO-coated coverslips (GO-coverslips)
fabricated with the spin coating technique, PLL coated glass
coverslips (PLL-coverslips) and tissue culture polystyrene
(TCPS) were employed for comparison. As shown in Fig. 3C,
Fig. 3 (A) Fluorescence images of MSCs were obtained on the (GO/
PLL)4 film by live/dead staining of cells after incubation for 3 days. Live
cells were stained fluorescence green, and dead cells appeared red. (B)
Phase contrast images of MSCs cultured for 3 days on the (GO/PLL)4
film in normal cell culture media. (C) Cell viabilities of MSCs cultured
on all the studied surfaces in cell culture media by day 1 and day 7. (D)
Cell proliferation on all the studied surfaces as estimated by the ratio
(D7/D1). (E) Growth kinetics of cells on the TCPS and GO/PLL
composite films. (F) The population doubling times of cells on all the
studied surfaces. The total number of cells was determined at different
time points to obtain the doubling time.

J. Mater. Chem. B, 2014, 2, 5461–5467 | 5463
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almost no difference was noted in the cell viability on all the
studied surfaces aer being cultured for 1 day (D1). While on
the 7th day of culture, the cell viability of MSCs on the
composite lm was 186.0%, 142.7%, 105.8% and 120.7%
greater than those on the glass coverslips, GO-coverslips, PLL-
coverslips, and TCPS (D7), respectively. Cell proliferation was
estimated by the ratio of absorbance value D7/D1 and the values
were shown in Fig. 3D. It could be seen that the proliferation of
cells on the PLL-coverslips was nearly equal to those on TCPS,
and that of the GO-coverslips was about 20% lower. While
signicant proliferation was observed for the (GO/PLL)4 lm.
The high proliferation may be attributed to the synergistic
coupling effects of GO and PLL, which will be investigated
further in this work. In Fig. 3E, growth kinetics of cells on the
TCPS and the GO/PLL lm was recorded. Accordingly, the
population doubling time was analyzed at multiple time points
over the culture period. In comparison, the doubling time of
cells on the composite lm was 28.07 h, and decreased from
those on TCPS (32.82 h) (Fig. 3F). These results suggested that
the GO/PLL lm did not hamper the normal growth of stem
cells but rather provided a suitable environment for the prolif-
eration of MSCs.
3.3 Osteogenic differentiation of MSCs on the GO/PLL lm

Then, when cultured in osteogenic media, the MSCs were
determined and analyzed osteogenesis using alkaline phos-
phatase (ALP) staining as a marker.30 On the 2nd day of differ-
entiation, cells cultured on all the substrates showed no
difference in ALP production. There was negative staining and
absolutely no ALP production was observed from the images
shown in Fig. 4A. By day 7, cells on the lm were stained
Fig. 4 (A) ALP staining results of MSCs on the (GO/PLL)4 film for 2, 7,
and 12 days, respectively. The scale bar is 100 mm. (B) Activity of ALP
produced from cells cultured for 2, 7, 12, and 15 days on all the studied
surfaces.

5464 | J. Mater. Chem. B, 2014, 2, 5461–5467
positively and the cytoplasm was stained blue-black. ALP
staining results of MSCs on the 7th day of differentiation on the
other studied surfaces are shown in Fig. S5.† Also, quantitative
ALP staining was used to study the differentiation of MSCs on
all the studied substrates (Fig. 4B). The cells on the GO-cover-
slips and the PLL-coverslips expressed ALP obviously from day
7, and the ALP activity increase gradually till day 15. The ALP
activity of cells on the PLL-coverslips was a little higher than
that of GO-coverslips and TCPS, respectively. Again, signicant
ALP production by cells were seen on the (GO/PLL)4 lm by day
7. Importantly, from day 7 onward, the cells grown on the lm
showed higher ALP activity than those on the surfaces as
controls obviously. And, the activity of cells on the GO/PLL lm
on the 12th day of differentiation was nearly equal to that of
15th day. Therefore, the GO/PLL lm supported and accelerated
the osteogenic differentiation of MSCs showing the apparent
osteogenesis during the osteogenic differentiation process.

Furthermore, osteocalcin (OCN) as one of the osteogenic
genes was examined to conrm the osteogenic differentiation of
MSCs on the (GO/PLL)4 lm. Since CD-44 is one of the charac-
teristic genes for stem cells, its expression was also checked for
the MSCs cultured on the samples.15 Herein, the protein
expression was compared by the intensity of uorescence via
immunouorescence staining, where the cells were stained
with DAPI (blue), CD-44 and OCN (green). As veried in Fig. 5A,
the CD-44 could be visible clearly still by day 2, however, the
intensity of uorescence decreased signicantly by day 7 and
completely disappeared by day 12. On the other hand, a
progressive enhancement of uorescence was observed by the
OCN recognition from day 7 to day 12 (Fig. 5B). The protein
expression of cells on the TCPS and blank glass coverslips were
shown as comparison in Fig. S6 and S7,† respectively.

