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Abstract:-Graphene a single layer 2-dimensional structure nano material with unique physicochemical properties (e.g. high surface 

area, excellent electrical conductivity, strong mechanical strength, unparalleled thermal conductivity, electrochemical, remarkable 

biocompatibility and ease of functionalization), has received increasing attention in physical, chemical and biomedical fields. 

Single-layer graphene oxide sheets down to a few nanometers in lateral width. We develop functionalization chemistry to impart 

solubility and compatibility of GO in biological environments. Graphene based materials for biomedical applications. In particular, 

graphene based biosensors for small biomolecules (glucose, dopamine etc.), proteins and DNA detection have been summarized 

graphene based bioimaging, drug delivery,  photo thermal therapy, biosensor , gene delivery , tissue engineering , cell growth , 

steam cell differentiation, cancer treatment ,mass spectrometry application of graphene use in biomedical.  
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I. INTRODUCTION 

 

Graphene, a single-atom-thick layer of sp2 hybridized carbon atoms arranged in a honeycomb lattice, is the basic building block of 

other carbon allotropes including 0D fullerenes, 1D carbon Nanotube, and 3D graphite [1]. New graphene based materials have 

been making a profound impact in energy technology [2–4], sensors [5–7], catalysis [8], and bioscience/biotechnologies [9–11] 

due to their unique physicochemical properties. These include high surface area (2630 m2/g) [12], excellent electrical conductivity 

(1738 siemens/m) [13], strong mechanical strength (about 1100 GPa) [14], unparalleled thermal conductivity (5000 W/m/K) [15], 

and ease of functionalization [16,17]. Graphene based materials demonstrate excellent electrochemical and optical properties, as 

well as the capability to adsorb a variety of aromatic biomolecules through a p–p stacking interaction and/or electrostatic 

interaction, which make them ideal materials for constructing biosensors and loading drugs. Moreover, thanks to abundant oxygen-

containing groups attached to its honeycomb like sixatom carbon rings, graphene oxide (GO) (as one of the raw materials) can be 

readily modified with targeting ligands to facilitate targeted imaging and drug delivery [18]. Since the first application for drug 

delivery was reported by Dai et al. [11,19], graphene based materials have been intensively investigated in the area of biomedicine 

and show promising potential in this Field [20–22]. 

 

 Graphene, a two-dimensional carbon sheet with single atom thickness has recently received significant interest due to its unique 

mechanical and electrical properties. Graphene is grown via chemical vapor deposition from carbon-containing gases on the 

surface of catalytic metals including Co, Pt, Pd, Ni, and Fe [28]. Graphene derivatives possess high biocompatibility, physiological 

solubility and stability which make it efficient for biomedical applications such as bioimaging, drug delivery, photo thermal 

therapy, biosensor, gene delivery, tissue engineering, cell growth, steam cell differentiation, cancer treatment, mass spectrometry 

and biocompatible scaffold for 

Cell culture (Figure 1). 
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Figure:-1 Graphene application in biomedical 

 

 

 

 

 

These applications utilized the properties of graphene in different ways. For example, graphene demonstrates advantageous 

characteristics for use in electrochemical and optical biosensors thanks to its unique electrical and optical properties [23]. Utilizing 

its large surface area and sp2-bonded carbon atoms, graphene has been widely used to selectively enrich and detect aromatic 

molecules and single-stranded DNA (ssDNA) through p–p stacking interactions [11,19,24]. Graphene oxide is very easily 

functionalized thanks to its abundant oxygencontaining groups [25]. GO has also been used as a photothermal agent for cancer 

treatment with encouraging therapeutic outcomes due to its high, intrinsic near-infrared (NIR) absorbance 

[26, 27]. 

 

II. BIOSENSOR 

 
Graphene oxide (GO), an amorphous insulator material, has consists of a hexagonal ring based carbon network having both sp2-

hybridized carbon atoms and sp3-hybridizedcarbons bearing hydroxyl andep oxide functional groups on either side of the sheet, 

whereas the sheet edges are mostly decorated by carboxyl and carbonyl groups [29-34]. These unique properties hold great 

promise for potential applications in many technological aspects such as nanoelectronics [35-38], nanophotonics [39-44], and bio-

sensors [37, 45-49], and nanocomposites [50, 51]. 

