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H

uman mesenchymal stem cells
(hMSCs) are critical for numerous
groundbreaking therapies in the
ﬁeld of regenerative medicine. A myriad
of environmental factors including their
interaction with soluble growth factors,
extracellular matrices, and neighboring
cells are crucial for their survival, proliferation, and diﬀerentiation into speciﬁc
lineages.13 One of the main goals of
tissue engineering is to control these
factors by creating physical and chemical
microenvironments designed to guide the
ultimate fate of stem cells. Materials with
diﬀerent elasticity, rigidity, and texture
have been extensively investigated for this
purpose. Stem cell scaﬀolds, which can be
both 2D and 3D in nature, have been
fabricated to mimic the intrinsic characteristics of natural substrates such as muscle,
bone, and cartilage.46 Recently, the lithographic patterning of suitable surfaces
such as polydimethylsiloxane (PDMS),7 polymethyl methacrylate (PMMA),8 self-assembled titanium dioxide (TiO2)9 rod arrays,
and functionalized carbon nanotubes10 has
been explored. While there have been tremendous advances in this ﬁeld, many challenges still remain. In particular, in the ﬁeld
of bone tissue engineering, almost all artiﬁcial materials require the administration
of multiple growth factors to promote
hMSC diﬀerentiation. In addition, many approaches face challenges when it comes to
scalability and compatibility with implants.
For example, an alloplastic (nonbiologic)
material under mechanical strain may not
perform in a similar way as the neighboring
NAYAK ET AL.

ABSTRACT Current tissue engineering approaches combine diﬀerent scaﬀold materials with

living cells to provide biological substitutes that can repair and eventually improve tissue functions.
Both natural and synthetic materials have been fabricated for transplantation of stem cells and their
speciﬁc diﬀerentiation into muscles, bones, and cartilages. One of the key objectives for bone
regeneration therapy to be successful is to direct stem cells' proliferation and to accelerate their
diﬀerentiation in a controlled manner through the use of growth factors and osteogenic inducers.
Here we show that graphene provides a promising biocompatible scaﬀold that does not hamper the
proliferation of human mesenchymal stem cells (hMSCs) and accelerates their speciﬁc diﬀerentiation
into bone cells. The diﬀerentiation rate is comparable to the one achieved with common growth
factors, demonstrating graphene's potential for stem cell research.
KEYWORDS: graphene . mesenchymal stem cells . cell diﬀerentiation . bone .
osteogenesis

host bone tissues, ensuing in structural
defects at the implant site or inﬂammatory
responses in the original bone, as observed
in stress shielding.11 Also, bioactive implants still face limitations in terms of
potential pathogenic infections, low availability, and high costs. Graphene12 may
provide an elegant solution to some of
these challenges. Being only one atom
thick, it introduces the least amount of
artiﬁcial material possible and has a large
number of remarkable properties.13 In the
context of tissue engineering, its mechanical properties are likely to play a key role:
graphene has the highest Young's modulus (0.51 TPa) among any known material, yet it is not brittle.14,15 Graphene can be
transferred onto any ﬂat or irregularshaped surface, and graphene-coated,
ﬂexible, supporting substrates can be easily bent into any shape required.16
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Figure 2. Cell viability and morphology of hMSCs grown on
diﬀerent substrates. Cells are stained with DAPI (blue) and
Calcein AM (green). (a) Graph showing cell viability in
percentage normalized to coverslips used as reference.
(Inset) Morphology of hMSCs grown on standard coverslips.
(be) hMSCs grown on glass slide, Si/SiO2, PET, and PDMS
without graphene. (fi) hMSCs grown on graphene-coated
glass slide, Si/SiO2, PET, and PDMS. Scale bars are 100 μm.

