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We investigate the influence of different roughnesses (20,
270, and 500 nm) of silicone substrates hermetically coated
with the same nanocrystalline diamond (NCD) films on adhe-
sion (1 h) and viability (48 h) of human mesenchymal stromal
cells (MSC) and human osteoblasts (SAOS-2). MSC adhere
similarly on all NCD surfaces and control polystyrene (PS),
however, their metabolic activity on NCD surfaces is increased.

Osteoblasts adhere on NCD in significantly higher numbers than
on PS and their adhesion is inversely proportional to increasing
substrate roughness. Their metabolic activity is decreased on
nano/microrough NCD surfaces in contrast to MSC. The data
show that NCD is a suitable biomaterial and can control cell
adhesion and growth.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 IntroductionMesenchymal stromal cells (MSC)
are self-renewing, multipotent cells found in the bone mar-
row. They have the ability to differentiate into several types
of cells including osteoblasts, chondroblasts, and adipocytes
and they play a crucial role in healing processes. On the
other hand, the osteoblasts used in this study are an immor-
talized cell line already differentiated into bone-producing
cells. Therefore, understanding and controlling responses of
these cell types on different biomaterials (nanocrystalline
diamond, NCD, coatings) are important for their advance-
ment in orthopedics and/or stomatology.
Diamond shows an exceptional physical and chemical

durability that also contributes to high biocompatibility of
this material. The diamond films enable a good control of
crucial surface properties, such as roughness, structuring,
hydrophilicity/hydrophobicity, chemical termination, or cer-
tain biofunctionalization, which can be used for specifically
targeted applications in biomedicine [1, 2] as they possess
many structural similarities to biologic materials especially
the inorganic compartment of the bone extracellular matrix
[3, 4]. Their surface nanoroughness is important for molec-
ular adhesion whereas their microroughness for adhesion
of the whole organism (cell). The influence of NCD surface

topography (e.g., nanoroughness) on osteoblastic cell
adhesion and proliferation was already examined [1] but the
influence on MSC has not been studied yet.
In this study, we compare an impact of primary surface

roughness of silicon (Si) substrate coated with NCD films
on adhesion and behavior of MSC and human osteoblasts
(SAOS-2). The aim is defining an optimal topography for
eventual orthopedic/dental implants coating. For this pur-
pose, Si substrates of different root-mean-square (RMS)
roughness (RMS 1, 270, and 500 nm) were hermetically
coated by the identical NCD films (RMS 20 nm). This tech-
nology makes it possible to fabricate hierarchically structured
diamond morphologies with defined effect related to varied
NCD properties such as grain size, density of boundaries, etc.
SAOS-2 cells (human osteoblastic cell line) and MSC (col-
lected from hematology patients) are grown on these NCD
substrates under standard cultivation conditions. Adhesion,
morphology, and metabolic activity of these cells are deter-
mined and compared with a standard surface of tissue culture
polystyrene (PS).

2 Materials and methodsNanocrystalline diamond
films were grown on (100) oriented Si substrates (13 mm
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in diameter) with different RMS roughness of 1, 270, and
500 nm. They were first ultrasonically treated in a suspen-
sion of ultra-dispersed detonation diamond powder (5–10 nm
particle size) in de-ionized water (40 min). Then they were
hermetically covered by an NCD layer (RMS=20nm) using
a microwave plasma process with a total gas pressure of
50 mbar, substrate temperature of 800◦C, 1% CH4in H2,
and a total power of 2.5 kW. The samples were further
chemically cleaned in acids (H2SO4+HNO3) 200

◦C 30 min.
Then the surface was treated in inductively coupled r.f.
oxygen plasma (300 W, 2 min) to generate a hydrophilic sur-
face (contact angleα=35◦). The topography and surface
roughness were characterized by atomic force microscopy
(AFM) measurements (Dimension 3100, Veeco) in a con-
tact mode across an area of 10×10 m2using Si cantilevers
(BudgetSensors).
Mesenchymal stromal cells were obtained from three

hematology patients of different sex without tumor-affected
bone marrow. Harvest of mesenchymal stem cells for
research purposes was approved by the hospital Ethical Com-
mittee and all participants signed an informed consent. MSC
were plated (10 000 cells/cm2) on each substrate and incu-
bated at 37◦Cin5%CO2atmosphere in AlphaMEM medium
supplemented with heat inactivated 10% FBS (PAA), peni-
cillin (20 U/ml), and streptomycin (20g/ml).
Human osteoblasts cells (human osteoblast-like cell line)

(DSMZ GmbH), were plated (25 000 cells/cm2) on each sub-
strate and incubated at 37◦Cin5%CO2in McCoy’s medium
(BioConcept) supplemented with heat inactivated 15% FBS
(PAA), penicillin (20 U/ml), and streptomycin (20g/ml).
Adhesion was estimated by gently washing of the cells

with PBS 1 h after their plating, shaking on a plate shaker
(150 rpm, 5 min), fixing by 4% paraformaldehyde/PBS
(PFA), and staining of the nuclei with DAPI. Stained nuclei
were automatically counted after single channel image seg-
mentation and binary masking. The analysis was performed
in NIS Elements (LIM) employing C++scripting. Number
of measurements for each roughness and PS was as follows:

n(MSC)=6,n(SAOS−2)=7 (three independent experiments per-
formed in duplicates or triplicates).
Morphologic features – focal adhesions [monoclonal

anti-vinculin antibody (Sigma)], actin cytoskeleton (Alexa
Fluor488-phalloidin, Invitrogen) and nuclei (DAPI – Sigma)
– of MSC were observed on fixed (4% PFA) cells using a
Nikon E-400 microscope with a standard Hg lamp and UV-
2A, B-2A, and G-2A filter sets, and Plan 40×(N.A. 0.65)
objective lens images were acquired with the DP71 digi-
tal camera (Olympus). Images of SAOS-2 were acquired
on a Nikon TE2000E microscope equipped with confocal
scanning head C1si, oil immersion objective Apo TIRF 60×
(N.A. 1.49) and excitation laser (543 nm). Emission of indi-
vidual flourophor was detected using the band-pass filter
610/75. Laser excitation intensity on sample was 0.2 mW;
laser pixel dwell time was 20s. Image sampling density
was corrected according to Nyquist criterion (41 nm inxyand
150 nm inz).z-stacks used for further image restoration con-
sisted of at least 20xyplanes. Image acquisition conditions
were kept constant for all samples. Selectedz-stack images
were restored (deconvolved) using a maximum likelihood
restoration algorithm in the Huygens Professional Software
(SVI) and measured point spread function. Restoredz-stack
images were further volume rendered in Imaris Personal (Bit-
plane) – see Fig. 3.
Metabolic activity was measured after 48 h of cell cul-

tivation on NCD surfaces. The test (MTS-Promega) was
performed according to manufacturer protocol and the results
were related in percentage to samples on PS as a control. The
number of measurements for each sample type was as fol-
lows:n(MSC)=8,n(SAOS−2)=8 (four independent experiments
performed in duplicates). Statistical analysis was performed
by a one-way analysis of variance (ANOVA) with signifi-
canceαlevels of 0.05 and 0.01.

3 ResultsFigure 1 shows three-dimensional AFM
morphologies of the NCD-coated Si substrates having dif-
ferent primary roughness and of the PS control substrate.

Figure 1(online colour at: www.pss-a.com) AFM images and surface profile graphs of polystyrene (A) and Si substrates of different
roughness with NCD coating – nanoroughness – RMS 20 nm (B), nano/microroughness – RMS 270 nm (C) and RMS 500 nm (D).
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2040 A. Broz et al.: Influence of diamond nanotopography on adhesion of human osteoblasts

Figure 2(A) Relative comparison of cell number 1 h after seeding. Cell count on PS is taken as 100% standard (black). (B) Relative
comparison of cell metabolic activity after 48 h cultivation. Cell metabolic activity on PS is taken as 100% standard (black), **significance
(α=0.01), *significance (α=0.05), error bars indicate standard deviation.

The images and line profiles demonstrate increasing surface
roughness as well as changing morphologic features.
Figure 2 shows a relative comparison of the cell number

on the NCD substrates 1 h after the cell seeding (Fig. 2A) and
a relative comparison of the cell metabolic activity measured
after 48 h of cultivation (Fig. 2B).
The number of MSC cells adhered on all NCD sub-

strates is comparable with the cell number detected on PS
control. There is also no significant difference in cell num-
ber obtained from differently rough NCD samples. On the
other hand, SAOS-2 cell number on NCD substrates is signif-
icantly higher than the number on PS surface. The adhesion
of SAOS-2 on NCD surfaces is inversely proportional to the
increasing substrate roughness. There is also a significant dif-
ference in adhesion of SAOS-2 cells between NCD samples
with nanoroughness (RMS 20 nm) and nano/microroughness
(RMS 500 nm).
Mesenchymal stromal cells cultured on NCD substrates

show no significant difference in metabolic activity in com-
parison to PS, however, the tendency of increased metabolic
activity of MSC on NCD samples with increasing substrate
roughness is apparent (Fig. 2B). On the contrary, SAOS-
2 cultured on the NCD samples with nano/microroughness
embody significantly reduced metabolic activity (by about
10%) in comparison to PS and NCD substrate with nanor-
oughness (Fig. 2B).
Figure 3 shows fluorescence images of cell morphol-

ogy and vinculin distribution (structural protein of cell focal
adhesion) within the cell 1 h after seeding.
Mesenchymal stromal cells (Fig.3–1and2)seeded on

PS and nanorough NCD sample embody round shape and
vinculin is distributed symmetrically on the edge of the cell
in small focal adhesions. In the center of the cell body is
also visible a big pool of soluble vinculin. Actin filaments
form a circular support around the cell nucleus. MSC seeded
on nano/microrough NCD substrates form several extensions
supported with thick and strong actin stress fibers and ended
with visibly large focal adhesions.

Human osteoblasts cells present visibly larger focal
adhesions on the edge of the cell body but the shape of the
cell is spherical without any visible extensions on all NCD
samples. However, hand in hand with increasing roughness,
SAOS-2 change their contour from nicely rounded to
serrated (Fig. 3B3–D3).

4 DiscussionRecently, it has been shown that the
NCD coating is suitable for cellular adhesion and prolifera-
tion and thus useful as implant coating [3, 5]; however, no
study till now has concentrated on a different roughness of
underlying substrate with respect to adhesion of two different
cell types.
In this study, we found that MSC adhere onto all NCD

substrates similarly as onto tissue culture PS, whereas SAOS-
2 cells adhere on these NCD surfaces significantly better
than on PS. It could be speculated that SAOS-2 as already
differentiated (mature) bone cells may recognize NCD sur-
face as a “natural bone” surface (presenting nano- and
microroughness) and may thus exert higher affinity to this
kind of material than not yet differentiated MSC (freshly
isolated adhesive cells from bone marrow incubated in expan-
sion not differentiation medium) [6], which need longer
time and specific conditions for such adaptation. This spec-
ulation can also be supported by determined metabolic
activity, which is higher in MSC cells than in SAOS-2
cells.
The fluorescence images presented in Fig. 3 show that

cell body shape and vinculin focal adhesions are clearly
dependent on the roughness of the surface. The MSC seeded
on PS and nanorough NCD embody a round shape most
probably because they recognize these surfaces as “flat” and
unstructured (very small in comparison to cell size). How-
ever, nano/microroughness of the NCD surfaces appears to
them already comparable in size and thus structured. There-
fore, the cells attach only slightly and are forced to search
for suitable places for optimal anchoring. They beam several
extensions to explore their surroundings (Fig. 3C1 and D1)

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3(online colour at: www.pss-a.com) Fluorescence images of MSC and SAOS-2 cells 1 h after seeding. (A) Polystyrene, (B) NCD
of RMS 20 nm, (C) NCD of RMS 270 nm, (D) NCD of RMS 500 nm; (1) – epifluorescence images of MSC, blue – nucleus, green – actin
(cytoskeleton), red – vinculin (cell focal adhesions); (2) – epifluorescence images of MSC, vinculin in grayscale; (3) – 3D reconstructions
of SAOS-2 cells from confocal microscope, red – vinculin. All cells were fixed (4%PFA).

[7]. The visible central concentration of vinculin in MSC is
a soluble form of vinculin which is not a part of the focal
adhesion yet [8].
Human osteoblasts cells seeded on NCD are generally

spherical with visibly serrated perimeter on nano/microrough
surface. They also present large focal adhesions indicating
the pits and valleys in the substrate surface.
This is the first study showing the different influence

of nano/microroughness (of the same substrate, same grain
size, and same chemistry) on two extremely distinct cellular
types – differentiated and non-differentiated cells. For a
clearer understanding of this phenomenon further studies
are required.

5 ConclusionIn this study we compared adhesion and
metabolic activity of two important cell types. MSC are
non-differentiated cells on the other hand; osteoblasts
are already mature bone-producing cells. Increasing
nano/microroughness of NCD surfaces induces morphologic
changes in both cell types even though rather dissimilar.
These differences probably stem from the distinct role of
the two cell types in the human body. The data show that
NCD surfaces with different roughness have a strong poten-
tial for influencing cell adhesion and activity and are suitable
for orthopedic/stomatology implants.
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The present work reports on application of gold, nickel, and
diamond nano-particles as a masking material for realization
of diamond 3D nano-structures after a low power (100 W)
plasma etching process in a gas mixture of CF4/O2. Obtained 3D
structures strongly depend on the masking material. Applica-
tion of the Ni mask results in diamond nano-rods, whereas the
Au mask leads to homogenous “ultra” nano-cone structures.
The diamond powder application results in irregular nano-

cone structures. The present procedure uses a strategy where
no lithographic steps are implemented. Prepared samples are
tested as the substrates for human osteoblast-like cells culti-
vation. Obtained results exhibit a distinctive behavior in cell
adhesion on used surface morphologies, as demonstrated by
immunofluorescent staining of vinculin (a structural protein of
focal adhesion).

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 IntroductionDiamond, due to its outstanding prop-
erties, has recently been used for different bioapplications,
e.g., sensing application or tissue engineering. Observed
upscale cell attachment and spreading of human osteoblasts,
epithelial and neuronal cells, defines diamond films as an
useful substrate for cells cultivation [1–4]. It has been
experimentally shown that oxygen terminated diamond film
surfaces, in contrast to hydrogen terminated, impact suc-
cessfully on selective cells growth [1, 5]. Other research
groups have shown that substrate roughness, as well as the
local surface charge distribution determines the attachment
efficiency, proliferation, and differentiation of cells [4–9].
Zhao et al. [7, 8] reported that at such surfaces osteoblast-
like cells exhibit differentiated phenotype, and depending on
surface, produce more local factors to regulate osteoblast
and osteoclast activity. However, the impact of diamond
nano-structures fabricated by plasma etching (as the post-
growth processing) on the cell cultivation has not been
studied yet.
Recent studies have shown that nano-structuring of dia-

mond films can be realized by plasma techniques with their

further use in advanced applications [10, 11]. The common
technique for structuring diamond is reactive ion etching
(RIE). Inductively coupled plasma (ICP) [12, 13] or capac-
itively coupled radiofrequency (RF) plasma systems are
alternatively used processes [14–16].
The gases and/or their mixtures that have been mostly

used as a source of ions are O2,Ar,CF4, CHF3,SF6, and less
were used chemistries based on SiCl4or Cl2. Ando et al. [16]
reported that a quite high etching ratio with a good smooth-
ing of etched surface can be achieved using a CF4/O2gas
mixture. Examination of the different metals, instead of tradi-
tional aluminum, polymers, oxides or nitrides, [15] and even
nano-diamond powder [10] referring to their applicability for
diamond structuring, have also been reported.
In this work we present the technological realization of

diamond nano-structures by using the dry plasma etching
process. We investigate the influence of masking materials
(nickel, gold, and diamond powder) on the final morphol-
ogy of diamond structures. All three material types are used
in their nano-sized geometry and are directly used as the
masking material, thus omitting any lithographic step. These
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different types of formed nano-structures and as-deposited
diamond layers are tested as artificial substrates for the
growth of human osteoblast-like cells (SAOS-2). In respect
to the biological necessities the cells adhesion and the cells
behavior are investigated on these surfaces.

2 Experimental partPolycrystalline diamond films
were grown by the microwave plasma enhanced chemi-
cal vapor deposition (CVD) system (AIXTRON P6) from
a methane/hydrogen gas mixture. A 550m thick (100)
oriented silicon wafers were used as substrates. The CVD
parameters were as follows: microwave power 2.5 kW, 1%
methane in hydrogen, total gas pressure 40 mbar, and the
substrate temperature around 800◦C. The final film thick-
ness was approximately 1000 nm as measured by scanning
electron microscopy (SEM) (eLiNE system, Raith) from the
cross-sectional view. The RMS roughness measured an area
2×2 m2was less than 30 nm (AFM Microscope Dimension
3100, Veeco) – sample A (the control substrate).
After the growth process, the diamond films were coated

either by diamond nano-particles (sample B), using an ultra-
sonic treatment or with 3 nm thin metal layer (gold – sample
C or nickel – sample D) using an evaporation process. For
the diamond nano-particles coating the dispersed detonation
nano-crystalline diamond powder with a grain size of 5 nm
was used (NanoAmando, New Metals and Chemicals Corp.
Ltd., Kyobashi). Sample C and sample D were addition-
ally treated for 5 min in hydrogen plasma (total gas pressure
30 mbar, microwave power 1300 W, and substrate tempera-
ture about 600◦C). After this treatment nano-sized particles
of Au or Ni layers were formed.
The etching and fabrication of diamond nano-structures

were provided by 100 W RF-plasma using a water-cooled
substrate table (Phantom LT RIE System, Trion Tech-
nology). The gas flow of CF4was 2 sccm and of O2was

50 sccm, the total pressure was 150 mTorr. The duration of
etching process was 300 s.
Remaining metal masks were removed by the wet etching

process. Finally, the diamond surfaces were treated in oxygen
plasma to enhance the hydrophilic character of the surface
(preferable for cellular adhesion).
Human osteoblast-like cells (SAOS-2) (DSMZ,

Germany) were grown in McCoy’s 5A medium without
phenol red (BioConcept) supplemented with 15% heat-
inactivated fetal bovine serum (PAA), 20 U penicillin, and
20 gml−1streptomycin in a humidified 5% CO2atmo-
sphere at 37◦C. For the experiments, 25 000 SAOS-2 cm−2

in 100l of fully supplemented medium were plated onto
the top of the sample by droplet technique for 2 h and after
the addition of 1.4 ml of supplemented medium further
incubation was done for 48 h.
Morphology of focal adhesions of SAOS-2 cells was

characterized by immunofluorescent staining of vinculin
(1:150, Sigma, anti-mouse Alexa 568) and nuclei (DAPI,
Sigma). The epi-fluorescent Nikon E-400 microscope was
used and data were recorded by DS-5M-U1 Color Digital
Camera (Nikon).

3 Results and discussionTypical surface morphol-
ogy of polycrystalline diamond thin film grown by a
microwave plasma process is shown in Fig. 1A (SEM image
top view of sample A). As dedicated from measurements,
the deposited diamond film is fully closed and consists of
well-faceted grains in size up to 400 nm. Some grains exhibit
twinning and cracking defects. It should be also noted that
grains with smaller sizes are quite densely packed in the
cavities between the larger ones.
Surface morphology of the sample B is shown in

Fig. 1B. The observed surface features in size of 5–40 nm
are assigned to the primary diamond particles and to their

Figure 1Surface morphology of poly-
crystalline diamond surface: as-grown by
microwave plasma CVD process (A, sample
A); covered with nano-particles of diamond
(B, sample B); gold (C, sample C); and nickel
(D, sample D).

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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clusters coming from the liquid suspension. In case of gold
(sample C) and nickel (sample D), nano-particles with the
diameters from 5 to 15 nm and from 20 to 40 nm were
observed, respectively (Fig. 1C and D).
Although the thickness of the masking metal layer was

the same, the size of formed nano-particles depends on the
used metal. The origin for this observation is attributed
to differences in adhesion of Au and Ni metal layer to the
diamond surface and/or to different chemistry taking part
during the hydrogen plasma treatment [17]. Nevertheless, it
should be noticed that both the metals resulted in formation
of quasi-homogeneously distributed nano-particles over the
whole diamond surface (Fig. 1C and D).
Applying of the low power RF plasma (100 W) treat-

ment results in a formation of different morphologies. The
tilted-view (45◦) SEM images of as-deposited diamond films
(sample A) and of the etched samples (samples B–D) are
shown in Fig. 2. The use of diamond nano-powder mask
results in a formation of isolated cone-like structures ran-
domly spread on the remaining diamond grains (Fig. 2B).
The Z-height of these structures is 5–100 nm and the diameter

Figure 2Tilted view (45◦) of as-deposited diamond (A, sample
A) and diamond structured realized after RIE, used as the masking
material; diamond (B, sample B); gold (C, sample C); and nickel
(D, sample D).

varies from few nm up to 80 nm. The structures formed using
the gold mask (Fig. 2C) exhibit a cone-like shape. These
“ultra” nano-cones are smaller, more densely packed, and
homogenously distributed over the diamond surface in rela-
tion to structures observed in sample B. Their Z-height varies
from 20 up to 80 nm and diameter ranged from 10 to 40 nm. It
can be noticed that formed (nano)structures follow the mor-
phology of primary diamond surface. The primary shapes
of grains can be observed. The structures realized using the
Ni mask are shown in Fig. 2D. These structures consist of
diamond nano-rods with Z-height from 120 to 200 nm and
diameter from 20 to 40 nm packed in the array.
The observed differences in the realized diamond nano-

structures can be explained through the geometry and/or
material of the used mask. We propose that during the early
beginning of the etching process, the gold nano-particles are
able to withstand the ion bombardment and acts as the mask-
ing material. This is the main difference between using the
gold and diamond nano-particles. Diamond nano-particles
seem to be less resistant to the plasma etching process.
Therefore, the surface exhibits lower density of cone-like
structures. Nickel nano-particles were quite large in size and
they were able to withstand the whole etching time period.
Thus, after the etching procedure perpendicular nano-rods
were observed with the aspect ratio 1:10 and higher. Forma-
tion of diamond nano-rods was achieved also by Zou et al.
[18], who used Au particles. The diameter of Au particles was
150 nm. Moreover, their etching process was performed at
relatively high temperature of 850◦C. In our case, the etched
substrate was kept at low temperature (≤100◦C).
Comparing the thickness of the control diamond film

(sample A) with the etched samples we found that (i) the
thickness was almost the same for the sample D (Ni particles
as mask), (ii) the thickness decreased by 25% for the sample C
(Au particles as mask) and, finally, (iii) the thickness dropped
down by 35% for the sample B (diamond particles as mask).
Next, in common etching procedures the lithographic

steps are mostly used. The fabrication process presented
here omits any lithographic procedure. Thus, this strategy
is simple, cheap, and requires less technological steps.
These different surface morphologies were used as

artificial substrates for growth of human osteoblast-like
cells. The morphology of osteoblast adhesion on selected 3D
nano-structured surfaces was investigated by epi-fluorescent
microscope. Two representative gray-scale images of focal
adhesion (vinculin staining) of osteoblasts formed on the
sample B (nano-cones – diamond mask) and sample D
(nano-rods – Ni mask) after 48 h of cultivation are shown in
Fig. 3A and B.
Osteoblasts cultivated on both substrates reveal well-

spread fibroblast-like morphology; however, the size and
shape of highlighted focal adhesions differ. Osteoblasts cul-
tivated on relatively short and broad nano-cones (height
5–100 nm, diameter up to 80 nm) form well-pronounced
large focal adhesions, on the other hand cells cultivated on
relatively high and thin nano-rods (height 120–200 nm, diam-
eter 20–40 nm) form very thin and fine focal adhesions.
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Figure 3(online color at: www.pss-a.com) Gray-scale images of
fluorescently stained focal adhesions (vinculin) of osteoblasts cul-
tivated on nano-cones (A, sample B); and nano-rods (B, sample D);
and the proposed model of cell adhesion (C, cells on sample B; and
D, cells on sample D).

From these observations we propose the following
model: diamond nano-rods formed using the Ni mask
provides smaller surfaces for cell/substrate contact (see a
schematic view in Fig. 3D). Thus, the cells adhesion may
be not strong enough because cells cannot produce big
enough focal adhesions. In this case, solitary cells have
more chance to move and search the entire space, whereas
cells in confluent layer could be easily peeled off [19]. On
the other hand, cells attached onto nano-cone structures,
produced after application of the diamond particles as a
mask, form large focal adhesions with intensive vinculin
staining indicating bigger surface available for adhesion and
thus stronger adhesion contacts between cell and material
(Fig. 3C). Vinculin generally serves as a stabilizing protein
in the focal adhesion; therefore, the amount of vinculin
observed here might be an indication of the motility of a cell
on a given substrate. It was already described that increasing
the expression of vinculin promotes the cell adhesion and
reduces the cell motility [20]. Results obtained in our exper-
iments are in full agreement with these published data. From
Fig. 3 it is also apparent that overall cell morphology is flat-
tened, cells are well spread on the substrate and used timing
(48 h of incubation) allowed the cell to go through one cell
cycle, which is also a very sensitive indicator of the substrate
suitability.

4 ConclusionsThe polycrystalline diamond thin films
were deposited and the impact of masking material on fab-
rication of nano-sized structures by the RIE was studied.
Diamond nano-particles, gold, and nickel were successfully
used to fabricate three different nano-structured mor-
phologies. Randomly distributed cone-like structures were
obtained when diamond powder was the masking material,
densely packed cone-like nano-structures were produced by
using the Au mask, and high density arrays of diamond
nano-rods were achieved by using the Ni mask. The present
procedure is adopting a strategy where no lithographic steps
are implemented, thus it requires less technological steps.

Osteoblasts were cultivated on these different surfaces.
It was observed that adhesion of osteoblasts was guided by
the formed nano-structures as visualized by fluorescence
microscopy. We proposed that cells cultivated on diamond
nano-rods (Ni mask) weakly adhered to them while higher
adhesion was proposed for cone-like nano-structures (dia-
mond particles as mask).
The present results of diamond structuring indicated that

the diamond surface could be modified in a controlled way
with respect to biological requirements. Obtained specific
behavior of cells on the nano-structured surfaces once more
confirms importance of surface morphology for cells attach-
ment and growth.
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The need of new biocompatible materials with superior

properties and flexibility in their surface termination and

functionalization for medical applications is constantly increas-

ing. Due to the combination of intrinsic properties, chemically

deposited diamond thin films are proposed as one of the

most promising material in this field. They are chemically/

mechanically/physically stable and their surface can be modified

by a variety of chemical or plasmatic techniques. In the present

work, different diamond nano-structures, i.e. nano-rods, ultra

nano-cones and nano-cones, were prepared by plasma etching

process by applying various masking materials (Ni, Au and

diamond powder). The impact of these diamond nano-

structures on the growth of human osteoblasts was investigated

by fluorescence microscopy. We observed that adhesion of

osteoblasts varied, depending upon the diamond nano-structure

as visualized, 1 or 48 h after seeding. Many but very fine focal

adhesions are formed on nano-rods; however, few but large

ones are formed on ultra nano-cones and nano-cones. The cell

adhesion was controlled by the nano-structuring, thereupon

their usage in bio-medical applications is considered.

2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 IntroductionDiamond was already described as a
useful material for application in medicine [1, 2], due to its
excellent mechanical, tribological and biochemical proper-
ties. Moreover, it exhibits high resistance to a bacterial
colonization [3], high wear resistance and low coefficient of
friction [4], which are also the important material properties
for implant medicine. Next benefit of diamond surface is a
high range of its modifications – various terminations [5],
local charge distributions [6] and last but not least,
morphological modifications, which were achieved by dry
etching process (i.e. reactive ion etching) [7].
Cell contact, attachment and subsequent adhesion of

anchorage-dependent cells as osteoblasts, represent the first
phases of cell-material interactions. Firstly formed focal
complexes are transient structures that either disappear or
develop into fully grown, mature focal adhesions. The
focal adhesion is comprised of extracellular matrix proteins
(e.g. fibronectin, laminin), transmembrane proteins
(integrins) and intracellular proteins (e.g. actin, vinculin).
It is a structural unit that additionally directs the flow
of information from the outside of the cell to the inside.
The cell processes relayed information and reacts according

to cues that receive from its constantly changing
environment [8].
Vinculin is a linker protein which is specifically

associated with focal adhesions as well as with adherent
type of cell–cell junctions, and is present in a wide variety of
cell types [9]. It is responsible for actin attachment to the
plasma membrane, since it can interact with many of the
linker proteins involved in such a binding interaction. It can
also bind to other proteins as talin,a-actinin and paxillin.
Focal adhesion kinase (FAK) is an intracellular signalling
molecule involved in the integrin mediated signal trans-
duction and the osteogenic differentiation pathway [10]. It
can be phosphorylated on several sides; however, autophos-
phorylation at Tyr397 was found to be increased under
conditions in which FAK is clustered via integrins and thus
activated [11].
In the present work, we focused on osteoblast adhesion

onto nano-structured diamond coatings prepared by the dry
plasma etching process using different masking materials
(nickel, gold and diamond powder (DP)). The formed
diamond nano-structures are presented as nano-rods, ultra
nano-cones and nano-cones.
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2 Experimental partPolycrystalline diamond (PCD)
films were grown by the microwave plasma enhanced
chemical vapour deposition (CVD) system (AIXTRON P6)
from a methane/hydrogen gas mixture. As substrates,
550mm thick (100) oriented silicon wafers were used. The
CVD parameters were as follows: microwave power 2.5 kW,
1% methane in hydrogen, total gas pressure 40 mbar and the
substrate temperature around 8008C. The final film thickness
was approximately 1000 nm, as measured from the cross-
sectional view by scanning electron microscopy (SEM)
(e_LiNE system, Raith).
After the growth process, the diamond films were coated

either with 3 nm thin metal layer (Au or Ni) using an
evaporation process, or by diamond nano-particles, using an
ultrasonic treatment. The samples coated with Au or Ni layer
were additionally treated for 5 min in hydrogen plasma (total
gas pressure 30 mbar, microwave power 1300 W, substrate
temperature about 6008C). After this plasma treatment,
nano-sized particles of Au or Ni were formed from the
evaporated layers. The diamond films coated with nano-
sized diamond particles were used without any additional
treatment.
The etching and realization of diamond nano-structures

was provided by capacitively coupled RF-plasma in a gas
mixture of CF4/O2at low power of 100 W (Phantom LT RIE
System, Trion Technology). The gas flow was 2 sccm for
CF4and 50 sccm for O2at the total pressure of 150 mTorr.
The duration of the etching process was 300 s.
After dry plasma etching, possibly remaining Ni or Au

masks were removed by the wet etching process. Finally, the
diamond surfaces were treated in oxygen plasma to enhance
the cell adhesion.
Human osteoblasts (SAOS-2) (DSMZ, Germany) were

grown in McCoy’s 5A medium without phenol red
(BioConcept), supplemented with 15% heat-inactivated
fetal bovine serum (PAA), 20 U penicillin and 20mg/ml
streptomycin in a humidified 5% CO2atmosphere at 378C.
For the experiments, 25 000 SAOS-2/cm2in 100ml of the
fully supplemented medium, were plated onto the top of the
diamond sample by droplet technique and incubated for 1
and 48 h (after 1 h of incubation in 100ml of medium,
additional medium (1.4 ml) was added and the cells were
incubated for 48 h).
Morphology of the focal adhesions of SAOS-2 cells was

characterized by immunofluorescent staining of vinculin

(1:150, Sigma, anti-mouse Alexa 568), pY397 FAK (1:100,
BioSource, anti-rabbit Alexa 488) and nuclei (DAPI, 1:1000,
Sigma). The epi-fluorescent Nikon E-400 microscope was
used and data were recorded by DS-5M-U1 Color Digital
Camera (Nikon).

3 Results and discussionThe tilted-view (458)
SEM images of the etched diamond samples are presented
in Fig. 1. The structure realized using the Ni mask is shown in
Fig. 1(A). The structures are presented as an array of nano-
rods with Z-height from 120 to 200 nm. The diameter of
these nano-rods varied from 20 to 40 nm. The structures
formed using the gold mask (Fig. 1(B)) are identified as the
ultra nano-cones. The Z-height of these structures varies
from 20 to 80 nm and the diameter is in the range of
10–40 nm. These structures are densely packed and homo-
genously distributed over the diamond surface. The covering
of diamond film with DP results in a formation of isolated
nano-cones randomly spread on the remaining diamond
grains (Fig. 1(C)). The Z-height of these structures varies
from 5 to 100 nm and the diameter varies from few
nanometers to 80 nm. It can be noticed that formed (nano)
structures follow the morphology of primary diamond
surfaces and the shape of the primary grains can be observed.
The observed differences in the formation of diamond

nanostructures can be explained by the used masking
material and its geometry. Ni nanoparticles formed after
hydrogen plasma treatment, achieved the largest diameter of
approximately 25 nm. We assume that such large nano-
particles withstood the whole dry etching time period. Thus,
after the etching procedure, perpendicular nano-rods were
observed with average aspect ratio up to 1:10. The treatment
of gold layer resulted in the formation of smaller nano-
particles with a diameter of 5–10 nm. These nanoparticles
were quite small and we assume that they were able to
withstand the ion bombardment only at the very beginning of
the process. Diamond nanoparticles (ultrasonically depos-
ited from the liquid suspensions) were used as the random
pattern which delayed the etching process at local areas.
Therefore, the surface morphology looked less covered with
clearly pre-defined structures. A detailed study on the
formation of diamond nanostructures by the plasma etching
process, can be found in our previous work [12].
These three different surface morphologies were used as

the artificial substrates for an adhesion and a growth of

Phys. Status Solidi B246, No. 11–12 (2009) 2775
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Figure 1Tilted view (458)ofsurface
morphology of nano-structured
diamond: nano-rods (masking material
nickel) (A), ultra nano-cones (masking
material gold) (B), and nano-cones
(masking material DP) (C) realized after
reactive ion etching.
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human osteoblasts. Figure 2 presents gray-scale images of
fluorescently stained vinculin (structural protein of focal
adhesion) after 1 h (Figs. 2 (A–C)) and 48 h (Figs. 2 (D–F)) of
incubation and of activated (phosphorylated) FAK after 48 h
of incubation (Figs. 2 (G–I)). The osteoblasts observed after
1 h of adhesion onto relatively high nano-rods (120–200 nm)
(Fig. 2(A)) form very thin and fine focal complexes on the
periphery of the spherical-shaped cell. This character of tiny
adhesions outlasts for the next 48 h of incubation (Fig. 2(D)),
only the cell shape changed to fibroblast-like form of well
spread cell. In the Fig. 2(G), activated FAK is visualized after
48 h of incubation, and the positive spots are at the same
positions as the spots of vinculin in the picture above
(Fig. 2(D)). However, the intensity of activated FAK is
relatively low, showing not too strong activation in cells on
such long and thin nano-rods. On the other hand, those
osteoblasts adhered on ultra nano-cones as well as on nano-
cones (Fig. 2(B) and 2(C), respectively), and after 1 h of
incubation, form relatively large focal complexes marginally
oriented around the spherical cell body. After additional
incubation for 48 h, cells spread well and pronounced large
adhesions (patches of positive vinculin staining) are clearly
visible. In case of the cells on ultra nano-cones, focal

adhesions are localized all over the entire cell base
(Fig. 2(E)), whereas focal adhesions formed in those cells
adhered on nano-cones are localized mainly on the edge of
the cell (Fig. 2(F)). As shown in Figs. 2(H) and (I), FAK is
more activated in these cells adhered onto ultra nano-cones
and nano-cones, than in the cells attached onto nano-rods.
The character of the adhesion is given by the morphology of
the substrate underneath. For this reason, we propose a model
where the possible explanation of different adhesion patterns
is introduced (Fig. 3). The morphology of a particular
substrate varies in two main directions. The height of the
structure is one important factor and the area provided by the
structure, for cellular adhesion, is the next important factor.
Obviously, the distance between single structures (rods or
pillars) also play an important role [13]; however, we do not
focus on this phenomenon. In the case of nano-rod arrays
(Fig. 3(A)), which provide only small contact areas and at
perpendicular Z-axis height, the osteoblasts interact with
them only poorly, forming tiny focal adhesions, which do not
induce enough strong activation of FAK, and a subsequent
signalling pathway. It is known that FAK phosphorylation at
Tyr397 is linked to cell migration, survival and proliferation
[14] and that a simple change in this phosphorylation can be

2776 M. Kalbacova et al.: Study on cellular adhesion of human osteoblasts on nano-structured diamond films
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Figure 2Fluorescence images of focal
adhesions formed by osteoblasts cul-
tured for 1 h (A–C) and 48 h (D–I), on
nanostructured diamond: nano-rods
(A, D, G), ultra nano-cones (B, E, H),
and nano-cones (C, F, I). Vinculin
(a structural protein of focal adhesion)
is visualized at images A–F, activated
pY397FAK (a signalling protein of focal
adhesion) is visualized at images G–I.

Figure 3(online colour at: www.
pss-b.com) Schematic picture of osteo-
blastic adhesion on nano-structured dia-
mond: nano-rods (masking material
nickel) (A), ultra nano-cones (masking
material gold) (B), and nano-cones
(masking material DP) (C).
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expected to have profound changes in the responses of cells
to their surrounding. On the other hand, the osteoblasts
adhered on ultra nano-cones and nano-cones, showing large
focal adhesions and relatively strong activation of FAK, are
thus more predestined for successful colonization of the
entire environment. Schematic models of osteoblasts in
contact with ultra nano-cones (Fig. 3(B)) and nano-cones
(Fig. 3(C)), show that the structures are of pyramidal-shape,
providing larger areas for contacts with cells as well as they
are significantly lower than the nano-rods in the previous
picture. Moreover, in case of nano-cones, ‘flat’ areas among
single nano-cones or islands of the nano-cones (Fig. 3(C))
can provide convenient surface for optimal cell adhesion and
thus the cells form large focal adhesions with activated FAK.
Formation of large, rather than numerous adhesions is
important in osteo-specific differentiation. Larger adhesions
are associated with increased indirect [15] as well as direct
(increased tension passed to the nucleoskeletal lamins via an
integrated cytoskeleton) [16] mechanotransductive signal-
ling. The balance between the focal adhesion formation and
related cell signalling, appear to be critical in hMSC
formation of bone [17].