 

The introduced a novel and simple methods for fabricating high-sensitivity, high-resolution GO based SPR biosensors that provide 

high accuracy and precision over relevant ranges of analyte measurement. We used SPR technique to detect the binding 

phenomenon between proteins and GO films. SPR is a surface-sensitive optical technique that very suitable for Monitoring of bio-

molecular interactions occurring in very close vicinity to sensor surfaces. It allows real-time and label-free detection of analysis by 

exploiting the interfacial refractive index changes associated with any affinity binding interaction between a biomolecule 

immobilized on a sensor surface and its biospecific partner in solution. Rapid and real-time analysis without labeling, highly 

specific detection with extremely low detection limit screating the unique potential for the application of SPR in biosensor. Owing 

to these powerful advantages of GO-based SPR technique, many applications of GO-based biosensors in such areas as molecular 

engineering, biomedical diagnostics, drug discovery, environmental monitoring and food analysis [53]. 

 

Figure 2(a),(b) shows the design of two sensing chips, i.e., a conventional SPR chip and a GOS film-based SPR chip. Standard 

SPR thin films were deposited with thin film for gold (Au) thickness of 47 nm and chromium (Cr) thickness of 2 nm on BK7 glass 

substrate to a thickness of 0.17 mm. SPR experiments were conducted using a BI-3000G SPR system with Kretschmann prism 

coupling (Biosensing Instrument, Tempe, AZ, USA).  The test injection Sample volume was 200 μl and the flow rate was60 μl/s. 

All experiments were performed at 25°C and repeated in triplicate. 
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Figure:-2 SPR biosensor chip uses an immunoassay method for detecting a protein using a gold binding. (a) Conventional SPR 

chip and (b) GOS film-based SPR chip. Intensity of an evanescent field with a depth of approximately 100 ~ 500 nm decays 

exponentially with increasing distance from the metal 

Bimolecular binding, observed within approximately 10 nm of the metal surface, gives rise to a higher signal shift response than 

that of the interactive process at a distance of 300 nm there from. For typical SPR Kretschmann prism coupling that uses a red light 

to induce the evanescent field, its field intensity is no more than 600 nm in practice. 

 

Figure 2a presents a conventional SPR sensing chip and a biomolecule binding mechanism. 8-Mercaptooctanoic acid (MOA; 

Sigma-Aldrich Co. LLC., St. Louis, MO, USA) is activation of carboxylic acid-terminated thiol self assembled 

monolayers (SAMs) on a modified Au surface. 

MOA binds to the Au surface through their thiol linker (−SH end) resulting monolayers, which are terminated with carboxylic acid 

(−COOH). The MOA can be further functionalized to immobilize a bovine serum albumin (BSA; Sigma, Chemical Company, St. 

Louis, MO, USA) protein. Anti-BSA protein interactions are performed as well.  

 

Figure 2b shows a GOS film-based SPR chip with its biomolecule binding mechanism. Two binding mechanisms are 

functionalized SAMs on amino-modified Au surfaces by solutions of cystamine (Cys; Alfa Aesar Co., Ward Hill, MA, USA) with 

a concentration of 5 mM and octadecanthiols (ODT, C18H37SH; Sigma-Aldrich Co. LLC.) with a concentration of 10 mM 

formation of Au-S bonds that immobilize a GOS. Concentration of the GOS diluted in water was 2 mg/ml. The GOS film sensing 

surface detects BSA protein concentrations in a 

range of 100 pg/ml to 100 μg/ml and their interaction with anti-BSA. Moreover, analysis is performed of the kinetics of protein-

protein interactions at physical contacts that are established between two proteins, owing to biochemical events, protein affinity 

adsorption forces, and protein binding forces [52]. 

 

III. FIELD EFFECT TRANSISTOR BIOSENSORS 

 

Field effect transistor (FET) is a voltage controlled device which is capable of varying a current across a semiconducting channel 

by the application of an electric field. In a graphene field effect transistor (GFET) the graphene sheet acts as the semiconducting 

channel between two metal source and drain electrodes which lie atop 

an electrical insulator such as SiO2. When charged biological molecules bind on the surface of the semiconducting graphene sheet 

in the GFET there is a measureable change in resistance. The GFET device is able to act as a real-time all electronic biosensor 

based on this detection principle 
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Figure:-3 Graphene field effect transistor. 

