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Abstract

Understanding the effect of graphene substrate on graphene-cell interaction is important for

considering graphene as a potential candidate for biomedical applications. In this paper,

biocompatibility of few layers of graphene film transferred to different substrates was evaluated

using osteoblasts. The substrates were oxidized silicon wafer (SiO2/Si stack), soda lime glass and

stainless steel. Chemical vapor deposition method was employed to synthesize graphene on copper

substrate using methane and hydrogen as precursors. The quality and the thickness of graphene

films on different substrates were estimated by Raman spectra, whereas the thickness of graphene

film was confirmed by reflectance and transmittance spectroscopy. The study was also focused on

cell attachment and morphology at two time points. The results show that graphene does not have

any toxic effect on osteoblasts. The cell adhesion improves with graphene coated substrate than

the substrate alone. It seems that graphene substrate properties plays a dominant role in cell

adhesion. The result of this study suggest that a layer of graphene on bone implants will be

beneficial for osteoblast attachment and proliferation.
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1. Introduction

Graphene has become a promising and attractive material in different engineering fields due

to its unique properties [1–3]. Graphene sheet is a single-atom thick layer of sp2 bonded

carbon atoms forming a hexagonal 2D lattice [4]. The topography of single layer graphene is

simple. In addition, recent achievements in chemical vapor deposition (CVD) synthesis have

let the graphene coated on different material substrates after the successful synthesis on

copper foil by Ruoff research group in late 2009 [5]. Another advantage of CVD synthesis

of graphene is that the pure form and large flakes of graphene are reachable which is vital

for biological tests. The research on biomedical applications of graphene has seen dramatic

progress and yet mostly in its beginning stage [6]. Since 2008, researchers have started

investigating the potential biomedical applications of graphene [7] and a lot of interesting
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works have been carried out to explore the use of graphene and its derivatives such as

graphene oxide in biomedical applications [8]. These applications range from drug/gene

delivery [9, 10], biosensors [11] and biocompatibility to antibacterial effects [12].

Cell biocompatibility is an initial requirement for the use of graphene in biological

applications [13]. Although most of the papers have reported that graphene has some

positive effects on cell adhesion, proliferation and differentiation [14–16], some scientists

have demonstrated that certain form and derivatives of graphene would induce significant

cell toxicity [17–19] which is useful for anticancer activities. Cell adhesion is a critical

factor for other subsequent cell functions such as proliferation and formation of mineral

deposits. Adhesion is greatly dependent on cell number, time, cell–material interface and

surface topology [14].

Recently, the effects of some other parameters in graphene–cell interaction have been

investigated [20–22]. It has been reported that an unusual behavior of human osteoblast was

observed in the presence of graphene on SiO2/Si substrate with the initial presence/absence

of fetal bovine serum (FBS) [20]. It was also demonstrated that oxygen and hydrogen

treatment influenced the attached cell size. The sizes were larger on the hydrogen treated

graphene synthesized by CVD [21]. Ryoo et al. [22] showed that graphene improves gene

efficiency, focal adhesion and proliferation of fibroblast cells. Although some few recent

papers have investigated the effect of graphene on different scaffold materials [23, 24], the

effect of graphene substrate has not yet been completely discovered.

Biomaterials ranging from soft to hard, polymer to metal are available for diverse

applications [25]. One of the main challenges of using biomaterials is to improve cell

attachment and proliferation. A layer of graphene with its outstanding mechanical properties

coated on a biomaterial as a substrate can be a promising candidate for cell adhesion and

proliferation enhancement. This novel idea is appropriate in bone tissue engineering and

other related fields. Next generation of bone implants with graphene coated layers would

have better cell attachment properties which could drastically decrease the bone healing

time.

In this research, three different substrates, namely soda lime glass, silicon wafer and

stainless steel were selected to study the cell attachment and proliferation of osteoblasts.

Graphene film was synthesized on copper foil by CVD method and subsequently transferred

to the substrates. Cell attachment and proliferation study were done at day 2 and day 5. Our

results showed that graphene substrate greatly affected the behavior of osteoblasts and

improved cell attachment in selected time points.