4 ConclusionsThe different nano-structures on dia-
mond substrate were prepared by the dry etching process
using three types of the masking material. Usage of nickel led
to the formation of an array of long and thin nano-rods,
whereas usage of gold, led to the fabrication of short but
homogenously distributed ultra nano-cones. Diamond
coated with DP resulted in a dispersed distribution of nano-
cones at low density. The osteoblasts seeded onto these
substrates formed distinct focal adhesion patterns clearly
indicating suitable surface structures for the adhesion and
thus further cell development.
The presented results of individual distinct adhesion

patterns of osteoblasts cultured on nano-structured diamond
surfaces clearly confirm the importance of surface morphol-
ogy for the cell adhesion and thus for their development
(proliferation and differentiation). The controlled modula-
tion of the material surface morphology with subsequent
testing of cellular behaviour, can provide a useful tool for life
science applications (tissue engineering, implantology, cell-
based biosensors, etc.).
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We investigate adhesion of fetal bovine serum (FBS) on

diamond surfaces which have alternating H/O-terminated

surface patterns of 30mm width prepared by hydrogen and

oxygen plasma. The samples are immersed into 15% FBS in

McCoy’s 5A supporting medium and characterized byin situ

atomic force microscopy (AFM) during 6 days of adsorption.

Within the first day, 2–4 nm primary layer is formed on both

H-/O-terminated surfaces. After 6 days, we observe 17 5nm

FBS layer on O-terminated surface and 35 5 nm layer on

H-terminated surface. Adhesion of the primary and secondary

layer is weaker on H-terminated surface. We present a model of

FBS protein layers on H-/O-terminated diamond and we discuss

implications for a preferential cell growth on O-terminated

diamond. We also show that the preferential cell growth is not

affected by the long-term FBS pre-adsorption.

2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 IntroductionDue to its unique chemical and
biologic properties diamond is an attractive material for
interfacing biologic systems. Bulk diamond is chemically
inert, yet its surface can be covalently functionalized with
biomolecules [1] and with various chemical groups [2].
Diamond can be prepared synthetically by chemical vapor
deposition (CVD) on silicon, glass, metallic, and plastic
substrates, where it grows in nanocrystalline form [3].
Diamond is biocompatible, transparent, and mechanically
stable, thus it is promising for implants to reduce wear rate
and contamination as well as for bio-sensors and tissue
engineering [4]. For instance, hydrophilic oxygen-termi-
nated diamond surfaces (denoted as O-diamond) [2] were
found more favorable for osteoblastic cell adhesion and
viability compared to hydrophobic hydrogen-terminated
surfaces (denoted as H-diamond) [5]. Presence of fetal
bovine serum (FBS) in McCoy’s 5A supporting medium
leads to a decrease in the amount of cells grown on
H-diamond in the vicinity of O-diamond [6]. Absence of
O-terminated areas nearby or absence of FBS in solution
results in the cell adhesion on H-diamond but in a different,
less viable shape than on O-diamond. Cells grow well on

O-diamond with and without FBS preadsorption. The
process of cell adaptation to the surface and their
proliferation is relatively slow and usually takes several
days. Therefore, it is very important to ascertain properties of
FBS layers on diamond not only few minutes after adsorption
[7] but also after several days of adsorption.
In this contribution, we investigate adhesion of FBS, a

crucial component for cell growth, on CVD monocrystalline
diamond (MCD) which has microscopically patterned
regions of H- and O-termination. By advanced regimes of
atomic force microscopy (AFM) we characterize FBS layer
formation during 6 days of its adsorption. By usingin situ
AFM measurements in solution we keep the protein layers as
intact as possible and this allows us to observe FBS layer
formation on H- and O-diamond. We propose a model of
FBS adsorbed on H-/O-diamond. We also identify several
factors which may influence preferential cell growth on
O-diamond.

2 ExperimentalMonocrystalline IIa (100) diamond
substrates were purchased from Elementsix (UK).
Nanocrystalline diamond (NCD) films were grown on
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(100) oriented silicon substrates by microwave plasma
process. H/O surface termination patterns on diamond were
made by photolithography and plasma process according to
the protocol in Ref. [6, 7].
Proteins were adsorbed on MCD from 15% FBS

(Biowest) solution in McCoy’s 5A medium. McCoy’s 5A
with stable Glutamine without Phenolred (BioConcept) was
used. FBS solution is Mycoplex (PAA). The main com-
ponent of the serum is bovine serum albumin (BSA), a
globular protein with typical size of 4 4 14 nm3. Other
important proteins are fibronectin and vitronectin. FBS is
heat inactivated (568C, 25 min) to destroy the immunologic
components yet preserve the proteins.
Thirty microliters droplet of FBS solution was applied on

MCD for 10 min and 6 days at room temperature in a closed
Petri dish. Afterwards, the sample was placed in an AFM
liquid cell, additional 2 ml of 15% FBS in McCoy’s was
added to the liquid cell and AFM measurements were
performed at room temperature during day 1.
Atomic force microscopic measurements were per-

formed on NT-MDT NTEGRA AFM in the McCoy’s
solution using silicon cantilevers with force constants
between 0.02 and 40 N/m (NSG01, CSG01, BSTap75Al).
Surface topography was studied in tapping mode using the
set-point at 50% of free oscillation amplitude. The free
amplitude was 20–60 nm in liquid and 100–1000 nm in air.
Second order flattening was applied for 135 135mm2

scans.
To measure FBS layer height, the FBS was removed

from 2 to 5mm2area using contact mode AFM with applied
forceF 200 nN, so-called contact mode nanoshaving. This
procedure was adopted from previous studies of covalently
bound DNA [8] and physically adsorbed proteins on
diamond [7]. MCD is the ideal material for these studies as
it is flat and exhibits negligible wear under such conditions.
Layer height was obtained from average profile across the
nanoshaved region. We remove proteins from several
regions on each sample and determine the error bar using
RMS value of the surface roughness and statistical errors.
To resolve lateral adhesion of weakly bound proteins we

applied several consecutive tapping mode scans at large
cantilever amplitude (1mm) and afterwards one tapping
mode scan across somewhat larger area at smaller amplitude
(20–100 nm) to observe the result. We denote this
procedure as tapping mode nanoshaving. Tapping mode
nanoshaving is similar to the contact mode nanoshaving [7,

8] except for AFM operating in oscillating regime. Hence the
exerted forces are much lower.
To test the FBS function, SAOS-2 cells (a human

osteoblast-like cell line) obtained from DSMZ (DSMZ
GmbH, Germany), were cultured for 48 h on diamond with
5 days pre-adsorbed and no pre-adsorbed FBS layer at 378C
in 5% CO2in McCoy’s 5A medium (BioConcept) supple-
mented with heat inactivated 15% FBS, penicillin (20 U/ml),
and streptomycin (20mg/ml). Adhesion of cells was
characterized by immunofluorescent staining of actin stress
fibers and nuclei (phalloidin-Alexa 488-stained actein
cytoskeleton – green and DAPI-stained nuclei – blue). The
staining was performed according to the protocol in Ref. [9]
and was visualized using the E-400 epifluorescence
microscope (Nikon). Digital images were acquired with a
DS-5M-U1 Color Digital Camera (Nikon).

3 ResultsFigure 1a shows the result ofin situAFM
measurements on FBS layer on MCD with H-/O-terminated
stripes. In this case the pre-adsorption time was 10 min. The
height of FBS layer is 4 2 nm on O-diamond and
1.5 2 nm on H-diamond. The layer is compact and
continuous. Figure 1b shows that no increase of FBS layer
height and no change in morphology were observed after
1 day of continuous scanning in FBS solution. Similar results
were observed without continuous scanning.
Figure 2 shows a result of 6 days FBS adsorption.

Thickness of the FBS layer on O-diamond increased to
17 5 nm, on H-diamond to 35 5 nm. A lateral gap of

Phys. Status Solidi B246, No. 11–12 (2009) 2833
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Figure 1(online color at: www.pss-b.com) AFM images of FBS
layer on patterned diamond sample (a) after 10 min of FBS adsorp-
tion, measured in 15% FBS in McCoy’s 5A medium and (b) after 18 h
of continuous scan in tapping mode. Inset: left picture with
Zscale¼10 nm.

Figure 2(online color at: www.pss-b.com)
(a) FBS layer on patterned diamond sample
after 6 days of FBS adsorption, measured in
15% FBS in McCoy’s 5A medium. (b) FBS
layer peeled from H-diamond. (c) Correspond-
ing typical line profile across the stripes.
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2–3mm forms between FBS layers on H- and O-diamond.
One can also see that the thick layer tends to peel from the
H-diamond surface and subsequently to fall down or flip to
another part of the surface. A thin layer of 2 2 nm thickness
remains on H-diamond surface after the peeling.
Figure 3 plots the thickness of FBS layers adsorbed on

H- and O-diamond as a function of adsorption time.
Thickness of adsorbed FBS increases on both H- and
O-diamond. On O-diamond, the increase is slower and the
thickness becomes smaller. This is opposite to the early stage.
Figure 4 illustrates how tapping mode nanoshaving

removes adsorbed FBS from diamond surfaces. In this case,
FBS was adsorbed on MCD sample for 10 min, rinsed by
water, and blown dry by air. AFM image using the cantilever
oscillation amplitude of 100 nm shows that two consecu-
tive tapping mode scans in air using a stiff cantilever
(k 5 N/m) with 1mm amplitude did not remove FBS
layer from O-diamond, only partially ‘‘cleaned’’ its surface
(<1 nm removed). On the other hand, FBS was almost
completely removed from H-diamond. This indicates that
the FBS layer is less adhesive and less rigid on H-diamond.
This result was confirmed also in solution. Contact mode
nanoshaving performed with soft cantilever (k 0.03 N/m)

in solution also showed that the threshold for FBS removing is
different, 5 and 10 nN for H- and O-diamond, respectively [7].
Figure 5 shows that the cells grow preferentially on

O-diamond irrespective of FBS pre-adsorption time (0 and
5 days). Two hours pre-adsorption shows similar result
(data not shown).

4 DiscussionBased on the results we propose the
following model how the FBS adsorbs on diamond surfaces.
It is schematically shown in Fig. 6. AFM measurements
in solution showed that FBS adsorbed on both H- and
O-diamond. The adsorption has two stages. At first, 2–4 nm
thin layer (denoted as primary FBS ‘‘A’’ layer) is formed
within 10 min. In detail it was studied earlier [7] and it was
shown that it is actually formed already within 10 s. On each
type of surface the FBS layer has different thickness. This is
mostly due to a different conformation of proteins on
hydrophilic and hydrophobic surface regions [7].
The FBS thickness also depends on the duration of

adsorption. The thickness remains constant within the first
day. This is in agreement with similar measurements in air
[7]. However, on a time scale of days formation a thick layer
(denoted as FBS ‘‘B’’ layer) proceeds. This means that
formation of the thick FBS layer is a slow process. Maybe
some rearrangement or exchange between different proteins
from FBS mixture takes place [10]. It was observed earlier
that proteins can rearrange on a surface during such long
periods of time [11]. Small islands noticeable on H-diamond
surface in Fig. 1 may be an intermediate stage before

2834 E. Ukraintsev et al.: Long-term adsorption of fetal bovine serum on H/O-terminated diamond
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Figure 3(online color at: www.pss-b.com) Thickness of FBS
layers adsorbed on H- and O-diamond with different time of FBS
adsorption. Triangle denotes thickness of remaining FBS layer on
H-diamond after peeling.

Figure 4(online color at: www.pss-b.com) AFM image using the
cantilever oscillation amplitude of 100 nm after tapping mode
nanoshaving of FBS layer with the amplitude of 1mm in the central
region.

Figure 5(online color at: www.pss-b.com) Fluorescence image of
the cells grown in 15% FBS McCoy’s 5A medium on 200mm wide
H-/O-diamond patterns (a) with 5 days FBS pre-adsorption and
(b) without pre-adsorption.

Figure 6(online color at: www.pss-b.com) Schematic model of
FBS multilayer on diamond.
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formation of the ‘‘B’’ layer. However, we cannot exclude
that the islands are due to inhomogeneous hydrogenation or
additional oxidation of diamond surface.
There is also a gap between FBS layers on H- and O-

diamond. It is probably due to intermolecular interaction
between protein molecules. For example, interaction
between lysozyme may lead to the bending of AFM
cantilever [12] and even to formation of fibrils [13]. FBS
layer cannot bend diamond substrate, so the internal stress
may lead to formation of the depletion region on the border.
To elucidate true nature of this thick FBS layer needs further
research though.
We have found that FBS ‘‘B’’ layer can peel easily from

H-diamond while thin 2 2 nm layer (most likely the
original primary ‘‘A’’ layer) remains on the surface. Hence
the adhesion forces of this primary layer to H-diamond are
much stronger than to the rest of the FBS layer. The reason
may be different conformation of the proteins in the primary
layer on hydrophobic surface. We did not observe that FBS
layer peels from O-diamond. Some part of this layer could be
removed using water stream though (data not shown).
Obviously, the FBS on O-diamond is more compact and
adheres stronger to this type of diamond surface than FBS on
H-diamond.
Protein conformation [6, 7, 14] and adhesion forces [15,

16] are relevant factors for cell adhesion, mobility, and
growth. The different adhesion of FBS presented here may
be thus one of the factors (in addition to the protein
conformation [6, 7]) behind the preferential growth of cells
on O-diamond. Proteins work as an interface layer between
the cells and the substrate. The cells first attach to FBS and
only after that they create their own proteins (extracellular
matrix proteins – ECM) which help them to hold on a surface.
Hence weaker FBS adhesion may result in a weaker cell
adhesion to the surface which inhibits the cell growth. In
addition, weaker FBS adhesion to H-diamond may lead to an
easier cells movement from H-diamond to more favorable
O-diamond and thereby improve the selectivity of the cell
growth. For example, human fibroblasts can migrate up to
200mm when attached to FN-coated SAMs [15]. In a fast-
moving cell, such as a fish epidermal cell, movement begins
with extension of one or more lamellipodia from the leading
edge of the cell. Some lamellipodia adhere to the substrate
via focal adhesions. Then the bulk of the cytoplasm in the cell
body flows forward. The trailing edge of the cell remains
attached to the substrate until the tail eventually detaches and
retracts into the cell body [16].

5 ConclusionsWe have shown that FBS adsorption to
diamond proceeds in two stages. Formation of thin FBS layer
on both H- (2 2 nm) and O-diamond (4 2 nm) was
observed within short period of time (<18 h). AFM
nanoshaving showed that this primary FBS layer is less
adhesive to H-diamond than to O-diamond. After long
time adsorption (6 days), formation of a thick FBS layer
was observed. This layer is thicker on H-diamond

(35 5 nm) than on O-diamond (17 5 nm). This secondary
FBS layer tends to peel from the H-diamond due to lower
adhesion to the primary FBS layer. The FBS layer is more
compact and adherent on O-diamond. Irrespective of the
FBS pre-adsorption time (up to 5 days) we observed
preferential cell growth on O-diamond. Weaker FBS adhesion
on H-diamond compared to O-diamond may promote this
selectivity. These findings may be useful for better under-
standing and employing diamond-based bio-interfaces.
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We investigate the role of fetal bovine serum (FBS) proteins in the assembly of osteoblastic cells (SAOS-2) in

McCoy's 5A medium on synthetic monocrystalline and nanocrystalline diamonds having H- and O-

terminated array patterns. We characterize i) adhesion of proteins and cells to diamond by shaking

experiments (1000 rpm),fluorescence, and atomic force microscopy, ii) distribution of FBS proteins by

micro-Raman spectroscopy, and iii) influence of pre-adsorbed specific FBS proteins (albumin,fibronectin,

vitronectin) on the cell assembly. There is 40% lower adhesion of cells on H-terminated diamond with

adsorbed FBS compared to this surface without FBS as well as to O-terminated surfaces. Spatially resolved

Raman spectroscopy of C―H stretching bands around 2900 cm−1showed uniform coverage of H/O-diamond

by the albumin in more than 50 nm thick FBS layers. The other FBS proteins were not detectable by Raman.

Pre-adsorption of the specific proteins prior to cell plating indicated that the cell preference to O-terminated

diamond is controlled by thefibronectin rather than by the albumin. We discuss the data with a view to the

cell preferential assembly on H/O-diamond micro-arrays.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Diamond is recognized as an attractive material for merging solid-

state and biological systems[1–4]. Characterization of the interaction

between cells and solid-state surfaces is essential for cell-based

biosensors, tissue engineering, and optimization of implant materials.

Cells recognize their environment and consequently start to modify it.

This is a complex process strongly dependent on the cell culture

conditions including the underlying substrate and mediating proteins.

The research on the cell–diamond interfaces is mostly employing

homogeneous surface terminations[5,6]. For instance, hydrophobic

H-terminated surfaces were found less favorable for osteoblastic cell

adhesion, spreading and viability than hydrophilic O-terminated

surfaces[5]. Recently, it was shown that microscopic (30–200 μm)

patterns of H- and O-terminated surface can lead to a selective

adhesion and arrangement of osteoblasts.[4,7]. This effect is quite

general and works also for other cell types[4]. When osteoblasts were

plated on the diamond surface in McCoy's 5A medium (a typical

medium for cell cultivation) without fetal bovine serum (FBS, a

commonly employed serum with growth factors, hormones, and

cytokines to support cell growth), cell attachment on H/O-patterned

diamond surfaces was not selective[4]. This excluded a direct effect of

diamond C―H and C―O surface dipoles on the cell selectivity. It was

proposed that the selectivity is due to the FBS proteins, which are

adsorbed in about the same monolayer thickness (2–4 nm) on both H-

and O-diamond surfaces, but in different conformations as deduced

from atomic force microscopy (AFM)[4,8]. Yet a role of many details

still remained to be elucidated: possible differences in adhesion of

proteins and cells to H/O-diamond, influence of passive and active cell

movements, possible differences in local FBS layer composition H/O-

diamond, influence of specific proteins from FBS on the selective

growth, etc.

In this contribution we thus investigate these aspects and their

influences on the assembly of osteoblastic cells into arrays on diamond

surfaces. We characterize adhesion of FBS and cells to diamond by AFM

and shaking experiments, composition and spatial distribution of FBS

layers by micro-Raman spectroscopy, and influence of pre-adsorbed

specific proteins contained in FBS.
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2. Materials and methods

Synthetic IIa (100) monocrystalline bulk diamonds (MCD) and

nanocrystalline diamond (NCD)films on silicon were used as

substrates. Both types of substrates were intrinsic, i.e. nominally

undoped. MCD substrates were optically polished down to RMS

roughness below 1 nm. NCDfilms were grown on (100) oriented

silicon substrates (13 mm in diameter, 500 μm thickness, RMS

roughness ofb0.6 nm) by microwave plasma process using total gas

pressure 50 mbar, substrate temperature 800 °C, 1% CH4in H2, and

total power 2.5 kW. This process results in a growth of continuous,

smooth and high quality nanocrystalline diamondfilm[9,10]. X-ray

photocurrent spectroscopy (XPS) detected 95% pure diamond[11].

The diamondfilm thickness is 300–400 nm with average crystal size of

50 nm. RMS roughness at 1 × 1 μm2area is 15–20 nm as measured by

AFM using standard silicon tips of nominal radiusb10 nm. The silicon

substrates are coated with NCDfilm on both sides, silicon is thus

encapsulated in the diamond.

Both types of substrates were initially cleaned by boiling in acid

(97.5% H2SO4+ 99% powder KNO3) at 200 °C for 30 min. Diamond

surfaces were then H-terminated in hydrogen microwave plasma

(800 °C, 30 mbar, 1100 W, 8 min). They were cooled down in hydrogen

atmosphere. Surfaces were oxidized by r.f. oxygen plasma process

(300 W, 3 min). We prepared also H- and O-terminated micro-patterns

using photo-lithographic masks and the oxygen plasma.

To characterize adhesion of FBS to diamond, FBS was adsorbed on

MCD from 15% FBS solution (PAA) in McCoy's 5A medium with stable

Glutamine without Phenol red (BioConcept). 30 μl droplet of this

solution was applied on diamond surface for 10 min at room

temperature. Then the whole sample was immersed in thefluid cell

containing the McCoy's medium and characterized by AFM. No

washing step was applied in between.

AFM measurements were performed in the McCoy's medium using

silicon cantilevers with spring constant of about 0.03 N/m. Surface

topography was studied in oscillating AFM regime with the set-point

ratio at about 50% of a free oscillation amplitude. The free amplitude

was about 60 nm as determined from force–distance curves. The

parameters were optimized not to influence the soft FBS layer. Step-

like force increase (step = 2.5 nN) during contact mode AFM was

applied tofind the threshold for FBS removal[3,12,13].

To further characterize adhesion of proteins as well as cells to

diamond we also applied shaking of the samples in the McCoy's

medium at 1000 rpm for 5 min. We compare FBS layer morphology

and amount of adhered cells on the samples with and without

applying the shaking step. The osteoblasts (SAOS-2) at the density of

10000 cells/cm2were incubated on these samples for 2 h (37 °C, 5%

CO2) in the McCoy's 5A medium in presence or absence of 15% FBS.

The cells were visualized and counted using an immunofluorescent

staining of actin stressfibers and nuclei according to the protocol in

[14]and imaging byfluorescence microscope (Nikon E-400) with

objective E Plan 4×/NA 0.10 andfilters B-2A Ex.450–490/DN505/

Em.520LP and blue Ex. 325–375/DM400/Em.435–485.

Micro-Raman spectroscopy (Renishaw inVia) using 785 nm

excitation wavelength and 100× objective (NA 0.9) with focal size

about 1 μm was employed under ambient conditions to characterize

homogeneity and composition of protein layers adsorbed on

diamond. Actual laser power density was 10 mW/μm2. Accumulation

time of each spectrum was 100 s.

Influence of specific proteins contained in FBS on the cell adsorption

and preference to O-terminated diamond was characterized by pre-

adsorption offibronectin (Fn, 40 μg/ml), vitronectin (Vn, 2 μg/ml), and

bovine serum albumin (BSA, 30 mg/ml) in the McCoy's medium

without FBS on NCD samples with H/O-terminated stripes of 200 μm

width. The detailed procedure was the following: substrates were

sterilized in 70% EtOH, rinsed by phosphate buffered saline (PBS),

proteins were pre-adsorbed for 2 h, washed 3 times by McCoy's

medium, then SAOS-2 cells were plated for 2 h in 1 ml of McCoy's

without FBS and further cultivated for 48h (37 °C, 5% CO2) after adding

FBS (final concentration in McCoy's medium was 15%). Then the cells

were visualized using thefluorescent staining as described above.

3. Results and discussion

Fig. 1shows the result of the AFM nanoshaving of FBS layers

adsorbed on O-terminated and H-terminated monocrystalline diamond.

The arrow denotes the direction of AFM nanoshaving, small black

squares denote 2.5 nN steps in the AFM tip loading force, starting from

2.5 nN. The threshold is determined at 10 nN for O-diamond and 5 nN

for H-diamond. The experiments were performed with the same tip and

same AFM setting. H-diamond was probed after O-diamond. The

threshold was lower on H-diamond although wear of the tip may

actually lead to the threshold increase[3]. Similar measurements were

performed also in air with the same outcome.

The removal threshold forces correspond to a non-covalent bond of

FBS to the diamond[3,13]. The difference by a factor of two can be

mostly attributed to a higher stiffness of the FBS layers on O-diamond

[8]. Nevertheless, aggregation of the layer after penetration and

shaving by AFM tip hints also on slightly higher adhesion of FBS layer

on O-diamond.

Fig. 2shows the amount of adhered cells on H- and O-terminated

diamond with and without pre-adsorbed FBS and with and without

applying the shaking procedure. The amount of adhered cells on H- and

O-diamond with and without FBS pre-adsorption is about the same

without the shaking. When shaking was applied, the amount of cells is

overall reduced but not affected by FBS pre-adsorption on O-diamond.

However, number of cells is significantly decreased by shaking on

H-diamond with pre-adsorbed FBS. Hence presence of FBS leads to

much lower adhesion of cells to H-diamond compared to O-diamond.

We find about 40% lower adhesion of cells on H-terminated diamond

with adsorbed FBS.

Based on AFM nanoshaving and shaking data a question arises

whether shaking removes both cells and proteins or only cells from

the protein layer. First of all, it was already found that rinsing of

adsorbed FBS layers by McCoy's solution or water does not remove the

layers[8]. Hence it plausible to assume that also shaking in McCoy's

solution is not affecting the protein layers. We have confirmed this

view also by AFM measurements on shaken FBS protein layers. They

were not changing after shaking and showed same characteristic

features as already reported[4,8]. Thus only the cells are shaken off

the surface and the difference in cell adhesion on H- and O-terminated

diamond is most likely caused by the different (denatured) confor-

mation of FBS proteins on H-diamond[4,8]. Furthermore, the different

adhesion properties are most likely also the reason for cell preference

(about 2:1) to O-diamond already in the early stage (2 h) of cell–

diamond interaction in spite of uniform cell plating[4].

Another factor that may influence the preferential growth of

cells is different FBS layer composition on H- and O-diamond. We

employed micro-Raman spectroscopy to characterize the composi-

tion.Fig. 3(a) shows two types of Raman spectra. Thefirst spectrum

is that of FBS layer adsorbed on diamond for 10 min, rinsed by

McCoy's medium and blown dry. This procedure generates less than

10 nm thin FBS layer[8]. The spectrum shows no hint of any organic

material, only clear diamond peak at 1332 cm−1and corresponding

secondary peaks in the 2200–2600 cm−1region. Obviously, our

Raman configuration is not sensitive enough to detect few nm thin

protein layers. Note that we also performed Raman measurements

in liquid where sample was positioned in a thinfluid cell covered by

a glass coverslip. Raman measurements in FBS/McCoy's solution

were dominated by FBS volume signal and were hence not surface

specific.

The second spectrum was obtained after applying so-called

droplet deposition Raman technique when 1 μl droplet of 15% FBS
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was let dry on the diamond sample (the inset image shows the dried

droplet on the sample). This procedure generated about 600 nm thick

layer as determined by AFM. Raman spectrum of this layer shows

clearly several new distinct peaks. These additional peaks match very

well with those of BSA[15]but do notfit well tofibronectin[16]or

vitronectin[17]spectra reported in the literature.

The spectra inFig. 3(a) were the same on H- and O-terminated

diamond surface when the diamond was patterned with 30 μm

alternating stripes of H/O-termination. Obviously, the droplet depo-

sition of FBS does not comply with H/O surface terminations. To

generate surface-controlled FBS layer thick enough for Raman

detection we have applied long-term adsorption of FBS which

can generate layers of several tens of nm thickness on both H- and

O-diamond[18]. In our case, we have adsorbed FBS for 16 days and

blown the samples dry afterwards (washing step was avoided as it

was found to remove these thick FBS layers [18]). This procedure

resulted in the average FBS thickness of 100 nm. Such layer was well

detectable as shown on the detailed spectrum of C―H stretching

bands inFig. 3(b).

Fig. 3(b) actually shows 30 FBS spectra acquired equidistantly

along 120 μm line across 30 μm H/O-diamond stripes. There is no

difference in the Raman spectra of this 100 nm thick FBS layer on H-

and O-diamond. This is confirmed by the plot of the intensity of the

peak at 2880–2890 cm−1as a function of spatial distance inFig. 3(c).

The plot does not show any periodicity which could be related to

30 μm underlying H/O-diamond stripes.

The Raman spectroscopy thus indicates that FBS layer is uniform

across H/O-diamond stripes and is mostly composed of BSA. This is

not surprising as BSA is the main protein component of FBS. However,

the spectra were obtained on more than 50 nm thick layers. Protein

layers which are typically formed during the cell plating are only

few nm thin though and there the Raman signal was not detectable.

Hence the Raman results so far are not conclusive in identifying all

components of adsorbed FBS layers.

Therefore, the influence of specific individual proteins from FBS on

the cell assembly on 200 μm H/O-diamond patterns was investigated.

The results are shown inFig. 4. One can see that the pre-adsorption of

BSA and Vn results in a formation of scattered cell patches without the

regular array patterns. On the other hand, the pre-adsorption of Fn

results into a clear arrangement of cells into arrays. Preferential cell

growth on O-terminated diamond is thus promoted byfibronectin.

However, Raman spectra did not indicate the presence of Fn. Most

likely, Fn does not constitute the“bulk”of adsorbed layers, which is

dominated by BSA, and it is present as only a few nm thin layer which

is not detectable by Raman.

AFM on thin FBS layers on diamond could not resolve composition

differences, only different morphology which was attributed to

different surface wettability[4]. However, all BSA, Vn, Fn may assume

similar shapes on the surface. All are globular proteins of similar size

(BSA: 4 × 4 × 14 nm, Vn: Rh = 3 × 11 nm, Fn: 2 × 9 × 16 nm[19–21]).

Yet note that their shape, in particular of Fn, strongly depends on the

solution and substrate properties[21,22]. Hence it is possible that FBS

layers on H- and O-diamond are composed of different proteins in

dependence on hydrophobicity/hydrophilicity of the surface. Further

experiments employing both AFM and immunofluorescent staining of

the proteins are in progress to elucidate this issue.

Another factor for the preferential assembly on the O-terminated

diamond may be that the osteoblasts themselves secretefibronectin

and other cell adhesion molecules that chemically interact with the

surfaces. This actually corresponds to the question whether the cell

Fig. 1.Oscillating mode AFM image after AFM nanoshaving procedure in solution for determining the threshold of FBS removal from (a) O-terminated and (b) H-terminated

monocrystalline diamond surface. The arrow denotes the direction of the AFM nanoshaving in the central area, small black squares denote 2.5 nN steps in the AFM tip loading force,

starting from 2.5 nN. The threshold is determined at 10 nN and 5 nN respectively.

Fig. 2.The amount of cells after 2 h incubation on uniformly H- and O-terminated

nanocrystalline diamond with and without pre-adsorbed FBS and with and without

applying the shaking procedure. The initial cell plating density was 10000 cells/cm2.
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assembly is influenced by H- and O-terminated diamond surfaces

directly or via proteins pre-adsorbed on these surfaces. We have

already previously compared assembly on such surfaces with and

without FBS and we have clearly shown that the bare diamond

surfaces do not induce the preferential assembly and that presence of

FBS is required[4]. That is valid for both short-time (2 h) and long-

time (48 h) experiments. Hence the fact that cells produce their own

proteins is not relevant for the preferential assembly of cells. This is

also corroborated by the results inFig. 4.

4. Conclusions

We find that presence of FBS on hydrophobic H-diamond reduces

adhesion between the osteoblastic cells and this surface. On the other

hand, the presence of FBS on hydrophilic O-diamond does not change

cell–diamond adhesion strength. The FBS layer itself also exhibits

slightly different adhesion properties as determined by AFM nanoshav-

ing experiments. Nevertheless the adhesion of cells is rather controlled

by different protein conformation as the shaking procedure does not

remove the FBS layer itself. The observed differences in protein and cell

adhesion can promote selective cells growth on H/O-diamond patterns.

By pre-adsorption of specific proteins contained in FBS onto diamond

prior to cell plating wefind that the cell preference to O-terminated

diamond is controlled byfibronectin. Spatially resolved Raman

spectroscopy showed, however, only uniform coverage of H/O-diamond

Fig. 3.(a) Wide range Raman spectra of FBS layer adsorbed on monocrystalline

diamond for 10 min (thickness 2–4 nm) and of droplet deposited FBS (thickness

600 nm). The inset shows the droplet deposited region. (b) Detailed Raman spectra of

C–H stretching band on long-term adsorbed FBS (thickness 100 nm). The graph shows

30 spectra acquired equidistantly along 120 μm line across 30 μm H/O-diamond stripes.

(c) Corresponding plot of the intensity of the peak at 2880–2890 cm−1from the 30

spectra as a function of spatial distance.

Fig. 4.Fluorescence microscopy images of SAOS-2 osteoblastic cells cultivated for 48 h

on NCD samples with H/O-terminated stripes of 200 μm width which were pre-

adsorbed by (a) bovine serum albumin, (b) vitronectin, and (c)fibronectin in the

McCoy's 5A medium. The cells were visualized using an immunofluorescent staining of

actin stressfibers (green) and nuclei (blue). (For interpretation of the references to

color in thisfigure legend, the reader is referred to the web version of this article.)
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by BSA which is the dominant protein in FBS. This was obtained on more

than 50 nm thick layers though because few nm thin protein layers,

which are typically formed during the cell plating, were not detectable

by Raman. Hence Fn may still be present in adsorbed FBS layers and

further experiments are in progress to elucidate its presence, spatial

distribution, and biological activity on H- and O-terminated diamond.

Yet already the results here may help in further understanding and

controlling formation of cell arrays on diamond for tissue engineering

and bio-electronic applications.
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a b s t r a c t

We employ nanocrystalline diamond (NCD) thin films with average grain sizes of 250 and 80 nm to resolve

influence of grain boundaries and sp2phase on protein adsorption and electronic function of solution-

gated field-effect transistors (SGFET). Microscopic (20 m ×60 m) SGFETs are fabricated without gate

oxides based on hydrogen-terminated NCD films on glass substrates. We show that NCD with grain sizes

down to 80 nm and film thickness of 100 nm is fully operational as SGFET. We find that inherent hysteresis

of SGFET transfer characteristics, their reaction time, their negative shift after protein adsorption and cell

culturing process, low gate leakage currents and no influence of UV sterilization or rinsing are all inde-

pendent of the NCD grain size. Thus we propose a microscopic model where the function of NCD SGFET is

determined by the H-terminated surface of diamond nanocrystals and its interaction with proteins, not

by grain boundaries or sp2phase in general.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Diamond is considered as highly attractive material for bio-

electronic systems, from DNA molecules [1–5] to cells [6–8]. This

is because, unlike other semiconductors, diamond exhibits unique

combination of favorable electronic, optical, and mechanical prop-

erties with chemical and biocompatible properties. Diamond

surface can be relatively easily yet reliably functionalized by

organic molecules [9,2] and it is suitable for attachment of cells

such as osteoblasts, fibroblasts, cervical carcinoma cells (HeLaG)

[10,7] or cardiomyocyte cells [6]. Biological as well as electronic

properties of intrinsic diamond can be significantly altered by

hydrogen and oxygen atomic surface termination which results

in different properties such as electrical conductivity, electron

affinity, and surface wettability. Oxygen terminated surfaces are

hydrophilic and highly resistive while hydrogen terminated sur-

faces are hydrophobic and they induce p-type surface conductivity

even on undoped diamond [11–13]. These properties can be used

to fabricate solution-gated field effect transistors (SGFET) based

on nanocrystalline diamond (NCD) films on glass [8] employing

surface conductivity of H-terminated diamond surface [14,15].

∗Corresponding author. Tel.: +420 220318519.

E-mail address: kratka@fzu.cz (M. Krátká).

Generally transistors enable miniaturization and direct transduc-

tion of signals in biosensing. This is indispensable for high density,

high sensitivity, and high-speed sensors [16,17]. The main advan-

tages of diamond FETs in comparison to conventional silicon FETs

are excellent diamond biocompatibility and operation without a

gate oxide layer because the gate is insulated by hydrogen atoms

hence it allows intimate contact between biomolecules and the

surface of FET channel.

FETs based on monocrystalline diamond (MCD) [15,18,6] are

employed more often in the fundamental studies than nanocrys-

talline diamond because MCD exhibits higher conductivity in

comparison to nanocrystalline or polycrystalline diamond. On the

other hand, NCD films are more likely to be widely applicable in bio-

electronics as they are inexpensive in comparison to MCD and they

can be easily fabricated from methane using microwave plasma

on arbitrary substrates (silicon, glass [19], metals [20], plastic [21])

and on large areas [22,23]. However, from electronic point of view

NCD is a complicated system due to the presence of sp2phase

and grain boundaries and role of these features for biosensors and

bioelectronics is not yet understood.

Therefore, here we employ NCD films of different grain sizes

to characterize and discuss influence of grain boundaries and

sp2 phase on the NCD interface towards aqueous solutions,

bio-molecules, and on the SGFET function. For this purpose,

we characterize effects of protein adsorption and cell culturing

0925-4005/$ – see front matter©  2012 Elsevier B.V. All rights reserved.
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process on the SGFET characteristics. We show that SGFETs based

on NCD with grain sizes and thicknesses below 100 nm are well

operational as SGFET biosensors and we propose a microscopic

model of their function independent of the grain size.

2. Materials and methods

Nanocrystalline diamond films were grown on fused silica

glass (10 mm × 10 mm × 1 mm size) by microwave plasma chem-

ical vapor deposition (CVD) in Aixtron reactor using gas pressure

30 mbar, 1% CH4in H2and power 900–1000 W. The deposition

temperature was in the range of 550–600◦C. Different duration

of the deposition resulted in different grain size of the NCD films.

The deposition for 4.3 h resulted in bigger grains (about 250 nm,

sample A) and the deposition for 1 h resulted in smaller grains

(about 80 nm, sample B). The surfaces of diamond films were hydro-

genated at 600◦C for 10 min. Before the deposition, the substrates

were ultrasonically cleaned in isopropanol and deionized water

(DIW) and were subsequently immersed for 40 min into an ultra-

sonic bath with a colloidal suspension of a diamond powder (UDD

– ultra-dispersed diamond; NanoAmando, New Metals and Chem-

icals Corp. Ltd., Kyobashi) with nominal particle size of 5 nm. This

process leads to the formation of a 5–25-nm-thin layer of nan-

odiamond powder. This nucleation procedure was followed by

a microwave plasma-enhanced chemical vapor deposition (MW-

CVD) of diamond films. More details can be found in the literature

[19].