 

 

Successfully used a label free GFET device to detect bovine serum albumin [54], Immunoglobulin E,[67] and show that GFET’s 

have sensitivity under several 

Hundred pico moles per liter.[55] This recent work has shown that GFET biosensing devices are promising candidates over CNT 

devices, however the graphene used in these experiments was obtained through mechanical exfoliation. As discussed previously, 

this method is not practical for cost and time effective production of a GFET biosensing device. 

 

The need for a cost effective POC graphene based biological sensor will require the use of a GFET device which uses CVD 

graphene. Several groups are currently experimenting with label free GFETs which incorporate CVD graphene, [65,56,57] and 

have successfully detected DNA hybridization,[57] glucose oxidase,[56] and glutamic dehydrogenase.23 The detection limits of 

the glucose and glutamate sensors are comparable to CNT,[58] and graphene based electrochemical biosensors which use methods 

to obtain graphene other than mechanical exfoliation,[59] however are still inferior to nano wire,[60] and CNT[61] based 

electrochemical biosensors. The recent attention and work dedicated to the large scale production of high quality graphene will 

likely show that graphene is a practical and superior alternative to other Nano materials which are incorporated into biosensors. 

 

Thrombin Protein 

 

Thrombin protein is produced by the body and has an important role in the blood clotting or coagulation process,[62] and the 

regulation of tumor growth.[63] The selective and sensitive detection of thrombin may be useful in surgical procedures and 

cardiovascular disease therapy.[63] There have been many efforts to produce a sensitive biological sensor for the detection of 

thrombin.[66,64] In the past, thrombin has been optically detected using a fluorescence based tag,[64] which we have previously 

discussed as a slow and costly method for detection. In this paper we will address the feasibility of a CVD graphene based label 

free FET biosensor to accurately detect thrombin. 

 

 

 

 

 

 

 

 

IV. BIOIMAGING 

 

The Recently fluorescent carbon-based nanomaterials, including carbon dots (C-Dots), graphene oxide (GO) nanoparticles, and the 

emerging graphene quantum dots (GQDs) are attracting increasing interest in the field of bioimaging for their good 

biocompatibility and photostability.[67−71]Sun et al. reported the multiphoton imaging of surface-passivated C-Dots with a higher 

two-photon absorption cross section of 39 000 Göppert-Mayer units (GM).16 The two-photon fluorescence of polyethylene glycol 

linked GO nanoparticle with a size of ~30 nm was applied to in vitro and in vivo bioimaging,obtaining an imaging depth of 300 

μm.[73,74] Two-photon imaging using the GQD has also been reported for cell labeling[75]. The quasi zero-dimensional GQD 

with a single atomic layer gives rise to several advantages over other carbonbased nanomaterials for potential deep-tissue TPFI. 

First, the bandgap and fluorescence of GQDs can be effectively tuned by doping hetero atoms to the π-conjugated system [76−80]. 

A blue shift in fluorescence emission has been reported for GQDs after doped with nitrogen atom through an electrochemical 

method due to the strong electron-withdrawing effect of the doped nitrogen[76]. It can be expected that doping nitrogen through 

introducing strong electron-donating groups such as dimethylamido could result in a red shift of fluorescence and achieve longer 

emission and excitation wavelengths[81],  
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Figure:-4. (a) Decomposition of DMF at a high temperature. (b) Schematic illustration of the strategy for the N-GQD preparation. 

 

 

which are less scattered by biotissues and more practical for bioimaging. Second, GQDs without passivation by any surfactant can 

exhibit strong fluorescence induced by a pronounced quantum confinement and edge effect,14[82−84] which could also impart a 

larger two-photon absorption cross section and deeper penetration in turbid tissues[85-87]. Third, the large rigid π- conjugated 

electronic structure of GQD can also improve the intra molecular charge transfer efficiency and therefore enhance the two-photon 

absorption to achieve larger imaging depth in TPFI [88]. 