2. Experimental Details

2.1. Synthesis and transfer of graphene films to desired substrates

For all three substrates same graphene layer deposition procedure was applied. All the

chemicals used to fabricate the graphene layer on substrates were reagent grade from Alfa

Aesar and used without further purification. Methane (CH4) and Hydrogen (H2) gasses for

the synthesis of graphene films on a copper foil were received from Air gas. Synthesis of
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graphene by CVD was carried out on a copper foil (25 µm thick, 99.9995 %, Alfa Aesar) in

an alumina tube furnace system under the flow of CH4 and H2. The foil was treated with

acetic acid under the ambient condition slightly above the room temperature (40°C) before it

was subjected into the furnace. Copper foil was heated inside the tube furnace under 150

sccm flow rate of H2 and Argon (Ar) (10% H2, 90% Ar) mixture at 950°C for 1 h to allow

the copper foil to anneal [26]. This step is necessary for the removal of any native oxide

layer left on the surface after the heat treatment with acetic acid around 40°C for 10 min

[27]. Graphene deposition was carried out by passing a mixture of CH4 and Ar (5% CH4,

95% Ar) for 15 min. The gas composition was changed to H2 and Ar immediately after the

coating process was completed and the system was allowed to return to the room

temperature with the cooling rate of 50°C/min. Transfer of graphene from copper to a

desired substrate was carried out by a wet etching process. The details about the typical

transfer processes employed in this work have been explained elsewhere [27]. Fig. 1 shows

the schematic representation of the entire process for silicon wafer substrate.

2.2. Cell culture, proliferation and staining

Osteoblast (OB-6) murine cell vial was kindly provided by Dr. Beata Lecka-Czernik from

the department of the orthopaedic surgery at the University of Toledo, Toledo, OH. Soda

lime glass, silicon and stainless steel (Grade 302, ASTM A666) substrates with and without

graphene coated layers were washed and sterilized under the UV light before placing in the

24-well-plate. Cells with the density of 25,000 cells per well plate were plated on substrates

and incubated at 37°C in 5% CO2 in alpha minimum essential medium (α-MEM)

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (Pen

strep), all purchased from Gibco. The morphology of the adhered cells was characterized by

immunofluoresent staining of live cells (Calcein-AM, Invitrogen), dead cells (Ethidium

homodimer, Invitrogen) and nuclei (4’,6-diami-dino-2-phenylindole (DAPI), Invitrogen).

2.3. Instruments

The quality of the graphene films was examined by different optical methods, such as

Raman spectroscopy, Scanning Electron Microscope (SEM), optical, and confocal

microscopy, reflectance and transmission spectroscopy. The surface morphology was

obtained using SEM (Hitachi, S-4800) operating at an accelerating voltage of 20 KV under

high vacuum. High resolution images were captured using TCS SP5 multi-photon laser

scanning/confocal microscope (Leica Microsystems). The Raman spectra of graphene films

were obtained at room temperature with a Renishaw Invia Micro-Raman spectrometer in

back scattering geometry with the laser excitation of 632.8 nm at a power level of 1.7 mV.

The transmittance of the graphene films on soda lime glass was performed on a UV-VIS-

NIR spectrophotometer. The fluorescence Olympus FSX-100 microscope was used to take

microscopic images. For each group at each time point three samples were prepared and

tested. In order to count cells, ten size-calibrated fluorescence images of Live/Dead stained

cell from each substrate were obtained using microscope with a 4X lens. Captured images

were analyzed and quantified by using ImageJ software. Statistical analysis was performed

using one-way ANOVA and p<0.05 was considered as a significantly different data.
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3. Results and discussion

3.1. Raman Spectroscopy

The Raman spectroscopy was used to characterize the graphene films transferred to different

substrates. Fig. 2 shows typical Raman spectra of few layer graphene films synthesized in

this laboratory on silicon wafer substrate. All other samples have shown approximately the

same behavior. As reported by many researchers about quality graphene synthesis by CVD

process, the spectra consist of Raman peaks corresponding to the D band (~1330 cm−1), G

band (~1580 cm−1) and 2D band (~2660 cm−1). The D band peak indicated the presence of

some defects in the crystal. To investigate the uniformity of the layer, a 2 by 2 cm2 area of

graphene surface was divided into nearly 230 different grids to identify the uniformity of the

surface [26]. The Full Width at Half Maximum (FWHM) mapping revealed that the 2D band

was centered ~ 40 cm−1 with more than 80% of the data within 35 ± 20 cm−1, while I2D/IG

ratio mapping was centered ~ 1.2 with more than 50% of the data within 1.1 ± 0.8. The

mappings indicated that the film mostly consisted of few layer ranging from layers 1–5 [26].