The structure and material composition of NCD films were

studied by scanning electron microscopy (SEM; the accelerat-

ing voltage was 10 kV, working distance 8 mm), micro-Raman

spectroscopy (excitation wavelength 325 nm) and atomic force

microscopy (AFM) in tapping mode using standard silicon can-

tilevers of nominal tip radius 10 nm. Grain size was estimated from

the SEM images by a manual read-out of grain sizes across the SEM

image and averaging of the data.

Photolithographic masks were applied on H-terminated NCD

films using positive ma-P 1215 photoresist (micro resist technol-

ogy GmbH; 1.5 m layer thickness) to define FET channels and

contacts. The NCD films were treated in oxygen radio-frequency

plasma (300 W, 3 min exposition time) to generate insulating

O-terminated areas which surround the H-terminated channels

connecting source and drain contacts. The source and drain con-

tacts were prepared by thermal evaporation (10 nm of Ti and

50 nm of Au) followed by lift-off technique. The samples were

cleaned in acetone and photoresist stripper (mr-REM 660). The

area between contacts was covered with positive photoresist ma-P

1240 (thickness 4 m). Photolithographic mask exposed openings

of 60 m × 60 m to define an active gate area (20 m wide chan-

nel surrounded by 20 m O-terminated areas) as shown in Fig. 1.

Gating of SG-FET was realized by immersing H-terminated

channel into electrolyte solutions which were in contact with

Ag/AgCl gate electrode. Types of the employed solutions were:

(1) McCoy’s 5A medium (BioConcept), (2) McCoy’s 5A medium

supplemented with heat inactivated 15% fetal bovine serum (FBS;

Biowest), (3) McCoy’s 5A medium with 15% FBS and HEPES buffer,

(4) HEPES buffer, and (5) Britton–Robinson buffer (pH 7). HEPES (4-

(2-hydroxyethyl)-1piperazineethanesulfonic acid) is a zwitterionic

organic compound used in buffer solutions. McCoy’s 5A medium is

a general purpose cell cultivation medium used to support many

types of primary cells and cell lines. It was prepared by Dr. Thomas

McCoy by modification of Basal Medium 5A.

SAOS-2 cells (sarcoma osteogenic, human osteoblast-like cell

line; DSMZ GmbH) were grown in McCoy’s 5A medium (Bio-

Concept) supplemented with heat inactivated 15% FBS (Biowest),

penicillin (20 U/ml) and streptomycin (20 g/ml). Hepes was added

Fig. 1. Top-view scheme of diamond SGFET showing an opening of 60 m ×60 m

in covering insulating resin and active H-terminated diamond gate area of

20 m × 60 m.

to the medium because of the absence of CO2atmosphere during

the measurement. Sterilization prior to cell plating was performed

by UV-C for 10 min. We use a standard germicidal low-pressure

mercury lamp (TUV 15W/G15 T8, Philips) which emits UV-C

radiation with the peak at 253.7 nm. Power is 15 W. Sample dis-

tance from lamp is 20 cm. Cells were plated in the densities of

10,000 cells/cm2using a droplet technique: substrate surface was

covered by 10 l droplet of cell suspension in the medium. After

1 h incubation, 1.4 ml of the medium was added and cells were cul-

tivated for 2 days in 5% CO2at 37◦C. Stable 5% CO2concentration

in the atmosphere during the cell cultivation helps the bicarbonate

buffer in cultivation media to sustain the optimal pH (7.1–7.4).

We characterized the effects of exposure to HEPES buffer and

McCoy’s cell medium with fetal bovine serum (FBS) proteins, rins-

ing by phosphate buffered saline (PBS), UV sterilization, and cell

culturing process with or without cells on the SGFET transfer char-

acteristics in HEPES buffer solution. Cells were let to delaminate

and were washed by PBS and DIW. The transistor output, transfer,

and temporal characteristics were measured using Keithley K327

source-measure units and custom software package. We show the

fifth characteristics which are stabilized in short-term. The sweep-

ing rate was 50 mV/s and initial delay time was 5 s. All experiments

were performed at room temperature. As for incubation experi-

ments with or without cells, all FETs were stored in an incubator

at 37◦C, only during measurements they were kept at room tem-

perature. In short term (under which the FET measurements are

conducted) such conditions are not detrimental to cells or to other

solutions we have used. Temperature difference between room

temperature and temperature of 37◦C does not influence the sta-

bility of the device (generally, our devices are stable at least up to

100◦C) [24].

3. Results

Fig. 2 shows three-dimensional AFM topography across a

scratch in NCD films with different grain sizes. The thicknesses of

the diamond films as calculated from the AFM are 445 ± 27 nm and

108 ± 19 nm depending on the grain size (error bars are given by

root-mean-square roughness of the films as obtained by AFM in the

area of 5 m × 5 m).

Detailed surface morphology of nanocrystalline diamond films

is shown by the SEM images in Fig. 3(a) and (b). Average grain sizes

are 250 ± 50 nm and 80 ± 50 nm as estimated from the SEM images.

The SEM images also show facets on the grains. This is in 

120
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Fig. 2. Three-dimensional AFM topography across a scratch in NCD films. Thickness of NCD layer is 445 nm (a) and 108 nm (b). Scan dimensions are 20 m × 20 m in both

cases.

clear on sample A and it is the first indication of diamond character.

Direct proof of the diamond character are Raman spectra shown

in Fig. 3(c). They reflect the presence of diamond phase (peak at

1332 cm−1) and graphitic (sp2) phase (band at 1580 cm−1). Rela-

tive ratios of sp3phase as obtained from Raman signal intensity

(intensity of diamond peak/(intensity of diamond peak +intensity

of graphitic peak)) are 59% and 33% for SGFET with grain size 250 nm

and 80 nm, respectively. Note that those values are not absolute sp2

concentrations [25]. In spite of the presence of graphitic phase and

seemingly small relative ratio of sp3phase (especially in SGFET with

smaller grains due to plenty of grain boundaries) both diamonds

still exhibit surface conductivity related with H-termination and

they are operational as SGFET.

The output and transfer characteristics of both SGFETs measured

in HEPES buffer solution (pH 7.14) are presented in Fig. 4. The out-

put characteristics were measured at gate voltages from 0.6 V to

−0.6 V. They prove transistor character of the NCD SGFETs. They

show typical increase and saturation of the channel current as a

function of drain-source voltage as well as modulation by gate volt-

age Ug. The channels can be closed at Ug = 0.2 V. The channel current

of SGFETs decreases with increasing gate voltage (to more positive

voltage) as expected for p-type surface conductive layer.

The transfer characteristics of NCD SGFETs were measured

in amplification regime at Uds = −0.6 V. The transconductance of

the SGFETs, defined as gm= ıIds/ıUg and calculated at Ids in the

linear region of transfer characteristics is 8.9 nS at Uds = −0.6 V,

Ids = −2.5 nA for SGFET with grain size 250 nm and it is 3.0 nS at

Uds = −0.6 V, Ids = −1.0 nA for SGFET with grain size 80 nm. Using

these parameters, gains (defined as gm× Uds/Ids) of the SGFETs are

2.2 and 1.8 for SGFET with grain size 250 nm and 80 nm, respec-

tively. SGFET with smaller grains has overall smaller conductivity

because of high number of grain boundaries which limit the elec-

tronic transport [26] and smaller transconductance yet its gain is

comparable to SGFET with larger diamond grains.

The SGFET conductivity decreased after application of FBS as

reflected by the shift of SGFET transfer characteristics by −50 mV

and by the decreased slope (transconductance). We found that this

shift is permanent even after rinsing using deionized water and

phosphate buffered saline, in full agreement with previous report

[8], and it is independent of grain size.

Additional shift of transfer characteristics was observed after the

cell growth on both types of SG-FETs. This shift is persistent even

after the cells delaminated and were removed. Similar data was

observed after cell culturing process without the cells. The slope of

transfer characteristics also decreased like after adsorption of FBS.

The protein layer also changed gate (leakage) currents in both

SGFETs as shown in Fig. 5. The range of gate currents 10–40 pA

is comparable on both devices in spite of significant difference in

grain size, density of grain boundaries and sp2phase.

Fig. 6 evidences that UV sterilization, an important step prior to

the cell culture process, does not cause a further shift of transfer

characteristics of NCD SGFET with large grains after FBS adsorp-

tion (by exposure to McCoy’s with 15% FBS). On the other hand it

confirms a shift after long-term cell culturing process (4 days).

Observed hysteresis of all the output and transfer characteris-

tics is similar for 20 mV/s and 50 mV/s sweeping rate and it is also

similar for both types of SGFETs. Thus the hysteresis of NCD SGFET

characteristics is also independent of the grain size. This indicates

that the hysteresis is predominantly determined by properties of

electrolyte interface of H-terminated diamond grains rather than

by electronic transport properties of the surface conductive layer in

the NCD films. We characterized such interface effects by measur-

ing the rate of Ids response to change of Ug. These results are shown

in Fig. 7. Exponential fitting of the rate of Ug response (according

to the function y = y0 + A1 exp(− (x − x0)/t1) + A2 exp(− (x − x0)/t2))

revealed two components with exponential rise times of about 0.3 s

and 7.6 s for sample A and 0.2 s and 7.1 s for sample B. The reaction

times are thus similar on both types of SGFETs.

4. Discussion

Potential shifts after exposure H-terminated channel to FBS are

permanent in both SGFETs with different grain size even after rins-

ing using PBS and other agents. The shift is negative and leads to

decrease of channel current, hence it cannot be explained as field

effect where negative charge of proteins in FBS near physiologi-

cal pH 7.4 should increase the channel current. Possible reasons

of the negative shift as well as of decreased slope after adsorp-

tion of proteins from FBS were discussed in detail in previous

report [8]. Briefly, this was attributed to adsorption of a 2–4 nm

primary protein layer from FBS which remains on diamond irre-

spective of rinsing as evidence by AFM [27,28] and which modifies

original equilibrium of the surface conductive layer system by

replacing ions in the very vicinity of the diamond surface like in

the case of DNA molecules or lipid bilayers [29,30]. In our case we

observe that this effect is independent of the grain size and thus

independent of grain boundaries and overall sp2content. This is

observed systematically on various sets of samples. Obviously, even

on nanocrystalline diamond it is the surface of diamond grains that

controls the diamond–protein interaction.

Similar characteristics after FBS adsorption and sterilization

indicate that protein layer and H-terminated diamond surface

do not change during sterilization procedure. As further negative

potential shift of transfer characteristics is observed after the cell

culturing process in incubator even without cells and as samples are

kept in fixed pH all times the shift may be caused by re-arrangement

of proteins on the diamond surface because protein layer may

change in the long-term period [27,28]. However, by AFM we 
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Fig. 3. SEM images of nanodiamond surfaces with average grain size of 250 nm (a) and 80 nm (b) and Raman spectra of nanocrystalline diamond films with large (250 nm;

black solid line) and small grains (80 nm; red dashed line) (c). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

the article.)

found that in our case the FBS layer morphology and thickness do

not change significantly within 2 days. Hence the long-term shift

may be related with change of diamond itself, possibly with degra-

dation of H-termination as suggested by Geisler and Hugel [31].

In any case, the long-term shifts of SGFET characteristic are again

similar on both sample types and thus independent of grain size.

They must be thus again related with H-terminated diamond grain

surface and not with grain boundaries or sp2phase.

Observed hysteresis of transfer characteristics can be related

with both material effects and effects in solution. The fast com-

ponent in the order of 0.1 s could correspond to material effects

such as electrical resistance of NCD material. Slow component in

the order of 1 s could be related to effects in solution (equilibrium

in solutions) and with capacitive charging of the electrolytic gate

interface [12,15]. Probably this is at least partially influenced by dif-

fusion times but the obtained time constants are not influenced by

the sampling rate of the electronic devices (the sampling rate was

0.03 s). However, the two exponential rise times (reaction times)

of Ids after a change of Ug are similar for both types of SGFETs that

have quite different grain size and conductivity. This indicates that

the hysteresis is predominantly determined by properties of elec-

trolyte interface of H-terminated diamond grains rather than 
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Fig. 4. Output characteristics measured in HEPES solution, grain size of NCD 250 nm (a) and 80 nm (b). Transfer characteristics at Uds = −0.6 V of pristine device (black), after

adsorption of FBS (red), after rinsing by deionized water (blue), and after cell culturing process (green) for NCD SGFETs with grain size of 250 nm (c) and 80 nm (d). (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

grain boundaries and electronic transport properties of the surface

conductive layer in the NCD films.

Most of the results indicated decrease in gate current after FBS

adsorption. This can be explained simply by larger barrier for charge

transfer across the diamond–electrolyte interface due to the addi-

tionally adsorbed layer. Yet some of the results showed increase

in gate current after FBS adsorption which can mean that proteins

can decrease the diamond–electrolyte electronic barrier induced by

C–H surface dipoles and facilitate another route for charge transfer

across the interface [8] such as in the case of cytochrome proteins

[32]. On nanocrystalline diamond there are several possible gate

current paths. In the case of SGFET without proteins the gate current

may pass through C–H barrier or through NCD grain boundaries. In

the case of SGFET with adsorbed proteins the gate current may pass

through proteins and C–H barrier or through grain boundaries with

proteins. Considering that the effects are similar for both SGFETs

with different grain size and different density of grain boundaries

we suggest that the gate currents are determined by the barrier of

H-terminated surface itself [15] as well as by its additional interac-

tion with adsorbed protein layer.

To explain overall comparable performance of NCD SGFET

independent of grain sizes down to 80 ± 50 nm and layer thick-

ness down to 100 nm we present the model of the interface

between cell medium containing proteins and H-terminated NCD

Fig. 5. Gate leakage currents of pristine diamond SGFET (black), after adsorption of fetal bovine serum (red), and after device rinsing (blue) as measured in pH 7 buffer at

drain-source voltage Uds = −0.6 V for SGFET with grain size 250 nm (a) and 80 nm (b). (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of the 
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Fig. 6. Transfer characteristics at Uds = −0.6 V of pristine device (black), after

adsorption of FBS (red), after sterilization (orange), and after the cell culturing pro-

cess (green) for large grains measured in HEPES buffer. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of

the article.)

with grain boundaries that is shown in Fig. 8. Electronic trans-

port in the surface conductive channel takes place in the grain

interiors (into about 20 nm depth) where it behaves as in monocrys-

talline diamond. Hall effect experiments showed that the carrier

(hole) density is indeed similar as in surface conductive layer on

monocrystalline diamond and overall lower currents on NCD com-

pared to MCD are due to limited mobility of charge carriers across

the grain boundaries [26]. Nevertheless, this does not influence

the device/sensor function. Comparison of the SGFETs with various

grain sizes shows that electronic transport across grain boundaries

is not influenced by protein adsorption. Thus only diamond grains

themselves control the interaction of proteins with the surface con-

ductive layer and resulting function of the SGFET devices based on

H-terminated intrinsic NCD.

Fig. 7. Rate of response of Ids to gate voltage and double-exponential fitting for

SGFET with grain size of 250 nm and 80 nm, respectively.

Fig. 8. Schematic model of the interface between H-terminated nanocrystalline

diamond and cell medium containing proteins from fetal bovine serum.

5. Conclusion

We have shown that intrinsic nanocrystalline diamond films

with average grain sizes down to 80 nm, thickness down to 100 nm,

and p-type surface conductivity generated by H-terminated surface

are fully operational as SGFETs on glass substrates. We demon-

strated that inherent hysteresis of SGFET transfer characteristics,

their reaction time to changes of gate potential, their negative shift

after protein adsorption and cell culturing process, low gate leak-

age currents and no influence of UV sterilization or rinsing are all

independent of the NCD grain size. Thus we proposed a micro-

scopic model where the function of NCD SGFET is determined by

the H-terminated surface of diamond nanocrystals and its interac-

tion with proteins, not by grain boundaries or sp2phase between

grains. This may contribute for better understanding and wider

applications of diamond based bio-electronics.
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Abstract:Cell fate modulation by adapting the surface of a

biocompatible material is nowadays a challenge in implan-

tology, tissue engineering as well as in construction of bio-

sensors. Nanocrystalline diamond (NCD) thin films are

considered promising in these fields due to their extraordi-

nary physical and chemical properties and diverse ways in

which they can be modified structurally and chemically.

The initial cell distribution, the rate of cell adhesion, dis-

tance of cell migration and also the cell proliferation are

influenced by the NCD surface termination. Here, we use

real-time live-cell imaging to investigate the above-

mentioned processes on oxidized NCD (NCD-O) and hydro-

genated NCD (NCD-H) to elucidate cell preference to the

NCD-O especially on surfaces with microscopic surface ter-

mination patterns. Cells adhere more slowly and migrate

farther on NCD-H than on NCD-O. Cells seeded with a fetal

bovine serum (FBS) supplement in the medium move

across the surface prior to adhesion. In the absence of FBS,

the cells adhere immediately, but still exhibit different

migration and proliferation on NCD-O/H regions. We dis-

cuss the impact of these effects on the formation of cell

arrays on micropatterned NCD.VC 2017 Wiley Periodicals, Inc. J

Biomed Mater Res Part A: 105A: 1469–1478, 2017.

Key Words:live-cell imaging, osteoblasts, adhesion, prolifera-

tion, migration, patterned surface
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INTRODUCTION

Modulating the cell fate by adapting the chemical, structural,

and electronic properties of the surface of a biocompatible

material is a challenge in implantology, tissue engineering

as well as in biosensors.1–3 Extraordinary physical and

chemical properties of nanocrystalline diamond (NCD) thin

films and diverse ways in which their surfaces can be modi-

fied structurally and chemically are considered promising in

biomedicine for manufacturing the surfaces of bone and

dental implants and for fabricating bio-electronic devices.

Fabrication of synthetic diamond and diamond-like materi-

als using chemical vapor deposition (CVD) is a process that

has already been established since 1980s.4An investigation

of the biocompatibility of CVD-produced diamond started

couple of years later.5 The biocompatibility of diamond

materials has been tested using various cell types, including

epithelial cells, fibroblasts, osteoblasts, and mesenchymal

stem cells as precursors of connective tissues.6–9 The
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inertness of the diamond layer can significantly improve the

resistance of metal-based implants to the corrosive environ-

ment of a living body.10Furthermore, modifications of the

surface topography and of the chemistry can change the

passive anti-corrosion NCD layer into an active compart-

ment of an implant, taking advantage of the diamond prop-

erties in electrolytes.11 The NCD topography can be

modified using various techniques, including structuring of

the underlying substrate2or dry ion etching of diamond

itself.12Nanoscale variation of the NCD topography can then

influence the number of adhered cells, the formation of the

cell adhesion apparatus and the metabolic activity of the

cell.2,12–15The chemistry of the NCD surface can be altered

by attaching single atoms,9small function groups, or even

large macromolecules16 onto the surface. Oxidized NCD

(NCD-O) and hydrogenated NCD (NCD-H) are the most

widely employed surfaces.9,17According to the type of atom

that is attached to the surface, the NCD becomes electrically

conductive (NCD-H) or electrically insulating (NCD-O). The

surface termination also changes the wettability of the sur-

face. The NCD-O contact angle (CA) with a water droplet is

below 208.9This surface can be considered as highly hydro-

philic.18Hydrogenation of the NCD (NCD-H) changed the CA

to>8089and up to 1008,19thus creating hydrophobic sur-

face. A combination of an NCD-H surface that forms p-type

semiconductor channels and electrically insulating NCD-O

was used for constructing a prototype for a field effect tran-

sistor (FET) for protein and cell sensing.20For constructing

the FET, oxidized and hydrogenated surfaces were prepared

with a striped pattern using photolithographic processing.20

The cells preferred the NCD-O surface in the striped “FET-

like” termination pattern. However, when the cells were cul-

tivated on a homogeneous area with a single type of termi-

nation (O or H) they adhered in similar numbers to both

NCD-O and NCD-H.21 An explanation of the mechanism

behind these effects has been approached mathematically.22

The study suggested that the preference of the cells to the

NCD-O can be explained by higher probability of cell adhe-

sion to the NCD-O surface. Considering the cultivation envi-

ronment, one of the key factors influencing the cell

adhesionin vitrois the cultivation medium.23The cultiva-

tion medium with fetal bovine serum (FBS), a standard

additive forin vitroexperiments, contains a vast variety of

proteins that adsorb to the substrate surface.24,25The most

prominent FBS proteins for cell adhesion are albumin, fibro-

nectin, and vitronectin. Albumin is the most abundant pro-

tein of FBS. It initially adsorbs to the surface in high

quantities, and it can have a negative influence on cell adhe-

sion.23Fibronectin and vitronectin are proteins often con-

sidered as the main mediators of cell adhesion. When

competing with albumin, they tend to adsorb to the surface

at a slower rate. These two proteins contain amino-acid

sequences specifically recognized by the cell adhesion

receptor integrins.26,27When the cells approach the surface

of a material underin vitroconditions, they interact with

the adsorbed protein layer and not with the substrate itself,

which is already “functionalized” by the FBS proteins.28Our

previous studies indicated that the protein layers formed

early during cultivation in an FBS-supplemented medium.

The protein layers on NCD-O and on NCD-H were different

in thickness and in adhesion force.17,21,29This indicates a

difference in the composition of the layer. FBS layer that is

formed in a matter of few minutes is less adhesive and less

rigid on NCD-H. The differences in the composition of the

protein layers were also observed on organic alkenthiol

surfaces30–32and on inorganic silane surfaces33with differ-

ent terminal groups controlling the wettability. Moreover,

some studies have proved that the surface chemistry may

influence the cell adhesion through conformational changes

of the adsorbed proteins.31,34

Mammalian cells in living body adhere either to other

cells or to extracellular matrix (ECM) through a variety of

adhesion molecules. Heterodimeric integrin receptors are

the most important adhesion molecules enabling the adhe-

sion of cells to ECM. They specifically recognize particular

amino-acid sequences in the ECM or serum proteins.35After

attachment to their ligand, integrin receptors cluster in

structures called focal adhesions (FAs). FAs are large multi-

protein complexes of mechanotransducing and signaling

molecules connected intracellularly to the actin cytoskele-

ton. Through FAs, the cells express mechanical forces on the

adhesion surface that allows them to migrate. However,

there are also studies suggesting that nonspecific cell adhe-

sion, probably based on interactions of glycan residues of

the membrane glycoproteins with the surroundings, plays

an important role in general cell adherence.36,37Cell migra-

tion is a complicated process and its direction and speed

can be influenced by many external and internal factors.

Amongst the most prominent migration mechanisms are

chemotaxis, which follows the gradients of chemical attract-

ants or repellents, and haptotaxis, which is directed by the

adhesiveness of the underlying substrate.38Several studies

have shown that the quality of the attachment of the cells

to the surface (ECM or serum proteins) influences the speed

of cell migration. Excessively firm or excessively weak cell

adhesion leads to poor cell motility.39,40There is also a dif-

ference between single cell migration and collective cell

migration, where the attaching cells migrate as a group in

which each cell can have its own specialized role, depending

on the position of the cell inside the cell collective.41All

these phenomena can influence and control the cell behav-

ior during colonization of a surface.

Our study approaches the cell colonization of the NCD

surface via observing this dynamic process by using live-cell

imaging and image analysis. This method allows us to recog-

nize when and where the cells adhere to the surface and

how far the cells migrate with very good time and space

resolution. We used the SAOS-2 osteoblast cell line because

one of the possible utilization of the NCD surface is on dental

and orthopedic implants. We elucidate the process of differ-

ential cell adhesion on NCD-H and NCD-O surfaces (topo-

graphically identical surfaces varying only in topmost surface

atoms) that was observed in our previous studies9,21,29,42but

remained not fully understood. We discuss the role of the

cell adhesion during plating and active cell migration after

the adhesion. In addition, we show how the NCD surface
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termination and its micropatterning together with the pres-

ence or the absence of FBS in the cell cultivation medium

contribute to the resulting cell assembly on the NCD surface.

MATERIALS AND METHODS

NCD sample preparation

NCD layers were deposited on transparent 10 3 103

0.5 mm fused silica substrates using microwave plasma

induced chemical vapor deposition (MW-CVD).43This process

provides optically highly transparent samples that enable the

observation with inverted optical microscope. Surface atomic

termination by oxygen or hydrogen was formed by exposing

the NCD coating to radiofrequency plasma (NCD-O) or micro-

wave plasma (NCD-H) in the respective gases. Two different

termination patterns were prepared on the NCD surface: (1)

“halved pattern”—half of the sample (1035 mm) covered

with either oxygen or hydrogen termination. (2) “striped

pattern”—alternating O and H 200lm wide stripes. The pat-

terns were prepared by a photolithographic process9,42and

verified by scanning electron microscopy.9

Cell cultivation

SAOS-2 human osteoblasts (DSMZ, Germany) were seeded

on NCD-coated glass substrates in concentrations ranging

from 15,000 cells/cm2 to 20,000 cells/cm2 in 3 mL of

McCoy’s 5A medium. The cultivation medium was supple-

mented by penicillin (20 U/mL), streptomycin (20 g/mL)

and 15% FBS, or it was left without FBS, depending on the

experimental setup. After 2 h since initial cell plating, pure

FBS was carefully added to the samples that were seeded

without FBS in the medium to reach 15% FBS concentra-

tion. The 15% FBS is recommended concentration for culti-

vation of SAOS-2 cells in McCoy’s 5A medium by the cell

provider. The NCD samples with cells were kept under

standard cultivation conditions (378C, 5% CO2atmosphere)

in an OkoLab Bold Line Top Stage Incubator (type H301)

based on the stage of a Nikon TE2000E inverted microscope

throughout the time of incubation. The experiment was per-

formed in 35310 mm Petri-dish (WillCo) with round 22

3 0.17 mm glass bottom for the best optical conditions.

The NCD samples were fixed to the dish with sterile adhe-

sive stripes made from Gene FrameVR (Thermo Scientific).

The cells were seeded directly on the transparent NCD sam-

ple in the incubator chamber on the microscope stage, and

their optical microscopic images were recorded regularly for

a period of 48 h, as will be described below.

Live-cell microscopy setup

Cell image sequences were acquired by a Nikon TE2000E

optical microscope with a DS-Qi1Mc CCD camera, with a

Plan Fluor lens 4x (N.A.50.13), and with phase contrast

installed. The phase contrast technique was important for

the subsequent image analysis, as each adhered cell

appeared in the phase contrast as a dark spot against a

lighter background, and each nonadhered, dead or dividing

cell appeared as a bright spot. The cells were not stained by

any fluorescence or histological dyes. The image acquisition

frequency was one image per minute for the first 2 h. For

the subsequent 46 h, the frequency was one image per 10

min. The shorter interval in the first 2 h was useful for

observing the cell adhesion at the early stage of cultivation.

A 10-min interval was found to be sufficient for observing

the cell migration and cell proliferation. The photographed

field contained an opaque golden 500mm cross mark that

was sputtered on the silica substrate under the NCD layer.

The mark was used for size calibration and identification of

diamond surface termination that is otherwise invisible

under the optical microscope.

Image analysis

The difference in the brightness of the adhered cells (dark)

and the nonadhered cells (bright) against the gray back-

ground in phase contrast microscopy was used for identifying

the cells in the image sequences and for generating binary

mask images. The binary mask images were created using

the Otsu method44in ImageJ.45The cell movement tracks

were generated from the binary mask sequences. The cell

tracks were then used to generate vectors indicating the

straight distance from the beginning to the endpoint of each

cell track, that is, the cell displacement. We used this parame-

ter instead of real track length to describe the position

change of the cells. The track length increases artificially

even for a cell remaining on spot due to small movements a

living cell performs with no significant change of actual posi-

tion. Displacement vector maps and box plots of cell displace-

ments were drawn to illustrate the cell movement under

different cultivation conditions (atomic termination, pattern

size, and presence/absence of FBS on the NCD surface). The

cell tracking was performed in the advanced tracking module

of NIS Elements software (LIM, Prague). The vector maps

were rendered using R programming language46with the

Splancs package and the R-Studio environment. The lengths

of cell displacement were plotted using box plot diagram

because their distribution was not normal. For the same rea-

son, the statistically significant differences in displacement

lengths were found using the Kruskal–Wallis test.

The numbers of well-adhered (spread) cells on each

NCD surface termination region were counted from the

binary mask images and then recalculated to the same sur-

face area (cm2) because the areas of NCD-O and NCD-H in

the microscope field of view were not always perfectly iden-

tical. The areas of both terminations were measured using

the calibration based on above-mentioned 500mm cross

mark. From these data, the numbers of adhered cells were

plotted as a function of time. The doubling time for each

curve was counted from the number of adhered cells within

a 1 h interval, starting at 10 h after seeding to avoid the

effect of initial cell adhesion. The Doubling Time online cal-

culator was used for this purpose.47

RESULTS

Cell drift

The interaction of the cells with the substrate can be

divided into several stages: cell drift, cell adhesion, cell

migration, and cell proliferation. The cell suspension (i.e.,

the cells dispersed in the cultivation medium with or
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without FBS) was poured on to NCD sample. During plating,

the cells descend on to the surface from the cell suspension

and make the first contact with NCD surface. In this case,

the cells are trackable only as nonadhered rounded bright

spots in the phase contrast image. The cells that descended

on to FBS-free surface anchored immediately on the spot,

and did not move any more in the short term. If FBS was

present, the cells were able to move freely along the surface

for several minutes. This phenomenon is visible in the

beginning of the accompanying videos (Supporting Informa-

tion Video 1–4) and is indicated by the vector maps of the

cell displacement, Figure 1(A–D) and the box plots in Figure

1(E). Each vector in Figure 1(A–D) represents the straight

distance between the start and the end of a single nonad-

hered cell track. The cell movement indicated on the vector

maps occurred after the cells touched NCD surface (they

appeared in the focal plane) and before there was any cell

spreading (before the bright spot turned dark in the phase

contrast). The green vectors belong to the cells with dis-

placement longer than 100lm. This distance is circa 10

times (one order of magnitude) longer than the diameter of

a single nonadhered SAOS-2 cell, and was chosen arbitrarily

to illustrate the difference in displacement between the

experiments with FBS and without FBS. These green vectors

appear only in the experiments where FBS was initially

present in the medium [Fig. 1(A,C)], regardless of the sur-

face termination patterning. Figure 1(E) indicates that the

cell drift length median on surfaces with FBS is approxi-

mately 2-3x longer than the cell drift length median on

surfaces without FBS. The wide distribution of the displace-

ment values on samples with FBS also indicates that some

cells drift on the surface for tens of microns before settling

on the surface, whereas others settle on the spot. The green

vectors in the vector maps [Fig. 1(A–D)] were marked in

the box plot presentation by the statistical analysis as

extreme values, and were therefore, for clearer presentation,

not displayed in the box plots [Fig. 1(E)]. However, the far-

ther cell displacement on samples with FBS is also evi-

denced by the box plots below the 100lm displacement

length. The cell displacement median on the FBS-free sur-

face does not exceed one cell diameter (approximately 12

lm), indicating that there is no drift of the cells within the

first 2 h.

Cell adhesion

After the cells attach to the surface, they need to adhere

before migration and proliferation can occur. The numbers

of adhered cells on NCD-O and NCD-H in Figure 2 indicate

that the cell adhesion is faster on NCD-O (hydrophilic) than

on NCD-H (hydrophobic) in all studied cases. However, the

character of the curves is different in each case. On halved

samples with FBS, the cells start to adhere to NCD-O earlier

but the adhesion rate is similar on NCD-O and on NCD-H.

On the striped pattern with FBS, the cell adhesion pro-

gresses faster on NCD-O from the very start of the experi-

ment. In the case of FBS-free experiments, the cell adhesion

on NCD-O launches rapidly and there is a significant slow-

down after about 45 min. On NCD-H, the cells adhere at a

FIGURE 1. Cell drift:(A–D): Vectors of displacement of nonadhered cells, during the first 2 h after seeding on the NCD surface with a halved O/H

termination pattern (A, B) and striped O/H termination (C, D). The samples were seeded with FBS (A, C) and without FBS (B, D) in the cultivation

medium. Blue vectors indicate the cell displacement starting on oxygen termination, red vectors indicate the cell displacement starting on

hydrogen termination, green vectors indicate cell movement for a distance longer than 100lm, regardless of the surface termination. The thin

black lines indicate the borders of O and H termination on the NCD surface.(E): Box plots of the cell displacement length under different experi-

mental conditions (Halved/Striped termination pattern, O, H termination, FBS presence/absence during the first 2 h. F: Table of the significance

of the differences in the displacement of nonadhered cells during the 0–2 h interval. The significance was measured using apost hoctest for

Kruskal–Wallis test, ** - significant (Alpha level51%), NS – Nonsignificant.
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much slower but constant rate. FBS layer slows down the

cell adhesion; however, the cells still tend to adhere faster

or earlier on NCD-O than on an FBS-free NCD-H surface.

During the initial phase, the cells do not divide. The curves

describe only the cell adhesion and spreading.

Cell migration

After 2 h of initial cell cultivation, we added FBS to the sam-

ples without FBS in order to provide the cells with the nec-

essary nutrients and growth factors. This further equalized

the cultivation conditions. After adhesion and full spreading,

cell displacement is caused only by migration of the cells.

The cell migration can be again observed in the accompany-

ing videos (Supporting Information Video 1–4). The vector

maps in Figure 3(A–D) show the displacement of each cell

during migration within the time interval from 2 h to 48 h.

The vector represents the straight distance between the

start and the end of each cell track of an adhered cell. The

vector maps do not indicate any obvious direction patterns

in the cell migration following the surface termination pat-

terning [Fig. 3(A–D)]. The cells mostly migrate randomly for

very short distances not exceeding the length of a single

spread cell (30–50lm), see Figure 3(E). However, the vec-

tors corresponding to the cells with migration displacement

longer than 100lm start more frequently on NCD-H than

on NCD-O. This observation indicates that the migration on

NCD-H is probably more vivid than on NCD-O. It is more

pronounced on the halved samples [Fig. 3(A,C)] with only

one termination border, but it is also present on the sam-

ples with stripes. Another important phenomenon noticea-

ble in the added videos is the reluctance of the cells on

NCD-O to cross the border to NCD-H surface. The cells often

tend to spread along the termination border while being

pushed by other cells rather than enter NCD-H. The box

plot of the cell displacement presented in Figure 3(E) con-

firms this observation, mainly on the halved samples. This

indicates that the cell displacement varies primarily accord-

ing to the termination patterning (single boundary vs.

microscopic stripes). Nevertheless, there is also dependence

of cell migration on the surface termination.

Cell proliferation

Figure 4 shows that the difference between the numbers of

adhered cells on NCD-O and on NCD-H persists throughout

FIGURE 2. Number of adhered SAOS-2 cells during 2 h after seeding on NCD-O (Blue) and NCD-H (Red) on halved (A, B) and striped (C, D) sam-

ples with FBS (A, C) and without FBS (B, D) in the cultivation medium. Straight lines indicate linear approximations of the curves with their gra-

dient values.
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the 48-h period of the experiments on all samples. We

determined from the image sequences that the very last

cells adhere (turn dark in phase contrast microscopy) about

10 h after cell seeding. After 10 h, the only contribution to

the numbers of adhered cells is from cell proliferation. The

cell doubling times indicated in Figure 4 were evaluated

using an exponential model from the cell number curves,

starting at the 10th h of the experiment to eliminate any

contribution from cell adhesion.

On the halved samples, the number of cells grows

steadily both on NCD-O and on NCD-H, and the cells on

NCD-H have slightly shorter doubling times than the cells

on NCD-O. However, the numbers of cells on NCD-H did

not overtake the number of cells on NCD-O because of the

initial difference in the cell adhesion and spreading for the

whole experiment. The evolution of the cell coverage on

the striped pattern was considerably different. In the

experiments with FBS, the initial distribution was influ-

enced by the cell drift and faster adhesion onto NCD-O. On

the striped pattern without FBS,the initial difference was

established only due to the difference in the adhesion rate

on NCD-O and on NCD-H. However, in both cases (with and

without FBS) the cell number on the NCD-H surface

increased only very slowly (see Fig. 4). The doubling time

of cells on NCD-H rose to approximately 100 h, whereas

the cell proliferation on NCD-O continued normally. This

led to visible accentuation of the cell assembly into a

stripe pattern.

DISCUSSION

The preference of cells to NCD-O surface can be clearly

observed predominantly on samples with striped termina-

tion; however, some conditions must be met for this prefer-

ence to fully express itself. During the first 2 h, the

attachment and adhesion of cells on NCD surface is influ-

enced by FBS proteins rapidly adsorbing from the medium

on it.24,25,48 The adsorbed protein layer slowed or even

inhibited cell adhesion in the first minutes of the experi-

ment and allowed the cells to drift on both NCD-O and

NCD-H surfaces. The force causing this cell drift during cell

seeding is unknown. Possible explanations include a slightly

tilted NCD surface or sheer stress caused, for example, by

thermal convection currents in the cultivation vessel caused

by uneven heating in the cultivation chamber.