 

To the best of our knowledge, no efforts have focused on the two-photon absorption and fluorescence property of GQD under 

femtosecond laser excitation, and no research about application of GQD as two-photon fluorescent probe for deep tissue TPFI has 

been reported so far. In this work, we developed a facile solvothermal approach for doping nitrogen to GQD using 

dimethylformamide (DMF) as both solvent and nitrogen sources. Two-photon-induced fluorescence of N-GQD was systematically 

investigated using near-infrared (NIR) femtosecond laser as excitation and applied for efficient twophoton cellular and deep-tissue 

imaging. 

 

The large imaging depth achieved by N-GQD significantly extends the fundamental two-photon imaging depth limit in scattering 

tissues. Furthermore, the good biocompatibility and extraordinary photo stability support the potential application of N-GQD in 

long-term TPFI of biological tissues. The N-GQD was prepared through a facile one-pot solvothermal approach using GO as a 

precursor. GO was obtained by a modified Hummer’s method [89]. This chemically derived GO is a two dimensional network of 

sp2- and sp3- bonded atoms and shows unique heterogeneous chemical structure in which aromatic sp2 domains are surrounded by 

sp3- hybridized carbon atoms. The sp2 domains in GO are calculated to have a mean size of 2.7 nm according to the empirical 

Tuinstra−Koenig relationship [82, 90]. To effectively introduce nitrogen with strong electron-denoting effect into GQD, DMF 

served as a solvent and source of nitrogen as it could be decomposed to dimethylamine[91] (a strong electron denoting group) and 

carbon monoxide at temperature higher than its boiling point (Figure 4a). Then the decomposed dimethylamine was doped into the 

GO to yield 1,2-amino alcohol via nucleophilic ring-opening reaction with the epoxy group on the surface of GO,[82,92] thus 

enabling the extraction of smaller sp2 domains from the large GO sheet and simultaneous bonding of dimethylamine with the 

aromatic ring to form NGQD as illustrated in Figure 4b. 

 

N-GQD Preparation 

 

The N-GQD was prepared through a facile one-pot solvothermal method. In brief, the graphene oxide (GO) was dissolved in 

dimethylformamide (DMF) with a concentration of ~200 mg ml-1. The GO and DMF mixed solution was ultrasonicated for 30 

minutes (120 W, 100 kHz) and then transferred to a poly(tetrafluoroethylene)-lined autoclave (30 ml) and heated at 200 °C for 4.5 

h. After cooling to room temperature naturally, the obtained mixture was filtered through a 0.22 μm microporous membrane to 

remove the black precipitates, obtaining a brown solution. The solvent was removed with the aid of a rotary evaporator. Then the 

obtained N-GQD was dispersed in DI water. In fact, heating DMF at 200 °C for 4.5 h generated a small amount of impurities 

which could not be totally removed by evaporation. We further found that these DMF residues could emit blue fluorescence under 

UV lamp irradiation. Therefore,  

 

the obtained N-GQD must be dialyzed through a 500 Da dialyzer for at least 48 hours to totally remove the DMF residues until 

there was no blue fluorescence detected in the dialysis solution outside the dialyzer bag. Then the obtained pure N-GQD was used 

for further characterization. The control experiment was also performed in the absence of DMF. GO was dissolved in DI water and 

applied for hydrothermal process under the same conditions. Under UV irradiation, the obtained GQD without nitrogen doping 

showed blue fluorescence rather than the green fluorescence of N-GQD. The fluorescence spectrum of GQD aqueous solution 

showed a maximum fluorescence peak at 450 nm (Ex 390 nm), which was consistent with the reported papers. Compared with 

GQD, the maximum emission peak shifted to 520 nm for N-GQD (Figure S1) with the same excitation wavelength, indicating the 

solvothermal process using DMF could successfully realize the nitrogen doping of GO to form the new N-GQD. 
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Figure:-5. Fluorescence spectra of GOD (blue line) and N-GQD (green line), ex: 390 nm. 