Stem cell research with graphene has become feasible
only with the recent availability of cheap, high-quality,
continuous graphene sheets on a large scale.17 Here we
show that graphene provides a new type of biocompatible scaﬀold for stem cells. Remarkably, graphene
accelerates cell diﬀerentiation even in the absence of
commonly used additional growth factors such as BMP-2.
Taking into consideration both the intrinsic mechanical
properties of graphene and the striking results of this
study, we envisage a functional role of this new material
as a versatile platform for future biomedical applications
in general and stem cell therapies in particular.
Large-scale graphene used in this study was synthesized by the chemical vapor deposition method on
copper foils. After growth, copper was etched and the
same batch of graphene was transferred to four distinct substrates used in this study according to methods discussed elsewhere.18 We studied the inﬂuence of
graphene on stem cell growth by investigating four
substrates with widely varying stiﬀness and surface
roughness: (1) polydimethylsiloxane (PDMS), (2) polyethylene terephthalate (PET), (3) glass slide, and (4)
NAYAK ET AL.
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Figure 1. Graphene onto diﬀerent substrates. AFM of graphene on (a) Si/SiO2, (b) glass slide, (c) PET ﬁlm, and (d) PDMS. Scale
bars are 200 nm. (e) Optical image of 1 cm  1 cm, partially graphene coated Si/SiO2 chip, showing the graphene boundary.

silicon wafer with 300 nm SiO2 (Si/SiO2) (Figure S1
Table S1 in Supporting Information). Plain coverslips
without graphene were used as a control or reference
for normalization. Atomic force microscopy (AFM) was
used to analyze the surface roughness of the various
substrates with and without graphene coating. Transferred to PET, PDMS, and Si/SiO2, the graphene sheet
exhibits nanoripples with high density (Figure 1a,c,d)
compared to graphene on glass slide (Figure 1a,b).
Despite being only one atom thick, on Si/SiO2 substrates with well-deﬁned oxide thickness, graphene
can be easily seen with a simple conventional optical
microscope (Figure 1e). Therefore, detailed studies
such as the evolution of cell diﬀerentiation with time
were done mainly on graphene-coated Si/SiO2 substrates. Two distinct sets of experiments were performed. First, cell viability was studied with cells
cultured in normal stem cell medium. Next, stem cell
diﬀerentiation was examined in cells cultured on conventional osteogenic media.
RESULTS AND DISCUSSION
Cell Viability and Morphology. We first discuss cell morphology and viability by image analysis on all four
substrates with and without graphene coverage when
cells were cultured in normal stem cell media. From
Figure 2a, we see that, independent of the substrate,
there is no significant difference (p > 0.05) in cell
viability between graphene-coated and uncoated substrates. We also performed MTT assays (Figure S2 in
Supporting Information) to confirm the cell viability
data. Again, regardless of the substrate, there was no
difference (p > 0.05) between uncoated and graphenecoated substrates, demonstrating that cell growth was
indeed not affected by the presence of graphene. Note
that cell viability is lower on PET and PDMS independent of the presence of graphene.
A similar conclusion can be reached by just comparing cell morphology with and without graphene. In
general, the presence of graphene (Figure 2fi) did not
inﬂuence the shape of the cells in comparison to
uncoated substrates (Figure 2be). Mesenchymal
stem cells maintained their spindle shape across
glass slides and Si/SiO2 after 15 days of incubation
(Figure 2b,c,f,g). Here, stem cells presented the usual
elongated structure with noticeable ﬁlopodia extensions and cellular propagation fronts. In the case of PET
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Figure 3. Immunostaining of cells growing on Si/SiO2, PDMS, and PET without BMP-2 growth factor. Cells are stained with
DAPI (blue) and either CD-44, MAP2, desmin, or osteocalcin (OCN) as indicated (green). (ad) Cells growing on Si/SiO2,
without graphene showing presence of CD-44, and with graphene showing presence of OCN. (eh) Cells growing on PDMS
without graphene showing weak MAP2 immunostaining, and with graphene showing staining of OCN. (il) Cells growing on
PET without graphene showing mild staining of desmin, and with graphene showing OCN immunostaining. Scale bars are
100 μm.