Several studies have investigated cell adhesion on surfa-

ces with different wettability in the presence and in the

absence of FBS in the medium. Carre et al.23studied the

adhesion of Chinese hamster ovary cells, MRC5 human pul-

monary fibroblast cells and of human umbilical vein endo-

thelial cells on untreated polystyrene, on tissue culture

polystyrene, and on CorningVR CellBindVR surfaces. Without

FBS, the cell colonization of all these surfaces was almost

perfect in a matter of 3 h, whereas with FBS the coloniza-

tion was nearly prohibited on the untreated polystyrene,

and was significantly decreased on the tissue culture poly-

styrene in comparison to the CellBindVR surface. The study

suggests that there is improved adhesion on materials with

FIGURE 3. Cell migration:(A–D): Vectors of the displacement of adhered cells during the 2–48 h interval of cultivation on the NCD surface with a

halved O/H termination pattern (A, B) and striped O/H termination (C, D). The samples seeded with FBS (A, C) and without FBS (B, D) in the culti-

vation medium. The FBS was already present on all samples. Blue vectors start on oxygen termination, red vectors start on hydrogen termina-

tion, green vectors are longer than 100lm, regardless of the surface termination. The thin black lines indicate the borders of O and H

termination on the NCD surface.(E): Box plots of the cell displacement under different experimental conditions (Halved/Striped termination pat-

tern, O/H termination, FBS presence/absence during the first 2 h.)(F): Table of the significance of the differences of the displacement of nonad-

hered cells during the 0–2 h interval. The significance was measured using apost hoctest for Kruskal–Wallis test, ** - significant (Alpha

level51%), NS – Nonsignificant.
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a higher surface polarizability, and for this reason a greater

amount of fibronectin (adhesion-mediating protein)

adsorbed from FBS on the tissue culture polystyrene and

CellBindVR surfaces. Moreover, results of cell adhesion

studies carried out on hydrophilic and hydrophobic

silanes33,49,50suggest that the cells prefer the hydrophilic

areas on patterned surfaces already within the first 1–2 h.

Same results were also observed in studies on alkythiol

self-assembled monolayers (SAMs)30–32and in our previous

studies on NCD.21,29 All these observations suggest that

higher wettability and higher surface free energy of NCD-O

and the presence of FBS helps to distribute the cells in favor

of NCD-O. This effect can be observed within the first hours

after the cell plating. Some of the above-mentioned stud-

ies23,30,31,33,51also indicate that the cell adhesion is depend-

ent on the composition of FBS layer or on the conformation

of proteins adsorbed on surfaces with different wettability.

Lee et al.52proved that albumin, the most abundant protein

in FBS, adsorbed on SAMs can rapidly decrease the force of

cell detachment. However, the fact that the cells adhere

faster on NCD-O, even without FBS in the medium, indicates

that the composition or the conformation of the FBS pro-

teins is, to say the least, not the only cause of the different

rates of cell adhesion on NCD-O and on NCD-H. The results

presented in the classical review by Schakenraad and

Busscher53indicate that the effect of free surface energy on

cell adhesion can also penetrate through the FBS layer, sup-

porting our observation of faster cell adhesion on NCD-O

with and without FBS in the medium. The fact that the cells

adhere rapidly also on NCD without the protein layer indi-

cate that the initial cell adhesion is not dependent only on

the integrin based adhesion. A couple of studies investigat-

ing integrin independent adhesion were conducted on leu-

kocytes.54,55The results showed that focal adhesions are

not necessary for phagocyte and lymphocyte migrationin

vivoin a 3D environment. Leukocyte adhesion sufficient for

migration can be mediated through CCR7 binding chemo-

kines. Loomis et al.36suggested in their study conducted on

Dyctiostelium discoideum—a social amoeba that does not

use integrin receptors for adhesion in its environment—that

nonspecific adhesion based on van der Waals forces on both

hydrophobic and hydrophilic surfaces can be mediated by

glycoproteins and proteoglycans covering the surface of

eukaryotic cells such asDyctiostelium, and all metazoan

cells. This result seems to be supported by Moon et al.,37

who studied the role of membrane heparan sulfate

FIGURE 4. Number of adhered SAOS-2 cells during 48 h of cultivation on NCD-O (Blue) and NCD-H (Red) on halved (A, B) and striped (C, D)

samples with FBS (A, C) and without FBS (B, D) in the cultivation medium during the first 2 h of cultivation. The doubling times were counted

from the period beginning at 10 h after seeding (black vertical line), where the cell number rises only due to cell proliferation. The exponential

model used for estimating the doubling time is depicted with darker lines.
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proteoglycans on the adhesion of bovine endothelial cells.

When heparan sulfate was cleaved using Heparinase II, the

cell adhesion rate decreased by 40% and the adhesion

strength decreased by 33%. Very important insight in the

problem of initial cell interaction with substrate give us the

studies of Cohen56–58and Zaidel-Bar.59The articles describe

the integrin independent adhesion of chondrocytes and

endothelial cells based on interaction of hyaluronan on the

surface of the cells with substrate. The studies also describe

a drift under sheer stress of chondrocytes with thicker hya-

luronan coat. This drift is not present in case of endothelial

cells with thinner hyaluronan layer. This kind of layer, if

present also in SAOS-2 adhesion, can be important for

explanation of the variances in SAOS-2 adhesion on NCD-O

and NCD-H. Based on our results and results found in the

literature, we suggest that the initial nonspecific contact of

the cell proteoglycan and glycosaminoglycan coat decides

where the cell will adhere based on the substrate electro-

chemical properties and the presence of serum proteins in

certain composition amount and conformation. The cell drift

allowed by FBS layer at the beginning of the experiment

and faster adhesion of the cells onto NCD-O could signifi-

cantly shift the distribution of the cells in favor of NCD-O

early in the experiment, especially on the samples with

microscopic termination stripes. The studies of Ukraintsev

et al.22,60explained the resulting cell distribution on the

samples with FBS in the cultivation medium from a proba-

bilistic point of view. Ukraintsev built a model explaining

the formation of cells along the termination pattern, using

several statistical parameters—the speed of the nonadhered

cell drift (in relation to the size of the displacement), the

probability of cell surface adhesion, and the probability of

cell division. In the case of cells adhering to the surface

with FBS, the model was sufficient to explain the formation

of the cell pattern. However, the study did not explain the

actual mechanism of the different adhesion and proliferation

rates. It did not address the protein adsorption sufficiently,

and the model omitted the migration of adhered cells. How-

ever, migration plays an important role in the experiments

without the FBS, where the initial cell distribution is more

homogeneous due to the lack of initial cell drift, as will be

discussed below.

In the later stage of experiment after all the cells

adhered, the cell coverage can change only by cell prolifera-

tion, cell death or cell migration. No significant cell death

was observed in the experiments. The initial cell distribu-

tion on NCD-O and NCD-H differed depending mainly on the

presence of FBS in the medium allowing initial cell drift.

The cell adhesion was governed by the NCD termination

pattern.

On the pattern with two halves (NCD-O and NCD-H), the

growth curves and doubling times indicate that the prolifer-

ation on both terminations was similar, or that it was even

slightly faster on NCD-H. The difference in cell numbers on

NCD-O and on NCD-H was more pronounced on the sample

with FBS at 2 h, and the difference increased after 48 h

despite the comparable doubling time on NCD-H. The cell

coverage differed mainly at the termination border. Without

FBS in the medium, the initial difference in the number of

cells on the halved pattern was not so pronounced, and the

number of cells on NCD-H increased with a similar trend as

on NCD-O during the 48 h of cultivation. In both halved pat-

tern experiments (with and without FBS), the difference in

the number of cells between NCD-O and NCD-H was estab-

lished during the initial adhesion period, and further culti-

vation probably only slowly equalized the cell coverage of

both NCD-O and NCD-H surfaces. This means that if there is

no alternative termination nearby the cells will colonize the

two surfaces (NCD-O, NCD-H) in a similar manner after a

certain amount of time. There will always be a delay in cell

adhesion on NCD-H.

The situation on the striped patterns was very different.

The doubling time of the cells was significantly longer on

NCD-H than on NCD-O in both experiments, with and with-

out FBS during the initial 2 h. The initial cell distribution

favoring NCD-O, especially in the experiments with FBS, was

again the main contributing factor influencing further culti-

vation. The slowdown of cell proliferation on NCD-H cannot

be attributed to worse proliferation or to a higher death

rate, as the cells proliferated without any problem on the

NCD-H of the halved pattern. Migration from NCD-H to

NCD-O after cell adhesion must be thus the decisive factor

leading to the pronounced difference in cell coverage in

favor of NCD-O. The graphs in Figure 3(E) indicate that, on

the halved pattern, the cells travel farther on NCD-H than

on NCD-O. This phenomenon could not be observed on the

striped pattern, because the tracking method inherently

switched the affiliation for the cells that crossed the termi-

nation border. The observation from the halved pattern is,

therefore, more relevant for estimating the cell migration

behavior. The longer cell displacement on NCD-H probably

contributed to the undirected migration of the cells from

the NCD-H regions. However, the cells did not leave the

NCD-O, and they tended to accumulate on the NDC-O sides

of the termination borders. The most likely assumption is

that it was the haptotactical effect38that led to the cell dis-

tribution favoring the NCD-O surface, even in the experi-

ments without FBS, where the initial cell distribution was

more or less even.

CONCLUSIONS

Our study compared the cell colonization on hydrogenated

and oxidized NCD surfaces organized in differently sized

patterns. Both cell adhesion and cell migration processes

play important role in the formation of cell coverage accord-

ing to the termination pattern, nevertheless, initial differ-

ence in the cell adhesion on H- and O-terminated diamond

surface seems to have a higher impact on the array forma-

tion. In the long run, the cells tend to colonize both termi-

nations; however, the oxygen termination promotes the cell

adhesion more than the hydrogen termination and this dif-

ference can radically influence the cell distribution espe-

cially on the striped pattern. Presence of FBS in the

cultivation medium slows down the cell adhesion process

and allows the cells to distribute via a passive drift on the
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surface underin vitroconditions. Faster adhesion of SAOS-2

cells on NCD-O surface causes denser cell coverage on NCD-

O already within the first few hours after the cell plating.

During further cultivation, the cells tend to migrate more

and farther on NCD-H. This again actively shifts the cell cov-

erage in favor of the NCD-O even after the cell adhesion

especially on the striped pattern because of higher chance

of encountering the termination border. These findings

about the cell adhesion, migration, and proliferation proc-

esses on diamond are applicable also to other materials and

surfaces. The results can be useful for fabrication of

implants with controlled cell adhesion and they can facili-

tate interpretation of data acquired by biosensors of various

types.

ACKNOWLEDGMENTS

We especially thank Oleg Babchenko for assisting with the

diamond deposition technology. Mr. Robin Healey (Czech Tech-

nical University, Prague, Czech Republic) is gratefully acknowl-

edged for his language revision of the manuscript.

REFERENCES
1. Hayes JS, Richards RG. Surfaces to control tissue adhesion for

osteosynthesis with metal implants: In vitro and in vivo studies to

bring solutions to the patient. Expert Rev Med Devices 2010;7:

131–142.

2. Kalbacova M, Rezek B, Baresova V, Wolf-Brandstetter C, Kromka

A. Nanoscale topography of nanocrystalline diamonds promotes

differentiation of osteoblasts. Acta Biomater 2009;5:3076–3085.

3. Siddiqui S, Dai Z, Stavis CJ, Zeng H, Moldovan N, Hamers RJ,

Carlisle JA, Arumugam PU. A quantitative study of detection

mechanism of a label-free impedance biosensor using ultrananoc-

rystalline diamond microelectrode array. Biosens Bioelectron

2012;35:284–290.

4. Jiang X, Klages CP. Heteroepitaxial diamond growth on (100) sili-

con. Diam Relat Mater 1993;2:1112–1113.

5. Tang L, Tsai C, Gerberich WW, Kruckeberg L, Kania DR. Biocom-

patibility of chemical-vapor-deposited diamond. Biomaterials

1995;16:483–488.

6. Bajaj P, Akin D, Gupta A, Sherman D, Shi B, Auciello O, Bashir R.

Ultrananocrystalline diamond film as an optimal cell interface for

biomedical applications. Biomed Microdevices 2007;9:787–794.

7. Amaral M, Dias AG, Gomes PS, Lopes MA, Silva RF, Santos JD,

Fernandes MH. Nanocrystalline diamond: In vitro biocompatibility

assessment by MG63 and human bone marrow cells cultures.

J Biomed Mater Res A 2008;87:91–99.

8. Kalbacova M, Kalbac M, Dunsch L, Kromka A, Vaneček M, Rezek
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Cell migration plays an important role in many biological systems. A relatively simple stochastic
model is developed and used to describe cell behavior on chemically patterned substrates. The
model is based on three parameters: the speed of cell movement (own and external), the
probability of cell adhesion, and the probability of cell division on the substrate. The model is
calibrated and validated by experimental data obtained on hydrogen- and oxygen-terminated pat-
terns on diamond. Thereby, the simulations reveal that: (1) the difference in the cell movement
speed on these surfaces (about 1.5) is the key factor behind the formation of cell arrays on the
patterns, (2) this difference is provided by the presence of fetal bovine serum (validated by
experiments), and (3) the directional cell flow promotes the array formation. The model also pre-
dicts that the array formation requires mean distance of cell travel at least 10% of intended stripe
width. The model is generally applicable for biosensors using diverse cells, materials, and
structures.VC2015 American Vacuum Society.[http://dx.doi.org/10.1116/1.4934794]

I. INTRODUCTION

Cell migration plays an important role in many biological
systems. Cell migration is required for embryonic develop-
ment,1wound healing,2and immune responses.3Accurate
understanding of cell migration requires a sound knowledge
of biological, chemical, and mechanical properties and proc-
esses on a specific material.4Selective cell growth can occur
on chemically5and topographically patterned samples6or on
the surfaces modified by nanoparticles.7Also, various pro-
teins can be arranged in patterns8and transferred to another
substrate for controlling cell migration and adhesion in bio-
medical applications.9

For instance, osteoblasts, HeLaG, fibroblasts, and other
cell types can self-assemble into arrays when they grow on
micropatterns of hydrophobic, hydrogen-terminated nano-
crystalline diamond (H-NCD), and hydrophilic, oxygen-
terminated nanocrystalline diamond (O-NCD).10Proposed
reasons for such behavior were the different cell adhesion
strength,11the different conformations of cultivation me-
dium proteins,12and the different cell movement speed13on
these two types of diamond surfaces. Complementary to

continuous films, functionalized diamond nanoparticles
showed bactericidal properties depending on their surface
termination.14,15

However, interpretations of cellular interactions with
functionalized diamond identified only some of the partial
factors. Comprehensive understanding of the array formation
process remained elusive in spite of being important for mi-
croscopic bioelectronic devices such as diamond field effect
transistors.16,17Mathematical modeling can be helpful in
such task. It has been widely used in life sciences as it can
be applied to analyze and explain cell adhesion,18cell move-
ment,19–21influence of cell adhesion on cell movement,22

collective cell movement,23as well as cell communication24

and pattern formation.25None of these models were suitable
for describing array formations though.
Recently, we introduced a stochastic model to describe

behavior of osteoblastic cell arrays on diamond surfaces
with hydrophobic/hydrophilic micropatterns.13 Here, we
show that the cell array formation and the role of partial pa-
rameters can be explained in a straightforward way by using
this relatively simple mathematical model. The model is fur-
ther elaborated, validated by experimental data, and it is
used to explain impact of cell motility, cell flow, cell adhe-
sion, cell proliferation, and protein presence [such as

a)Author to whom correspondence should be addressed; electronic mail:
ukraints@fzu.cz
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typically from fetal bovine serum (FBS)] on the formation of
cell arrays. The model is also used to predict and discuss
general constraints for design of cell arrays.

II. METHODS

Nanocrystalline diamond (NCD) sample preparation and
osteoblasts (SAOS-2 cells) growth procedure were made
according to the protocol.10

The live-cell imaging (LCI) technique was employed to
obtain the time dependence of the numbers of adhered and
nonadhered cells and cell movement parameters (distance
and speed) of cells on O-NCD and H-NCD. Motorized
microscope Nikon TE2000 with installed cultivation system
Okolab Bold Line H301 and camera Nikon DS Qi1Mc was
used to acquire the LCI image sequences. Lens 4 Plan
Fluor (N.A.¼0.13) with phase contrast was used to acquire
a large field of view. By use of phase contrast the adhered
cells appear dark. The nonadhered as well as dead and divid-
ing cells appear bright and round on a gray background. This
simple characteristic was used to distinguish between these
two types of cells during automated image analysis as the in-
tensity thresholding was then applied on the image sequence.
The imaging softwareNIS-ELEMENTSwith tracking module
was used to perform this analysis. The time dependence of
the amount of nonadhered and adhered cells was obtained
based on multiple images taken within 1 min interval during
first 2 h, and 10 min interval within 2–48 h.
After the LCI the cells were fixed by using 4% parafor-

maldehyde in phosphate buffered saline and fluorescently
stained to reveal actin cytoskeletons (PhalloidinþAF488,
Life Technologies). Images of stained cells on NCD sample
were acquired using microscope Nikon TiS with 4 lens
(N.A.¼0.13). The fluorescence images taken from the
stained samples were used to draw the cell density graphs
based on averaging of intensity of actin fluorescence. The
data were measured usingIMAGEJ(National Institutes of
Health)31software with function “plot profile.” The plots
correspond to the amount of area covered by the cells.
For atomic force microscopy (AFM), the cells were

fixed by immersion in 3% glutaraldehyde for 2 h. Their
morphology was studied in water in the Peakforce AFM
(ICON) using Multi75Al (Budget Sensors) CF4treated canti-
lever with nominal stiffness k¼3 N/m.26

The model for computer simulations was based on one-
dimensional stochastic model implemented inMATLAB.13The
model is a 1D model where the cells move in perpendicular
to the stripes, i.e., across the stripes. Movements of cells
along the stripes as well as in vertical direction above the
surface are not taken into account. This is because cell
movement along the stripes obviously does not affect the
pattern formation. The present model starts when all the cells
are already on the surface and hence also vertical cell move-
ment can be ignored. Nevertheless, the model can be
extended to 2D (movement in plane) or to 3D (movement in
space). Such 2D model could be studied in future in order to

investigate the impact of cell–cell interaction, finite cell size,
and thus spatial limitations.
The elaborated model is schematically shown in Fig.1.

It can be described as follows. In the first step, large amount
of cells (Ncells¼1200) is evenly distributed across the sur-
face (interval [1, N], N¼1200). The interval [1, N] is di-
vided into several pairs (one or three) of H/O-stripes. One
pair corresponds to two stripes with the width of N/2¼600
and one H/O-boundary (denoted as H/O-halves), and three
pairs correspond to six stripes with the width of N/6¼200
(denoted as H/O-stripes). In real experiments, three pairs
of H/O-stripes of 200lm correspond to 1.2 mm sample
width (1.2 10 mm). Typical initial cell concentration of
15 000 cell/cm2(Ref.10) corresponds to 1800 cells on this
segment. This is comparable to simulations with 1200 cells
on the segment width 1200lm and the stripe width 200lm.
Difference between halves and stripes is in principle only

the width of stripes. However, in real experiments, we had
truly halved samples and samples with stripes. Therefore, we
prefer to keep this distinction to correlate experiments and
calculations clearly.
In the second step, a random movement of each nonad-

hered cell takes place from the starting point (x) within the
segment [x SH/2, xþSH/2] for cells on H-part and within
the segment [x SO/2, xþSO/2] for cells on O-part, where
SOand SHare speeds of the cell movement (due to motility
or external factors) on the respective surface. In the case of
simulations with a one directional movement (e.g., due to
additional flow), the cells were moved within the segment
[x, xþSH/O/2]. Note that the cell cannot leave the interval
[1, N]. If the cell leaves the interval, it is placed back to the
interval (to the nearest position 1 or N).
In the third step, each cell placed on H-NCD is attached

to the surface with probability PH, each cell placed on
O-NCD is attached to the surface with probability PO,

FIG. 1. Model of cell movement, adhesion, and division on the NCD sample
with H-/O-terminated surface patterns.
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respectively. If the cell is attached to the surface, it cannot
move or detach anymore.
In the fourth step, each adhered cell is divided into two

cells with probability DOor DHdepending on the surface ter-
mination. In case of subsequent divisions, more cells will be
placed in the same spot, i.e., one already divided cell will
divide again in case of subsequent division.
The movement, adhesion, and division steps are repeated

many times (number of cycles Ncycles¼2000) for all cells.
Two thousand cycles for 48 h growth corresponds to
1.44 min per cycle. The amount of adhered cells on O-NCD
(AO), the amount of adhered cells on H-NCD (AH) over time
(1–2000 cycles), and the final ratio AO/AHat the last cycle
(Ncycles¼2000) are calculated as the main results of simula-
tion. The time scale (Ncycles¼2000) was found sufficient to
achieve equilibrium, i.e., all cells were adhered and many
cells divided. At this time point, the AO/AHratio and mean
travel cell distance practically reached equilibrium. If the
AO/AHratio is smaller than 2, the result of simulation is the
absence of array formation, and if the ratio is larger than 2,
the array was formed.
In the experiments, the migration itself does not affect ad-

herence of cells (it is rather vice versa) and thus this effect
was not studied in experiment or in the model. In the model
parameters, S, P, and D are independent on each other; thus,
the cell migration inherently does not affect adherence of
cells and vice versa.
Note that in the experiments all cells are in solution ini-

tially. Then, the cells attach to the surface (become nonad-
hered cells) and subsequently adhere on the surface (become
adhered cells) and divide. Nonadhered cells and adhered
cells were monitored separately. The experimental data for
the nonadhered cells were used to calculate the experimental
cell movement speed values SOand SH, ratio SH/SO(pre-
sented in TableI) and the experimental probabilities of cell
adhesion POand PH(based on decaying amount of the non-
adhered cells in time). The data for adhered cells were used
to calculate the experimental amount of the adhered cells
AO/H, the experimental AO/AHratio, and the experimental
probabilities of cell division DOand DH(based on cell dou-
bling time values). The experimental results on diamond

micropatterns are thus approximated by three parameters for
each type of surface (SO,SH,PO,PH,DO, and DH).
The AO/AHratio is used as the key indicator of the cell

array formation in both experiment and simulation. In order
to relate the model to the experiment, SH/SOratio, PO,PH,
DO, and DH values were supplied from the experimental
data. Only the SOvalue is used as a free parameter for opti-
mization during simulations. The optimized parameter is the
difference between AO/AHratio obtained from the simula-
tion and the experiment.
The experimental values of the cell movement speed

(50–220lm/h) are presented in TableI. They are related to
round, nonadhered cells. The experimental values of the
movement speed of adhered cells are comparably small
(4lm/h) and are thus not taken into account in the model.
Note that the ratio SH/SOin the model corresponds to instan-
taneous speed of the nonadhered cells. The experimental ra-
tio SH/SO was measured within 2 h interval and varies
between 0.9 and 1.6. The data are presented also in TableI.
The experimentally measured cell movement speed values

for the nonadhered cells were obtained on the time scale of
2 h. The values on 1 min time scale are difficult to calculate
due to insufficient resolution of the images and corres-
pondingly high error. However, in the model, the SHand SO
values are related to the interval of 1.44 min, due to different
time scale, there is a calibration factor

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
120=1:44

p
¼9:1

and the value SO¼1 in the model corresponds to 2.3lm/h
(maximal movement of cell by 9.1 0.5lmwithin2hinter-
val in the model). Thus, the values 50–220lm/h correspond
to the values 20–100 in the model. This parameter is not so
well defined compared to the adhesion and the division, so it
is optimized during the simulations.
The probabilities of cell adhesion (POand PHvalues) were

obtained from the experimentally measured amount of the
nonadhered cells on the sample. The time scale was changed
from 48 h to 2000 cycles, and the data were fitted with expo-
nential decay. The ratio 1/decay constant was used as a proba-
bility of cell adhesion. The experimental results for the NCD
sample with H/O-halves correspond to PO1¼0.013, PH1
¼0.008, and for the NCD sample with H/O-stripes to
PO3¼0.016, PH3¼0.018, respectively. The probability of cell
adhesion P>0.003 gives more than 99% chance that the cell
will adhere on the surface during 2000 cycles.
The cell division probabilities were estimated from the

experimental values of doubling time DT, i.e., time needed
for one cell division into two daughter cells. Cell doubling
time was calculated using Doubling time calculator (http://
www.doubling-time.com/). The cell amount data entered in
the calculator were taken from 48 time points (1 h, 2 h, 3 h,
etc., after the cell seeding). There is a dependence between
doubling time DT in real experiment and division probability
D in the model. On the NCD sample with H/O-halves are
DTO1¼32 h (in the model DO1¼0.00075) and DTH1¼31 h
(DH1¼0.00078) [Fig.3(a)]. On the NCD sample with H/O-
stripes are DTO3¼35 h (in the model DO3¼0.00069) and
DTH3¼98 h (DH3¼0.00025) [Fig.3(b)]. Our experimental
values are in a reasonable agreement with the data in the

TABLEI. Experimentally obtained average movement speed of nonadhered

cells on NCD samples with H/O-halves and H/O-stripes and with or without
the presence of FBS during the first 2 h of cell plating. The ratio of cell
speed on H and O surface is also given (SH/SO).

Average cell speed (lm/h) SH/SO

Halves OþFBS 147 1.37

Halves HþFBS 202

Halves O FBS 67 0.93

Halves H FBS 62

Stripes OþFBS 139 1.56

Stripes HþFBS 217

Stripes O FBS 58 0.91

Stripes H FBS 53

041006-3 Ukraintsevet al.: Stochastic model explains formation of cell arrays 041006-3

Biointerphases

140

, Vol. 10, No. 4, December 2015



literature, which show that the doubling time for SAOS-2
cells on NCD is 41–43 h.27

III. RESULTS

A. Experimental cell array formation on H/O-diamond

Figure2(a)shows example of the cell array formed on the
NCD sample with H/O-stripes. The cells on O-NCD are well
adhered as indicate by a large spread of cytoskeletons. The
cells on H-NCD are smaller and round-shaped. There are sig-
nificantly more cells on O-NCD than on H-NCD, i.e., the cell
array is formed due to different protein conformation on
hydrophobic (H-NCD) and hydrophilic (O-NCD) surface.10

The cells obviously prefer hydrophilic to hydrophobic sur-
face.10,26Figure2(b)shows detail of the border between H-
and O-terminated diamond as measured by AFM.

B. Simulations of cell array formation

Figures3(a)and3(b)present the experimental time de-
pendence of the number of adhered cells on the NCD sample
with H/O-halves and H/O-stripes, respectively. Based on
these data, the experimentally measured ratios AO/AH
(amount of adhered cell on O-NCD versus H-NCD) were
defined. The simulations based on our model were per-
formed in order to optimize the AO/AHratios without taking
into account the shape of the curves. For optimization the SO
parameter was chosen, which reflects cell movement speed
value on O-NCD. These So values gave the simulated AO/

AHratio very close to the experimental AO/AHratio for two
sets of experimental data (H/O-halves and H/O-stripes).
Other parameters (SO/SHratio, PO,PH,DO, and DH) were
provided from the experiment (as described in Sec.II).
Figure3(c)represents the best approximation of the experi-
mental results [Fig. 3(a)] with the resulting parameters
SO¼80, SH¼125, PO¼0.013, PH¼0.008, DO¼0.00075,
and DH¼0.00078. Figure3(d)represents the best approxi-
mation of the experimental results [Fig.3(b)] with the result-
ing parameters: SO¼84, SH¼131, PO¼0.016, PH¼0.018,
DO¼0.00069, and DH¼0.00025. The speed values obtained
from the fit are well comparable to the experimentally
obtained values.
The experimental and simulated curves have also similar

AO/AHratios, i.e., the parameter defining the array forma-
tion. For H/O-halves AO/AH¼1.560.1 in the experiment
and AO/AH¼1.5 in the simulation. Both values are well
below 2, i.e., the cell array was not formed.13For H/O-
stripes AO/AH¼2.9360.07 in the experiment and AO/
AH¼2.87 in the simulation. The ratio is well above 2, i.e.,
the cell array was clearly formed in this case.
There is a good match between the experimentally and

theoretically obtained parameters, which define the cell array
formation. Thus, the model can be considered as validated.
Figures3(e)and3(f)show computed spatial profiles of

amount of adhered cells on the NCD sample with H/O-halves
and H/O-stripes, respectively. The simulation can obviously
well reproduce formation of the cell array on H/O-stripes and
the cell accumulation/depletion region on H/O-halves, shown
in Figs.3(g)and3(h). The depletion region indicates that
there is a limit for pattern feature size beyond which the cell
array cannot be formed due to limitations on cell migration.
Comprehensive analysis of this effect is provided further
below. Coincidently, the cell accumulation/depletion region
width of 200 in the simulation is matching well with the
200lm stripe width employed in the experiment, i.e., the
experiment was just at the feature size limit.

C. Influence of proteins on cell array formation

Previous reports showed that the presence of proteins
from FBS during cell seeding is crucial for array forma-
tion.10,11Without the presence of FBS, cell array was not
formed in most experiments. The experimental results, pre-
sented in TableI, show that the presence of FBS already dur-
ing the first 2 h of cell plating not only increases the cell
movement speed but also makes the movement speed higher
on H-NCD compared to O-NCD.
The simulations in the presence of FBS [Fig.3(b)] provided

cell movement speeds SO¼84 and SH¼131. Considering the
ratios of experimental data in TableI,theabsenceofFBS
causes reduction of cell movement speed to SO¼84 58/
139¼35 and SH¼131 53/217¼32. Simulations in Fig.
4(a)show that such decrease causes large reduction of the AO/
AHratio on H/O-stripes from 2.88 to 1.37. This corresponds to
change from cell array formation to homogeneous surface cov-
erage. Thus, by using the experimentally measured cell

FIG. 2. (a) Optical fluorescence microscopy image of osteoblasts on the
NCD sample with 200lm hydrophobic/hydrophilic stripes. Green color cor-
responds to immunostained actin filaments (cytoskeletons) and blue color
corresponds to cell nuclei. (b) 3D topography AFM image of osteoblasts on
the O/H-NCD border.
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movement speed values, the model explains the experimen-
tally observed homogeneous coverage of the patterned sample
in the case of absence of FBS. This is obviously mainly due to
reduced cell movement speed on both types of surfaces.
In order to calculate the mean travel distance, presented

in Fig.4(b), the movement of the nonadhered cells was

added to the movement of the adhered cells (prior to adhe-
sion) and then divided by initial amount of cells at each
simulation step. The cell division events were not taken into
account. These data show that the increased cell movement
speed (e.g., due to the presence of FBS) leads also to
increased cell mean travel distance by about a factor of 3.

FIG. 3. Amount of adhered cells on H-NCD (red curve) and O-NCD surface (blue curve) as a function of time: experimentally obtained data on the NCD sample
with (a) H/O-halves and (b) H/O-stripes; data obtained from simulations on (c) H/O-halves (optimized parameters SO¼80, SH¼125, experimental parameters
PO¼0.013, PH¼0.008, DO¼0.00075, and DH¼0.00078) and (d) H/O-stripes (optimized parameters SO¼84, SH¼131, experimental parameters PO¼0.016,
PH¼0.018, DO¼0.00069, and DH¼0.00025). Computed profiles of a lateral cell distribution on (e) H/O-halves and (f) H/O-stripes samples. Green line is guide
for eye. Experimental profiles show mean intensity plots created from immunostaining images of actin on (g) H/O-halves and (h) H/O-stripes samples.
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The data were averaged over H and O surfaces to provide
a clear view and to avoid problem with cells that cross from
O to H and vice versa. Note that the cells do not move any
further after few tens of cycles as they adhere onto the sur-
face already. The continuous rise in cell amount on each
type of surface [such as in Fig.4(a)] is due to the cell
division.13

The experimental data of mean travel distances shown in
Fig.4(c)are obtained for the nonadhered cells (0–2 h—no
cell division event occur) and are in good agreement with
the calculations (for consistency, cell division is not taken
into account in both cases). The data also show, on average,

about three times increase in the mean travel distance due to
the presence of FBS.

D. Influence of directional cell flow

So far, the model used assumption that the cell movement
is random. However, under real experimental conditions,
there is often some preferential direction of cell movement
for example, due to sample inclination, temperature drift, or
transient flow due to cell injection. The model can be
adjusted to such directional flow easily. In this case, the cells
are randomly moved in each step of simulation within the
segment [x, xþSH/O/2] instead of [x SH/O/2, xþSH/O/2].
The main result of the directional simulations is that the
experimentally measured AO/AHratios were obtained with
20–30 times smaller speed values (SO 3, SH 5) with
otherwise same probabilities of adhesion and division as
fully random simulations. Thus, even minor cell flow can
significantly enhance the array formation.

E. Prediction of cell array formation

The model can be also used to predict cell array formation
by analyzing probability of array formation influence as
function of the ratio between mean travel cell distance (T)
and H/O-stripe width (W)-T/W. To this end AO/AHratios
were calculated from a large set of simulations (4860) on H/
O-halves and H/O-stripes with various parameters: SO¼1,
2, 3, 4, and 5 for one-directional cell movement and SO
¼10, 20, 30, 40, and 50 for bidirectional cell movement, SH/
SO¼11=3,12=3, and 2, PO¼0.012, 0.014, and 0.016, PH
¼0.007, 0.009, and 0.011, DO¼0.0006, 0.0007, and 0.0008,
and DH¼0.0002, 0.0004, and 0.0006.
Figure5shows that there is indeed a correlation between

the ratio AO/AHand the ratio T/W. The higher T/W ratio
generally causes higher AO/AHratio. It is evident that T/W
>0.1–0.2 is sufficient for cell array formation (AO/AH

FIG. 4. (a) Calculated amount of adhered cell in case of the presence
(SO¼84 and SH¼131) and the absence of FBS (SO¼35 and SH¼32) dur-
ing the cell plating. (b) Calculated mean travel distance of cells in case of
the presence (SO¼84 and SH¼131) and the absence of FBS (SO¼35,
SH¼32) during the cell plating. (c) Experimentally measured mean travel
distance of nonadhered cells during first 2 h of experiment depending on the
surface termination (H-NCD or O-NCD), number of stripes and the presence
or the absence of FBS during the cell plating.

FIG. 5. Dependence between ratio AO/AHand ratio mean travel distance/
stripe width for 4860 simulations with following parameters: SO¼1, 2, 3, 4,
and 5 for one-directional cell movement and SO¼10, 20, 30, 40, and 50 for
bidirectional cell movement, SH/SO¼11=3,12=3, and 2, PO¼0.012, 0.014,
and 0.016, PH¼0.007, 0.009, and 0.011, DO¼0.0006, 0.0007, and 0.0008,
and DH¼0.0002, 0.0004, and 0.0006. Yellow line corresponds to ratio AO/
AH¼2, the threshold of array formation.
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threshold is 2). In other words, for given pattern feature size,
the chosen cell type must be able to travel at least 10%–20%
of the feature size. Vice versa, for given type of cells, the
pattern feature size must be adjusted not to be larger than
5–10 the mean cell travel distance.
This prediction is in a good agreement with the experi-

mental data. For instance, the experimental data in Fig.4(c)
show that in the case of cell array formation (in the presence
of FBS), the mean travel distance is on average 32lmon
200lm H/O-stripes, i.e., the ratio is 0.16. In the case of ho-
mogeneous cell distribution (in the absence of FBS), the
mean travel distance is on average 8lm on 200lm H/O-
stripes, i.e., the ratio is 0.04.
There are other noticeable features in Fig.5. Wide

spreading of data points evidences that the AO/AHratio is
not defined solely by the ratio of mean travel distance versus
stripe width. Other parameters (P and D) also play a role. In
addition, on H/O-stripes, the directional cell flow does not
change the trend and threshold ratio from merely random
movements. Thus, it does not matter if the cell travel is pro-
vided externally or by own cell motility. For the given mean
travel distance, the cell has the same chances to reach peri-
odically distributed O pattern and to form the array. For the
given cell motility, additional flow will increase the cell
travel distance and the ratio, and consequently, it will
enhance the array formation.
In the case of a single H/O-boundary (H/O-halves), the

directional flow toward O half significantly promotes its
occupation by the cells compared to random movements.
This is obviously due to lack of pattern periodicity.