For multilayer graphene, 2D band becomes less Raman active as compared to G band and

the broadening of 2D band increases significantly [27]. The intensity of D band relative to G

band (ID/IG) was found to increase with the increase in number of layers in graphene.

Although the intensity ratio increased significantly (~ 0.16 to ~ 0.45), the change in FWHM

was not significant (~ 30 cm−1 to ~ 35 cm−1) in going from monolayer to bi- and tri-layer

graphene for D band. However, the broadening of D band increased significantly after three

layers. The intensity of D band seen in the Raman spectra for monolayer graphene was

either comparable or relatively less than the intensities reported in the literature [5, 28, 29].

However, its unavoidable presence suggests that the band is Raman active for the graphene

synthesized on copper substrate through CVD process. These defects could be associated

with the grain boundaries in the copper foils where graphene was initially made. This band

also indicated the vacancies and strained hexagonal and non-hexagonal distortions in the

film that may have arisen during the process of transfer.

3.2. Transmittance Spectroscopy

Optical analysis of thin films has always been a useful method to understand the quality of

films, thickness, optical properties, and dielectric constants [27]. Fig. 3 shows the

transmittance of the light in the range 200 – 1100 nm for few graphene layers. For layers 1–

3, the transmittance (%) varied in between 85 – 95%. When the sample was equally divided

into different grids for the transmittance measurements, the transmittance was found to vary

between 78 – 97%, with more than 80% of the data lying within 80 – 90%. The slight

decrease in the transmittance for monolayer graphene than theoretical value (T =

(1+0.5nα)-2 ~ (1- nα) ~ 97.7%; n is a number of layers, α is a fine structure constant) [30]

can be attributed to the contamination and mechanical defects produced during the transfer

process. The mechanical defects in graphene due to the process of transfer from copper foil

to the desired substrate can be greatly reduced by synthesizing graphene from transfer-free

procedure as explained in detail elsewhere [26]. The inserted figure in Fig. 3 shows the

difference in soda lime glass with and without graphene layer. The deposited graphene layer

was successfully deposited on a large area of the glass substrate. Glass coated with the few
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layer graphene was darker and more opaque due to the absorbance of the visible light by

graphene layer.

3.3. Surface Imaging and Visual Transparency

Few layer graphene films on silicon wafer and stainless steel substrates was characterized

using SEM. Graphene layers completely covered a large area of the substrate. Transferred

graphene layer to both substrates (Fig. 4) exhibited nanoripples with high density and a

number of observable wrinkles compared to graphene on glass slide as expected [24]. Also,

the surface roughness of stainless steel was higher than silicon wafer and the grinding

direction was visible in Fig. 4B. For both silicon wafer and stainless steel substrates, in

addition to deposition of graphene layer, non-uniform nano-sized spherical structures were

also seen on the graphene surface. These particles could be associated with the process of

deposition method for graphene layer employed in this work. The EDX spectra confirmed

the particles as carbon atoms. Moreover, some cracks in the figure displays the defects

probably produced during the transfer procedure of graphene.

The graphene layers immobilized on a glass substrate and seeded with osteoblasts were

examined by bright-field microscope after two days (Fig. 5). Graphene layer covered the

entire area of soda lime glass slides except at the edges. Locally, CVD graphene layer

consisted of many ripples and wrinkles in the micrometer scale [31].

3.4. Surface-Cell interaction study

In this section, cell viability and attachment are discussed by image analysis on all three

substrates with and without graphene coated layer. Few layers of graphene on plain cover

soda lime glass, silicon wafer and stainless steel sheet were taken for surface-cell interaction

study. Cells were cultured in osteogenic culture medium and two time points (day 2 and day

5) were selected to examine the cell viability, attachment and proliferation.