and PDMS, cells showed rounded or irregular morphology, most probably due to poor adhesion to the
substrate (Figure 2d,e,h,i). This suggests that graphene
does not hamper the normal growth of stem cells and
that the incorporation of this material in implants or
injured tissues would not aﬀect the physiological conditions of the microenvironment. In fact, Raman measurements and visual inspection of the samples after
cell incubation and subsequent removal clearly
showed that the graphene sheets remained largely
intact (Figure S5 in Supporting Information).
hMSCs Differentiation into Osteogenic Lineages. Next, specific markers were used to determine the conversion of
hMSCs into specific cell types when cultured in osteogenic media. Note that conventional osteogenic medium does contain dexamethasone, which can lead to
osteogenic differentiation by itself. However, it is
usually administered in combination with other agents
and growth factors such as BMP-2 to achieve differentiation through a synergistic effect. In none of the
uncoated substrates studied here, the osteogenic
medium alone was sufficient to lead to osteogenic
differentiation over the whole duration of the experiment (15 days). In the absence of graphene, stem cells
on coverslips (not shown), on glass slides (not shown),
and on Si/SiO2 (Figure 3a,b) did not differentiate: this
was demonstrated by immunofluorescent staining of
two typical protein markers, namely, CD-44 for hMSCs
and osteocalcin (OCN) for osteoblasts. These three
substrates showed a CD-44-positive staining and the
absence of OCN. However, once these stiff substrates
NAYAK ET AL.

were coated with graphene, hMSCs lost their ability to
bind the fluorescent antibody specific for CD-44 expression, suggesting they underwent a different fate
(Figure 3c). In fact, hMSCs immunostained for OCN
(Figure 3d) indicated osteogenic differentiation. On
uncoated PDMS, hMSCs did not stain CD-44 but they
showed a weak expression of MAP2 (typical neuronal
marker, Figure 3e). On the other hand, in the case of
uncoated PET, desmin (D33, a muscle cell marker)
staining but not CD-44 was observed (Figure 3i). However, once coated with graphene, hMSCs growing also
on these softer substrates bound specifically to OCN
(Figure 3h,l) only, demonstrating that graphene is the
driving force of bone cell formation, regardless of the
underlying substrate.
This is most clearly seen in Figure 4b, showing the
immunoﬂuorescent staining of cells on a Si/SiO2 wafer,
which are cultured in osteogenic medium but only
partially covered by graphene. Despite the stiﬀness of
the substrate, speciﬁc immunostaining for OCN was
only observed in the area covered by graphene. The
boundary separating the graphene-coated region
from the uncoated region is clearly visible even from
the immunoﬂuorescent image. These qualitative observations have been conﬁrmed by quantitative alizarin
red staining (Figure 4c,d), which indicates the presence
or absence of calcium deposits due to bone nodule
formation. The results for all substrates are summarized
in Figure 4c, where we compared the extent of calcium
deposition on each substrate, with and without graphene coating, in the absence of the typical growth
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Figure 4. Graphene accelerates osteogenic diﬀerentiation. (a) Optical image of 1 cm  1 cm, partially graphene-coated Si/
SiO2 chip, showing the graphene boundary. (b) Osteocalcin (OCN) marker showing bone cell formation on the same chip only
on the graphene-coated area; the graphene boundary is also clearly visible here. (c,d) Alizarin red quantiﬁcation deriving from
hMSCs grown for 15 days on substrates with/without graphene. (c) Cells grown in the absence of BMP-2. Control with
coverslips is shown as a reference. (d) Cells grown in the presence of BMP-2. Conventional plain coverslips were used as a
positive control. (eh) PET substrate stained with alizarin red showing calcium deposits due to osteogenesis. (e) PET without
BMP-2 and without graphene; (f) PET without BMP-2 and with graphene; (g) PET with BMP-2 and without graphene; (h) PET
with both BMP-2 and graphene. Scale bars are 100 μm.