IV. DISCUSSION

The stochastic model reveals clearly the role of the three
parameters (cell movement speed S, probability of cell adhe-
sion P, and probability of cell division D) describing behav-
ior of cells on the surfaces and formation of cell arrays. The
nonadhered cell movement speed S is the most important pa-
rameter for array formation. The ratio SH/SOhas a highest
impact on the ratio AO/AHcompared to other parameters.
Sufficiently high movement speed values are also required
(provided by cell motility and/or external flow) compared to
the pattern feature size, as shown by Fig.5. The difference
in values of SHand SOis caused by protein adsorption on the
surface. Proteins from FBS generally increased cell motility
compared to bare surface. FBS proteins create 2–3 nm thin
interlayer and thereby redefine the cell–substrate interac-
tion.10In addition, motility is higher on hydrophobic H sur-
face compared to hydrophilic O surface. As the proteins on
H surface are in unfavorable denatured condition,10cells
become more motile in search for better adhesion place.
Moreover, proteins from FBS absorbed on H-diamond were
shown to decrease cell adhesion strength.11

The second key factor is probability of cell adhesion P.
Our simulations reveal that P determines the initial rise
(t<200) in the cell amount curves. The differences in the
rise are given by the PO/PHratio. Explanation of observed

PO>PHcan be (1) higher adhesion strength between osteo-
blasts and O-NCD, (2) higher binding (cohesiveness)
between FBS and O-NCD compared to H-NCD,11and (3)
lower cell motility on O-NCD (shown in this work).
Cell division probability D leads to the long term increase

in the cell amount, as shown by our simulation; thereby, D
may influence the array formation. However, cell doubling
time is quite similar on both H- and O-NCD, i.e., the DO/DH
ratio is close to 1. Thus, only because there is initially higher
cell amount on the O-NCD pattern, mainly due to lower cell
movement speed S and higher cell adhesion probability P,
the cell amount increases faster there. Hence, the ratio AO/
AHbecomes larger in time, and cell array becomes more
pronounced.
It is possible to further refine the fitting accuracy of the

model by using more than one parameter optimization or by
introducing new parameters (cell movement after adhesion,
cell communication, or initial delay due to cell plating). On
the other hand, the results above show that the three main pa-
rameters (S, P, and D) are good enough to match the model
with experiments and explain most of the experimental
results such as the cell array formation as well as the role of
FBS and directional cell flow. Still, there are several factors
to be considered.
First, in the model, all cells are initially already on the

surface. In the real experiment, the cells sediment at first
from solution to the surface (attachment phase—cells are
touching the surface—plating) and then they can move and
adhere on the surface (adhesion phase—cells form adhesions
with the surface—spreading). Preferential cell adsorption to
the pattern can occur already during plating, e.g., due to the
flow. Indeed, the experimental results in Figs.3(a)and3(b)
show the same 30 min delay before the amount of adhered
cells starts to grow. This can be attributed to the plating
process.
Second, in the real experiments, the cells move even after

adhesion and division with speed 3–4lm/h; however, their
speed is much lower than before adhesion (40–250lm/h).
As shown by our analysis, small speed will not cause any
changes in the result of simulation. Therefore, there is no
need to introduce fourth parameter into the model (cell
movement after adhesion and spreading). This assertion also
means that initial cell flow plays bigger role than the cell
movement after adhesion.
Third, consequently the fact that the cells do not move

fully randomly should be taken into account. Experimentally
observed cell flow can be one of the reasons of higher sepa-
ration of cells between H/O-NCD. Even small flow in the
direction perpendicular to the stripes can enhance the array
formation. Obviously, flow parallel to the stripes has no such
effect. Therefore, the direction of the cell flow must be taken
into account. This factor can be a reason why in some cases
arrays were formed and in other not.
Fourth, in real experiment, cells communicate among

each other and form cell agglomerates. This can lead to
faster cell adhesion and division on O-NCD compared to H-
NCD, where agglomerates were formed much later than on
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O-NCD. Thus, the cell communication can increase experi-
mentally observed AO/AHratio. In that case, the optimized
fitting parameters include the communication factor and do
not correspond to parameters of individual cells. This does
not impart the model applicability. In addition, when the
cells are in close proximity (confluent layer), they can prolif-
erate well even on unsuitable surface (H-NCD in our case)
because they received the growth signals not from the sur-
face but from the neighboring cells.28

The cell–cell interaction represents an important factor
that can influence the cell migration and perhaps also forma-
tion of cell arrays. However, there are two reasons why we
did not consider the collective cell migration and cell–cell
interaction as a factor in our results. First, the experiments
show that array formation often occurs already in short time
after cell plating, at the stage when all cells are single due to
specifically chosen concentration and do not touch each
other. After some time, the cells start to spread and divide.
Those processes make the pattern clearer, but they are not
determining. Second, in the experiments, any local or gen-
eral directionality of the cell migration was not found. Thus,
we can conclude that the movement, adhesion, and division
of single cells and not the cell–cell interaction are responsi-
ble for the array formation.
Fifth, the model does not take into account the finite cell

size. The cell growth is not limited in the model. In real
experiments, in case of too high cell density, the cells form a
confluent layer, which covers both H- and O-terminated
areas without differences,10most likely due to the above
mentioned mutual communication. Thus, experimentally
measured AO/AHratio drops to 1 although theoretically pre-
dicted AO/AHratio would be higher. Initial cell plating den-
sity must then be considered prior to making conclusions
based on the model.

V. CONCLUSIONS

We introduced stochastic mathematical model for
describing behavior of cells on patterned surfaces. By valida-
tion and comparison with the experimental data, the model
was proved as biologically realistic. By using only three fun-
damental parameters (cell movement, adhesion, and prolifer-
ation), the model was able to explain the formation of cell
arrays on the model system of hydrogen- and oxygen-
terminated diamond patterns. It revealed that the main rea-
sons for cell array formation are the different movement
speeds of the nonadhered cells and probability of cell adhe-
sion on each type of diamond surface. This difference was in
our case caused by the presence of proteins from the fetal
bovine serum in cell cultivation medium, which adsorb on
the diamond surface during the cell plating but differently
according to particular surface termination. Without pro-
teins, the S, P, and D parameters are comparable on both
types of surface and cell arrays are not formed. In addition,
the model showed that directional cell flow can promote the
array formation. It can be used by purpose, but it can occur

without intent as well. Its effect must be then carefully
considered.
The model can also be used to analyze cell behavior on

biomaterials and sensor patterns without the need to perform
real experiments. For example, this model showed that mean
travel distance of cells must be at least 10%–20% of the
stripe width in order to form well-defined array. The model
predicts suitable array dimensions for given cell and media
properties. The surfaces were patterned in our case chemi-
cally, just by hydrogen and oxygen surface atoms. Yet, in
principle, other modifications could be also used, including
surface nanostructuring,29nanopattering by block copoly-
mer,30to control the S, P, and D parameters and thereby cell
array formation. The model has thus a broad applicability for
designing and understanding formation of biofilms for bio-
sensors and biointerfaces using diverse cell lines, bacteria,
materials, and structures.
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ABSTRACT

The biocompatibility of large single layer graphene produced by chemical vapour deposi-

tion was investigated using human osteoblasts and mesenchymal stromal cells. The study

was focused on cellular adhesion, morphology and the ability to proliferate on graphene

substrates. It was found that both of the cell types which were tested adhered and prolif-

erated better when cultured on graphene films than on a SiO2substrate.

2010 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene is a new two-dimensional material that is attract-

ing a lot of attention due to its unique structural and elec-

tronic properties. The exceptional electrical and mechanical

characteristics of graphene can be utilised in new electronic

devices[1], electromechanical resonators[2]and/or compos-

ites[3]. Due to its conductivity, graphene has the potential

to be greatly useful in electrical bio-sensing applications[4].

However, biocompatibility is a prerequisite for the use of

graphene in biological or medical applications. It is also nec-

essary to evaluate the toxicological and ecological risks of

graphene.

Carbon-based materials (carbon nanotubes or nanocrys-

talline diamonds) are widely tested for both their potential

toxicological risks and their possible use in biomedical appli-

cations. The results of studies involving carbon nanotubes are

still contradictory, showing cytotoxic effects in some cases

and improved cell growth in other cases[5]. The toxicity of

nanotubes is apparently affected by their degree of disper-

sion, their level of functionalisation and their length[6–8].

Furthermore, an important issue in biocompatibility tests of

carbon nanotubes is their purity. Contaminants, such as

amorphous carbon or residuals of catalytic particles, may dra-

matically affect the living environment. The purification pro-

cedures may also introduce cytotoxic substances (e.g.

sodiumdodecylsulphate), which may increase the toxicity of

the purified sample.

A positive effect on cell adhesion, proliferation and differ-

entiation was observed in the case of osteoblast cultivation

on nanocrystalline diamonds. This revealed that diamond

modification, which alters the surface hydrophilic/hydropho-

bic character[9], and the nano-roughness of the surface

[10,11] are both important factors which play a significant role

in cell cultivation.

In contrast to carbon nanotubes, the topography of single

layer graphene is very simple. Furthermore, graphene can

be synthesised in a relatively pure form, which allows the

biological tests to be less affected by impurities. Therefore,

graphene is an ideal model material for experiments with

adherent (anchorage-dependent) cells (e.g. osteoblasts,

mesenchymal stromal cells (MSCs), etc.).
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Adhesion of osteoblasts is a crucial prerequisite to sub-

sequent cell functions, such as proliferation, synthesis of

proteins (e.g. proteins of extracellular matrix (ECM), mor-

phogenic factors and osteoinductive molecules) and forma-

tion of mineral deposits. Adhesion is generally dependent

on time, adhesive forces at the cell/material interface,

and surface topography [12]. Cell adhesion is primarily

mediated by integrins, a widely expressed family of trans-

membrane adhesion receptors [13]. Upon ligand binding,

integrins rapidly associate with the actin cytoskeleton and

cluster together to form focal adhesions (FAs), which are

discrete complexes that contain structural (e.g. vinculin)

and signalling molecules (e.g., focal adhesion kinase)[14].

FAs are central elements in the adhesion process because

they function as structural links between the cytoskeleton

and ECM to mediate stable adhesion and migration. Fur-

thermore, in combination with growth factor receptors,

FAs activate signalling pathways that regulate transcription

factor activity and direct cell growth and differentiation

[15]. Vinculin is commonly found one of the most promi-

nent residents in FAs [16]and appears to facilitate the

assembly of proteins in focal adhesions by cross-linking

with various partners.

Human MSCs are mononuclear cell population adherent to

tissue culture plastic and have been isolated from adult bone

marrow. They are capable of further proliferation as well as

differentiation into multiple lineages involved with connec-

tive tissue (osteoblasts, adipocytes and chondrocytes) when

exposed to various growth factor combinations[17]or sub-

strates with different topography and rigidity[18]). Thus,

these cells may serve as a good model for testing the possible

increased/accelerated differentiation induced by adhesion

onto graphene surfaces.

Recent advances in chemical vapour deposition (CVD) syn-

thesis have allowed the preparation of sufficiently large

graphene flakes that are suitable for biological tests. This

study is the first to investigate the influence of graphene film

synthesised on copper foil by CVD and subsequently trans-

ferred to a SiO2substrate used further for cell experiments.

Our results show that the graphene is biocompatible for hu-

man osteoblasts as well as for human MSCs. Furthermore,

the graphene substrate stimulated the growth of the tested

cells. Hence, the graphene can be suggested as a biocompati-

ble, conductive, and patternable material for implant engi-

neering and other medical applications.

2. Experimental

Graphene samples were synthesised using previously pub-

lished CVD method[19]. Briefly, a thin copper foil (2·5cm)

was heated to 1000 C and annealed for 20 min under H2gas

flowing at 30 sccm (standard cubic centimeters per minute).

The film was exposed to H2and CH4for 20 min, and finally,

the substrate was cooled down from 1000 to 500C under H2

and CH4. The synthesised graphene was transferred to a clean

SiO2/Si substrate using polymethylmethacrylate (PMMA)

according to previously reported procedures[20]. The Raman

spectra were recorded by a Labram HR spectrometer (Horiba Jo-

bin Yvon) interfaced to an Olympus BX-41 microscope (objec-

tive 50·). The spectrometer was calibrated using the F1g

mode of Si at 520.2 cm 1.

Human MSCs were obtained from patients undergoing

diagnostic trephine biopsies for suspected haematological dis-

ease without tumour-affected bone marrow after giving writ-

ten consent. MSCs (passage 3) were plated (10,000 cells/cm2)

on substrates and incubated at 37C in a 5% CO2atmosphere

in AlphaMEM medium supplemented with heat inactivated

10% fetal bovine serum (PAA), penicillin (20 U/ml) and strepto-

mycin (20lg/ml).

Human osteoblast-like cell line (SAOS-2) was obtained

from DSMZ GmbH. Cells were plated (20,000 and 25,000 cells/

cm2) on substrates and incubated at 37Cin5% CO2 in

McCoy’s 5A medium without phenol red (BioConcept) supple-

mented with 15% heat inactivated fetal bovine serum (PAA),

penicillin (20 U/ml) and streptomycin (20lg/ml). These

immortalised cells were stable and exhibited features of ma-

ture osteoblasts (pronounced alkaline phosphatase activity

and mineralisation)[21].

The morphology of the focal adhesions of SAOS-2 and MSC

cells was characterised by immunofluorescent staining of

vinculin (1:150, Sigma, anti-mouse Alexa 568), actin filaments

(Phalloidin-Alexa-488, 1:100, Invitrogen) and nuclei (40,6-diami-

dino-2-phenylindole (DAPI), 1:1000, Sigma). The epi-fluorescent

Nikon E-400 microscope was used (Hg lamp, UV-2A, B-2A and

G-2A filter set) and data were recorded by the DS-5M-U1 Color

Digital Camera (Nikon). Three-dimensional images of cells were

acquired using a Nikon TE2000E microscope equipped with a

confocal scanning head (C1si), oil immersion objective Apo TIRF

60·((N.A. 1.49) and excitation laser 543 nm). Emission of individ-

ual flourophors was detected using a 610/75 band-pass filter. Im-

age sampling density was corrected according to Nyquist

criterion. Selected z-stack images were restored (deconvolved)

using a maximum likelihood restoration algorithm in the Huy-

gens Professional Software and the measured point spread

function. Restored z-stack images were further volume ren-

dered using Imaris Personal software (Bitplane).

In order to count cells, nine size-calibrated fluorescence

pictures of DAPI stained cell nuclei from each surface type

were obtained using a Nikon E400 microscope with a 4·lens.

Areas of 1 mm2were cut out of these calibrated pictures using

NIS-Elements software (LIM, Prague). The cell nuclei on these

1mm2areas were automatically counted after binary mask-

ing using C++scripting for NIS-Elements.

3. Results and discussion

Fig. 1Ashows a typical Raman spectrum of a CVD graphene

sample on a SiO2/Si substrate excited by 2.33 eV laser energy

radiation at an electrode potential of 0 V. The spectrum was

dominated by the two features typical for graphene-based

materials: the G (TG) band at 1590 cm 1and the G0(2D) band

at about 2688 cm1. Raman spectroscopy has been frequently

used to distinguish a single layer of graphene (1-LG) from

multilayer graphene (M-LG). It is generally accepted that the

G0band for M-LG is significantly broadened in comparison

to the G0band for 1-LG, and the relative intensities of the

G band and the G0band change dramatically. The FWHM line-

width of the G0band inFig. 1Ais about 30 cm1, which is a
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typical width of single layer graphene. However, it has been

shown recently that the broadening of the G0band may be ab-

sent, even in multilayer graphene, if the graphene sheets are

misoriented relative to one another[22]. Another signature of

single layer graphene is the ratio between the intensity of the

G and the G0band. This approach toward distinguishing be-

tween 1-LG and M-LG has been recently criticised because

the G0mode intensity (IG
0) is strongly dependent on the dop-

ing level while the G mode intensity (IG) is not. To avoid the

effect of doping, we measured Raman spectra of graphene

in the electrochemical cell at a given electrode potential

(0 V) using a PAR potentiostat. The electrolyte solution used

was 0.1 M LiClO4dissolved in dry propylenecarbonate/PMMA

(Aldrich) (Fig. 1A). This ensured that the natural doping was

considered and the doping state of the graphene sample

was controlled by the externally applied potential. A compar-

ison of the peak intensity of the G0band and the peak inten-

sity of the G band inFig. 1Ashows that theIG0/IG 7. This

confirms that the Raman spectrum corresponds to a single

layer graphene.

Fig. 1Bshows an optical microscope image of the CVD

graphene sample. The thickness of the SiO2 layer was

300 nm, which was convenient for determining the number

of graphene layers. The presence of single layer graphene in

our sample was confirmed by colour analysis as discussed

previously[20].

In order to evaluate the biocompatibility of CVD grown

graphene films, we plated human osteoblasts, SAOS-2 cells

(immortalised cell line) and human MSCs (primary cells), on

the graphene film and on SiO2,which was used as a support

material for graphene. In these experiments, SiO2was used

as a biocompatible reference material for cell plating, which

was established in a previous study[23].

SAOS-2 cells are widely used among different osteoblastic

cell lines for biocompatibility experiments based on their cell

anchorage-dependency[6,24,25]. Thus, it is relevant to use
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Fig. 1A – Raman spectrum of single layer CVD graphene. The spectrum is excited by 2.33 eV laser excitation energy at a

potential of 0 V.

Fig. 1B – Optical microscope image of CVD graphene film on a SiO2/Si substrate.
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SAOS-2 cells for testing the impact of graphene on this cell

line.

After a 48 h incubation, we found osteoblasts homoge-

nously covering the graphene film in a confluent layer

(Fig. 2A) but forming separate islands on the SiO2substrate

(Fig. 2B). It can also be concluded from the images that more

cells are present on the graphene film than on the SiO2sub-

strate (more blue-stained nuclei are apparent on the graph-

ene substrate, and the cells already form multi-layers). This

was confirmed by counting the cells on both substrates:

46,700 (±9300) cells/cm2 on the graphene film and 36,700

(±5500) cells/cm2on the SiO2substrate. In other words, the

initially plated osteoblasts (25,000 cells/cm2) almost doubled

in density using graphene as the substrate. This result is con-

sistent with the reported doubling time (43 h) of the cell line

(DMSZ, GmbH). On the other hand, the amount of cells on

the SiO2substrate increased only by a factor of 1.5 after a

48 h incubation. The observed formation of clusters on the

SiO2substrate is similar to that observed with other cells cul-

tivated on glass substrates[26]. Graphene was shown to be an

optimal (suitable) surface for cell growth because of the for-

mation of a confluent layer, the increased number of cells,

and the higher proliferation of cells in comparison to the

SiO2substrate.

A well-defined border between the graphene film and the

SiO2substrate was created by high density cell seeding at

(25,000 cells/cm2)(Fig. 3).Fig. 3shows that osteoblasts clearly

prefer the graphene substrate. We note that with a lower

seeding density (20,000 cell/cm2), which was also tested, the

osteoblasts did not reach confluency after 48 h and the border

between the graphene film and the SiO2substrate was not

apparent. Hence, it is obvious that cell density is an important

factor in observing the different properties of the substrates.

Therefore, cell density must be controlled in biological tests

for graphene and other substrates. Our result is in agreement

with previously observed cell behavior on patterned diamond

hydrophobic/hydrophilic arrays[9].

A major area of interest in bone reconstructive surgery is

the osteogenic differentiation potential of human MSCs.

Therefore, data on the biocompatibility and application utility

of graphene film for surface engineering (coating) of implants

with human MSCs is highly desired.Fig. 4shows MSCs on the

graphene layer and on a SiO2substrate after a 48 h incubation

showing pattern, similar to osteoblasts (Fig. 2). MSCs culti-

vated on the graphene layer were homogenously dispersed

on the surface and showed spindle-shape morphology,

whereas those cultivated on the SiO2substrate formed dis-

tinct islands (clusters) containing more polygonal cells. It

has been shown that the MSC morphology regulates biologi-

cal processes such as proliferation[27]and differentiation

[28,29]. Moreover, recent studies suggest that the cell shape,

which is dependent on cell plating density, is a key regulator

in MSC’s commitment to osteoblast or adipocyte lineages[30].

Thus, the elongated MSC morphology on graphene allowed a

higher proliferation than the polygonal MSC morphology on

the SiO2substrate with possible capacity of differentiation to-

wards the osteoblast lineage on graphene substrate. These re-

sults are very promising for bone reconstructive surgery.

Fig. 2 – Fluorescent images of human cells incubated on graphene and SiO2substrate for 48 h: (A) human osteoblasts on

graphene, (B) human osteoblasts on SiO2substrate (actin filaments are stained green and nuclei are stained blue). The scale

bar is 500lm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Fig. 3 – Fluorescent image of SAOS-2 cells forming on the

border of the graphene (left) and the SiO2(right) substrate

(actin filaments are stained green and nuclei are stained

blue). The dashed line marks the border between graphene

and the SiO2. The scale bar is 200lm. (For interpretation of

the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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For a more detailed analysis of cellular adhesion on

graphene and SiO2surfaces, osteoblasts as well as MSCs

were immunofluorescently stained for vinculin, a structural

protein associated with FA. Vinculin connects other proteins

of FA, thus ensuring proper FA formation and turnover

(Fig. 5). The 2D images from an epi-fluorescent microscope

(Fig. 5A, C, E and G) illustrate that the cells cultivated on

graphene films demonstrated a common morphology

(fibroblast-like shape or spindle-like shape for osteoblasts

and MSCs, respectively) for typical proliferating osteoblasts

(Fig. 5A) and MSC (Fig. 5C). However, both cell types culti-

vated on the SiO2substrate demonstrated the morphology

of non-proliferating cells (round or polygonal cell shape for

osteoblasts and MSCs, respectively). Also, the distribution

and size of FAs varied depending on the substrate. Both cells

(more pronounced in osteoblasts) plated on the SiO2sub-

strate formed FAs that were larger and homogenously dis-

tributed on the cell periphery resulting in some state of

quiescence. Large FAs indicate good anchoring of the cells

without the ability to move or proliferate. The FAs in contact

with graphene films are smaller, weaker and concentrated to

the protruding ends of the cells, which corresponds to an

active state of the cells. This indicates possible proliferation

of the cells as well as possible motility. These factors are

important for the body to accept implants. Single-cell 3D

images (Fig. 5B, D, F, H) confirmed and highlighted the al-

ready observed cell morphology: proliferating osteoblasts

were fibroblast shaped (Fig. 5B), osteoblasts on the SiO2sub-

strate were round (Fig. 5D), active MSCs were spindle shaped

(Fig. 5F), and MSCs on the SiO2substrate were polygonal

(Fig. 5H).

We note that the SiO2may not be an ideal substrate. How-

ever, it is clearly visible from presented pictures that cell mor-

phology is not affected by this substrate and there is a

confluent layer of cells which indicates a good proliferation.

The hallmarks of apoptosis or necrosis would be visible on

our pictures, however we have not found any. Thus we sug-

gest that, the visual effects, such as cell viability and mor-

phology, are good initial screen to decide the value and

potential of a biomaterial.

Fig. 4 – Fluorescent images of human MSCs incubated on graphene and on a SiO2substrate for 48 h: (A) MSCs on graphene, (B)

MSCs on a SiO2substrate (actin filaments are stained green). The scale bar is 500lm. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5 – Fluorescent images of FAs (staining of vinculin) formed in human cells on different substrates: (A) osteoblasts on

graphene (2D image from an epi-fluorescent microscope), (B) osteoblasts on graphene (3D image from a confocal microscope),

(C) osteoblasts on SiO2(2D image), (D) osteoblasts on SiO2(3D image), (E) MSCs on graphene (2D image), (F) MSCs on graphene

(3D image), (G) MSCs on SiO2(2D image) and H) MSCs on SiO2(3D image). The scale bar is 50lm.
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Graphene as well as other carbon nanostructures are nat-

urally hydrophobic[31], however surface wettability is af-

fected not only by surface chemistry but also by

topographical parameters such as roughness and texture.

Surface wettability may affect the proliferation of cells be-

cause the initial phase of attachment involves the physico-

chemical linkages between cells and surfaces through ionic

forces or indirectly through an alteration in the adsorption

of conditioning molecules e.g. proteins[32]. Hence, more de-

tail studies are needed to fully understand the interaction be-

tween cells and graphene. It would be also interesting to

compare the behavior of single and multilayer graphene. Mul-

tilayer graphene would flatten the morphology of substrate

and thus it will be detected as other type of surface by cells.

In addition, electronic structure is dependent on number of

graphene layers which may potentially affect the interaction

between cells and studied substrate.

4. Conclusions

We demonstrated for the first time that CVD grown graphene

is not toxic for human osteoblasts and MSCs. Furthermore,

we showed that graphene stimulated their growth. We also

showed that cell density was an important factor in observing

different surface properties. Therefore, the cell density must

be controlled in biological tests of graphene and other mate-

rials. The graphene probably has a potential to induce MSC

differentiation into the osteoblast lineage (further experi-

ments are necessary), which is promising for bone recon-

structive surgery.

Our results indicate that graphene films can be potentially

used for engineering of new osteo-conductive/inductive im-

plants or their components. The electrical conductivity of

graphene is of particular importance because electricity as

well as cocktails of growth factors and substrate properties

is able to stimulate cell growth and differentiation. The use

of graphene has a potential advantage because it can be pat-

terned on desired areas, which allows engineering of cell

growth in specific arrays.
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Abstract:The influence of single-layer graphene produced by

chemical vapor deposition on human osteoblast cells under

different conditions was studied. Measurements probed the

ability of cells to adhere and proliferate on graphene com-

pared with SiO2/Si substrates and standard tissue culture

plastic when cells were incubated for the first 2 h in the pres-

ence or the absence of fetal bovine serum (FBS), thus influ-

encing the initial, direct interaction of cells with the

substrate. It was found that after 48 h of human osteoblast

incubation on graphene films, there were a comparable num-

ber of cells of a similar size irrespective of the presence or

the absence of serum proteins. On the other hand, a strong

initial influence through the presence of FBS proteins on cell

number and cell size was observed in the case of the SiO2/Si

substrate and control plastic. Thus, our study showed that

the initial presence/absence of FBS in the medium does not

determine cell fate in the case of a graphene substrate, which

is very unusual and different from the behavior of cells on

other materials.VC 2012 Wiley Periodicals, Inc. J Biomed Mater Res

Part A: 100A: 3001–3007, 2012.
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INTRODUCTION

Typical sp2carbon nanomaterials, including fullerenes, car-

bon nanotubes, and graphene, have many interesting physi-

cal and chemical properties that are potentially useful in bio-

logical and biomedical applications.1This is particularly the

case for graphene since this material can be produced on a

large scale using the chemical vapor deposition method.2

Biocompatibility is a prerequisite for the use of gra-

phene in biological or medical applications. It was recently

shown that graphene has a positive effect on cell adhesion,

proliferation,3and differentiation.4On the other hand, in its

soluble form, graphene has also been studied for its toxicity

and anticancer activity5,6 and been found to be a good

choice for such applications. As well as graphene itself, gra-

phene oxide is also used as a substrate for studies of mes-

enchymal stem cell differentiation,7showing that both sub-

strates mediate different types of differentiation regarding

their distinct properties. Other carbon nanostructures such

as carbon nanotubes and nanocrystalline diamond have also

been studied to a greater extent.8,9Studies on single-walled

carbon nanotubes after oxygen plasma treatment showed

that both surface wettability and the surface nanotopogra-

phy are important factors that play a significant role in cell

cultivation.8 It was also shown that nanocrystalline dia-

monds with different termination have a strong influence

on surface hydrophilic/hydrophobic characteristics and thus

on cell behavior.10

Contact between cells and substrate is mediated by focal

adhesions, which are formed as multiprotein complexes.

Vinculin, one of the focal adhesion proteins, is involved in

the linkage between cell adhesion membranous molecules,

integrins (cell receptors), and actin filaments (cell cytoskele-

ton), and it plays a key role in initiating and establishing

cell adhesion, the formation of cell shape, and cytoskeletal

development.11,12The critical role of vinculin has been dem-

onstrated by showing that the loss of vinculin prevents cell

adhesion and spreading, stress fiber formation, and lamelli-

podia and filopodia extension.13

It is important to note that in most of the cell-material

experiments reported so far the cells are not in direct
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contact with the substrate since proteins originating from

fetal bovine serum (FBS) cover the substrate before the

cells can adhere to it. Surface properties first determine the

adsorption of FBS proteins, which influences subsequent

cell adhesion. In other words, the influence of the surface of

the substrate on cell response is mediated by adsorption

processes that involve competition between numerous com-

pounds of a different origin (the culture medium supple-

mented with FBS and cell secretion itself). The use of FBS

can be a serious problem since it is a natural material and,

therefore, each batch may have a slightly but significantly

different composition; even more importantly, it cannot be

used in medical applications for human treatment (e.g., the

expansion of mesenchymal stem cells with the purpose of

returning them back into the human body). Hence, knowing

the direct influence of a substrate on cell behavior in the

absence of serum proteins is crucial. However, these studies

are very difficult to perform since, as in the case ofin vitro

experiments, cells must be supplied with proteins and

growth factors contained within serum for their optimal

growth.

To overcome this problem, we studied the growth of

cells on graphene and SiO2/Si with and without FBS during

the first 2 h of incubation. These experimental conditions

allowed us to test the direct influence of the graphene sub-

strate on cell interactions and growth without causing cell

death. The 2-h time interval seems to be long enough for

proper cell adhesion and short enough for cell incubation

without the FBS, which is essential for cell survival in a

long term. We showed that in the case of cells cultivated on

SiO2/Si, cell fate is strongly affected by the presence/ab-

sence of FBS. On the other hand, the cells grown on gra-

phene did not show any difference in the longer term due

to the initial presence or absence of FBS. This surprising

result shows that the surface of graphene is attractive to

cells even in the absence of an initial protein layer, whereas

in the case of conventionally used substrates cells require a

layer of FBS for optimal growth.

EXPERIMENTAL SECTION

Graphene samples were synthesized using a previously pub-

lished CVD method.2Briefly, a thin copper foil (2 5cm2)

was heated to 1000C and annealed for 20 min under H2
gas flowing at 30 sccm (standard cubic centimeters per mi-

nute). The film was exposed to H2and CH4for 20 min and,

finally, the substrate was cooled down from 1000Cto

500C under H2and CH4. The synthesized graphene was

transferred to a clean SiO2/Si substrate using polymethyl-

methacrylate (PMMA), according to previously reported

procedures.14

For the Raman measurement at 0 V, the graphene sam-

ples on a SiO2/Si substrate were contacted using Au evapo-

rated on part of the substrate. The electrochemical cell was

completed with a Pt-counter electrode and an Ag-wire pseu-

doreference electrode. The electrolyte solution used was

0.1M LiClO4 dissolved in propylenecarbonate/PMMA

(Aldrich). The potential at 0 V was adjusted by a potentio-

stat (Autolab). The Raman spectrum was excited using a

mixed Arþ/Krþ laser (Innova 70C series, Coherent) and

was recorded by a Labram HR spectrometer (Horiba Jobin

Yvon) interfaced with an Olympus BX-41 microscope (objec-

tive 50). The laser power impinging on the cell window

was about 0.5 mW. The spectrometer was calibrated using

the F1gmode of Si at 520.2 cm
1.

The surface wettability of graphene and the SiO2/Si sub-

strate was calculated from water droplet contact angle (CA)

measurements. The CA measurements were performed at

room temperature via a static method in a material-water

droplet system. A volume of 2.5lLof deionized water was

dispersed on the surfaces of the samples and the drop formed

was captured by a digital CCD camera. The CA was calculated

using low bond axisymmetric drop shape analysis.15

Human osteoblasts (SAOS-2) (DSMZ, Germany) were

grown in McCoy’s 5A medium without phenol red (BioCon-

cept) supplemented with 15% heat-inactivated FBS (PAA),

20-U penicillin, and 20lg/mL streptomycin in a humidified

5% CO2atmosphere at 37C. For the experiments, 15,000

SAOS-2 cells/cm2were plated onto the substrates in the

medium with or without FBS for 2 h, then FBS was added

to the FBS-free sample and incubated for additional 46 h

(48 h in total). For the control experiments, 12-well plastic

plates from TPP were used.

Cell morphology and focal adhesions were characterized

by immunofluorescent staining of the focal adhesion protein

vinculin (1:150, 66lg/mL, Sigma; secondary antibody—

anti-mouse Alexa 568, Molecular Probes) and of the cyto-

skeleton via the staining of actin filaments (Phalloidin-

Alexa-488, 2 U/mL, 1:100, Invitrogen) and nuclei (DAPI, 1

lg/mL, 1:1000, Sigma). The epi-fluorescent Nikon E-400

microscope was used (Hg lamp, Uv-2A, B-2A, and G-2A filter

set—Uv-2A-DAPI/Hoechst/AMCA/C.blue, Ex.325-375/DM400/

Em.435-485; B-2A-Ex.450-490/DM505/m.520LP, G-2A—

Ex.510-560/575/Em.590LP) and the data were recorded by

a DS-5M-U1 Color Digital Camera (Nikon).

To count the number of cells and cell areas, 10 size-cali-

brated fluorescent pictures of DAPI-stained cell nuclei and

phalloidin-Alexa 488-stained actin filaments from each sur-

face type were obtained using a Nikon E400 microscope

with 10 and 20 lenses, respectively. The cell nuclei and

cell areas were automatically counted after binary masking

using Cþþscripting for NIS-Elements and Cell Profiler soft-

ware (http://www.cellprofiler.org/).

All data presented were derived from four independent

biological samples analyzed in duplicate. The results are

presented as means6standard error of the mean. One-way

ANOVA with Tukey’s post-test comparisons were used for

multiple datasets andpvalues of less than 0.05 and 0.01

were considered statistically significant.

RESULTS AND DISCUSSION

Figure 1(A) shows an optical image of graphene on the

SiO2/Si substrate. As can be seen, the surface is well cov-

ered without any significant openings or cracks. The Raman

spectrum in Figure 1(B) shows two prominent features

characteristic of graphene: the G and G0mode. The width of

the G0mode was about 30 cm 1, which confirms the
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presence of one-layer graphene (1-LG).16 Note that the

Raman spectrum was taken in an electrochemical cell and

that a potential of 0 V versus an Ag/Agþpseudoreference

electrode was used to fix the charge state of the graphene.17

A CA measurement was taken to evaluate the wettability

of the substrate. The water CA on graphene was found to

be about 90, which is in agreement with previously pub-

lished data.18The SiO2/Si substrate showed a lower level of

hydrophobicity than graphene since the water CA was found

to be about 75.

Based on atomic force microscopy (AFM) measurements

we determined the roughness factor of a pristine SiO2/Si

substrate to be about root mean square (RMS)¼0.35 nm,

whereas the roughness factor of graphene was found to be

slightly higher at RMS¼ 1.4 nm. Graphene is known to

copy the substrate, thus increasing its roughness. In addi-

tion, there were wrinkles on the graphene, which might

have been the reason for the greater level of nanoroughness

found in this study.

Osteoblasts were cultivated on graphene film, on SiO2/Si

substrate (used as a support material for graphene), and on

tissue culture polystyrene (PS; used as a control to compare

with other studies). In these experiments, SiO2/Si was also

used as a biocompatible reference material for cell plating,

as established in a previous study,3and it is also generally

used for field effect transistors.19

Osteosarcoma SAOS-2 cells are widely used from among

the different osteoblast cell lines for biocompatibility experi-

ments based on their cell anchorage dependency and homo-

geneity.3,9,20To evaluate the impact of proteins contained in

FBS, the cells were incubated for the first 2 h in a medium

supplemented with 15% FBS (þFBS) or in a medium with-

out any FBS (FBS). After this short period, which neverthe-

less allowed cell adhesion, an additional medium containing

15% FBS was added to the FBS-free medium to enable cell

proliferation (which is impaired in FBS-free medium).

Figure 2 shows fluorescent images of osteoblasts local-

ized around the border between graphene and the SiO2/Si

substrate, grown under different conditions for 48 h. This

strict border was previously reported under standard condi-

tions (in the presence of FBS)3; however, here, the same

border is also visible in the absence of FBS. The well spread

osteoblasts with distinct actin stress fibers and vinculin-

based focal adhesions are shown to be homogenously and

confluently distributed over the graphene film with strict

graphene//SiO2/Si border. On the other hand, the osteo-

blasts on the SiO2/Si substrate are smaller and presented at

lower amounts than on the graphene but with similarly

developed cytoskeleton (actin stress fibers) and focal adhe-

sions (graphically and statistically analyzed in Fig. 3). Inter-

estingly, this phenomenon is apparent under both cultiva-

tion conditions—with and without the initial presence of

FBS.

This visual observation was statistically processed, as

shown in Figure 3, where numbers of cells [Fig. 3(A) and

darker columns in Fig. 3(B)] and the average cell area

[lighter columns in Fig. 3(B)] are plotted in graphs. Figure

3(A) presents the real cell number on different substrates

after 48 h of incubation. This demonstrate, that after 48 h,

the doubling of cells (initial seeding was 15,000 cells/cm2)

on control PS with FBS and on graphene substrate under

both conditions occurs, which is a prove of a successful cell

proliferation. In Fig. 3(B), the cell number and the cell area

of the cells cultivated on tissue culture PS in fully supple-

mented medium (with 15% FBS) were both set at 100%

and the results from the other substrates and conditions

were related to this (significant differences are indicated by

asterisks). Compared with the surface of the PS, which was

specifically treated by the manufacturer to achieve strong

cell adhesion in the presence of FBS, the other substrates

show a lower number of cells. Although the number of cells

present on the graphene film was slightly lower, it was not

significant drop that would indicate substrate toxicity. In the

case of the graphene film, there was no evidence of an influ-

ence of the presence/absence of FBS in the cultivation me-

dium. However, it was clear that the present FBS is a key

FIGURE 1.A: An optical image of graphene (darker region on the left part of the image) on the SiO2/Si substrate. B: Raman spectrum of single-

layer CVD graphene at 0 V. The spectrum was excited by 2.33 eV (532 nm) laser excitation energy. Asterisks indicate the Raman bands of the

electrolyte.
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regulator of adhesion on SiO2/Si and PS. In the case of

SiO2/Si, there were fewer cells when they were cultivated in

the presence of FBS than in its absence. In the case of PS,

the effect of FBS on the number of cells was the opposite.

The average cell area cultivated on the control PS in the

presence of FBS was comparable to the area of cells culti-

vated on graphene under both conditions and on SiO2/Si in

the absence of FBS. The largest cells were found on PS in

the absence of FBS, the smaller cells were found on gra-

phene samples and PS with FBS and the smallest cells on

SiO2/Si substrates (these data are summarized and simpli-

fied in Table I). Hence, the higher impact of substrate type

than the primary cultivation conditions on cell proliferation

is apparent.

It is very interesting to compare the graphene film and

SiO2/Si, which serves as substrate for graphene and, more-

over, is widely used for electronic and sensor applications.

Thus, we used sample on graphene in the presence of FBS

as a control and statistically compared with the samples on

SiO2/Si under both conditions and the sample on graphene

in the absence of FBS. This comparison is marked with a

double cross forp<0.01 and with a single cross forp<

0.05 (Fig. 3) (in contrast to asterisks used for comparison

where PS in fully supplemented medium is used as control).

Figure 3 shows that the cells cultivated on graphene film

under both conditions had a similar size and number; how-

ever, there were significantly fewer (by around 35% for

both conditions) and smaller cells on SiO2/Si (by about

20% with FBS and 10% without FBS) compared with the

sample on graphene in the presence of FBS.

The cell populations were not completely homogeneous

with respect to cell area because the cells were at different

stages of the cell cycle. Hence, Figure 4 presents graphs

showing the cell size distribution for each sample. It is

apparent that there was a greater number of small cells

growing on the SiO2/Si under both conditions than on the

FIGURE 2.Fluorescent pictures of osteoblasts cultivated on the border between graphene and SiO2/Si for 48 h and stained against actin

filaments (green), vinculin (red), and nuclei (blue). A: Cells cultivated in medium supplemented with 15% FBS. B: Cells cultivated in medium

without 15% FBS for the first 2 h of incubation. The dotted line marks the border between graphene (left side) and SiO2/Si (right side).