 

Two-Photon Cellular Imaging 

 
A Nikon Fluoview multiphoton microscope (FV1000MPE) was used for two-photon luminescence imaging of N-GQD and Hela 

cells. A mode-locked Ti:Sapphire laser (MaiTai, Spectra Physics) with pulses of 100 fs at a repetition rate of 80 MHz was used as 

the excited light source. For cellular imaging, Hela cells were cultured in high-glucose modified Eagle's medium supplemented 

with 10% fetal bovine serum and 1% penicillin/streptomycin (HDMEM) using a four-chambered Lab-Tek coverglass system 

(Nalge Nunc) (approximately 5 × 105 in each well). All cells were incubated at 37 °C in a CO2 incubator until approximately 80% 

confluence was reached. The aqueous solution of the N-GQD (1 mg ml-1) was filtered through a 0.22 μm membrane (Millipore 

Express). Then the filtered solution (~50 μl) was mixed with the culture medium (1,000 μl) and added to three wells of the glass 

slide chamber (the fourth well used as a control) in which the Hela cells were grown. After incubation for 2 h, the Hela cells were 

washed three times with PBS (500 μl each time) and kept in PBS for two-photon imaging on the FV1000MPE with excitation at 

800 nm using a water objective lens (60×). The laser power used for two-photon imaging was measured to be 1mW at the focal 

plane. 

 

Cytotoxicity Evaluation. 

 

The cells were cultured first for 24 h in an incubator (37 °C, 5% CO2), and for another 24 h after the culture medium was replaced 

by DMEM high glucose containing the N-GQD at different concentrations (0, 5, 15, 25, 50, 100, 200, 400 μg mlˉ¹). Then, 10 μl 

CCK-8 reagents mixed with 100 μl DMEM high glucose was added to each cell well. After further incubation for 4 h, the optical 

density (OD) of the mixture was measured at 450 nm. The cell viability was estimated according to the following equation: Cell 

Viability [%] = (ODtreated / ODcontrol) × 100%  (ODcontrol was obtained in the absence of N-GQD, and ODtreated obtained in 

the presence of N-GQD.) Each experiment was performed four times and the average data was presented. 

 

Two-Photon Deep-Tissue Imaging 

 
For the 0~800 μm imaging depth, the excitation powers were adjusted so that approximately the same signal-to-noise ratio (SNR) 

could be achieved at a constant frame rate of 1 fps, starting with 20 mW for the 0 um imaging depth. At the imaging depths beyond 

800 μm, the full output power corresponding to approximately 100 mW average power of the OPO was used to achieve the 

fluorescence image of N-GQD in the turbid tissue phantom with a quite high SNR. 
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Two-Photon Fluorescent Images of Cells at Different Z Positions 

 

 

 

Figure:-6 Fluorescent images of cells incubated with N-GQDs at different Z positions (from the top 0 μm to the bottom 15 μm, Δz 

= 3 μm) 

 

As the z axis moves from the top (0 μm) to the bottom (15 μm, Δz = 3μm), we can clearly observe the fluorescence spots 

throughout the z axis of the Hela cells. Therefore, it is safe to state that N-GQDs have been uptaken by cells and locate inside the 

cytoplasm rather than bounded or adsorbed on the surface of Hela cells. 

 

Deep-Tissue Imaging Using the Monodispersed N-GQD Aqueous Solution 

 

 

Figure:-7 Deep-tissue imaging using the monodispersed N-GQD solution loaded in a capillary 

 

Deep-tissue imaging using the monodispersed N-GQD solution sample was also performed. We carefully used a capillary to load 

N-GQD aqueous solution. Then the capillary filled with N-GQD solution was placed in the tissue phantom for two-photon 

imaging. As shown in Figure 7 in the Supporting Information, the N-GQD solution sample could also emit bright fluorescence 

signal even in the deep tissue (~1800 μm). And the large two-photon absorption cross section and the high fluorescence QY could 

contribute to the bright fluorescence signal observed in the deep tissue. However, the focal plane was difficult to control at the 

same place of the capillary when we had to constantly adjust the capillary to locate at the different depth of the tissue phantom 

during the imaging experiment. So we used the dried N-GQD samples deposited on a cover slip which was marked with a red spot 

to help focusing on the same place of the cover slip at different imaging depths [93-97]. 