Also, the differentiation of MSCs on all the studied surfaces
was compared by the ratio of CD-44 (Fig. 6A), OCN (Fig. 6B)
positive cells in all the cells by day 2, 7, 12, respectively. As
demonstrated in Fig. 6B, cell differentiation was accelerated on
Fig. 5 Immunostaining of cells growing on the (GO/PLL)4 film was
performed from 2 days to 12 days. Cells are stained with DAPI (blue)
and CD-44 or osteocalcin (OCN) as indicated (green). (A, A0 and A0 0)
CD-44, marker for stem cells, decreased over time and completely
disappeared by day 12. (B, B0 and B0 0) OCN, marker for osteoblasts,
became visible at day 7 and very intense by day 12.

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Immunofluorescent (A) CD-44 and (B) OCN staining of MSCs
grown on the (GO/PLL)4 film (left) and on the TCPS (right). The
histogram is the ratio of positively stained cells and the sum of posi-
tively and negatively stained cells on all the studied substrates by day 2,
7, and 12, respectively.

Fig. 7 Loading capacity of (A) dexamethasone, (B) b-glycerol phos-
phate, (C) ascorbic acid in different concentration on all the studied
surfaces. The insets are the chemical structures, respectively.
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the GO/PLL lm by day 7, as compared to those on TCPS,
showing nearly 55% positive OCN while the latter showed 35%
positive. Taken together, these results indicated that the GO/
PLL lm could promote the osteogenesis of MSCs signicantly.
Herein, the predominance of the GO/PLL composite lms over
the GO surface and the PLL surface might be the results of
coupled combination of two components, which could be evi-
denced by the following study.

Since the conventional osteogenic media can directly
mediate the differentiation, a direct correlation with the
adsorption of the substrate for the osteogenic chemical
inducers was thought to be involved.15,31 And what is more,
previous studies have recognized that GO has the remarkable
loading capacities for proteins, DNA and or so, via its large
This journal is © The Royal Society of Chemistry 2014
surface area and intermolecular interaction.32–34 Therefore, the
adsorption of the (GO/PLL)4 lm for the chemical inducers was
investigated using UV spectrophotometry. First, the loading
capacities of the lm for the osteogenic chemicals, dexameth-
asone, b-glycerol phosphate, ascorbic acid, were determined
with the adsorption kinetics recorded in Fig. S8.† Furthermore,
the adsorption of the chemicals on the studied substrates was
also determined with increasing concentration of the
J. Mater. Chem. B, 2014, 2, 5461–5467 | 5465
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adsorbents (Fig. 7). The adsorbed amount was expressed in
mg cm�2 of substrates. It was found that the (GO/PLL)4 lm
could largely adsorb dexamethasone (10 mM), glycerol phos-
phate (10 mM), ascorbic acid (10 mM), with the loading amount
of 629, 384 and 194 mg cm�2 of substrate by day 3, respectively.
The high adsorption capacity of the GO/PLL lm and the GO-
coverslip for dexamethasone may be attributed to the p–p

stacking between the aromatic rings in the organic molecules
and the graphene basal plane. As for the adsorption of b-glyc-
erol phosphate, the electrostatic attraction between the anions
and the positively charged PLL molecules from the GO/PLL lm
as well as the PLL-coverslip could play a major role during the
adsorption process. While in the case of ascorbic acid, the
hydrogen-bond between ascorbic acid and GO should be
considered to push the adsorption of ascorbic acid into the GO/
PLL lm and the GO-coverslips. Therefore, it may be deduced
that the high adsorption capacity of the GO/PLL lm for these
chemical inducers could cause the inducers to be locally
concentrated on the lm to facilitate cell–substrate interactions
resulting in great enhancement of osteogenic differentiation of
MSCs.
4 Conclusions

In summary, a new type of GO/PLL composite lms has been
fabricated via LbL assembly in a mild and inexpensive way,
which could be applicable to other kinds of biomacromolecules
such as chitosan, gelatin, etc. It has been demonstrated that the
GO/PLL composite lm could enhance the differentiation of
MSCs to the osteoblast lineage without inuencing the shape
and the growth of MSCs. Moreover, compared to the commer-
cial materials such as TCPS or glass coverslips, the GO/PLL lm
could obviously preconcentrate the osteogenic inducers, i.e.
dexamethasone, b-glycerol phosphate and ascorbic acid. It
might play a key role in the signicant enhancement of osteo-
genic differentiation of MSCs on the composite lm. Overall,
the GO/PLL lm as well as the lm fabrication strategy could be
promising for clinical applications in tissue engineering or
regenerative medicine with easy fabrication, biocompatibility,
and versatility.
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