FIGURE 3.Cell number and cell area after 48 h incubation. A: Real cell number at area of 1 cm2. B: Percentage comparison of the cell number

(darker columns) and average cell area (lighter columns) on different substrates in different medium **p<0.01 in comparison to PSþFBS

(control), *p<0.01 in comparison to PSþFBS (control),††p<0.01 in comparison to GþFBS,†p<0.05 in comparison to GþFBS.
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other surfaces, that the cells on the graphene layer showed

the same size distribution independently of the cultivation

conditions and that there were more cells of a smaller size

on PS in the presence of FBS than in its absence.

Figure 5 shows the differences in cell number and cell

area between the substrates and between the adhesion pat-

terns of cells, as indicated by vinculin staining of focal adhe-

sions. Well-pronounced focal adhesions, even partially fibril-

lar adhesions, are visible in the cells cultivated on graphene

in the fully supplemented medium [Fig. 5(A)]. However, on

the same substrate but in the absence of FBS the focal adhe-

sions are similarly pronounced but there is also a large

amount of vinculin diffusely distributed within the cell

bodies. On the other hand, the pictures of the cells culti-

vated on the SiO2/Si substrate [Fig. 5(C,D)] show small and

not very well spread cells with large focal adhesions con-

centrated at the cell extensions. The focal adhesions are

more distinct and regularly distributed around the edges of

cells in the medium without FBS than in medium with FBS.

Again as in the case of graphene, vinculin is freely distrib-

uted in cytoplasm, and it is detectable in cells cultivated in

conditions without FBS in the primary phase. In the case

when PS was used as the substrate, the cells under both

conditions are well spread out with dot-like focal adhesions

under the whole cell bodies. No significant difference in the

focal adhesion pattern was found in this case. This reflects a

strong influence of primary adhesion conditions on the

future cell fate that is dependent on the cultivation

TABLE I. Schematic Description of the Differences in the

Number of Cells and Cell Area Under Different Conditions
and on Different Substrates

Cell Number Cell Area

GþFBS¼G FBS GþFBS¼G FBS

SiþFBS<Si FBS SiþFBS<Si FBS
PSþFBS>PS FBS PSþFBS<PS FBS

FIGURE 4.Graphs of the distribution of cell areas for the cells on dif-

ferent substrates and under different cultivation conditions. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 5.Fluorescent images of osteoblasts stained against vinculin (structural protein of focal adhesion) and incubated on graphene (A,B),

SiO2/Si (C,D) and PS (E,F) in cultivation medium supplemented with 15% FBS (A,C,E) and without FBS (B,D,F) for 48 h.
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substrate. The cells cultivated primarily under nonoptimal

conditions (unsuitable substrate, nonoptimal chemical com-

position of the growth medium) carried the onus of this

state into later phases of life even though the conditions

changed and became optimal thereafter.

The adhesion of anchorage-dependent cells is tradition-

ally viewed through at least four major steps that precede

proliferation—protein adsorption, cell–substrate contact,

cell–substrate attachment, and cell spreading. Anchorage-de-

pendent cells generally bind to the substrate by their integ-

rin receptors, which sense specific binding epitopes on pro-

teins adhered to the substrate21 and, after integrin

clustering, focal adhesions form.12Interactions with a ‘‘na-

ked’’ substrate (substrate not covered by a protein layer)

are either mediated by interactions such as van der Waals

or hydrogen bonding, or by charged interactions between

polar groups (e.g., hydroxyl) on the substrate and integ-

rins.22There were two situations in our set-up: (1) stand-

ard, where the proteins first adsorbed to the surface and

then cells attached and spread out, and (2) artificial, where

the cells directly attached to the surface, colonized the

entire space and, after some time (2 h), proteins were

added and changed the microenvironment around the cells.

Cells interact with the surfaces not only via integrin recep-

tors but also via other surface molecules such as glycopro-

teins (syndecans), which are also important. It could be

therefore speculated that in our system (without the initial

presence of FBS), molecules other than integrins played an

important role and had a strong effect on primary cell adhe-

sion. However, it is difficult to clearly determine this using

the currently available methods. It should also be remem-

bered that cells produce their own extracellular matrix pro-

teins immediately after attachment, thereby also having a

hand in changing their surroundings.

In the case of graphene, surprisingly, there was no dif-

ference in the number or area of cells after spreading and

formation of focal adhesions after the initial presence or ab-

sence of serum proteins. In the case of the SiO2/Si sub-

strate, there were larger cells and more of them without

FBS within the first 2 h than there were in the fully supple-

mented medium throughout the whole incubation period.

We propose that the naked substrate mediates better

contact with cells due to its surface properties than a sub-

strate covered with a protein layer, where proteins could be

in a false conformation or in a nonoptimal composition (the

proteins that mediate cell adhesion, such as fibronectin or

vitronectin, could be outnumbered by bulky proteins such

as bovine serum albumin, which has negative effects on cell

adhesion).23In the case of PS, fewer cells but of a larger

size were observed on the surface in the FBS-free medium,

which can be explained by the optimal surface properties of

PS for cell adhesion and proliferation—there were more

cells under normal cultivation conditions but, because of

limited space for spreading, they adopted a smaller size.

Since the topography on all substrates was comparable

(RMS<2 nm), other surface properties played role in our

system. The wettability of the surface is another factor that

is usually considered. The CA measurements showed that

both the graphene and SiO2surfaces were hydrophobic (90

and 75, respectively). Hence, the slightly greater level of

hydrophobicity of the graphene may have caused differences

in the binding and conformation of the proteins important

for cell adhesion. Nevertheless, it is still worth investigating

other factors because in the case of such a complex system

many factors can play different roles to different extents.

CONCLUSION

We confirmed that CVD-grown graphene is not toxic for

human osteoblasts and that it allows regular cell adhesion

and proliferation under standard culture conditions. When

the conditions changed, during the period from being non-

optimal (serum deprivation during the first 2 h of cultiva-

tion) to becoming optimal a strong effect on cell adhesion

and proliferation was observed on conventional substrates

but not on the graphene film. This phenomenon is impor-

tant for electronic or medical applications where serum pro-

teins can alter the experimental results or even totally com-

promise them.
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The influence of differently treated graphene on human

osteoblasts after 2 h of incubation with regard to the presence/

absence of fetal bovine serum (FBS) was investigated. Cell

adhesion plays an important role in further cell fate and it is

influenced by cell surrounding. It was found that treatment of

graphene (by hydrogen or oxygen) does not play role in number

of cells which adhere to substrate after 2 h of incubation.

However, it is important for cell size – cells are larger on the

hydrogen treated graphene than on the oxygen treated graphene.

The presence of FBS is crucial for a type of interaction between

cells and their substrate – in the presence of FBS, interactions

are mediated by specific proteins and thus formation of focal

adhesions (FAs) can occur. However, in the absence of FBS,

a contact is carried out by non-specific bonds without FAs

formation. It was observed that cells on graphene samples

without FBS have star-like shape and larger area in contrast to

cells adhering with FBS which have round shape and are

smaller.

2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 IntroductionGraphene is a monoatomic layer of
sp2-bonded carbon atoms. The single-layer graphene sheet
is investigated for applications such in nanoelectronics,
sensors, and biomedicine thanks to its unique structural,
chemical, and mechanical properties (e.g., electrical con-
ductivity or possibility of functionalization) [1, 2]. Possible
bio-applications of graphene include bio-sensors [3],
electrical stimulation of cells [4], or differentiation of
mesenchymal stem cells [5]. For bio-applications of
graphene it is crucial to understand basic interactions
between nanomaterial and different cell types. In this study,
we focused on initial cell (osteoblast) adhesion on differently
treated graphene (by hydrogen: G–H and by oxygen: G–O).
Appropriate cell adhesion is necessary for further cell

growth, differentiation, and survival [6] especially for
anchorage-dependent cells like osteoblasts used in this

study. If cells do not have contact with their surrounding then
do not obtain specific signals for surviving and die by special
cell death called anoikis (a Greek word meaning loss of
‘‘home’’). Deregulation in anoikis is sometimes a marker of
cancer cells [7]. Specific cell contact with a substrate or an
extracellular matrix (ECM) is mediated by integrins. They
are receptors situated in plasmatic membrane which
recognize different molecules (proteins) surrounding cells
(proteins in ECM). The integrins are receptors consisting of
extracellular, intramembrane, and intracellular part. This
intracellular part is in contact with many other proteins
which together form a structure called – focal adhesion (FA).
FAs are complexes of tens of proteins which ensure a
transduction of information outside-in and inside-out the
cell. Information about the cell surrounding is transmitted
into cell nucleus and thus regulates the gene expression.
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Actin filaments (called stress fibers) are important FA
components which extend throughout the cell and thus
provide mechanical stabilization of the cell as well as a
connection between cell and its vicinity. They play also a role
in signal transduction. Other crucial component of FA is
structural protein vinculin, mediating contacts between FA
proteins and it is often used as a FA marker [8].
Cell adhesion is influenced by proteins in the vicinity of

cells (ECM or proteins originating from a culture medium).
Fetal bovine serum (FBS) is a standard and essential
component of a cell culture medium. It contains different
proteins and factors important for cell proliferation (e.g.,
adhesion factors, growth factors, nutrients). In this study, we
investigated a primary cell adhesion on graphene in the
presence or the absence of FBS, because we expected that
cell interactions under these two different conditions will
vary and will have a big influence on the cell behavior on a
graphene substrate as well as on further cell fate. Graphene as
a conductor of the electric current can be used as a cell-sensor
and the protein layer coming from the culture medium could
significantly alter its electronic properties. Thus these
experiments focusing on primary cell adhesion under
different conditions and on differently treated graphene are
very important for further cell-sensor development. In this
work, we focused on adhesion of osteoblasts on differently
treated graphene (with hydrogen and oxygen) after 2 h of
incubation in the presence/absence of FBS.

2 Experimental methodsThe graphene samples
were synthesized using chemical vapor deposition (CVD)
as reported previously [9, 10]. In brief: the copper foil was
heated to 10008C and annealed for 20 min under flowing H2
(50 standard cubic centimeter per minute (sccm)). Then the
foil was exposed to13CH4for 3 min and subsequently to
12CH4for 3 min, leaving hydrogen gas on with the same flow
rate. Finally the substrate was cooled down quickly from
1000 to 5008C under H2. The as-grown graphene was
subsequently transferred to a clean SiO2/Si substrate using
polymethylmethacrylate (PMMA), according to procedures
reported previously [11]. G–H was treated in H2(250 sccm)/
Ar (150 sccm) at 5008C for 2 h, while G–O was treated in
O2(100 sccm). The surface wettability of graphene was
calculated from water droplet contact angle (CA) measure-
ments. The CA measurements were performed via a static
method in a material–water droplet system at r.t. A volume of
2.5mL of deionized water was dispersed on the surfaces of
the samples and the drop formed was captured by a digital
CCD camera. The CA was calculated using low bond
axisymmetric dropshape analysis [12]. The graphene
samples were prior to cell seeding sterilized with 70%
ethanol for 10 min.
Human osteoblasts (SAOS-2) (DSMZ, Germany) were

plated (15 000 cells cm2) on graphene substrates (G–H,
G–O) and polystyrene (PS) (PAA) as control and incubated
in McCoy’s 5A medium without phenol red (BioConcept)
and with antibiotics (penicillin (20 U/mL), streptomycin
(20mg/mL)) at 378C and 5% CO2for 2 h. The medium was

either supplemented with 15% heat inactivated fetal bovine
serum (FBS) (PAA) or left without it. After 2 h the cells were
fixed in 4% solution of paraformaldehyde in phosphate
buffered saline and immunofluorescently stained.
For the visualization of the cell FAs, the immunofluor-

escent staining of protein vinculin was performed using
mouse monoclonal antibody (1:150, Sigma–Aldrich) and
goat anti-mouse antibody conjugated with AlexaFluor-568
(1:1000, Invitrogen). For visualization of actin cytoskeleton,
the cells were stained using Phalloidin conjugated with
AlexaFluor-488 (1:100, Invitrogen). The cell nuclei were
stained by 40,6-diamidino-2-phenylindole (DAPI, 1:1000,
Sigma–Aldrich). The fluorescence images of cells were
acquired using the microscope E-400 (Nikon) with DS-Fi1
Color Digital Camera (Nikon) and following filter sets:
UV-2A, B-2A, and G-2A. The source of excitation light was
an Hg lamp.
The adhered cells were counted using of 10 size-

calibrated fluorescence images of DAPI stained cell nuclei
from each surface type acquired with 10lens. The cell area
was determined using of 10 size-calibrated fluorescence
pictures of Phalloidin stained actin cytoskeleton acquired
with 20 lens. The number of nuclei (cells) and the cell area
were then obtained from these pictures using software Cell
Profiler (Broad Institute) by Otsu thresholding method.
All data presented were derived from three independent

biological samples analyzed in duplicate. The results are
presented as means standard error of the mean. One-way
ANOVA was used for multiple datasets andp-values of
<0.05 and 0.01 were considered statistically significant.

3 Results and discussionLarge-scale (several mm)
graphene samples prepared by CVD technique were used in
this study. The samples were synthesized on Cu and
subsequently transferred on SiO2/Si substrate. Two different
treatments were used to induced different surface properties
of graphene: G–H graphene was treated in hydrogen
exhibiting hydrophobic properties with CA 908, while the
G–O graphene treated in oxygen exhibited hydrophilic
properties with CA 588, which is the same as for control
polystyrene (PS). We note that G–O sample is different from
graphene oxide (GO) prepared by other technique used in
other studies [13].
Substrates prepared by above described procedures were

used for adhesion of human osteoblasts in the presence/
absence of FBS. FBS is composed of many proteins with
different functions; some of them specialized for cell
adhesion mediation (fibronectin, vitronectin). Thus under
the conditions of the FBS presence the cell–material
interaction is not direct but mediated by the FBS proteins
covering the graphene surface. Therefore we decided to
study adhesion of osteoblasts also in the absence of FBS and
then compare the results.
Figure 1 represents gray-scale images of imunofluores-

cently stained vinculin (structural protein of FA) in cells
incubated 2 h on graphene samples or PS in the presence/
absence of FBS. While the vinculin protein is fluorescently
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detectable also in its soluble form, the overall cell
morphology is also visible.
Thus it is apparent that cells on surfaces in the presence

of FBS reveal somewhat circular morphology with smooth
edges (Fig. 1A–C), while cells cultivated in the FBS absence
are more star-like with many fillopodia and lamelipodia
(Fig. 1D–F). Moreover, on all substrates in the presence of
FBS cells form pronounced vinculin-based FAs concen-
trated mainly on the edge of cells, which is a typical pattern
of FAs during the first hours after cell adhesion also found on
other surfaces [14]. In the presence of FBS, cells adhere to
the substrate through specific interactions between cell
receptors (integrins) and proteins contained in FBS, which
cause formation of FAs composed of many proteins (one of
them is vinculin) and thus the cell signaling is mediated. In
the contrast, cells incubated in the absence of FBS do not
form vinculin-based FAs, but the contact is mediated by
other interaction type. It seems to be non-specific and can be
mediated by interactions such as van der Waals or hydrogen
bonding, or by charged interactions between polar groups
(e.g., hydroxyl) on the substrate and integrins [15]. Cells on
the substrates in the absence of FBS have not only star-like
shape but also large size (Fig. 2). These cells search their
surrounding trying to find some convenient surface where to
properly attach. Therefore they spread as much as possible to
make adhesion to substrate strong enough for further cell
living (many weak non-specific adhesions versus less but
strong specific FAs). SAOS-2 cells are anchorage dependent,
so the adhesion is crucial for their further development
(proliferation, differentiation). Their proliferation on these
substrates was confirmed in our other study [16].
Figure 2 represents image statistical analysis of cells on

both graphenes and PS from fluorescence images shown in
Fig. 1 and gives follow-up informations about differences
among surfaces not apparent to a naked eye. The focus was
on the cell number (full columns) on different substrates and
on their size (striped columns) after 2 h of incubation in the
presence/absence of FBS. Data from fluorescence images
of cells on PS in the FBS presence were set as 100%. This

sample serves as a control standard substrate because it is
specially treated for cell cultivationin vitroby manufacturer.
Results from other substrates and conditions were compared
to this control. On G–H, when initial adhesion is carried out
in the absence of FBS, there were approx. 50% more cells
than in the presence of FBS. Different situation was on G–O
and control PS where similar amount of cells regardless of
the presence of FBS was found. Similar amount of cells
adhered on both graphene samples in the presence of FBS,
the same situation was also in the absence of FBS. Thus,
treatment of graphene (hydrophobic and hydrophilic char-
acter of G–H and G–O, respectively) does not play role in a
number of adhered cells within first 2 h of incubation.
However, distinct cell size is observed on differently

treated graphenes. In general, osteoblasts on G–H reveal
larger cell area than cells on G–O under the same conditions.
On both graphenes, cells have larger area in the absence of
FBS than on substrates in the presence of FBS – on G–H by
50% and on G–O by about 40%. Similar situation was
observed on control PS (cell area on PS without FBS was by
24% larger than on PS with FBS).
We can summarize that treatment of graphene (G–H or

G–O) has no influence on the number of primary adhered
osteoblasts but on their cell area. On the other hand, the FBS
presence/absence plays important role in a number of
adhered cells as well as in the cell area. Vinculin-based
FAs are visible only in the presence of FBS, however in its
absence no FAs are formed and moreover, these cells have
larger cell area on all the tested substrates. We suggest that
cells on substrates without FBS should spread more (having a
star-like shape) to achieve the same contact strength with
substrate were no FAs are formed. This is the first study
investigating primary osteoblasts adhesion on G–H and G–O

Phys. Status Solidi B 249, No. 12 (2012) 2505
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Figure 1Fluorescence images of focal adhesions (protein vincu-
lin) of SAOS-2 cells (human osteoblast-like cells) cultured for 2 h on
PS (A,D), hydrogen treated graphene (B,E), and oxygen treated
graphene (C,F). Cells were cultivated with FBS (þFBS, A–C) or
without FBS ( FBS, D–F).

Figure 2(online color at: www.pss-b.com) Graph shows a cell
number and a cell area after 2 h of incubation on different substrates.
Bold column edge – incubation with FBS, thin column edge –
incubation without FBS, red – H surface treatment, blue – O surface
treatment, full columns – cell number, striped columns – cell area.
Significance at alpha level – 0.05 (5%), Significance at alpha
level – 0.01 (1%); for cell number lower arrows, for cell area upper
arrows.
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in the presence/absence of FBS. The opposite effect was
observed after 48 h incubation, where the cell number (cell
proliferation) was different on different surfaces [16, 17], but
the cell area was comparable on them (data not shown).
Comparison with other studies is impossible by now because
our used graphene is very unique (large scale, different
treatment and usage).
From the presented results it could be concluded that the

presence of FBS plays important role in primary adhesion of
osteoblasts. FBS influences type of interactions between
substrates and cell surface. It should not be forgotten that
cells also produced their own molecules into ECM, but it is a
question how this fact influences cell adhesion within the first
2 h of incubation. It is likely that 2 h is too early for secretion
of molecules from cells and thus the whole effect on cell
adhesion will be caused by proteins from FBS and treatment
of the surface.

4 ConclusionsHere we present a study on influence
of the hydrogen and oxygen treatment of large-scale CVD
graphene on cell adhesion. It was found that the treatment of
graphene (causing different wettability) has only influence
on cell spreading but not on the number of cells which adhere
to the surface after 2 h of incubation. On contrary, proteins
originated from FBS (important component of cell culture
medium) affect the cell spreading as well as their number and
this effect is represive. It could be concluded that both G–O
and G–H substrates could be used as cell detecting sensors,
since the graphene is a conductive material and from
above results suitable for cell experiments even without the
presence of FBS proteins which can produce problems in
electrical measurements.
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ABSTRACT

In recent years graphene has become a very popular material in biomedicine studies. Its

potential use varies from implant coating to biosensor fabrication. For application of

graphene in this field an understanding of the interactions between the substrate and

various types of cells is necessary. This work is focused on early behavior of a human

osteoblastic cell line on graphene sheets with different surface treatments (hydrogen or

oxygen). The cell adhesion was investigated at an early time point of incubation (2 h) and

a late one (48 h). Studies were performed in the presence and the absence of fetal bovine

serum (FBS), as the proteins contained in the FBS play a crucial role in the cell adhesion.

Despite the fact that the graphene substrates used had a comparable surface topography,

their different wettability caused an unexpected inverse effect on cell adhesion and growth.

The single-layer graphene treated with hydrogen (1-LG, hydrophobic surface) enhanced cell

proliferation, whereas the single-layer graphene treated with oxygen (1-LG-O, hydrophilic

surface) caused cell response as good as tissue-culture plastic specially treated for cell

cultivation.

2014 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene is a single-atom-thick layer of sp2carbon, structur-

ally similar to a honeycomb lattice. It has unique properties

such as extreme mechanical strength, electrical conductivity

and the possibility of functionalization[1–3]. These features

predetermine graphene for various applications such as

in nanoelectronics, sensors or biomedicine. Graphene

applications in biomedicine include electrical stimulation of

cells[4], biosensors[5]or improved differentiation of mesen-

chymal stem cells (MSCs)[6].

The recent advances in chemical vapor deposition (CVD)

and synthesis made possible the preparation of graphene

flakes[7]that are large enough for biological applications

where graphene is used as a solid substrate for cell cultivation

(coating of bone implants, cellular sensors, etc.). If a cell-toxic

substrate is used to catalyze graphene growth (e.g. a copper

foil), the resultant graphene layer should be transferred to

http://dx.doi.org/10.1016/j.carbon.2014.02.004

0008-6223/ 2014 Elsevier Ltd. All rights reserved.

*Corresponding author at:Institute of Inherited Metabolic Disorders, 1st Faculty of Medicine, Charles University in Prague, Prague, Czech

Republic. Fax: +420 22496 7212.

E-mail address:marie.kalbacova@lf1.cuni.cz (M.H. Kalbacova).

CARBON 72 (2014) 207–214

Available atwww.sciencedirect.com

ScienceDirect

journal homepage:

169

www.elsevier.com/locate/carbon



another substrate, usually to glass slide or silicon substrate.

Due to the growth and transfer process, graphene can contain

ripples and wrinkles on the nano and/or micron scale (caused

by difference in the thermal expansion coefficient of Cu and

graphene)[7], a fact that may be either negative or positive,

depending on the application. Dalby et al.[8]showed a disor-

dered nanopit array to give positive stimulation for mesen-

chymal cells differentiation into bone tissue, and this can

be mimicked by the topography of CVD graphene with its

many ripples and wrinkles. Thus disorders in CVD grown

graphene could play a role in protein adsorption, cell adhe-

sion, proliferation and differentiation. It was already shown

that the strong noncovalent binding abilities of graphene

(interaction ofp-electron cloud in graphene with the inner

hydrophobic core of proteins) allow graphene to act as a pre-

concentration platform for osteogenic inducers, which accel-

erate MSCs growing on graphene toward the osteogenic

lineage[6]. Similar results were published by Akhavan et al.,

where MSCs showed accelerated osteogenic differentiation

on graphene nanogrids due to their special topography and

adsorption of chemical inducers to nanogrids[9]. Accelerated

differentiation of human neural stem cells on reduced graph-

ene oxide nanoribbon in comparison with reduced graphene

oxide sheets was also demonstrated[10]. The wrinkles on

graphene could be also formed artificially by cells under phys-

iological stress, e.g. through exposure of bacteria to alcohols,

where a decrease in cell volume leads to stress of the sheets

that results in the formation of wrinkles, which reduce the

electrical conductivity[11]. Similarly, the growth of cells (in-

crease in the cell volume) and their division will also create

stresses that can be monitored by measuring a change in

the electrical signal[11].

Formation of cell adhesion is immediately necessary for

anchorage-dependent cell proliferation, migration and differ-

entiation, and on a more complex level is crucial for wound

healing or embryogenesis[12]. Focal adhesions are large com-

plexes consisting of many proteins that mediate contact be-

tween cell and extracellular matrix or substrate. Focal

adhesions have two main roles – providing cell anchorage

(scaffolding) and cell signaling[13]. Part of the focal adhesions

are the integrins, transmembrane proteins which specifically

bind different molecules from cell environment (e.g. fibronec-

tin, collagen or vitronectin)[14]; the numerous other proteins

in the focal adhesion complex include signaling proteins,

adaptor proteins, and actin associated proteins (e.g. focal

adhesion kinase, vinculin, paxillin, talin,a-actinin, zyxin).

They provide connection to cytoskeleton and mediate signals

from the cellular environment to cell nucleus that can change

gene expression[15]. Adequate cell adhesion is matter of life

and death for all anchorage-dependent cells, including SAOS-

2 cells. If cells do not adhere properly and thus do not receive

the signals from their surroundings that are necessary for

survival, they die through a process called anoikis (a Greek

word meaning ‘‘loss of home’’). Deregulation of anoikis can

be a marker of cancer cells[16,17].

Cell adhesionin vitrois influenced by proteins in the envi-

ronment of the cells. It is standard procedure to use fetal bo-

vine serum (FBS) as an essential part of the cell culture

medium, and the FBS contains the various proteins and fac-

tors important for cell survival and proliferation (e.g. growth

factors, attachment factors, nutrients). About 50% of protein

content is constituted by bovine serum albumin, a globular

66 kDa carrier hydrophobic protein, but exact composition

of FBS is not known. If cells adhere to substrate in presence

of FBS, what occurs first is the adsorption of proteins from

FBS to the substrate; cells will then adhere to the adsorbed

protein layer, which will influence their adhesion.

Because the use of FBS is problematic both in medical

applications for human treatment and with regard to use

electrical conductivity of graphene in biomedicine, this study

investigates how cells behave on substrates if cultured with-

out FBS. A point of special interest was investigation of cell

adhesion to graphene and polystyrene (PS) in the absence of

FBS, as it has been shown that adhesion under these circum-

stances differs from standard cell adhesion in FBS containing

media [18]. For application of graphene in biomedicine an

understanding of these interactions for different substrate

and various types of cells is necessary. This work is focused

on the behavior, especially on the adhesion of human osteo-

blasts on differently treated graphene (hydrogen or oxygen

treatment) in the first phase of adhesion (2 h) in both the

presence and absence of FBS and after adhesion has com-

pleted(48 h) in the presenceofFBS.

2. Materials and methods

The graphene samples were synthesized using CVD as re-

ported previously[7,19]. In brief: a copper foil was heated to

1000C and annealed for 20 min under H2flow (50 standard

cubic centimetres per minute (sccm)). Then the foil was ex-

posed to CH4for 20 min (1 sccm), and finally the substrate

was cooled down quickly, both steps still under hydrogen

gas with the same flow rate. The as-grown graphene layer

was subsequently transferred to a clean SiO2/Si substrate

using polymethylmethacrylate (PMMA) according to proce-

dures reported previously[20]. To obtain the 1-LG substrate,

single layer graphene was treated with H2(250 sccm)/Ar (150

sccm) at 500C for 2 h (1-LG). To obtain graphene with higher

wettability (1-LG-O) a treatment in oxygen atmosphere at

300C for 8 h was used.

The Raman spectra were recorded by a LabramHR spec-

trometer (Horiba JobinYvon) interfaced to an Olympus BX-41

microscope (objective 50). The spectrometer was calibrated

using the F1gmode of Si at 520.2 cm
1.

The contact angle (CA) measurements were performed via

a static method in a material–water droplet system at room

temperature. A volume of 2.5lL of deionized water was dis-

persed on the surfaces of the samples and the drop formed

was captured by a digital CCD camera. The CA was calculated

using low bond axisymmetric drop-shape analysis[21].

Before cell seeding the graphene samples were sterilized

by immersion in 70% ethanol in water for 10 min, then the

samples were washed three times with deionised water.

The sample roughnesses were measured by Bruker Icon

atomic force microscope (AFM). We used Cr/Pt coated Si can-

tilevers (ElectriMulti75-G, BudgetSensors) with a tip radius of

25 nm, force constant 3 N/m and resonant frequency

75 kHz. The maximum force during the measurements

was between 500 and 1000 pN.
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SAOS-2 cells (human osteoblasts, DSMZ, Germany) were

cultivated in McCoy’s 5A medium without phenol red (Bio-

Concept) supplemented with 15% heat-inactivated FBS (PAA)

with 20 U penicillin and 20lg/mL streptomycin in 5% CO2

atmosphere at 37C. The cells were seeded onto graphene

samples (1-LG and 1-LG-O) at a density of 15,000 cells/cm2.

PS served as a control. The cells were then incubated for 2 h

in McCoy’s medium with or without 15% FBS, respectively.

For longer incubation, FBS was added to FBS-free medium

after 2 h and cells were cultivated next 46 h (48 h in total),

while without FBS they cannot survive as long. The cells were

fixed by 4% paraformaldehyde after 2 h or 48 h, respectively,

and stained with immunofluorescent dyes: nuclei were

stained with DAPI (1:1000, Sigma–Aldrich), actin filaments

with Phalloidin–Alexa Fluor 488 (1:100, Invitrogen) and pro-

tein vinculin in cell focal adhesions was visualized by anti-

bodies (mouse monoclonal antibody anti-vinculin, 1:150,

Sigma–Aldrich and goat anti-mouse antibody conjugated with

AlexaFluor-568, 1:1000, Invitrogen).

Images of the cells were obtained using a microscope E-

400 or Eclipse Ti-S (Nikon) and DS-Fi1 or DS-Qi1Mc Digital

Camera (Nikon). Images for nuclei counting were acquired

with a 10·lens, images for cell area counting were acquired

with a 20·lens, and images for focal adhesions visualization

were acquired with a 40·lens. Cell number, cell area and focal

adhesion number and size were automatically counted from

these images using the softwares ImageJ (Rasband, W.S., Im-

ageJ, US National Institutes of Health, Bethesda, Maryland,

USA, http://imagej.nih.gov/ij/, 1997–2012) and Cell Profiler

(Broad Institute). All presented data were derived from at least

four independent experiments. The results are presented as

medians with error bars indicating upper and lower quartile.

Nonparametric Mann–WhitneyUtest was used for determin-

ing significant differences between the datasets, andpvalues

of less than 0.01 were considered as statistically significant.

Extreme values – 5% from both tails – were excluded from

analysis.

3. Results and discussion

Based on atomic force microscopy (AFM), the roughness fac-

tor of graphene samples and their underlying substrate (pris-

tine SiO2/Si) was determined (Fig. 1). All AFM measurements

in this study were performed in Peak Force Tapping mode

[22]. In this mode, the probe is brought into contact with the

sample periodically at a low frequency of 1 kHz. A force curve

is captured during each approach–withdrawal cycle, and the

maximum tip-sample force is used as a feedback. Peak Force

Tapping is especially suited to studying delicate nanostruc-

tures as it controls the maximum force (Peak Force) on the

tip, which can be as low as 100 pN, thus protecting both tip

and sample from damage. Additionally, it has the ability of

estimating material properties such as adhesion, modulus,

dissipation, and deformation by analyzing the individual

force curves.

The measurements on both samples were performed at

25C and approximately 30% humidity in ambient air. For

comparison we also measured the graphene layer and an area

of uncoated substrate (more than 1 mm away from the layer).

The position of the AFM measurement was determined using

a built-in optical microscope to locate the edge of the graph-

ene film. The roughness factor of a pristine SiO2/Si substrate

was determined to be about rms = 0.23 nm (root mean

square), whereas the roughness factor of hydrogen treated

graphene (1-LG) was found to be slightly higher with

rms = 2.03 nm, while oxygen graphene (1-LG-O) took an inter-

mediate position with rms = 1.05 nm.

Graphene is known to copy the substrate, its roughness

thus increasing according to the underneath surface. In this

study, the substrate for both graphene layers was identical,

thus the influence of underneath surface was comparable.

However, there were visible wrinkles on the both graphene

samples that explained the greater level of nano-roughness

found in this study. They most probably arose during the

transfer process when graphene layer were moved from the

copper foil to a SiO2/Si substrate[23]. However, the difference

in topography at this nano-level (rms between 0.2 and 2 nm)

is not expected to influence the cell behavior dramatically

as the smallest dimension that has been registered to affect

cell behavior on a surface is 5 nm[24].

Fig. 2shows the Raman spectrum of 1-LG and 1-LG-O used

in this study. The intensity ratio of theD/G modes (D –

1350 cm1,G– 1587 cm1) is often considered to be a measure

of the number of defects in graphene samples[25]. TheD/G

ratio here was estimated to be 0.09 for the 1-LG sample and

about 0.17 for the 1-LG-O sample. Hence, the Raman mea-

surement indicates a slightly increased amount of defects

(Fig. 2) for the oxygen treated sample.

Heterogeneous electron transfer (the transfer of electrons

between graphene and the molecule in the solution necessary

for the oxidation/reduction of said molecule) occurs at the

edges of the graphene or at defects in the basal plane[26],

thus it could be speculated that the 1-LG-O with slightly more

defects can have charge characteristics different from 1-LG,

and thus cells could be affected differently on the two

substrates.

The contact angle measurement was performed to evalu-

ate the wettability of the substrates. The water contact angle

on 1-LG was found to be about 90 (slightly hydrophobic),

which is in agreement with previously published data

[23,27]. The 1-LG-O sample was more hydrophilic than 1-LG,

since the water contact angle was found to be about 58, the

same value as for the control polystyrene. Despite using a dif-

ferent process for preparation of graphene and graphene

oxide, Lee and coworkers[6]described the similar change in

graphene hydrophilicity/hydrophobicity. The analogous

reduction of contact angle after the oxygen treatment was

also observed in other carbon materials like nanocrystalline

diamond (NCD). Here the hydrogen-treated NCD was hydro-

phobic (85), whereas oxygen-treated NCD was hydrophilic

(20)[28]. It could be concluded that the two used graphene

samples differ in their level of hydrophilicity/hydrophobicity

as a result of their treatment.

Human osteoblasts (SAOS-2) were cultivated on these dif-

ferently treated graphene films and on tissue culture polysty-

rene (control) under presence or absence of FBS. SAOS-2 cells

are a widely used osteoblastic cell lines for biocompatibility

experiments due to their cell anchorage dependency and

homogeneity [29–31]. To evaluate the impact of proteins
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Fig. 1 – AFM of graphene. Comparison of the local height image of 1-LG (A) and 1-LG-O (B) graphene on SiO2/Si substrate in the

1.2·1.2lm2field of view observed by peak-force AFM. The plots below show the local height profiles along the lines marked

in the top images evidencing the elevation of the boundaries between the graphene flakes. (A color version of this figure can

be viewed online.)

Fig. 2 – Raman spectrum of 1-LG and 1-LG-O.
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contained in FBS on cell behavior, the cells were incubated for

the first 2 h in a medium either supplemented with 15% FBS

(+FBS) or in a medium without any FBS (FBS). After this per-

iod which allowed cell adhesion (as shown inFig. 3), medium

containing 15% FBS was added to both samples and cells were

incubated for a further 46 h (i.e. 48 h in total) (Fig. 4).

Fig. 3shows that the cell morphology as well as the adhe-

sion pattern is highly affected by the presence of FBS during

the first 2 h of incubation. The cells cultivated in the presence

of FBS reveal a roundish morphology with well developed fo-

cal adhesions (FAs) on the cell periphery. Contrary to this,

stellate cells with no visible focal adhesions are found on all

tested substrates in the absence of FBS.

Further analysis of the images revealed other interesting

facts (Figs. 5 and 6). After the first 2 h of incubation, the num-

ber of cells on graphene samples without FBS was higher than

in the presence of FBS; interestingly, the cells on PS were not

affected by the different cultivation conditions (Fig. 5A, dark

columns). It was also surprising that the stellate cells on all

substrates were larger when cultivated in the absence of

FBS (Fig. 6A, dark columns). Thus, the presence of FBS ap-

pears to inhibit cell spreading to some extent, and in case

Fig. 3 – Osteoblasts incubated for 2 h on the polystyrene (A), hydrogen-treated graphene (1-LG) (B) and oxygen-treated

graphene (1-LG-O) (C) in the presence of fetal bovine serum (A1, B1, C1) and its absence (A2, B2, C2). Grayscale

immunofluorescence images of SAOS-2 cells with stained protein vinculin (structural protein of focal adhesions).

Fig. 4 – Osteoblasts incubated for 48 h on the polystyrene (A), hydrogen-treated graphene (1-LG) (B) and oxygen-treated

graphene (1-LG-O) (C) in the presence of fetal bovine serum (A1, B1, C1) and its absence (A2, B2, C2). Grayscale

immunofluorescence images of SAOS-2 cells with stained protein vinculin (structural protein of focal adhesions).
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of graphene samples also has a negative effect on cell num-

ber. An inhibitory effect of FBS on the adhesion of different

cell types was already shown and discussed previously[32].

Comparing the graphene samples with the PS that was

specifically treated for cell culture cultivation, it was shown

that in the presence of FBS smaller and fewer cells adhered

to the graphene samples. However, the results in the absence

of FBS were opposite to this: under these conditions the num-

ber of cells adherent on graphene was either higher than or

similar to the cell number on polystyrene. Also, the cells ap-

peared to be spread more. In summary, the presence of FBS

generally has negative effect on initial cell adhesion and short

term cultivation on graphene samples, and its absence ap-

pears to stimulate initial cell adhesion. No distinct influence

of graphene treatment (with hydrogen or oxygen) on initial

cell adhesion was observed.

The situation changes noticeably after 48 h of incubation.

On polystyrene, the cell number in the presence of FBS was

now higher than without FBS (despite the similar cell num-

bers after 2 h), while the cell area still remained larger in

the samples where adhesion had taken place under FBS free

conditions. On graphene samples, on the other hand, cell

numbers were similar after 48 h regardless of the initial FBS

presence (not keeping the difference as after 2 h of cultiva-

tion). Instead, differences could be observed for the sample

type, with fewer cells on 1-LG-O than on 1-LG. The larger area

of cells incubated in the absence of FBS during the first 2 h

was still apparent on all substrates. It can be concluded that

in spite of initial inhibitory effect of FBS on cell growth, the

further cultivation in FBS supplemented medium is stimulat-

ing for cells.