factor BMP-2. A strong increase in calcium deposit with
graphene coating is observed for all substrates. While
the eﬀect is more pronounced with the stiﬀer substrates, surprisingly graphene had a similar eﬀect also
on the softer substrates PET and PDMS. It should be
noted that in the absence of growth factors both PDMS
and PET are known to be less favorable toward
osteoblasts.7 Yet the presence of graphene induced a
drastic change of their natural behavior similar to what
has been observed with apatite coating on such
polymers.1921 We would like to emphasize that also
here the osteogenic medium alone was not suﬃcient
to induce diﬀerentiation: within the 15 day time frame
of the experiment, the control represented by coverslips in osteogenic medium without graphene (i.e.,
hMSC cultured on ordinary tissue culture plate) did
not show any calcium deposition. The evaluation of
a separate set of samples by ﬂuorescent-activated
cell sorting (FACS) further supported our ﬁndings
that graphene does accelerate the osteogenic differentiation of stem cells (Figure S3 in Supporting
Information).
The impact of graphene on softer substrates such as
PET became even more evident in a parallel study, in
which we directly compared graphene's inﬂuence to
that of BMP-2 (Figure 4eh) after 15 days of incubation. In the absence of both graphene and BMP-2, no
bone nodule formation was observed, as indicated by
negative alizarin red staining (Figure 4e). As expected,
we see positive staining with identical samples after
NAYAK ET AL.

the addition of BMP-2 (Figure 4g). On the other hand,
graphene-coated PET showed a positive staining even
without BMP-2 (Figure 4f). We also performed experiments where we combined both graphene coating
and BMP-2 treatment (Figure 4h). In the case of PET and
PDMS, we observed a signiﬁcant enhancement of
calcium deposits compared to the above-mentioned
samples, which were either only coated with graphene
or only treated with BMP-2. This enhancement was
speciﬁc to soft substrates and much less evident on the
stiﬀer glass slides and Si/SiO2. Finally, quantitative
alizarin red staining was used to study the role of
graphene in the presence of BMP-2 (Figure 4d) for all
four substrates. On the stiﬀer substrates (i.e., glass slide
and Si/SiO2), the additional presence of graphene did
not further enhance the production of calcium deposits (p > 0.05); calcium deposits had almost saturated
purely from BMP-2. On the other hand, a clear, statistically signiﬁcant increase (p < 0.005) is seen on the
softer materials PET and PDMS. This again suggests
that graphene itself has a remarkable role in the
diﬀerentiation of hMSCs toward the osteogenic
lineage.
Time-Dependent Study of Differentiation. An important
parameter for practical applications is also the time a
material takes to induce bone cell differentiation. To
that purpose we studied how fast cells on graphenecoated Si/SiO2 substrates differentiate over a time
frame of 15 days in comparison to cells growing on
uncoated Si/SiO2 but treated with BMP-2. We studied
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Figure 5. Immunostaining of cells growing on Si/SiO2 substrates either treated with BMP-2 or coated with graphene.
Experiments were performed from 1 h to 15 days. (Left) CD-44, marker for stem cells, decreased over time and completely
disappeared by day 7. (Center) β1-integrin, marker for cellsubstrate adhesion, increased over time, reaching its peak by day
15. (Right) OCN, marker for bone cells, became visible at day 4 and very intense by day 7. Scale bars are 100 μm.

these samples at specific time points of 1 h and 4, 7, 10,
and 15 days (Figure 5). Interestingly, both BMP-2treated and graphene-coated substrates were able to
induce cell differentiation at the same rate. More
precisely, hMSCs on neither substrate showed any sign
of osteoblast formation until day 4. This is demonstrated by the intensity of fluorescence due to CD-44
marker, which is characteristic for stem cells and clearly
visible already after 1 h of incubation. Conversely, fluorescence due to CD-44 decreased remarkably by day 4
and completely disappeared by day 7. On the other
hand, a progressive enhancement of fluorescence was
observed due to OCN (indication of terminal osteogenic differentiation) and β1-integrin, a protein indicating cellsubstrate interaction. The results confirmed a
successful differentiation into bone cells with a strong
adhesion to the substrates by day 7 for both types of
samples. Si/SiO2 substrates treated with (a) only BMP-2
and (b) only graphene were able to accelerate cell
differentiation at the same rate over a period of 15 days
of incubation (Figure 5). Equally important, in contrast
to graphene, BMP-2 needed to be administered every 3
days during the course of the experiment due to the
NAYAK ET AL.