We analyzed parameters quantitatively related to cell morphology including cell

morphology (size and shape) and number of attached cells. Generally, based on statistical

data, the presence of graphene does not have significant effect on the shape of the cells in

comparison with uncoated glass substrate. From Fig. 6A, there was no significant difference

(p>0.05) in the number of attached cells between graphene coated and uncoated glass

substrates demonstrating that cell growth was not affected by the presence of graphene on

glass substrate at two time points. Furthermore, at day 2, the cell area was slightly bigger on

the glass substrate (370±55 µm2) than on the graphene coated glass (343±33 µm2) as shown

in Fig. 9A and Fig. 9B. However as shown in Fig. 6B, at higher time points, the cell area in

both samples was approximately the same (413.94±21.3 µm2 and 422.74±65.3 µm2 for glass

and graphene coated glass, respectively).

After two days, we found that the osteoblasts homogeneously covered in both substrates and

cells did not demonstrate the well elongated structure (Fig. 6C and Fig. 6D). At day 5, cells

were more confluent than day 2. It can also be concluded from the images that more cells

were attached on the graphene coated substrate (759.8±117.8) than on pure glass substrate

(735.11±177.7) but the difference was not significant (p>0.05) (Fig. 6E and Fig. 6F). At day

5, cultured osteoblasts were homogeneously dispersed on the surfaces of graphene coated

Aryaei et al. Page 5

J Biomed Mater Res A. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



substrates and plain glass substrates on the surface and showed more distributed morphology

in comparison with day 2.

As Fig. 6 shown, graphene layer exhibited low cytotoxicity. The survival rate is defined as

the average ratio of live cells (Green) to dead cells (Red). Based on this definition, cell

survival rate was more than 90% for graphene layer deposited on glass substrate and the

prestine glass substrate. Thoeritically, the survival rate is close to 100% for healthy cells.

Any remarkable difference in the osteoblasts growth and attachment between graphene

coated and pristine glass samples was not observed for both time points (day 2 and day 5).

This statement was in agreement with the research work reported by Park et al. [16].

However, they demonstrated graphene coated glass samples showed higher percentage of

cell attachment after two and three weeks for neural cells. We did not extend the time points

to two or three weeks as the purpose of this work was to test the selectivity of different

substrates under given time points. This result suggests that graphene does not hamper the

normal growth of osteoblast and that the incorporation of this material on glass substrate

would not affect the physiological conditions of the microenvironment at the selected time

points.

In order to evaluate the biocompatibility of CVD grown graphene films on silicon substrate,

two groups of samples were examined: silicon wafer with graphene layers and without

graphene layers. DAPI was used to stain cell nucleus at the boundary edge of silicon wafer

and graphene coated silicon at day 2. As it is shown in Fig. 7A, higher number of cells was

attached to the graphene coated layer in comparison with silicon wafer substrate. In other

words, osteoblasts clearly preferred graphene coated substrate than silicon wafer. This

behavior was also confirmed by counting attached cells (Fig. 7B). The number of cells for

graphene coated silicon (326.11±60.7) was higher than pure silicon wafer (279.68±70.2) at

day 2. Furthermore, the high maginification images (Fig. 9C and Fig. 9D) demonstrated that

the average spread area of cells attached to the graphene coated substrate (475.21±69.6 µm2)

was significantly larger than silicon wafer (279.68±70.2 µm2) at day 2. In addition, cells

were uniformely distributed and covered the substrates (Fig. 7C and Fig. 7D). It has been

proven that the cell morphology and structure described differentiation and proliferation

[14]. It is worth noting that the elongated and well-distributed cell morphology on the

surface showed filopodia extension and cellular propagation fronts. Cells attached to the

silicon wafer had more circular and undeveloped morphology with smoother edges (Fig.

9C). However, as observed in high magnification images (Fig. 9D), cells attached to

graphene coated substrate exhibited more spread nature. In the short time period, the

attachment rates, was very similar to the pure silicon wafer with just a slightly higher value.

This is in agreement with some previous works [22]. Although at short time points, silicon

wafer samples exhibited acceptable cell attachment, there was a significant difference

between the spread cell area in silicon with graphene layer and silicon wafer itself. At day 5,

cells were confluent on both groups of samples, showing none of the groups had toxic effect

(Fig. 7E and Fig. 7F). The cell viability indicated that the graphene layer was cell-friendly

and biocompatible. In addition, the spread area was bigger on graphene coated substrates

than on the silicon wafer.
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It is worth noticing that the silicon might not be an ideal substrate based on poor cell

attachment. However, it is clearly distinct from Fig. 7 that a good number of cells

proliferated on graphene coated silicon substrate. At day 5, we could not perform the

quantitative analysis for silicon samples due to the detachment of cells from the substrate. In

contrast, the graphene coated samples showed better cell adhesion and spreading.