 

V. CELL GROWTH  

 

Graphene oxide synthesis 

 

Graphene oxide was synthesized from graphite using a simplified Hummers’ method[98]. Graphite oxide was obtained by 

oxidation of 3 g of graphite flakes with 400 mL of H2SO4, and 18 g of KMnO4. The mixing process, using a magnetic stirrer, took 

less than 5 minutes to complete. However, to ensure complete oxidation of the graphite, the mixture was stirred for three days. 

During oxidation, the color of the mixture changed from dark purplish-green to dark brown. To stop the oxidation process, H2O2 

solution was added and the color of the mixture changed to bright yellow, indicating a high oxidation level of graphite. The 

graphite oxide formed was washed three times with 1 M of aqueous HCl solution and repeatedly with deionized water until a pH of 

4–5 was achieved. The washing process was carried out using a simple decantation of the supernatant with a centrifugation 
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technique. During the washing process with deionized water, the graphite oxide underwent exfoliation, which resulted in 

thickening of the graphene oxide solution, forming graphene oxide gel which was freeze-dried to obtain the graphene oxide solid. 

 

 

Fabrication of graphene hydrogel 

 

Graphene hydrogel was fabricated according to the method described by Xu et al with some modifications[98]. Ten milliliters of 

homogeneous graphene oxide aqueous dispersion at a concentration of 2 mg/mL, was sealed in a 16 mL Teflonlined autoclave and 

maintained at 180°C for 44 hours. The autoclave was allowed to cool to room temperature, and the fabricated graphene hydrogel 

was removed using tweezers and the surface adsorbed water was removed with filter paper. This sample was labeled graphene 

hydrogel (HG)-2. Graphene hydrogels at concentrations of 1.0, 0.5, and 0.1 mg/mL were also prepared using the same procedure, 

and were denoted as graphene HG-1, graphene HG-0.5, and graphene HG-0.1, respectively. To investigate the effect of the lateral 

dimension of graphene oxide, graphene oxide solution at a concentration at 2 mg/mL was sonicated for 1 hour before being 

processed using the procedure described above. This sample was labeled as graphene HGS-2 

. 

Characterization of graphene hydrogel 

 

Measurement of the surface area of graphene hydrogel was done using a Micromeritics ASAP 2010 physisorption analyzer. The 

sample was placed into a sample tube, connected to the analyzer, and evacuated. Nitrogen BET surface area was calculated 

automatically by the system software. Field emission scanning electron microscopy images were obtained on a FEI Nova 

NanoSEM 400 operated at 10.0 kV. The crystalline phase was determined using a Phillips x-ray diffractometer employing a 

scanning rate of 0.033 degrees per second in a 2θ range from 5° to 80° with Cu Kα radiation (λ= 1.5418 Å ). Chemical bonding 

was analyzed using a Perkin Elmer Fourier transform infrared spectroscope. The spectra (% transmittance with wave number) were 

recorded. 

 

VI. CELL CULTURE 

 

The graphene HG-2 sample was cut and placed into a 24-well plate. Each graphene hydrogel sample was seeded with 30,000 

MG63 cells per well. Cells seeded directly on the 24-well plate served as the control. Prior to cell seeding on scaffolds, a cell count 

was performed using a Haemacytometer (Hirschmann Laborgerate), and 500 μL media with 10% heat-inactivated fetal bovine 

serum was added to each well for cell proliferation. MG63 cells were maintained using minimum essential medium supplemented 

with 10% heat-inactivated fetal bovine 

serum, 1% penicillin/streptomycin, and 1 mM sodium pyruvate at 37°C in a humidified 5% CO2 atmosphere. Graphene hydrogel 

was incubated with the cells for one, three, five, and 

seven days. The media were changed every three days. 

 

MTT assay was used to determine the proliferation rate of MG63 on the graphene HG-2 scaffold. After each incubation period, 

MTT solution of 50 L was added to each well and left for 4 hours for a cell response to take place. This was followed by addition 

of 500 L of dimethyl sulfoxide to dissolve the purple crystals reduced by the living cells. The optical density, at 570 nm, of 200 

L of the resulting solution was measured using a spectrophotometer (Varioskan Flash, Finland). 