very short half-lives of BMP-2,22,23 again showing
graphene as a worthy replacement of biochemical
growth factors.
Control Experiments. To confirm that graphene is
critical for the observed stem cell differentiation, we
performed control experiments with both amorphous
carbon thin films and highly oriented pyrolytic graphite (HOPG) samples. Following identical experimental protocols, we observed that, while both types of
samples did support cell proliferation, none of them
led to cell differentiation (Figure 6d,f and Figure S4 in
Supporting Information). Here we discuss the HOPG
results in more detail. The results on amorphous
carbon thin films are summarized in Supporting
Information.
The AFM images of graphene and HOPG (Figure 6a,
b) clearly show the diﬀerence in their topography. Cells
were cultured on graphene or HOPG in osteogenic
medium. After 4 days, the ﬂuorescence deriving from
the antibody speciﬁc for CD-44 expression was signiﬁcantly lower for cells grown on graphene (Figure 6c)
than for cells on HOPG (Figure 6d). At the same time,
speciﬁc immunostaining for OCN is already detectable
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with cells grown on graphene (Figure 6e), while only
the DAPI-stained nuclei are visible for cells on HOPG
(Figure 6f).
It is rather remarkable that a single continuous
sheet of carbon atoms can strongly accelerate bone
cell diﬀerentiation. The observed eﬀect is almost certainly due to a complex interplay of mechanical, chemical, and electrical properties of graphene and the
interactions between graphene and cells, as well as
graphene and supporting substrates. This makes it
diﬃcult to identify the microscopic origin of the eﬀect.
However, a comparison with related CNT-based experiments does oﬀer some clues (see Supporting
Information). In addition, control experiments with
amorphous carbon thin ﬁlms and HOPG samples do
provide some insights. In particular, the disparities
between the results obtained with graphene and
HOPG point toward mechanical properties and surface
morphology as the decisive factors. While locally
(∼100 nm) the two systems have comparable surface
morphology, on a larger scale, they look very diﬀerent.
CVD graphene consists of many ripples and wrinkles on
the micrometer scale (Figure 6a). Such localized out-ofplane deformations are completely absent in HOPG
graphite, the surface of which consists instead of a
large number of micrometer size terraces (Figure 6b).
The correlation of cell morphology and substrate
morphology has been investigated by several groups.
Dulgar-Tulloch et al.24 cultured hMSCs on ceramics
with varying grain sizes between 24 and 1500 nm,
showing that the 200 nm grain size was most favorable
for hMSC proliferation independent of the surface
chemistry, the surface roughness, and the crystal
phase. Oh et al.9 studied hMSCs on various diameters
of TiO2 nanotubes and observed a decrease in adhesion but an increase in osteogenic diﬀerentiation with
increasing nanotube diameter. This is in good agreement with cell-morphology-induced diﬀerentiation
observed by McBeath et al.25 Even nanoscale patterning of poly(methyl methacrylate) (PMMA) has been
reported to induce bone cell diﬀerentiation. Surprisingly, cell diﬀerentiation mainly took place when
the nanopit arrays were disordered.8 While the microscopic origins of these eﬀects are not yet fully understood, it is worth noting that the topography of CVD
graphene with its many ripples and wrinkles does mimic
the disordered nanopit array of Dalby et al.8 (Figure 6a).
Such ripples and wrinkles are intrinsic to CVD graphene
and originate from the diﬀerence in the thermal expansion coeﬃcient of Cu and graphene.18 Similarly to Dalby
et al.,8 the large-scale disorder in CVD graphene could
play a role in protein adsorption, cell adhesion, proliferation, and diﬀerentiation. The ripples themselves also
provide local curvature and, hence, could further enhance the reactivity of such graphene sheets.
Cell diﬀerentiation depends strongly also on substrate stiﬀness26 and strain, such that when applied

Figure 6. Comparison of osteogenic diﬀerentiation of
hMSCs after 4 days on graphene-coated Si/SiO2 and HOPG
on coverslips. AFM images of (a) graphene and (b) HOPG.
Scale bars are 5 μm. (c,d) Immunostating of CD-44 (green)
on graphene and HOPG, respectively. (e,f) Immunostaining
of OCN (green) on graphene and HOPG, respectively. Nucleus is stained with DAPI (blue). Scale bars are 100 μm.