Stainless steel has been used as a biocompatible material for a long time [32]. However,

there are no papers regarding the effect of graphene coated stainless steel on cell behavior.

In this paper, we evaluated the effect of graphene coated stainless steel on cell attachment

and proliferation. DAPI cell nucleus straining showed no remarkable difference between the

numbers of attached cells on stainless steel with and without graphene layer (Fig. 8A). At

day 2, pristine stainless steel substrate showed slightly higher attached cell number

(292.2±128.08) in comparison with graphene coated substrate (244.11±65.9). On the other

hand, the average spread cell area related to graphene coated stainless steel sample

(444.85±58.63 µm2) was significantly larger than the stainless steel substrate (300.23±40.59

µm2) as shown in Fig. 8B. This result showed that graphene coated on stainless steel could

also improve cell spreading in short time points. At day 2, attached cells on stainless steel

substrate showed more circular morphology (Fig. 9C) in comparison with the graphene

coated stainless steel (Fig. 9D). Osteoblasts uniformly covered over the graphene coated

stainless steel substrate and no evidence of graphene toxicity was observed (Fig. 8C and Fig.

8D).

As demonstrated in Figures 8E and 8F, at day 5, graphene coated stainless steel samples

showed a high number of spread cells while the cells on stainless steel substrate detached

from the surface and quantitative analysis could not be performed. The observation

confirmed that although stainless steel did not have cytotoxic properties, cell adhesion was

poor in comparison with the graphene coated stainless steel samples.

Considering all three samples without graphene coated layer, silicon wafer and stainless

steel substrate demonstrated best cell attachment and higher number of attached cells was

found in comparison with the glass substrate. This observation can be interpreted as the

effect of surface stiffness and roughness. Ponsonnet et al. [33] and Deligianni et al. [34, 35]

showed that surface roughness affected the cell behavior. In this study, the cell viability on

each substrate was not greatly affected by surface roughness of the substrate. Although

stainless steel had higher surface roughness in comparison with silicon, the number of

attached cells was almost equal in both samples. The reason probably is the surface

roughness of the substrates (Ra (Roughness absolute value)= 0.11. 0.32 and 2.5 nm for glass,

silicon and stainless steel respectively based on manufacturer specifications) did not involve

a wide value range to induce observable differences in cell attachment [22].

Investigating cell spread area of three substrates revealed a difference between silicon wafer

and other two substrates. An important factor which greatly influences the cell attachment

and proliferation is substrate stiffness or elastic modulus. Cells can sense lower lying layers

down to several micrometers [36]. It has been demonstrated that substrate matrix elasticity

can direct the stem cell lineage proliferation [37]. The specific behavior of osteoblasts on

different graphene substrates has not yet been investigated. Because of the presence of few
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nanometer thickness graphene layers, cells could sense the stiffer underlying layers. The

overall results approved that the stiffer substrate was more cell-friendly. However, no

evidence was found to show that cells can sense the substrate elastic modulus more than few

hundred kilopascals (kPa) [36, 38]. Another effect of graphene layers is that it can enhance

vinculin protein for cell attachment [20]. Cell spread area on silicon wafer and stainless steel

substrate with graphene coated layers showed significant difference in comparison with

silicon wafer and stainless steel. Detaching cells from the silicon and stainless steel substrate

without graphene layer is a strong evidence of strong attachment of cells in the presence of

graphene layer.

The mechanism of how graphene can improve cell adhesion is still not understood. The

differences in cell attachment rates may be attributed to absorption levels of various

adhesion proteins such as vinculin and fibronectin on the different substrates [39]. In the

presence of graphene molecules, these proteins were more effectively adsorbed on the

substrate.

In addition, the ability of graphene to sustain stress could play a more important role in the

context of providing just the right amount of local cytoskeleton tension. Graphene may

allow for easy out-of-plane deformation leading to the formation of strong anchor points of

the cytoskeleton [24].