 

VII. CELL MORPHOLOGY 

 

Seeding by 30,000 MG63 cells was carried out on graphene hydrogel for morphological observation. Cells incubated on graphene 

hydrogel for days 1, 3, 5, and 7 were examined 

using field emission scanning electron microscopy. Prior to viewing by field emission scanning electron microscopy, cells growing 

on the graphene hydrogel were washed with phosphate-buffered saline, and fixed with 4% of glutaraldehyde for 30 minutes at 4°C. 

Subsequently, the graphene hydrogel containing the cells was dehydrated through a series of graded alcohols and dried with 

hexamethyldisilazane at room temperature. The graphene hydrogel were then ready for observation by field emission scanning 

electron microscopy. 

 

 
           a                              b                                       c 

 

Figure:-8 Field emission scanning electron microscopy images of (a) graphite flakes, (b) large area graphene oxide sheets, and (c) 

sonicated graphene oxide sheets. 

 

A simplified Hummers’ method was used to produce largearea graphene oxide nanosheets. The large lateral dimension graphite 

flakes, which were used to produce the large-area graphene oxide, are shown in Figure 13a, and the resulting graphene oxide is 

shown in Figure 1b. The large graphene oxide has an average area of 7000 m² and a lateral dimension 
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of up to 150 m. After being sonicated for 1 hour, the average area is significantly reduced and the lateral dimension is reduced to 

<5 m, as shown in Figure 13c [100]. 

 

 

 

 

Steam cell Differentiation  

 
Human mesenchymal stem cells (hMSCs) are critical for numerous groundbreaking therapies in the field of regenerative medicine. 

A myriad of environmental factors including their interaction with soluble growth factors, extracellular matrices and neighboring 

cells are crucial for their survival, proliferation and differentiation into specific lineages[101-103]. One of the main goals of tissue 

engineering is to control these factors by creating physical and chemical microenvironments designed to guide the ultimate fate of 

stem cells. Materials with different elasticity, rigidity and texture have been extensively investigated for this purpose. Stem cell 

scaffolds, which can be both 2D and 3D in nature, have been fabricated to mimic the intrinsic characteristics of natural substrates 

such as muscle, bone and cartilage[104-106]. Recently, both the lithographic patterning of suitable surfaces such as 

polydimethylsiloxane (PDMS),[107] polymethyl methacrylate (PMMA),[108] self-assembled titanium dioxide (TiO2)[109] rod 

arrays and functionalized carbon nanotubes[110] have been explored. While there have been tremendous advances in this field, 

many challenges still remain. In particular in the field of bone tissue engineering, almost all artificial materials require the multiple 

administration of growth factors to promote hMSC differentiation. In addition, many approaches face challenges. 

 

 when it comes to scalability andcompatibility with implants. For example, an alloplastic (non-biologic) material under mechanical 

stress may not respond in a similar way as the surrounding host bone, resulting in structural failure of the implant or inflammatory 

changes in the original bone, as seen in stress shielding[111]. Also, bioactive implants still face limitations in terms of potential 

pathogenic infections, low availability and high costs. Graphene[112] may provide an elegant solution to some of these challenges. 

Being only one atom thick, it introduces the least amount of artificial material possible and has a large number of remarkable 

properties[113]. In the context of tissue engineering, its mechanical properties are likely to play a key role: graphene has the 

highest Young’s modulus (0.5 – 1 TPa) among any known material, yet it is not brittle[114,115].Graphene can be transferred onto 

any flat or irregular shaped surface and graphene–coated, flexible, supporting substrates can be easily bent into any shape 

required[116]. 

 

Stem cell research with graphene has become feasible only with the recent availability of cheap, high quality, continuous graphene 

sheets on a large scale[117] Here we show that graphene provides a new type of biocompatible scaffold for stem cells. 

Remarkably, graphene accelerates cell differentiation even in the absence of commonly used additional growth factors such as 

BMP-2. Taking into consideration both the intrinsic mechanical properties of graphene and the striking results of this study, we 

envisage a functional role of this new material as a versatile platform for future biomedical applications in general and stem cell 

therapies in particular. 