(cyclically) it increases the expression of osteogenic
markers for osteopontin (OPN) and BMP-2.27,28 Therefore, graphene's exceptionally high Young's modulus15
and its remarkable ﬂexibility for out-of-plane deformation could also contribute to stem cell diﬀerentiation.
However, we expect a signiﬁcant inﬂuence of graphene's Young's modulus only with substrates that
are much thinner and softer than those used in our
studies. Even in the case of the PDMS substrates, the
presence of graphene will only marginally increase its
Young's modulus. On the other hand, the ability of
graphene to sustain lateral stress could play a more
important role in the context of providing just the right
amount of local cytoskeletal tension. Together with the
observation that graphene allows for easy out-of-plane
deformation, this may lead to the formation of strong
anchor points of the cytoskeleton. Such tension may
allow for the unfolding of the mechanically sensitive
protein of interest and change conformation.6 Such
forces could potentially be even easier to realize on PET
and PDMS substrates since on these materials graphene is already prestrained.29 Cell-induced out-ofplane deformations could further enhance the reactivity of nanorippled graphene sheets.
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CONCLUSIONS
To summarize, the presence of graphene did not
inﬂuence the shape and the growth of the cells in
normal stem cell media, demonstrating biocompatibility and suggesting that the incorporation of this
material in implants or injured tissues would not
aﬀect the physiological conditions of the microenvironment. In the presence of an osteogenic medium,

METHODS
Substrate Preparation. Graphene was grown on copper foils by
chemical vapor deposition at 1000 C in a mixture of hydrogen
and methane as discussed elsewhere.18 The graphene film was
mechanically supported by a thin film of PMMA (Microchem),
and the copper foil was etched in a weak solution of ammonium
persulfate (Sigma). The graphene coated with PMMA was
transferred to deionized water to remove residues, and the
transfer was completed by gently contacting graphene with the
substrate and lifting it out of the water. To avoid any residues
from the transfer process, the samples were left in warm
acetone for 12 h followed by 3 h in isopropyl alcohol. In a final
step, the Si/SiO2 substrates were annealed in Ar/H2 90/10 wt %
for 7 h at 300 C to further reduce impurities in the graphene
layer. However, note that Si/SiO2 without the additional step of
annealing showed the same cell viability and induced stem cell
differentiation at the same rate (data not shown).
Cell Lines and Markers. Human mesenchymal stem cells
(hMSCs) were purchased from ATCC and cultured in lowglucose Dulbecco's modified eagle medium (Sigma) supplemented with 10% FBS (Invitrogen), 1% penicillin/streptomycin
(Gibco), 1% non-essential amino acids (Sigma), and 1% sodium
pyruvate (Sigma). The hMSCs at passage 2 were used in this
study. Osteogenic medium consisting of DMEM basal medium
(Sigma) added with dexamethasone, L-glutamine, ascorbic acid,
and β-glycerophosphate was prepared according to a known
procedure.31 FITC goat anti-mouse antibody was purchased
from Biolegend, San Diego, California (USA). Markers (osteocalcin (OCN), CD44, desmin (D33), MAP-2, β1-integrin) were
purchased from Acris Antibodies GmbH (Germany).
Cell Viability. The hMSCs (20 000 cells/well, 24-well plate)
were seeded on uncoated (control) and graphene-coated
(test) chips and cultured in normal stem cell medium. Postconfluence (2 weeks), cells growing on each chip were transferred to a new well plate and washed three times with 2 mL of
PBS. One milliliter of PBS was added to each well followed by 5
μL of 1 mM calcein acetoxymethyl ester (calcein AM) and
incubated at room temperature for 15 min. After removing
the unbound stains, the chips were inverted onto glass slides
mounted with Vectashield with DAPI (H 1200, Vector
Laboratories) and visualized under a fluorescence microscope