Furthermore, the cell density is a considerable parameter in observing the attachment

properties of substrate. Surface wettability may also affect the cell attachment due to the fact

that the initial phase of attachment involves the chemical linkages between surface and cells

[40]. Basically, more detail studies are needed to fully uncover the interaction between cells

and graphene layers of different substrates. It would also be interesting to compare the

graphene layers produced by other methods, such as chemical reduction, mechanical and

chemical exfoliation to understand the effect of graphene and its derivatives on cell

attachment and proliferation. It would also be worth researching about cell attachments on

different graphene/substrate stacks as the physical and chemical properties would greatly

vary with the binding energy between the substrates and the graphene layers.

4. Conclusion

In this paper, we confirmed that CVD grown graphene did not have toxic effects on

osteoblasts. Furthermore, it was demonstrated that graphene substrate greatly influenced the

cell attachment behavior and morphology in the presence of graphene. Silicon wafer and

stainless steel substrates with graphene layers showed great cell attachment at different time

points. This result can be attributed to the effect of diverse parameters such as surface

roughness, wettability, and material chemistry. However, more research is needed to

investigate the effect of other material properties such as substrate hardness, high range

elastic modulus, wettability and number of graphene layers. Our results indicated that

graphene film could be potentially used to fabricate on diverse biomedical materials to

improve osteoblast attachment and proliferation. Graphene layer fabricated on bone implant

components would also decrease the healing time after surgery.
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Fig. 1.
Schematic illustration of the synthesis of graphene by CVD method. Step 1: copper film was

vapor deposited on Si/SiO2 substrate by metal evaporation. Step 2: Synthesis of graphene

was carried out by CVD method. Step 3: removal of Cu was carried out by wet etching of

Cu.
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Fig. 2.
A typical as-measured Raman spectra of few-layer graphene synthesized by CVD method.

The spectra are normalized to 2D band.
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Fig. 3.
Transmittance spectra of graphene layers transferred to glass substrate. Figure in the inset is

the comparison of glass substrate with graphene film (left) and without it (right).
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Fig. 4.
(A) high magnification image of graphene layer on silicon wafer surface. (B) High

magnification image of graphene on stainless steel surface.
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Fig. 5.
Bright-field microscopy image of graphene coated layer on glass substrate with cells at day

2.
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Fig. 6.
Cell attachment and proliferation on glass substrate with and without graphene coated layer

at day 2 and day 5. (A) Number of attached cells at day 2 and day 5 for glass with and

without graphene layer. (B) Average area of spread cell at day 2 and day 5 for glass with and

without graphene layer. (C) Cell spreading on glass substrate at day 2. (D) Cell spreading on

graphene coated glass substrate at day 2. (E) Cell spreading on glass substrate at day 5. (F)

Cell spreading on graphene coated glass substrate at day 5.
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Fig. 7.
Cell attachment and proliferation on silicon wafer substrate with and without graphene

coated layer at day 2 and day 5. (A) DAPI stained the cell nucleus at the border of graphene

and silicon at day 2. (B) Number of attached cells and average area of spread cells at day 2

for silicon wafer with and without graphene layer. (C) Cell spreading on silicon substrate at

day 2. (D) Cell spreading on graphene coated silicon wafer substrate at day 2. (E) Cell

spreading on silicon wafer substrate at day 5. (F) Cell spreading on graphene coated silicon

wafer substrate at day 5. Arrows show the detachment of cell layer from the substrate.
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Fig. 8.
Cell attachment and proliferation on stainless steel substrate with and without graphene

coated layer at day 2 and day 5. (A) DAPI stained the cell nucleus on stainless steel

substrate at day 2. (B) Number of attached cells and average area of spread cells at day 2 for

stainless steel with and without graphene layer. (C) Cell spreading on stainless steel

substrate at day 2. (D) Cell spreading on graphene coated stainless steel substrate at day 2.

(E) Cell spreading on stainless steel substrate at day 5. (F) Cell spreading on graphene
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coated stainless steel substrate at day 5. Arrows show the detachment of cell layer from the

substrate.
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Fig. 9.
High magnification images to show cell morphology on different substrates at day 2. (A)

Glass substrate without graphene coated layer. (B) Graphene coated glass substrate (C)

Silicon wafer substrate without graphene layer. (D) Graphene coated silicon wafer substrate.

(E) Stainless steel without graphene coated layer. (F) Graphene coated Stainless steel

substrate. Scale bar=200 µm.
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