 

Large-scale graphene used in this study was synthesized by the chemical vapor deposition method on copper foils. After growth, 

copper was etched and the same batch of graphene was transferred to four distinct substrates used in this study according to 

methods discussed elsewhere[118]. We studied the influence of graphene on stem cell growth by investigating four substrates with 

widely varying stiffness and surface roughness: (1) polydimethylsiloxane (PDMS), (2) polyethylene terephthalate (PET), (3) glass 

slide and (4) silicon wafer with 300nm SiO2 (Si/SiO2) (Table S1 in Supporting Information). Plain cover slips without graphene 

were used as a control or reference for normalization. Atomic Force Microscopy (AFM) was used to analyze the surface roughness 

of the various substrates with and without graphene coating. Transferred to PET and PDMS, the graphene sheet exhibits nano-

ripples with high density (Figure14c,d) compared to graphene on Si/SiO2 and glass slide (Figure 14a,b). Despite being only 

oneatom thick, on Si/SiO2 substrates with well-defined oxide thickness, graphene can be easily seen with a simple conventional 

optical microscope (Figure 9e). Therefore, detailed studies such as the evolution of cell differentiation with time were done mainly 

on graphene coated Si/SiO2 substrates. Two distinct sets of experiments were performed. First cell viability was studied with cells 

cultured in normal stem cell medium. Next, stem cell differentiation was examined in cells cultured on conventional osteogenic 

media 

 

 
                                                 a                           b                               c                               d                         e                    

                                                                         

Figure: - 9 Graphene onto different substrates. AFM of graphene on (a) Si/SiO2 (b) Glass slide (c) PET-film and (d) PDMS. Scale 

bars are 200nm (e) Optical image of 1cm x 1cm, partially graphene coated Si/SiO2 chip, showing the graphene boundary. 
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Cell viability and morphology 

 

The cell morphology and viability by image analysis on all four substrates with and without graphene coverage when cells were 

cultured in normal stem cell media. From Figure 10a we see that, independent of the substrate, there is no significant difference 

(p>0.05) in cell viability between graphene-coated and uncoated substrates. We also performed MTT assays (Fig. S2 in SI) to 

confirm the cell viability data. Again, regardless of the substrate, there was no difference (p>0.05) between uncoated and 

graphene-coated substrates, demonstrating that cell growth was indeed not affected by the presence of graphene. Note that cell 

viability is lower on PET and PDMS independent of the presence of graphene. 

 

 

 

Figure:-10. Cell viability and morphology of hMSCs grown on different substrates. Cells are stained with DAPI (blue) and Calcein 

AM (green). (a) Graph showing cell viability in percentage normalized to cover slips used as reference. (Inset) Morphology of 

hMSCs grown on standard cover slips. (b-e) hMSCs grown on glass slide, Si/SiO2, PET and PDMS without graphene. (f-i) hMSCs 

grown on graphene coated glass slide, Si/SiO2, PET and PDMS. Scale bars are 100μm. 

 

A similar conclusion can be reached by just comparing cell morphology with and without graphene. In general, the presence of 

graphene (Figure 10 f-i) did not influence the shape of the cells in comparison to uncoated substrates (Figure 10 b-e). 

Mesenchymal stem cells maintained their spindle-shape across glass A similar conclusion can be reached by just comparing cell 

morphology with and without graphene. In general, the presence of graphene (Figure 10 f-i)  not influence the shape of the cells in 

comparison touncoated substrates (Figure 10b-e). Mesenchymal stem cells maintained their spindle-shape across glass 6 slides and 

Si/SiO2 after 15 days of incubation (Figure 10 b,c and Figure 10 f,g). Here stem cells presented the usual elongated structure with 

noticeable filopodia extensions and cellular propagation fronts. In the case of PET and PDMS, cells showed rounded or irregular 

morphology, most probably due to poor adhesion to the substrate (Figure 10 d,e and Figure 10 h,i). This suggests that graphene 

does not hamper the normal growth of stem cells and that the incorporation of this material in implants or injured tissues would not 

affect the physiological conditions of the microenvironment. In fact, Raman measurements and visual inspection of the samples 

after cell incubation and subsequent removal clearly. 
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