Interestingly, the number of cells cultivated on 1-LG in the

presence of FBS increased enormously, reaching the same

number as cells initially cultivated in the absence of FBS.

Thus the proliferation rate (Fig. 5B) is not number of 2 as ex-

pected for osteoblasts natural doubling time but almost a

number of 4. The situation is similar for 1-LG-O in the pres-

ence of FBS, although the proliferation rate is not quite as

high. It can be concluded that graphene substrates strongly

stimulate cell proliferation in the presence of FBS. Such an

observation has not been described so far; however, data that

shows the potential of graphene to stimulate osteoblast

Fig. 5 – (A) Cell number at 2 h and 48 h on the polystyrene (PS), hydrogen-treated graphene-H (1-LG) and oxygen-treated

graphene (1-LG-O) in the presence of fetal bovine serum (+FBS) and its absence ( FBS) during first 2 h of osteoblasts

cultivation.*p< 0.01 compared to PS + FBS (control),#p< 0.01 compared +FBS versus FBS, & < 0.01 compared 1-LG versus

1-LG-O, (B) cell proliferation – ratio of cell number at 48 h to cell number at 2 h, red line denoted expected standard

proliferation rate. (A color version of this figure can be viewed online.)

Fig. 6 – (A) Cell area (inlm2) at 2 h and 48 h on the polystyrene (PS), hydrogen-treated graphene (1-LG) and oxygen-treated

graphene (1-LG-O) in the presence of fetal bovine serum (+FBS) and its absence ( FBS) during first 2 h of osteoblasts

cultivation.*p< 0.01 compared to PS + FBS (control),#p< 0.01 compared +FBS versus FBS, & < 0.01 compared 1-LG versus

1-LG-O, (B) cell spreading – ratio of cell area at 48 h to cell area at 2 h, red line denoted doubling of cell area. (A color version of

this figure can be viewed online.)
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differentiation has already been presented, with the assump-

tion that this effect is based on the pre-concentration of oste-

ogenic inducers on this surface[6].

After 48 h of incubation on graphene samples in the pres-

ence of FBS, cells increase not only in number, but also in size

(Fig. 6B), indicating that the initial FBS mediated inhibition of

cell adhesion and spreading is overcome during this time.

Cells appear to be in very good condition, with proliferation

accelerated and cell size increased. Indeed, although the ini-

tial absence of FBS causes better initial adhesion and spread-

ing, cells further along the timeline behave as expected

(normal doubling time and enlargement). Moreover, cell adhe-

sion after 2 h of cultivation in FBS absence seems to be stron-

ger than in FBS presence (data not shown). Cells on the control

PS revealed the same tendency, but not is as large degree as

cells on graphene substrates. Furthermore, 1-LG graphene

seems to be more stimulating for cell adhesion and prolifera-

tion than 1-LG-O. This phenomenon could be explained by a

different protein and other factors adsorption on graphene

with different surfaces properties. The different binding inter-

actions and their subsequent influence on cell growth are as-

cribed to different degrees ofp–pstacking and electrostatic

and hydrogen bonding on 1-LG and 1-LG-O, as it was sug-

gested for graphene and graphene oxide by Lee et al.[6]. The

slightly higher number of defects in 1-LG-O could also play

role in the differences in cell behavior on graphene samples.

48 h after incubation the focal adhesions were analyzed

for number of FAs (Fig. 7A), average area of a single FA

(Fig. 7B) and percentage of area covered by FAs in individual

cells (Fig. 7C).Fig. 7A shows that on each substrate there are

about 10 FAs fewer in a single cell if the initial adhesion took

place in FBS containing media (PS: 30 with FBS and 40 FAs

w/o FBS; 1-LG: 25 FAs with FBS and 35 w/o FBS; 1-LG-O 20

FAs with FBS and 30 w/o FBS). However, this is not accompa-

nied by a difference in FA area (Fig. 7B) except for 1-LG-O,

where the size of single adhesion is approximately 6lm2in

the presence of FBS and thus about 2lm2larger than the

FAs on all other surfaces. Nevertheless, both values are within

the published range of FA size between 1 and 10lm [33].

If the area covered by FAs is related to the area of a single

cell (Fig. 7C), FAs cover about 10% of the cell area in most cases

with the exception of 1-LG in the presence of FBS, where this

area is significantly higher (about 12% of cell size). The average

number of FAs per cell is not altered; instead the increase is

due to a relatively small cell size with comparatively large FAs.

The same adhesion area of cells on the different samples

is reached in different ways. On most of the samples, FA num-

ber and FA size – and thus relative FA area – are comparable.

In some cases, however, a significantly smaller number of FAs

is compensated by their large size, as in the case of 1-LG-O

with FBS (Fig. 7A and B). This is in agreement with images

(Fig. 4) where cells on 1-LG-O in the FBS presence have a smal-

ler number of larger FAs (in clusters) compared to other sub-

strates after 48 h of cultivation. Cell adhesion to these

surfaces could be mediated by different proteins or their dif-

ferent organization.

One of the most interesting observations of this study is

the fact that the hydrophobic surface of 1-LG graphene in-

creases osteoblast adhesion and growth compared to the

hydrophilic surface of 1-LG-O. In contrast to this, the results

presented so far support the general idea that cells prefer

hydrophilic surfaces, which is shown by their better adhesion

and proliferation on different carbon materials[28,34–36].

Thus it could be speculated that the specific properties of

CVD produced graphene can overcome the influence of wetta-

bility on cell adhesion and proliferation, which in the other

cases are the most relevant factors affecting the cell behavior.

4. Conclusion

In conclusion, 1-LG and 1-LG-O are materials suitable for bio-

medical applications because they can stimulate cell adhe-

sion and proliferation comparable to or even better than

tissue culture plastic. Surprisingly, the 1-LG with its slightly

hydrophobic properties seems to be more convenient mate-

rial than hydrophilic 1-LG-O. Since cells can be cultivated on

these graphene materials in the absence of FBS, they may

Fig. 7 – (A) Number of focal adhesions (FAs) per single cell on different substrates (PS, 1-LG, 1-LG-O) incubated in the presence

of serum (+FBS) and its absence ( FBS) during first 2 h of osteoblasts cultivation. (B) Average focal adhesion area (inlm2)on

different substrates under different conditions. (C) Percentage of focal adhesion area covering the total cell area on different

substrates under different conditions.*p< 0.01 compared to PS + FBS (control),#p< 0.01 compared +FBS versus FBS, & < 0.01

compared 1-LG versus 1-LG-O.
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constitute a good choice for sensor applications as FBS can

influence sensor properties.
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 Nanocarbon Allotropes—Graphene and Nanocrystalline 
Diamond—Promote Cell Proliferation 

   Martina     Verdanova     ,         Bohuslav     Rezek     ,         Antonin     Broz     ,         Egor     Ukraintsev     ,    

    Oleg     Babchenko     ,         Anna     Artemenko     ,         Tibor     Izak     ,         Alexander     Kromka     ,  
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nanomaterials include sp 3 -bonded diamonds and sp 2 -bonded 

graphene, carbon nanotubes and fullerenes. Nanocrystalline 

diamond (NCD) possesses unique combination of properties 

including high mechanical strength, chemical and corrosion 

DOI: 10.1002/smll.201503749

 Two profoundly different carbon allotropes – nanocrystalline diamond and graphene – 
are of considerable interest from the viewpoint of a wide range of biomedical applications 
including implant coating, drug and gene delivery, cancer therapy, and biosensing. 
Osteoblast adhesion and proliferation on nanocrystalline diamond and graphene are 
compared under various conditions such as differences in wettability, topography, 
and the presence or absence of protein interlayers between cells and the substrate. The 
materials are characterized in detail by means of scanning electron microscopy, atomic 
force microscopy, photoelectron spectroscopy, Raman spectroscopy, and contact angle 
measurements. In vitro experiments have revealed a signifi cantly higher degree of cell 
proliferation on graphene than on nanocrystalline diamond and a tissue culture polystyrene 
control material. Proliferation is promoted, in particular, by hydrophobic graphene with 
a large number of nanoscale wrinkles independent of the presence of a protein interlayer, 
i.e., substrate fouling is not a problematic issue in this respect. Nanowrinkled hydrophobic 
graphene, thus, exhibits superior characteristics for those biomedical applications where 
high cell proliferation is required under differing conditions. 

Carbon Allotropes

  1.      Introduction 

 Carbon nanomaterials have been studied extensively in 

recent years due to their potential for novel or improved 

applications in various fi elds such as biomedicine. Carbon 
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resistance, biocompatibility and extraordinary electrical con-

ductivity[1–3] and many others. Graphene (G) is a monoatomic 

layer of carbon structurally similar to honeycombs and has 

another set of unique properties such as exceptional elec-

trical and thermal conductivity, mechanical strength and high 

surface area with every atom on the surface.[4–6] Other impor-

tant and highly useful properties of NCD and G are their 

optical transparency and possibility of functionalization using 

various biological or chemical procedures.[7,8] These unique 

features predetermine NCD and G as novel materials for 

promising use in biomedicine. Numerous studies have already 

focused on NCD or G as platforms for cell proliferation, dif-

ferentiation, or sensing. For example, patterned neuronal 

growth on NCD,[9] selective osteoblast adhesion on NCD 

with O/H stripes mediated by fetal bovine serum (FBS)[10] 

and the use of NCD as a transparent impedance biosensor 

for monitoring cell proliferation[11] have been demonstrated. 

Other studies have shown the accelerated differentiation of 

human neural stem cells on graphene oxide films[12] or expe-

dited osteogenic differentiation of human mesenchymal stem 

cells on reduced graphene oxide nanoribbon grids.[13] Label-

free cancer cell detection using functionalized graphene has 

also been demonstrated.[14] Thus, many novel bioapplica-

tions of carbon materials are currently arising where under-

standing of cell-material interactions is highly needed.

However, the interactions between materials and cells are 

very complex. The behavior of anchorage-dependent cells 

on a substrate depends on the particular material chemistry, 

topography, roughness,[15] wettability,[16] and surface charge 

and energy.[17] The interaction in the human body is also 

controlled by proteins in the blood. This in vivo state is mim-

icked by the presence of FBS in a culture medium during in 

vitro cell cultivation. Proteins from FBS attach to substrates 

faster than cells do. Thus, cells adhere to the proteins rather 

than directly to substrates.[18] Cells sense their surroundings 

by special membrane receptors that bind various ligands. This 

receptor–ligand interaction is followed by subsequent intracel-

lular signaling, which results in gene expression changes and, 

subsequently, changes in cell proliferation, differentiation, and 

movement. Thus, the cell adhesion is essential for further cell 

fate (cell survival, death, dividing, or differentiation).

As mentioned previously, the proteins originating in FBS 

mediate cell adhesion onto substrates. Number, composition, 

and conformation of adhered proteins on substrates are deci-

sive for cell adhesion.[19] However, for a better understanding 

of direct interaction between various materials and cells, the 

study of cell adhesion in the absence of proteins from FBS 

is also necessary. Moreover, cell cultivation in the absence of 

FBS is also required for medical applications. FBS could be 

a source of infection (e.g., bovine spongiform encephalop-

athy) and could also contribute to the misinterpretation of 

electrical measurements for G or NCD used as biosensors.[20] 

On the other hand, some components of FBS are essential 

for cell survival (e.g., growth factors, nutrients, adhesion-

mediating molecules) and cells cannot live without them long 

term. Thus, the cell experiments in the absence of FBS can be 

performed only for a short time period.

This work is focused on a comparison of cell behavior on 

two most promising carbon materials for biomedical applica-

tions – NCD and G films – of varying wettability and nano-

morphology. Both NCD and G were prepared by the chemical 

vapor deposition (CVD) method which is considered as the 

most efficient for the production of these carbon materials 

on large scale.[21–23] Then the substrate surfaces were treated 

by gas flow (G samples) and by plasma (NCD samples) pro-

cedures to obtain different surface termination and thus 

hydrophilic and hydrophobic character. Hydrophobic G with 

nanoscale wrinkles has the most pronounced positive effect 

on cell proliferation. This phenomenon is confirmed even for 

repressive conditions where FBS was not presented during 

the initial cell cultivation (for 2 h). Compared to tissue culture 

polystyrene (PS) also NCD exhibits beneficial properties for 

cellular growth, although not that pronounced as graphene. 

Detailed material characteristics are used as foundation for 

understanding the cell proliferation results. The present study 

was designed to investigate the cellular responses that occur 

when cells come into contact with carbon nanomaterials and 

to demonstrate the usefulness and tunability of these sub-

strates for studies and applications in biomedicine.

2. Results and Discussion

2.1. Characterization of NCD and G

In order to understand the cell–NCD and cell–G interac-

tions, a comprehensive analysis of the key material proper-

ties of specifically employed samples is crucial. The list of the 

samples employed and their properties (treatment process, 

roughness, skew/kurtosis, and contact angles) is summarized 

in Table 1.

Despite the use of the same fabrication method (CVD), 

the NCD and G samples varied in terms of the method 

used for their chemical termination due to the character of 
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Table 1.  Summary of used materials and their properties.

 Nanocrystalline diamond (NCD) Graphene (G) Tissue culture polystyrene (PS) 

 NCD-H NCD-O 1-LG 1-LG-O

Treatment H-plasma O-plasma Hydrogen/Ar treatment  

(250/1 50 seem)

Oxygen treatment  

(100 seem)

Atmospheric plasma

Roughness (RMS) 20 ± 3 nm 20 ± 3 nm 9 ± 3 nm 5 ± 2 nm 4 ± 2 nm

Skew/kurtosis 1/1 1/1 5/23 11/177 −1/2

Contact angle 100° ± 5° 15° ± 5° 90° ± 5° 58° ± 5° 58° ± 5
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the samples. NCD is more rigid which means that oxygen or 

hydrogen plasma treatment can be employed [ 24 ]  to obtain the 

NCD-O and NCD-H samples. However, G (a single layer of 

carbon atoms) is a more delicate material and thus requires 

treatment by means of an oxidative or reductive atmosphere 

rather than plasma [ 25 ]  in order to obtain 1-LG-O (single-layer 

graphene treated in oxidative atmosphere) and 1-LG (single-

layer graphene treated in reductive atmosphere) samples. 

Moreover, previous publications have established that long-

term oxygen plasma treatment (for 30 min) is capable of dam-

aging carbon nanotubes, [ 26 ]  particularly graphene rolled into 

the tubular form. The surface of control PS was modifi ed by 

means of atmospheric plasma as stated by the manufacturer. 

 The surface topography of the employed materials 

was evaluated using atomic force microscope (AFM). It 

is apparent that 1-LG-O has a comparable degree of root 

mean square (RMS) roughness to PS tissue culture (5 ± 2 nm 

and 4 ± 2 nm, respectively) while 1-LG has a slightly higher 

degree of RMS roughness (9 ± 3 nm) as has already been 

described for a similar material. [ 27 ]  Both of the NCD fi lms 

revealed even higher degrees of roughness (RMS 20 ± 3 nm) 

due to their nanocrystalline character; [ 28 ]  nevertheless, values 

were still within the nanoscale range. 

 The representative scanning electron microscope (SEM) 

morphologies of NCD-H, 1-LG, and 1-LG-O are shown in 

 Figure     1  a,b,c.  The  diamond  fi lms comprise densely-packed 

randomly-oriented nanocrystals exhibiting morphologies 

typical of NCD fi lms. [ 29,30 ]  The estimated size of the indi-

vidual diamond nanocrystals ranges from grains as small as 

30–500 nm crystals. The typical morphology of the G layers 

is represented by the 1-LG and 1-LG-O samples. The charac-

teristic differences between the two types of graphene layers 

can be resolved on a SiO 2 /Si surface. 1-LG typically contains 

many wrinkles in the form of small ripples (height 6 nm, full 

width at half maximum (FWHM) 25 nm as obtained from 

AFM) and larger hillocks (height 30 nm, FWHM 55 nm) 

whereas 1-LG-O appears fl atter and has no ripples and fewer 

smaller hillocks (height 17 nm, FWHM 35 nm). On the other 

hand, clear dark linear features and dots are apparent. AFM 

analysis (Figure  1 d–f) revealed that these dark features rather 

than being cracks or pits consist of protrusions above the sur-

face; indeed, this is in accordance with previous AFM studies on 

oxidized graphene. [ 25 ]  The lines have an average height of 4 nm 

and FWHM of 8 nm, i.e., they correspond to fi ne wrinkles. The 

dark dots have an average height of 10 nm and FWHM of 

18 nm. Thus, all of the structural features pertaining to 
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 Figure 1.     Scanning electron microscopy images of H-terminated NCD (NCD-H; a), H-terminated graphene (1-LG; b), and O-terminated graphene 
(1-LG-O; c). All images are captured with the same magnifi cation under the angle of 45°

180

. Atomic force microscopy images of NCD-H (d), 1-LG 
(e), and 1-LG-O (f). Real line profi les and schematic cross-sectional representations of the surface morphologies of NCD-H (g), 1-LG (h), and 1-LG-O (i).
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1-LG-O are noticeably smaller than on 1-LG and the struc-

tural character of both G films is significantly finer than on 

NCD films as schematically presented in Figure 1g–i.

In addition to surface topography differences, the mate-

rials employed differed significantly in terms of their contact 

angles (CA). Samples with a hydrophilic surface consisted of 

1-LG-O (CA = 58° ± 5°), NCD-O (CA = 15° ± 5°), and PS 

(CA = 58° ± 5°) and those with a hydrophobic surface of 1-LG 

(CA = 90° ± 5°) and NCD-H (CA = 100° ± 5°).[25,31] The CAs 

for NCDs varied slightly from the previously published values 

(the average CA for NCD-O was 20° and 80° for NCD-H).[10] 

However, it must be noted that CA measurement could have 

been affected by a number of parameters such as water drop 

size, surface roughness, functional groups on the surface, the 

adsorption of molecules from the air on the surface, and sur-

face charge. Therefore, the CA measurement of each batch of 

materials was necessary and the CAs of the materials used in 

this study were evaluated and presented in as precise a manner 

as possible. Noticeably, the NCD samples exhibited a larger 

difference in wettability in relation to each other (CA(NCD-O) = 

15° ± 5° versus CA(NCD-H) = 100° ± 5°) than did the G samples 

(CA(1-LG-O) = 58° ± 5° versus CA(1-LG) = 90° ± 5°) yet a hydro-

philic and hydrophobic character was apparent in both cases. 

It is important to note that the control PS (with a surface spe-

cifically treated for cell adhesion and proliferation) and the 

1-LG-O sample exhibited the same CA (58° ± 5°).

The Raman spectra measured on the samples at room 

temperature are shown in Figure 2. Figure 2a shows the 

Raman spectra of the NCD-H and NCD-O films. Notably, 

NCD is not a single material but rather a class of diamond 

materials and the Raman spectra provide clear evidence of 

the diamond quality and composition. The spectra, in this 

case, are dominated by a sharp intense peak at ≈1331 cm−1  

and a relatively weak broad G-band (graphitic band) at 

≈1512 cm−1.[32] In addition, a weaker broad band centered at 

≈1160 cm−1 was observed, which can be attributed to short 

transpolyacetylene segments most likely localized on the 

diamond grain boundaries.[33] However, these peaks are 

still under study and some authors attribute them to per se 

nanocrystalline diamond films.[34] The D-band (the so-called 

disorder or defect band) at 1340 cm−1 in the spectra is barely 

visible.[32] Such features are characteristic of high-quality 

nanocrystalline diamond films. Variations in G-band inten-

sity are insignificant. Figure 2b shows the typical Raman 

spectra of 1-LG and 1-LG-O samples including the Raman 

spectrum of the as-grown graphene on Cu foil, which was 

used for reference purposes. These spectra are dominated 

by two characteristic peaks: the G-band and the 2D-band.[35] 

Peak positions in the given spectra fall within an error bar of  

± 3 cm−1 which is the same as the average values obtained by 

means of micro-Raman maps. The 2D-band is centered at  

≈2720 cm−1 and the G-band at ≈1585 cm−1 for all the gra-

phene samples. The FWHM of the 2D-bands for all the sam-

ples is ≈38 ± 6 cm−1, a value comparable to those obtained 

from high-quality single layer graphene.[36] Slight differences 

were observed in terms of the FWHM of the G-bands, with 

≈28 cm−1 for the reference graphene and ≈18 cm−1 for 1-LG 

and 1-LG-O. In addition, the ratio of intensities between the 

2D- and G-bands (I2D/IG) for the reference G is ≈3, which 

can be taken as a further sign of a monolayer, whereas for 

1-LG the value is ≈1.5, which provides an indication of areas 

exhibiting a double layer or layer folding;[37] the latter is 

more likely, since for 1-LG-O the ratio increases to ≈3. Thus, 

it seems that 1-LG-O becomes more stretched on the sub-

strate due to the oxygen treatment which is in agreement 

with SEM and AFM analyses that revealed a flatter surface 

morphology for 1-LG-O than that of 1-LG. Oxygen treat-

ment thus changes not only the water contact angle but also 

the microscopic morphological and mechanical properties 

of the G film employed. G stretching may be facilitated by 

induced charges and/or defects within the graphene. Since 

AFM showed the surface features to be protrusions, the 

role of defects (such as domain boundaries) with regard to 

stretching can most likely be excluded.

The X-ray photoelectron spectroscopy (XPS) analysis of 

the wide spectra and the high-resolution C1s peak for the 

G samples are shown in Figure 3. The high-resolution C1s 

peak exhibits different asymmetry for 1-LG and 1-LG-O. 

The deconvolution of the peak revealed the likely pres-

ence of polymethylmethacrylate (PMMA) residues on both 
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Figure 2.  Raman spectra of: a) hydrogen-(NCD-H) and oxygen-(NCD-O) terminated nanocrystalline diamond films, b) as-grown graphene on Cu foil 
(reference), 1-LG and 1-LG-O samples transferred on SiO2
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types of graphene. [ 38 ]  Deconvolution was applied to 4 peaks: 

sp 2  284.6 eV and chemical shifts of +1.4, 2.4, and 4.3 eV 

assigned for the different carbon atoms in PMMA. The sum-

mation of the PMMA peak area revealed that the residues 

were somewhat reduced, but not signifi cantly, following the 

oxygen treatment (48% to 41% in relative comparison). 

The concentrations of major chemical elements on the sur-

faces of 1-LG and 1-LG-O estimated by means of XPS are 

presented in the table in Figure  3 c. Only a trace amount of 

copper (<0.5 at %) was found on the G samples; this is not 

shown in the table. In addition to C, O and Si were also found 

to be present and originated primarily from the SiO 2 /Si  sub-

strate. The ratio of O/Si is ≈1:1 only; measurements on bare 

SiO 2  substrates revealed a ratio of 1:6. It is probable that the 

G fi lm screens the oxygen signal from the substrate. Oxygen 

treatment does not signifi cantly alter the O/Si ratio, but the 

relative amount of C decreases considerably which provides 

a further indication of the stretching of 

the 1-LG-O sample compared to nano-

wrinkled 1-LG. The reason for this is 

simply that there is less carbon per unit 

area due to the more fl attened  graphene 

layer. Based on AFM analysis, the possible 

formation of additional openings (cracks, 

pits) in the layer by means of oxygen can 

be excluded. 

  Thus, it was possible to distinguish 

three groups of samples according 

to their topography: “fl at”  (1-LG-O 

and PS), “nanowrinkled” (1-LG), and 

“rough” (NCD-O and NCD-H), whereas 

two groups of samples were identifi ed 

according to wettability – hydrophilic 

(1-LG-O, NCD-O and PS) and hydro-

phobic (1-LG and NCD-H). Taken 

together, all types of surface proper-

ties were thus covered with regard to 

the samples employed and a platform 

for the in vitro testing of their interactions with cells was 

established.  

  2.2.      Cell  Behavior  on  NCD  and  G 

 The biological part of this study focused on three variables: 

1) the infl uence of the nanomaterial (NCD versus G) on cell 

behavior, 2) the infl uence of the particular surface treatment 

of the nanomaterial on cell behavior, and 3) the infl uence of 

repressive conditions (an initial lack of FBS) on cell behavior 

on different materials with different terminations. 

 First, the infl uence of the nanomaterial on cell adhesion 

and proliferation under standard conditions, regardless of 

the particular material treatment, was evaluated.  Figure     4   

shows typical immunofl uorescence images of osteoblasts cul-

tivated under standard conditions for 2 and 48 h on PS, NCD, 

and G. 

small 2016, 

DOI: 10.1002/smll.201503749

 Figure 3.     Detailed XPS spectra of C1s peak on a) 1-LG (hydrogen-treated G) and b) 1-LG-O 
(oxygen-treated G). c) Table of elemental analysis based on XPS wide-scan spectra of graphene 
samples transferred on SiO 2 /Si  substrates.

 Figure 4. 

182

   Osteoblasts cultivated under the standard conditions on polystyrene (PS), hydrogen-terminated nanocrystalline diamond (NCD-H), 
oxygen-terminated nanocrystalline diamond (NCD-O), hydrogen-treated graphene (1-LG), and oxygen-treated graphene (1-LG-O) for 2 and 48 h. 
Grayscale immunofl uorescence images of osteoblasts–actin fi laments staining. The scale bars correspond to 100 μm.
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Figure 5 shows the cell number and cell area after 2 and 

48 h of cell cultivation; these parameters were evaluated from 

large sets of fluorescence images. It can be seen that after 

2 h of cell cultivation the smallest number of cells adhered 

to G, more cells to NCD, and the highest number of cells to 

PS (Figures 4 and 5a). However, after 48 h of cultivation, sim-

ilar numbers of cells were observed on all the tested mate-

rials. In Figure 5c, the ratio of cell numbers at 48 h to cell 

numbers at 2 h is plotted so as to illustrate cell proliferation. 

The ratio of cells cultivated on NCD and PS almost triples 

whereas it quadruples with regard to G, suggesting acceler-

ated cell proliferation on this particular substrate. The higher 

rate of proliferation of cells on G versus PS has already been 

reported;[25] however, a comparison with other carbon mate-

rials (NCD) and analysis with respect to different surface 

properties has not yet been presented.

Figure 5b shows that the cells on G were the smallest at 

both cultivation time points (2 and 48 h) whereas the cells on 

NCD were initially smaller than the cells on PS but were sub-

sequently significantly larger. With respect to cell spreading, 

the value of the cell area at 48 h was divided by the value 

of the cell area at 2 h and the ratios obtained suggested that 

the cells on NCD and G spread to a greater extent – tripling 

their area – than the cells on PS, which only doubled their 

area (Figure 5d). This would tend to indicate that the tested 

carbon materials are more suitable for cell cultivation than 

standard tissue culture polystyrene.

Second, the effect of the nanomaterial with different 

methods of surface treatment (with oxygen or hydrogen) 

on osteoblast proliferation and spreading was examined. 

Different NCD termination was discovered not to play an 

important role when cells are cultivated on entirely oxygen- 

or hydrogen-treated samples. Similar degrees of cell adhesion 

and proliferation were observed on hydrophilic NCD-O and 

hydrophobic NCD-H (Figure 6a,c). On the other hand, those 

cells cultivated on G following the hydrogen and oxygen 

treatment were seen to behave differently. The cells adhered 

similarly to hydrophobic 1-LG and hydrophilic 1-LG-O 

after 2 h of cultivation; however, their numbers diversi-

fied following 48 h of cultivation (Figure 6a). The cells on 

hydrophobic 1-LG proliferated to a greater extent than the 

cells on hydrophilic 1-LG-O (Figure 6c). However, it should 

be stressed that even though the cells on 1-LG-O prolifer-

ated to a lesser degree than on 1-LG they still proliferated 

to a greater extent than the cells cultivated on NCD and PS 

substrates. The previous observation (Figure 5) that cells 

proliferated to the greatest extent on G is thus based prin-

cipally on the results obtained from 1-LG with only a small 
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Figure 5.  a) Cell number and b) cell area on polystyrene (PS), nanocrystalline diamond (NCD), and graphene (G) regardless of material termination 
under standard conditions at 2 and 48 h. $ – p < 0.01 compared to PS (control), & – p <

183

 0.01 compared NCD versus G. c) Cell proliferation – ratio 
of cell number at 48 h to cell number at 2 h, line denoted expected standard proliferation rate. d) Cell spreading – ratio of cell area at 48 h to cell 
area at 2 h, line denoted doubling of cell area.



www.MaterialsViews.com

7© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.com

contribution from 1-LG-O (Figure  6 ). The enormous rate of 

cell proliferation on G presented in the graph was partially 

caused by the smaller number of cells observed on G at 

2 h compared to cell numbers on NCD; however, a similar 

number of cells was observed on all these materials after 

48 h. It should be noted that full confl uency was not reached 

in either case and the values are thus not limited by satura-

tion. The proliferation rate on 1-LG was higher; the number 

of cells increased 4.5 times between 2 and 48 h of cultivation 

although the standard doubling time of SAOS-2 cells is 43 h 

(see the DSMZ catalogue). The cells cultivated on 1-LG-O 

multiplied approximately four times and those on NCD-O, 

NCD-H, and control PS approximately three times. Hence, 

this two-point calculation of cell proliferation may lead to 

an overestimation. Yet the relative comparison still holds: 

the 1-LG provides for an ≈50% higher rate of multiplication 

than control PS. A recent study on the behavior of mesen-

chymal stem cells on plasma-functionalized graphene is in 

agreement with the team’s fi nding: the stem cells proliferated 

to a slightly greater extent on H 2  plasma-treated G than on 

O 2  plasma-treated G. 
[ 27 ]  However, the role of material mor-

phology was not clear in this case. 

  With regard to cell size (Figure  6 b,d), the largest cells 

were found to be those cultivated on PS, followed by the 

cells on NCD-O and NCD-H after 2 h of cultivation, whereas 

the smallest cells were observed on both 1-LG and 1-LG-O 

fi lms. However, after 48 h of cultivation, the largest cells con-

sisted of those found on both NCDs, especially on NCD-O, 

followed by the cells on NCD-H. The cells on the control PS 

were discovered to exhibit average cell size, and the cells on 

G were, again, found to be the smallest; moreover, the cells 

on 1-LG-O were smaller than those on 1-LG (Figure  6 b). 

Cell spreading between 2 and 48 h of cultivation (Figure  6 d) 

was comparable on both NCDs and slightly higher on 1-LG 

where all these cells approximately tripled in size. A slightly 

lower rate of cell spreading was observed on 1-LG-O (2.5 

times) and the cells on the control PS were found to spread 

the least, only doubling their size. Several reasons can be 

suggested for this behavior including cell proliferation and 

cell motility; it is generally known that well-spread cells 

proliferate extensively, which correlates with the observed 

elevated rate of cell proliferation on 1-LG accompanied 

by a higher rate of spreading. On the other hand, migrating 

cells do not spread to a great extent and do not proliferate; 
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 Figure 6.    a) Cell number and b) cell area on polystyrene (PS), hydrogen-terminated nanocrystalline diamond (NCD-H), oxygen-terminated 
nanocrystalline diamond (NCD-O), hydrogen-treated graphene (1-LG), and oxygen-treated graphene (1-LG-O) under standard conditions at 2 and 
48 h. $ –  p  < 0.01 compared to PS (control), & –  p  < 0.01 compared NCD-H/NCD-O versus 1-LG/1-LG-O, # –  p  <
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 0.01 compared NCD-O versus NCD-H 
or 1-LG versus 1-LG-O. c) Cell proliferation – ratio of cell number at 48 h to cell number at 2 h, line denoted expected standard proliferation rate. 
d) Cell spreading – ratio of cell area at 48 h to cell area at 2 h, line denoted doubling of cell area.
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their migration could be induced by surfaces that do not 

efficiently support cell adhesion. This could indicate that PS, 

despite its having been specially treated for cell cultivation, 

exerts a more negative effect on cell growth than NCD and 

G. Nevertheless, a large number of different factors affect 

the size of cells at various levels and thus the explanation is 

not simple.

It is possible that the two measurable features of the 

tested materials, i.e., topography (“flat” 1-LG-O, “nanowrin-

kled” 1-LG, or “rough” NCD-O and NCD-H) and wettability 

(hydrophilic NCD-O/1-LG-O or hydrophobic NCD-H/1-LG) 

were responsible for the observed similarities and differences 

in cell adhesion and proliferation.

Contradictory results on cell adhesion, proliferation, 

and differentiation have been reported in literature with 

regard to the wettability of surfaces. Some studies favor 

hydrophilic rather than hydrophobic surfaces (e.g., hydro-

philic graphene oxide supported the cell adhesion and 

proliferation of induced pluripotent stem cells to a greater 

extent than did hydrophobic graphene).[39] Other studies 

have reported that human renal epithelial cells favored 

adhesion to NCD-O more than they did to NCD-H[40] and 

that osteoblasts preferred to adhere to and proliferate 

upon NCD-O sections rather than NCD-H sections on 

patterned surfaces (alternating hydrophilic/hydrophobic 

stripes).[41] On the other hand, other reports favored 

hydrophobic surfaces, e.g., the accelerated adhesion of 

human mesenchymal stem cells on hydrophobic tita-

nium[42] and enhanced cell proliferation on hydrophobic 

G[25,27] have been described. Furthermore, promoted 

embryonic stem cell differentiation on a hydrophobic 

surface has also been reported.[43] Thus, it is not a simple 

matter to establish the indisputable effect of wettability on 

cell adhesion, proliferation, and differentiation since cell 

type and cell density as well as surface chemistry and its 

organization play significant roles in this respect.

These presented results obtained from topographi-

cally identical NCDs with different surface terminations 

revealed no significant dependence of osteoblast adhesion 

and proliferation on NCD samples with homogenous sur-

face. However, a previous study concerning homogeneous 

NCD surfaces revealed the preference of osteoblasts for 

an NCD sample treated with oxygen plasma rather than 

hydrophobic as-grown NCD.[44] These opposing results 

might be explained by the different methods employed in 

the preparation of the hydrophobic surfaces. The former 

study[44] used as-grown samples from hydrogen-rich plasma 

whereas in the present study the samples were additionally 

treated with pure hydrogen plasma. Interestingly, when the 

NCD samples were prepared using the same process but on 

a surface with alternating patterning (hydrophilic/hydro-

phobic stripes of different widths)[45] rather than a homo-

geneous surface, the cells were, once more, found to prefer 

a hydrophilic surface. However, this preference appears to 

depend on cell seeding density; cells seeded at low density 

(2 500 cells cm–2) sensed a hydrophilic surface (NCD-O) in 

the vicinity of a hydrophobic surface (NCD-H) and were 

found to prefer to adhere to the hydrophilic area. However, 

this cell adhesion pattern was not detected when cells were 

seeded at a higher density (10 000 cells cm–2), in which case 

cell-to-cell contact and communication are likely to have 

played an important role.[10] In the present study, the cells 

were seeded at a high density (15 000 cells cm–2) onto a 

surface covered entirely with oxygenated or hydrogenated 

NCD; thus, as far as this study is concerned, NCD termina-

tion had no impact on cell behavior.

On the other hand, the G samples employed varied not 

only in terms of wettability but also in their nanotopography; 

thus, the influence on cell behavior is more complex. The 

hydrophobic 1-LG promoted cell proliferation to a greater 

extent than did hydrophilic 1-LG-O, which is in agreement 

with the previously published results.[25,27] However, the dif-

ference in “nanoroughness” could provide the reason for 

the accelerated cell proliferation rate on 1-LG compared to 

1-LG-O and both NCDs. The principal observed difference in 

terms of the nanotopography of 1-LG compared to 1-LG-O 

consisted of its wrinkled morphology. The degree of RMS 

roughness did not differ markedly (a factor of approximately 

two – Table 1); however, skew and kurtosis values more accu-

rately reflect the key differences in surface morphology. They 

reflect in particular the dense nanoscale wrinkles on the 1-LG 

sample which correlates with previous reports in literature 

which revealed the positive effects of sub-100 nm structural 

features on the cells.[46–48] XPS showed that PMMA residues 

were present on both types of graphene; however, the resi-

dues were of very similar amounts (48% and 41%) and thus 

they could not have been responsible for the observed dif-

ference in morphology (wrinkle features) and cell behavior 

on 1-LG and 1-LG-O. It might be suggested that the size and 

density of these wrinkles together with the hydrophobic char-

acter of 1-LG constitute the optimal features in terms of pro-

moting cell proliferation. Nevertheless, several critical aspects 

must be considered.

Moreover, the topography and especially the nanotopog-

raphy of surfaces are able to influence protein adsorption 

and thus cell adhesion and behavior; the protein conforma-

tion changes following adsorption on the surface of a mate-

rial.[49] Differences in the selectivity as well as the quantity of 

proteins adsorbed from FBS onto stochastically nanorough 

surfaces revealed that increased surface area in concert with 

another mechanism is most likely responsible for the altered 

protein adsorption on nanoscale surface features.[50] Proteins 

with dimensions proportional to surface roughness are not 

conformationally altered by the surface, whereas proteins 

with dimensions much smaller or larger than surface rough-

ness are conformationally altered upon adsorption so as to 

conform to the nanoscale features on the surface.[51,52]

The team’s experiments conducted under repressive 

conditions where FBS proteins were excluded shed more 

light on the possible role of proteins. After 2 h of cultiva-

tion under repressive conditions, comparable numbers of 

cells were observed on all the tested substrates (Figure 7a). 