NAYAK ET AL.

graphene coating helped by remarkably accelerating
the diﬀerentiation of hMSCs at a rate comparable to
diﬀerentiation under the inﬂuence of BMP-2. This
represents a critical aspect to its successful use for
stem-cell-based regenerative medicine strategies. In
contrast to other substrates, graphene is neither brittle
nor does it require further nanoscale patterning or
functionalization. In addition, it is scalable and provides
a cost-eﬀective way to prepare scaﬀolds for biological
tissues. Currently, graphene is only available in the
form of sheets, and we envision a promising role of
graphene located between implants and the surrounding tissues. However, the conditions under which
graphene is grown are being constantly improved.
There is, for example, a strong eﬀort to establish
graphene growth at much lower temperatures.
Thus, growth on alternative biocompatible and biodegradable surfaces, potentially even without the
need to resort to catalytic metal ﬁlms, seems feasible.
Even growth on 3D scaﬀolds have recently been
demonstrated.30
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The fact that (HOPG) graphite is made out of
weakly bound graphene planes may be equally
important. In the presence of lateral forces, such
materials easily shear oﬀ and are, therefore, commonly used in lubricants. In the speciﬁc context of
cell adhesion and in view of the (lateral) contractual
forces that cells exert on the surface, this eﬀect may
hamper strong cell adhesion. Note that cells can
mechanically “sense” lower lying layers down to
several tens of micrometers. In the case of graphene,
the cells sense the underlying (amorphous) substrate
instead.

(Nikon AZ-100 multipurpose microscope). Pictures were taken
at 4 different positions of the chips and processed by ImageJ
software to count the number of viable cells to the number of
nucleus as determined by staining with DAPI. Cell viability was
measured by comparing the cell numbers for each substrate
with the cells counted on coverslips. In addition, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium)bromide (MTT) assays were carried out, in which cytotoxicity evaluation was
based on the activity of enzymes to reduce MTT to formazan
dyes, giving a purple color.32 Experiments were carried out in
triplicate, following the procedure reported in the supporting
document. The morphology of the hMSCs on different substrates was compared according to the image as seen in the
form of calcein AM staining.
Alizarin Red Staining and Quantification. The hMSCs (20 000 cells/
well, 24-well plate) were seeded into the control and the test
well plate. After 24 h, osteogenesis was induced by replacing
the original medium with osteogenic medium, which was
changed every 3 days up to confluence (2 weeks).
Alizarin red staining was performed using the protocol
adapted from Chemicon mesenchymal stem cell osteogeneis
kit (Cat. No. SCR028). Brieﬂy, the medium was aspirated out from
each well, and cells were ﬁxed with ice cold 70% ethanol for 1 h
at room temperature. Then the cells were rinsed twice with MilliQ water followed by addition of 2 mL of alizarin red (Sigma)
solution for each well and incubated for 30 min. Finally, the
unstained alizarin red was washed with Milli-Q water, and the
chips were visualized under a microscope (Nikon Eclipse
TE2000-U, Japan). Cells with calcium deposits due to bone
nodule formation were stained red. Alizarin red quantiﬁcation
was done using a previously reported procedure.33
Immunofluorescence of hMSCs and Time-Dependent Differentiation
Study. The hMSCs at 20 000 cells/well (24-well plate) were seeded,
osteoinduced, and incubated up to confluence (2 weeks) as
reported above. The cells on all of the chips were fixed by
treating them with ice cold 50%/50% methanol/acetone. After 5
min, methanol/acetone was removed and the chips were left
open inside the laminar hood to be air-dried. After the chips
were completely dried, the fixed cells were treated with 10%
FBS (blocking agent) in PBS for 20 min. The blocking agent was
aspirated out, and 5 μL of different antibodies to cellular
markers (CD-44 for hMSCs, OCN for osteoblasts, desmin for
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