By contrast, under standard conditions the largest number 

of cells adhered to the control PS (Figure 6a) which sug-

gests that those cells in direct contact with the material 

do not sense its properties (chemistry, wettability, topog-

raphy). Indeed, this corresponds to the finding that cell 

adhesion appears to be substrate-dependent only in the 

small 2016,  
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presence of FBS in the culture medium. [ 53 ]   Thus,  adhesion 

is not specifi c and is mediated by unspecifi c  forces.  Gen-

erally, around twice as many cells adhered to all the sub-

strates in the absence of FBS than in its presence, which 

may suggest the inhibitory effect of FBS on cell primary 

adhesion. [ 53 ]  Following the addition of FBS and fur-

ther cultivation, absolute cell numbers after 48 h on PS, 

NCD-O, and NCD-H were ≈30% lower under repressive 

conditions than under standard conditions. On the other 

hand, extremely high numbers of cells were detected on 

hydrophobic 1-LG at the 48-h time point (signifi cantly dif-

ferent to all the other samples, Figure  7 a). Interestingly, 

cell numbers on both G and NCD under such repressive 

conditions were comparable or even slightly higher than 

cell numbers under standard conditions (Figure  6 ). It 

might be concluded, therefore, that the repressive condi-

tions (FBS absence for the fi rst 2 h) promoted cell adhe-

sion on all the samples. Therefore, it might further be 

suggested that FBS reduces cell adhesion. This is in agree-

ment with the previously published results concerning the 

inhibition of osteoblast adhesion by FBS [ 25 ]  and the inhibi-

tion of T cell adhesion by albumin. [ 54 ]  

  A comparison of cell proliferation on all the samples 

in both the presence and the absence of FBS is shown in 

Figure  7 b. Despite the overall reduced cell proliferation 

rate under repressive conditions compared to standard 

conditions on all the tested surfaces, cell proliferation on 

1-LG was found to be the highest of all the tested materials. 

Thus, protein interaction with surface nanomorphology 

can be excluded as the sole factor behind the superior 

proliferation rate on 1-LG. It also excludes the potential 

signifi cant effect of the differing surface charges of 1-LG 

and 1-LG-O (as indicated by 1-LG-O stretching) since the 

charge is screened by the protein interlayer in the case of 

FBS presence; however, the superior performance of 1-LG 

is clear under both conditions with and without FBS. This 

may prove to be advantageous in terms of the use of bio-

electronic sensors and actuators where protein interlayers 

(often considered a reason for electrode fouling) infl uence 

sensor performance. [ 55 ]    

  3.      Conclusion 

 Osteoblast behavior on G and NCD with differing properties 

was compared after short (2 h) and longer (48 h) periods of 

cultivation. Generally, all the carbon materials tested exhib-

ited enhanced properties for cell cultivation in comparison 

to the control tissue culture polystyrene. In addition, better 

cell adhesion but lower proliferation was discovered with 

regard to NCD compared to G under standard conditions 

(in the presence of FBS for the entire time of cultivation). 

Interestingly, no effect on the cells of the differing wettability 

properties of topographically identical NCD was observed 

whereas hydrophobic 1-LG with nanowrinkled topography 

induced pronounced cell proliferation in comparison to both 

hydrophilic and fl at 1-LG-O and NCD. Thus, the greater 

importance of nanoscale topography than surface wettability 

was demonstrated. Moreover, signifi cant differences in cell 

behavior were generally observed between cells cultivated 

under standard and repressive conditions. Cell adhesion was 

promoted under repressive conditions; however, overall, cell 

proliferation was suppressed. Nevertheless, 1-LG exhibited a 

superior proliferation rate under both conditions. Thus, it is 

possible to confi rm that it is predominantly due to a nano-

wrinkled morphology (often considered as an imperfection 

in terms of a variety of graphene applications) that graphene 

exhibits superior characteristics for biomedical applications 

for which cell proliferation is required. Promoted cell pro-

liferation enables faster cell colonization of G or NCD sub-

strates; thus faster new tissue formation which can save time 

and money.  
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 Figure 7.     a) Cell number on polystyrene (PS), hydrogen-terminated nanocrystalline diamond (NCD-H), oxygen-terminated nanocrystalline diamond 
(NCD-O), hydrogen-treated graphene (1-LG), and oxygen-treated graphene (1-LG-O) under repressive conditions (in the absence of FBS during the 
fi rst 2 h of cell cultivation) at 2 and 48 h . $ –  p  < 0.01 compared to PS (control), & –  p  < 0.01 compared NCD-H/NCD-O versus 1-LG/1-LG-O, # – 
 p  < 0.01 compared NCD-O versus NCD-H or 1-LG versus 1-LG-O. b) Cell proliferation under standard and repressive conditions – ratio of cell number 
at 48 h to cell number at 2 h, line denoted expected standard proliferation rate. “+

186

 FBS” – under standard conditions, “wo FBS” – under initial 
repressive conditions.
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4. Experimental Section

Preparation of Nanocrystalline Diamond: The NCD films were 

grown by CVD on 550 μm thick (100) Si substrates of either round 

geometry (13 mm in diameter) or square geometry (10 mm × 10 mm).  

The surface RMS roughness of the Si substrates was 1 nm.[24] Prior 

to the diamond CVD, the substrates were ultrasonically treated 

in an ultra-dispersed detonation diamond powder suspension 

in deionized water.[25,26] The diamond film was deposited in the 

focused microwave plasma system (AIXTRON, P6). The process 

parameters of diamond deposition were: microwave power 2.5 kW,  

1% methane diluted in hydrogen, total gas pressure 50 mbar, 

and substrate temperature ≈800 °C. Prior to the cell cultivation, 

the samples were chemically cleaned in acid (H2SO4 + HNO3) at 

200 °C for 30 min and treated in inductively coupled radio fre-

quency oxygen plasma to obtain the hydrophilic diamond surface 

(NCD-O). The hydrophobic diamond surface (NCD-H) was achieved 

by treatment in the microwave reactor with pure hydrogen plasma 

(AIXTRON, P6).[25,26]

Preparation of Graphene: The two sets of graphene samples 

with different wettability, i.e., 1-LG (hydrophobic) and 1-LG-O 

(hydrophilic), were fabricated using thermal CVD graphene that 

was transferred to SiO2/Si substrates and treated in an oxidizing 

atmosphere. Further details on the fabrication procedures were 

reported previously.[27] As a control, as-grown CVD graphene on 

copper foil was used without the substrate transfer.[28]

Scanning Electron Microscopy, Atomic Force Microscopy, 

and Raman Micro-Spectroscopy: The characterization of the sur-

face morphology of the NCD and G films was realized by using 

a SEM (Maia3, Tescan) with an acceleration voltage of 10 kV, a 

working distance of 5 mm, a magnification of 50k, and an ion-

beam detector for secondary electrons. An AFM (Ntegra, NT-MDT) 

was used to analyze surface roughness (RMS, skew and kurtosis 

values) in tapping mode using a Multi75E-G tip. Material quality 

was characterized by Raman micro-spectroscopy (inVia Reflex, 

Renishaw) with an excitation wavelength of 442 nm (HeCd laser), 

an incident laser power of ≈6 mW and a 100× objective. Surface 

mapping was used to obtain statistically relevant Raman spectra.

XPS Analysis: XPS analysis (AXIS Supra, Kratos) was performed 

to determine the details of chemical composition. The XPS was 

equipped with a hemispherical analyzer and a monochromatic Al 

Kα X-ray source (1486.6 eV). The XPS spectra were acquired at a 

constant take-off angle of 90°. The size of the analyzed area on 

the sample was 110 μm in diameter. The survey XPS spectra were 

recorded with a pass energy of 80 eV, whereas the high-resolution 

spectrum scans were recorded at 20 eV. The calibration of the gra-

phene samples was made at 284.6 eV, which corresponds to the 

sp2 phase.[29] For substrate measurements outside of graphene, 

the XPS spectra were referenced to the Si2p peak at 103.3 eV.[30] 

The CasaXPS software using linear baseline and Gaussian line 

shapes of variable widths was used for processing the spectra.

Contact Angle Measurement: The surface wettability of the 

films was estimated by the sessile water drop contact angle, meas-

ured by reflection goniometry using the Surface Energy Evaluation 

System (Masaryk University, Brno, Czech Republic); 3 μL of deion-

ized water were dispensed on the studied surfaces. The contact 

angle was calculated as the tangent of the arc made by the drop, 

employing a multipoint fitting of the drop profile captured with a 

digital camera.

Cells and Culture Conditions: The human osteoblast-like cell 

line SAOS-2 was obtained from DSMZ, Germany. SAOS-2 cells 

were cultivated in McCoy’s 5A medium without phenol red (Pro-

moCell, Germany) and supplemented with 15% heat-inactivated 

FBS (PAA, Austria), penicillin (20 U mL–1, Sigma-Aldrich, USA) and 

streptomycin (20 μg mL–1, Sigma-Aldrich, USA) at 37 °C and in a 5% 

CO2 atmosphere. Before cell seeding, the samples were sterilized 

in 70% ethanol (10 min) and subsequently rinsed in sterile deion-

ized water three times for 3 min. Cells were seeded at a density of 

15 000 cells cm−2 onto the NCD and G films and onto tissue culture 

PS (TPP, Switzerland) as the control. Cells were seeded in McCoy’s 

medium with or without FBS and incubated for 2 h. For a longer cul-

tivation (48 h time point), FBS was added to cells plated initially 

without FBS, and those cells were incubated for a subsequent 46 h.

Determination of Cell Number and Cell Area: Cells on the NCD 

and G samples were fixed in 4% paraformaldehyde after 2 or 48 h  

of cultivation and immunofluorescently labeled. Cell nuclei were 

stained with 4,6-diamidino-2-phenylindole (DAPI) (1:1000, Sigma-

Aldrich, USA) and actin filaments with phalloidin conjugated with 

Alexa Fluor 488 (1:500, Life Technologies, USA). Fluorescence 

images of cells were obtained using an E-400 or Eclipse Ti-S micro-

scopes (Nikon, Japan) and DS-Fi1 or DS-Qi1Mc Digital Camera 

(Nikon, Japan). DAPI images for nuclei counting were acquired with 

a 10× objective, and images for cell area determination (actin fila-

ments staining) were acquired with a 20× objective. Cell number 

and cell area were automatically counted from these images using 

ImageJ (Rasband, W. S., ImageJ, U.S. National Institutes of Health, 

Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997–2015) 

and Cell Profiler (Broad Institute, USA) softwares.

Statistical Analyses: All presented biological data were derived 

from at least three independent experiments run in duplicates. 

Due to the rejection of the normal distribution of assessed data, 

the nonparametric Mann–Whitney U test was used to determine 

the significant differences between the datasets, and p values 

of less than 0.01 were considered to be statistically significant. 

Extreme values – 5% from both tails – were excluded from the 

analysis. STATISTICA software (StatSoft, Czech Republic) was used 

for the statistical analyses.
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ABSTRACT

The effects of oxidative treatment of single-walled carbon nanotubes (SWCNTs) on the

adhesion and proliferation of human osteoblasts (SAOS-2) were investigated. The surface

properties of SWCNTs after oxygen plasma treatment were characterized by contact angle

measurement, scanning electron microscopy and Raman spectroscopy. The immunofluo-

rescent staining of vinculin, actin filaments and nuclei was used to probe cell adhesion

and growth on SWCNT films. Our results show that adhesion and proliferation of human

osteoblasts cultivated on SWCNT films indeed depends on the degree of an oxidative treat-

ment. As an optimal procedure was found the treatment with oxygen plasma for 5 min. In

the latter case the osteoblasts form a confluent layer with pronounced focal adhesions

throughout the entire cell body. The optimal conditions compromise the effect of hydro-

philic character of SWCNT films and the level of damage of SWCNT surface.

2011 Elsevier Ltd. All rights reserved.

1. Introduction

Due to their unique properties, single-walled carbon nano-

tubes (SWCNTs) have many prospective applications, includ-

ing biomedical engineering, drug delivery and medical

chemistry. The significance of the toxicological issues associ-

ated with these materials has been the motivation for recent

research. These studies have mostly focused on inhalation

toxicology[1–3]or the effects on skin exposure[4,5]. There

have also been studies on implanted carbon nanotubes[6]

as well asin vitrostudies investigating the influence of

SWCNT on different cell cultures (endothelial cells[7], macro-

phages[8]or osteoblasts[9]).

It has been shown previously that functionalization of car-

bon nanotubes dramatically changes their toxicity[10]. Func-

tionalization is usually performed by acid treatment of carbon

nanotubes[11]. However, this method has several drawbacks

since it is difficult to control this process. Strong acids are a

potential risk for the environment if used in industry and also

have the potential to contaminate the sample. On the other

hand, treatment of SWCNTs with a dry oxygen plasma seems

to be an economically reasonable and effective technique for
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the modification of the surface of carbon nanotubes[12,13]

due to short reaction times and simplicity of the process. This

process is also clean, and therefore it can be applied to prod-

ucts at the end of manufacturing process. Nevertheless, the

influence of oxygen plasma treatment of SWCNT on biological

systems is still unknown.

Osteoblasts are anchorage-dependent cells which form

bone. Therefore, adhesion of osteoblasts to a substrate is a

crucial prerequisite for subsequent cell functions such as pro-

liferation, protein synthesis (e.g. extracellular matrix pro-

teins, morphogenic factors and osteoinductive molecules)

and formation of mineral deposits. The cell adhesion is pri-

marily mediated by integrins, a widely expressed family of

transmembrane adhesion receptors[14]. Upon ligand binding,

integrins rapidly associate with the actin cytoskeleton due to

binding to adaptor proteins and cluster together to form focal

adhesions, which are discrete complexes that contain struc-

tural and signaling molecules[15]. Focal adhesions are central

elements in the adhesion process, functioning as structural

links between the cytoskeleton and the extracellular matrix

to mediate stable adhesion and migration. It could be distin-

guished between peripheral adhesion sites (focal complexes)

enriched in integrinaVb3 which facilitate protrusion forma-

tion and more centrally located integrina5b1-enriched fibril-

lar adhesion sites essential for extracellular matrix (ECM)

assemble and stable cell attachment[16]. Furthermore, in

combination with growth factor receptors, focal adhesions

activate signaling pathways that regulate transcription factor

activity and direct cell growth and differentiation[17]. Vincu-

lin is one of the most important adaptor proteins specifically

associated with focal adhesions responsible for actin attach-

ment to the plasma membrane and it is present in a wide

variety of cell types[18]. Therefore, immunolabeling of vincu-

lin by means of a specific antibody provides a crucial and de-

fined detection system for the localization and size of focal

adhesions, which give an information of the influence of sur-

face properties on cell growth (substrate compliance – rigid or

soft, ligand spacing related to specific ECM protein presence

on the surface, surface topography, surface free energy, etc.)

[19].

Here, we used immunofluorescent staining of vinculin, ac-

tin filaments and nuclei to probe cell adhesion and growth on

SWCNT films treated by dry oxygen plasma. By altering the

duration of exposure of SWCNT films to oxygen plasma, we

prepared samples with different levels of damage and wetta-

bility. We found optimal conditions which compromise com-

peting effects of hydrophilic character and damage of the

SWCNT substrate.

2. Experimental

2.1. SWCNTs

SWCNT films were prepared as follows: HiPco Super puri-

fied nanotubes were sonicated inN-methylpyrrolidone, then

filtered through a membrane filter (0.2lm) and washed

with an excess of ethanol and water. The film on the mem-

brane filter was stamped onto a glass substrate. Finally, the

samples were heated at 450C in a flow of argon and

hydrogen for 30 min. Before cell experiments, SWCNT films

were sterilised for 10 min in 70% ethanol, washed in PBS

and allowed to dry.

2.2. Oxygen plasma treatment

The oxygen plasma treatment was performed by radio-

frequency maintained plasma (13.56 MHz) in a double plasma

source system (AK 400, Roth & Rau). The process was per-

formed at room temperature with the following parameters:

pressure 0.35 mbar, rf power 50 W and self bias voltage 8 V,

oxygen flow 50 sccm. The rf plasma treatment times were 1,

5 and 30 min.

2.3. Contact angle (CA) measurement

The surface wettability of SWCNTs was calculated from water

droplet contact angle measurements. The CA measurements

were obtained at room temperature by a static method in a

material–water droplet system using a reflection goniometer

(Surface Energy Evaluation (SEE) System). Three microliters

of deionised water were dispersed on the SWCNT sample sur-

faces and the formed drop was captured by a digital CCD

camera. The contact angle was calculated by a multipoint fit-

ting of the drop profile using SEE software.

2.4. Raman spectroscopy

The Raman spectra were excited by mixed Ar+/Kr+laser (Inno-

va 70C series, Coherent) and were recorded by a Labram HR

spectrometer (Horiba Jobin Yvon) interfaced to an Olympus

BX-41 microscope (objective 50·). The laser power impinging

on the cell window or on the dry sample was between 0.1

and 1 mW. The spectrometer was calibrated using the F1g

mode of Si at 520.2 cm 1.

2.5. SEM imaging

SEM imaging was performed using a high resolution SEM

S-4800 (Hitachi).

2.6. Cells

SAOS-2, a human osteoblast-like cell line, was obtained from

DSMZ (Deutsche Sammlung von Mikroorganismen und Zellk-

ulturen GmbH). Cells were grown at 37Cin5% CO2 in

McCoy’s 5A medium without phenol red (BioConcept) supple-

mented with 15% heat inactivated fetal bovine serum (Bio-

west), penicillin (20 U/ml) and streptomycin (20lg/ml). Cells

were plated (25,000 cells/cm2) on glass substrates covered

with pristine SWCNT films (P) and films after oxygen-plasma

treatment for 1 min (O1), 5 min (O5) and 30 min (O30) and

incubated for 48 h under the tissue culture conditions.

2.7. Fluorescent staining of cells

The focal adhesions of SAOS-2 cells were characterized mor-

phologically by immunofluorescent staining of vinculin

(1:150, Sigma, anti-mouse Alexa 568). Visualization of the

cytoskeleton was performed by staining of actin filaments

(phalloidin-Alexa-488, 1:100, Invitrogen) and nuclei were
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visualized with 40,6-diamidino-2-phenylindole (DAPI, 1:1000,

Sigma). An epi-fluorescent Nikon E-400 microscope was used

(Hg lamp, Uv-2A, B-2A and G-2A filter set) and data were re-

corded by DS-5M-U1 Color Digital Camera (Nikon).

2.8. Cell number

To count cells, 12 size-calibrated fluorescent pictures of DAPI-

stained cell nuclei from each surface type were obtained

using a Nikon E400 microscope with a 4·lens. Areas of

1mm2were cut out of these calibrated pictures and the cell

number was counted using NIS Elements software (LIM).

2.9. Focal adhesion size analysis

Fluorescent images of cells taken by the epi-fluorescent Nikon

E-400 microscope were analyzed for the size of focal adhe-

sions using NIS Elements (LIM). The long and short axes of fo-

cal adhesions were determined. For statistical analysis,

ANOVA was used.

3. Results and discussion

SWCNTs were deposited on glass substrates to form a com-

pact film and subsequently exposed to oxygen plasma for dif-

ferent times.Fig. 1shows SEM pictures of a pristine sample

(P;Fig. 1A) and samples after different oxygen plasma treat-

ment for 1, 5 and 30 min (O1, O5, O30;Fig. 1B–D, respectively).

Obviously, prolonged oxygen plasma treatment resulted in

damage to the SWCNT film surface, which became rougher

as the treatment time increased. The oxygen plasma also

caused a decrease in the conductivity of the sample. The

practical consequence of this was a stronger charging of the

oxygen plasma-treated samples during SEM imaging. The de-

crease of conductivity was in agreement with previous results

[20] and it may have been caused both by a decrease of the

intrinsic conductivity of the nanotubes and by higher contact

resistance between the nanotubes. The longest duration of

exposure of SWCNT films to oxygen plasma (30 min) resulted

in significant morphological changes. On the other hand, oxy-

gen plasma exposure times of 1 and 5 min resulted in no obvi-

ous removal and/or extensive degradation of the SWCNT.

Changes in the surface properties of oxygen plasma-trea-

ted samples were further assessed by contact angle measure-

ments. The compact layer of pristine SWCNTs exhibited a

hydrophobic surface with a contact anglea= 100±5. As

the SWCNTs were treated by oxygen plasma for 1 min (O1),

the surface wettability changed drastically from hydrophobic

to hydrophilic with a characteristic contact anglea=21±5.

Prolonging the oxygen plasma treatment to 5 min (O5) re-

sulted in a further decrease of the contact angle down to

11±3. Extensive oxygen plasma treatment, i.e. for 30 min

(O30), did not further decrease the contact angle which was

already saturated at a value of 12±3.

We noted that the process time required for achieving

hydrophilic surfaces could be reduced to 10 s if higher pres-

sure and higher rf power was used (results not shown here).

However, such process conditions are more difficult to

control.

Previous XPS measurements performed on plasma-treated

multi-wall carbon nanotubes (MWCNTs) have shown that the

amount of oxygen-containing functional groups increased

with treatment time[12]. Hence, the abrupt change in wetta-

bility from a hydrophobic to a hydrophilic character was obvi-

ously caused by an increased amount of oxygen-containing

functional groups. We assume that plasma treatment first

Fig. 1 – SEM images of pristine sample (A) and samples after oxygen-plasma treatment: 1 min (B), 5 min (C) and 30 min (D).

The scale bar is 1lm.
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initializes defect formation and openings in the SWCNT wall

and these new surfaces behave as reactive sites for oxygen

bonding.

Fig. 2shows the Raman spectra of the pristine and the oxy-

gen plasma treated samples. All Raman spectra exhibited typ-

ical features of SWCNTs: the radial breathing mode (RBM), the

tangential mode (G), the defect induced mode (D) and the

double resonant feature (G0mode).

The Raman spectra changed significantly after oxygen

plasma treatment. The oxygen plasma treatment changed

the overall intensity of the Raman spectra (note that the Ra-

man spectrum of the pristine sample is scaled by a factor of

0.5 inFig. 2). There were also subtler changes in the frequency

of some Raman features and an obvious increase in the inten-

sity of the D mode.

The RBM region of the pristine sample contained several

Raman bands between 150 and 350 cm1that reflected a rel-

atively broad diameter distribution of the HiPco tubes used

in our experiment. After oxygen plasma treatment, the inten-

sity of the RBM bands was reduced; hence, only the most

intensive bands at 220 and 260 cm1were clearly distinguish-

able in the Raman spectra. Furthermore, the frequency of the

RBM bands varied slightly in the oxygen plasma-treated sam-

ples. We attributed these changes in frequency to the change

of the resonant condition, as has been suggested recently[21]

due to oxygen-induced doping. We also could not exclude a

preferential etching of tubes with specific diameters by oxy-

gen plasma.

The G mode (found between 1500 and 1600 cm1) con-

sisted of two bands. The lower frequency component of the

G mode was narrow; hence, mostly semiconducting tubes

contributed to the Raman spectra shown inFig. 2. The shape

and frequency of the G mode were not changed significantly

after oxygen plasma treatment which means that the doping

of the sample was only weak, if it occurred at all[22,23].

In contrast to the other Raman features, the intensity of

the D mode was significantly increased after oxygen plasma

treatment of the samples. The increased D mode intensity

suggested the formation of new defects. Nevertheless, it has

been shown recently that the D mode intensity also depends

on the doping level[24]. Doping could not be excluded in our

sample, hence the D mode intensity should be related to the

other Raman features (the G or the G0band). The changes to

ID/IGandID/IG0are frequently used for the evaluation of de-

fects in carbon nanotube samples. It should be noted that it

is not preferable to use peak height for the calculation ofID/

IGandID/IG0ratios. This is because peak width can be also sig-

nificantly influenced by doping[24]. Hence, both theID/IGand

ID/IG0could be different for different doping levels in the sam-

ple, even if the amount of defects was not changed by doping

[24]. It is more reliable to use peak area for the calculation of

ID/IGandID/IG0ratios. The area of the peaks is also changed by

doping; however, it has been demonstrated that theID/IGand

ID/IG0ratios do not change with doping if the integrated area of

the peaks is used. The calculatedID/IGratios (using integrated

areas) for the studied samples were 0.10 (P), 0.58 (O1), 0.78 (O5)

and 0.45 (O30). TheID/IG0ratios were found to be 0.21 (P), 1.52

(O1), 2.37 (O5) and 1.00 (O30). According to our expectations,

both theID/IGandID/IG0ratios increased with oxygen plasma

treatment compared to the pristine sample. The ratios were

also higher for the 5 min treated sample than for the 1 min

treated sample. This confirmed that oxygen plasma creates

defects, such that a longer the duration of oxygen plasma

treatment is associated with the creation of more defects.

Nevertheless, for the longest treatment time of 30 min

(O30), we observed decreasedID/IGandID/IG0ratios. A decrease

inID/IGandID/IG0ratios with the creation of defects has also

been observed by others[25]. The reason for this is that each

defect influences the Raman spectra of a certain area of nano-

tube. If the defect density exceeds a certain level, it is proba-

ble that in the area influenced by one defect is present

another one. In such cases, the contribution to the D band

is weaker[25].

The pristine and oxygen plasma-treated samples were

used as substrates for the growth of human osteoblasts. The

osteoblasts cultivated on SWCNT substrates showed a dis-

tinct pattern after 48 h (Fig. 3). Cells cultivated on the pristine

sample and on the sample treated with oxygen plasma for

1 min (Fig. 3A and B, respectively) developed a layer of cells

of about 65% confluence. Cells cultivated on the SWCNT layer

treated with oxygen plasma for 5 min were almost confluent

after 48 h of incubation and most of the cells were in contact,

forming a compact layer (Fig. 3C). The 30 min oxygen plasma

treatment of SWCNT caused cells to grow mostly solitarily,

avoiding contact with each other. To confirm our conclusions

from the visual analysis of the fluorescent picture, we also

counted the number of cells on each sample shown on

Fig. 4. It was obvious that on a counted area of 1 mm2, the cell

number on the O5 sample was almost double compared to the

other samples (P, O1 and O30). This demonstrated normal cell

growth (with doubling time of 44 h for this cell line) on O5

substrate and almost no growth comparable on the other sur-

faces (P, O1 and O30). Furthermore, a confluent layer was

formed on the O5 sample while a continuous layer of cells

was found on the P and O1 samples and solitarily growing

cells were found on the O30 sample.

Surface wettability may have affected the proliferation of

cells since the initial phase of attachment involves physical/

chemical linkages between cells and surfaces through ionic

forces, or indirectly through an alteration in the adsorption
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Fig. 2 – Raman spectra of pristine sample and samples after

oxygen plasma treatment: 1, 5 and 30 min (top to bottom).

The Raman spectra were excited by 633 nm laser excitation

energy. The scale is same for all spectra except pristine

sample which is scaled by factor 0.5.
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of conditioning molecules, e.g. proteins. In this study, the sur-

face wettability was significantly different for the pristine and

oxygen-plasma treated samples. As shown for other carbon

substrates such as nanocrystalline diamond[26], when the

only substrate specific factor is the wettability, the hydro-

philic substrate is more suitable for the cell growth. (Osteo-

blasts can still grow on hydrophobic substrates, but the rate

of growth is strongly reduced[26].) Hence, the contact angle

of 21 for the O1 sample and about 12for the O5 and O30

samples (hydrophilic character) should be more convenient

for cell growth than the hydrophobic surface of the P sample

(contact angle about 100). In our case, surprisingly, the num-

ber of cells on the hydrophilic O1 sample was significantly

lower (p< 0.05) than on the hydrophobic P sample and the cell

number on the O30 sample was comparable to that on the

P and O1 samples. A significantly higher cell number was

found only on the O5 sample (almost double in comparison

to other samples). Consequently, this experiment clearly

shows that the wettability of SWCNTs films is not the only

factor responsible for osteoblasts adhesion and growth, but

the surface topography (level of damage in the SWCNT layer)

or other factors (surface free energy, surface charge, etc.) also

seemed to be important.

The unique surface properties of nano-phase materials,

namely a higher number of atoms at the surface compared

to bulk, greater areas of surface defects (such as edge/corner

sites and particle boundaries) and a larger proportion of sur-

face electron delocalization may influence initial protein

interactions (such as with proteins originating from the fetal

bovine serum included in the culture medium) that further

control cell adhesion[27,28], a determinant event for subse-

quent cell proliferation and function. Carbon nanotubes

might adsorb a large number of proteins due to their larger

surface area and unique electronic, catalytic and chemical

properties[29]. The different modifications to the SWCNTs

by oxygen plasma may have had a strong effect on protein

adsorption and thus affect the cell adhesion and prolifera-

tion. It has already been reported[30]that competitive protein

adsorption at a bioactive surface varies in three ways, which

are the quantity of protein adsorbed, the species of protein

adsorbed and the conformation of the adsorbed protein. It

should be noted that carbon nanotubes can adsorb also

important nutrients (like folic acid) from cell culture medium

[31], which may also influence cell behavior. However, we be-

lieve that the results of our study are not significantly influ-

enced by the latter effect since we used relatively short

incubation time (48 h). In addition we do not use biochemical

methods (determination of dehydrogenases function in mito-

chondria using MTS test). In the case of determination of cel-

lular adhesion, protein influence seems to be more relevant.

Fig. 3 – Fluorescent images of osteoblasts (SAOS-2) cultivated for 48 h on pristine sample (A) and samples after oxygen

plasma treatment: 1 min (B), 5 min (C) and 30 min (D). The scale bar is 500lm.
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Fig. 4 – Cell number on different SWCNT types on area of

1mm2,*p< 0.05,**p< 0.01.
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The combination of the surface properties of the O5 substrate

(hydrophilic character, rougher surface, specific amount of

oxygen atoms) may have been optimal for protein adsorption

in a functional conformation or for optimal protein selection.

The importance of quantitative protein adsorption was dem-

onstrated previously on a TiO2substrate[32]where the better

adhesion of the cells was observed for hydrophilic substrate

due to a higher amount of cell-adhesion-mediating proteins

compared to hydrophobic substrate.

For a more detailed analysis of cell adhesion to the differ-

ent substrates, we also evaluated fluorescent images of focal

adhesions. Fluorescent staining of vinculin, a structural pro-

tein involved in the formation of focal adhesions, shows that

osteoblasts cultivated on samples treated differently with

oxygen plasma used a distinct pattern of adhesion. Osteo-

blasts cultivated on pristine SWCNTs (Fig. 4A) and on the O1

substrate (Fig. 4B) formed focal adhesions on the periphery

of the cell with only a few adhesions under the cell center.

On the other hand, cells cultivated on the O5 substrate ad-

hered with the entire cell body and with relatively large adhe-

sion plaques and sometimes even with adhesion fibers

(Fig. 4C). A totally different adhesion pattern was obtained

in cells cultivated on the O30 substrate. Cells formed only

small adhesions, the periphery of the cells was very irregular

and most of the structural protein vinculin was in a diffused

form within the cytoplasm (Fig. 5).

To strengthen the data from the fluorescent images, we

used an image analysis program (NIS Elements, LIM) to obtain

the size of adhesions. We graphically compared the size of the

long and short axis for each focal adhesion in cells cultivated

on the different substrates (Figs. 6 and 7). From the graphs, it

was clear that adhesions formed on the O30 substrate were

very small on both axes compared to the adhesions formed

on the other substrates. Focal adhesions formed on the O5

substrate were of the same length but narrower than the

adhesions formed on the P substrate. On the other hand, focal

adhesions formed on the O1 sample were comparable to the P

substrate. Despite the fact that we analyzed a large number of

cells on each substrate, the variability in focal adhesion size

parameters was very high, thus the real differences could

have been lost. Nevertheless, the multiple comparison proce-

dures confirmed the significant difference of the long axis (at

the 0.01 level) between the O30 substrate and the all other

substrates. For the short axis the tests confirmed the signifi-

cant difference between the O30 substrate and all other tested

substrates and also between O5 substrate and P substrate.

Vinculin potentially serves as a stabilising protein in focal

adhesions, therefore the amount of vinculin present may be

indicative of the motility of a cell on a given substrate[33].Fo-

cal adhesions play opposing roles in cell motility, aiding both

in the generation of cellular strain to generate lamellipodium

formation and polarised motility, and as anchoring com-

plexes that resist detachment from the substrate and aid in

cellular spreading. Focal adhesions are most developed and

numerous in flattened cells[34]. It has also been noted that

the adhesion strength of flattened cells to the substrate was

also greater compared to unflattened cells[35]. Thus, from

our results it could be suggested that cells cultivated on the

O5 substrate which formed large and numerous focal adhe-

sions under the entire cell body were strongly adhered to

the substrate, which is a prerequisite for increased prolifera-

tion and possibly for differentiation. On the other hand, oste-

oblasts on the pristine and O1 substrates formed focal

adhesions only on the periphery of the cells and revealed

weaker adhesion, causing slower cell proliferation with possi-

bly increased cell motility. The tiny focal adhesions and

Fig. 5 – Fluorescent images of vinculin (structural focal adhesion protein) in osteoblasts cultivated for 48 h on pristine sample

(A) and samples after oxygen plasma treatment: 1 min (B), 5 min (C) and 30 min (D). The scale bar is 50lm.
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mostly diffused vinculin in cells incubated on the O30 sub-

strate indicated that prolonged plasma treatment of SWCNT

films results in a poor osteoblastic cells adhesion and thus

also limits proliferation and differentiation of the cells.

An increased amount of oxygen and topographical

changes to the SWCNT film influenced the attachment,

growth and differentiation of living cells. Subsequently, the

cell number and adhesion patterns varied in regard to the

Fig. 6 – Estimated means of size of focal adhesions in cells on different substrates and confidence interval for the difference

between substrates. (A) Long axis of focal adhesion and (B) short axis of focal adhesion, alpha = 0.01.

Fig. 7 – Relative frequency density histograms of size of focal adhesions in cells on different substrates. (A) Long axis of focal

adhesion and (B) short axis of focal adhesion.
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treatment time which influenced surface properties, i.e. the

degree of wettability, morphology, topography and mechani-

cal stability. Generally, oxygen-rich surfaces are often hydro-

philic and oxidized diamond surfaces (as an example of

another carbon material) were found to be preferable surfaces

for cell growth[36,37]. The observed effect was assigned to

the absorption selectivity of proteins from the fetal bovine

serum used in the growth medium (fibronectin, vitronectin,

bovine serum albumin, etc.). It was also found that proteins

adsorbed in about the same monolayer thickness (2–4 nm)

on both diamond surfaces (C–H and C–O), but in different con-

formations. However, in our case, applying a hydrophilic sur-

face did not follow the trend described above. But another

factor which plays an important role in cell cultivation is

the geometry and topography of the substrate. In our other

studies, we have found that hierarchically structured dia-

mond surfaces have a significant influence on the adhesion

and growth of SAOS-2 cells [38,39]. The comparison of

SWCNT and diamond surfaces is interesting in this case

since: (a) the same type of cell line was used (SAOS-2), (b) both

surfaces were carbon-based nano-phase materials and (c) the

surface wettability was very similar in both materials (i.e.

hydrophilic surfaces with wetting angle around 20).

In the first assumption, the oxygen plasma treated

SWCNTs in this paper represent a similar situation as the

structured diamond surface. Prolonged oxygen plasma treat-

ment changed the surface morphology (as showed by the SEM

images inFig. 1). The additional influence on cell growth was

the total contact area of the cultivated cells with the sub-

strate. Once the top diamond morphology was patterned to

nano-rods, only tiny adhesions of SAOS-2 cells were observed

[40]. We propose that 30 min plasma treatment of the SWCNT

layer resulted in the formation of a tiny, randomly-distributed

nano-structured morphology. However, the O5 substrate

formed a compact layer of nanostructured SWCNT film, rem-

iniscent of a bone-like structure which is familiar to osteo-

blasts (bone forming cells). It is known that for effective

integrin clustering and proper formation of focal adhesion

is critical ligand spacing under 70 nm (RGD ligand for integrin

receptor) and that the cell adhesion is turned-on on disor-

dered ligand patterns and turned-off on ordered patterns

[41]. Thus we suggest that surface obtained after 30 min

plasma treatment (partially destroyed) does not provide a

topography required for proper protein binding and confor-

mation, thus the cells cannot form stable focal adhesions.

On the other hand, surface treated only for 5 min by oxygen

plasma changes its surface topography enabling proper pro-

tein adsorption in a active conformation and thus allowing

formation of stable focal adhesions. Another factor influenc-

ing cell growth could be the mechanical stability of the sub-

strate. The oxygen plasma treatment leads presumably to

the formation of the functional groups. It was also shown pre-

viously that functionalized carbon nanotubes change both

wettability and alsodebundelingtendency[42]. In addition as

can be seen from Raman spectra (Fig. 2) the O-plasma treat-

ment creates defects and it also leads to the morphological

changes of the nanotubes film surface (SEM images,Fig. 3).

Based on these results we suppose that nanotubes can be

shortened and became less compact. Thus, oxygen plasma

treated SWCNT may imitate a soft substrate material, which

result in a less stable cell adhesion to the substrate as ob-

served for O30 sample.

4. Conclusion

We tested the influence of oxygen plasma treatment applied

to SWCNT films on osteoblasts adhesion and their growth

on these films. A dry treatment of SWCNT film in oxygen

plasma at low rf power resulted in the formation of defects

over the SWCNT film, as confirmed by Raman measurements.

Contact angle measurements showed that these newly-ini-

tialised defects changed the hydrophobic character of the

pristine SWCNT surface into a hydrophilic one. Furthermore,

we investigated the topography of oxygen plasma-treated

samples by SEM. Significant changes in the topography of

the SWCNT surfaces were found only in the extensively-trea-

ted SWCNT sample (30 min). The SWCNT sample treated for

5 min was found to be the best surface for osteoblast adhe-

sion accompanied by cell proliferation. On the other hand,

strong changes in the topography of the sample treated with

oxygen plasma for 30 min reduced cell adhesion, despite its

hydrophilic character. Our results demonstrate that both

hydrophilic character and specific surface topography are

important factors for cell adhesion and proliferation. There-

fore, the control of these factors is crucial for the future de-

sign of implants and the application of new materials in

regenerative medicine.
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