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Background: Three-dimensional assembly of graphene hydrogel is rapidly attracting the 

interest of researchers because of its wide range of applications in energy storage, electronics, 

electrochemistry, and waste water treatment. Information on the use of graphene hydrogel for 

biological purposes is lacking, so we conducted a preliminary study to determine the suitability 

of graphene hydrogel as a substrate for cell growth, which could potentially be used as building 

blocks for biomolecules and tissue engineering applications.

Methods: A three-dimensional structure of graphene hydrogel was prepared via a simple hydro-

thermal method using two-dimensional large-area graphene oxide nanosheets as a precursor.

Results: The concentration and lateral size of the graphene oxide nanosheets influenced the 

structure of the hydrogel. With larger-area graphene oxide nanosheets, the graphene hydrogel 

could be formed at a lower concentration. X-ray diffraction patterns revealed that the oxide 

functional groups on the graphene oxide nanosheets were reduced after hydrothermal treatment. 

The three-dimensional graphene hydrogel matrix was used as a scaffold for proliferation of a 

MG63 cell line.

Conclusion: Guided filopodia protrusions of MG63 on the hydrogel were observed on the 

third day of cell culture, demonstrating compatibility of the graphene hydrogel structure for 

bioapplications.
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Introduction
Researchers worldwide have embraced the fact that graphene, a two-dimensional sp2 

hybrid of carbon atoms with a honeycomb structure, is without doubt an extraordinary 

substance that has been extensively investigated either on its own1–3 or as a composite 

material.4,5 The intriguing mechanical, thermal, electrical, and structural properties 

of this material are manifested in applications such as nanocomposites, transparent 

conducting films, sensors, supercapacitors, nanoelectronics, batteries, photovoltaic 

devices, and biomedicine.6–10

A myriad of technologies has been introduced to fabricate graphene, including 

mechanical exfoliation, liquid-phase exfoliation, thermal exfoliation, electrolytic 

exfoliation, chemical vapor deposition, and epitaxial growth,11,12 but chemical oxidation 

continues to be the most popular method owing to its simplicity, economical feasibil-

ity, and scalability. Initially, graphite is oxidized to form graphite oxide which is then 

exfoliated to graphene oxide. The graphene oxide is reduced to form the graphene 

structure.4 The basal planes and edges of the graphene oxide are functionalized with 
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oxygenous groups, such as hydroxyl, epoxide, and carboxyl,13 

resulting in hydrophilicity and easing the formation of a 

stable colloidal solution.14

Recently, a number of researchers have investigated 

self-assembly of two-dimensional graphene oxide into three-

dimensional macrostructures. Various techniques have been 

employed to synthesize the three-dimensional macroscale 

architecture, such as easy one-step hydrothermal,15 noble 

metal-promoted,16 and divalent ion-promoted17 self-assembly 

of graphene oxide via hydrothermal heating of a graphene 

oxide and DNA mixture,18 mixing of graphene oxide and 

polyvinyl alcohol,19 dispersion of graphene oxide in triblock 

copolymers,20 and curing of graphene oxide with and  without 

the presence of resorcinol-formaldehyde suspension.21 The 

resulting three-dimensional graphene macroassembly has 

high mechanical strength, high thermal stability, a high sur-

face area, high water content, good electrical  conductivity, 

good electrochemical performance, good dye-loading 

 capacity, and self-healing properties.

There has been a burgeoning of biocompatibility 

investigations on graphene-based films in recent years, for 

example, a A549 mammalian cell line on graphene and 

graphene oxide paper,22 NIH-3T3 mouse fibroblast cells on 

graphene-carbon nanotubes,23 L929 mouse fibroblast cells 

on graphene- and graphene oxide-polyaniline,24 graphene-

reinforced chitosan,25 ARPE-19 retinal pigment epithelium 

cells on graphene oxide-glucose oxidase,26 A549 human 

lung carcinoma epithelial cells on graphene oxide,27 nano-

reduced graphene oxide functionalized noncovalently by 

amphiphilic PEGylated polymer chains, and nanographene 

oxide covalently PEGylated on U87MG human glioblastoma 

and MCF-7 human breast cancer cell lines.28

In this work, the synthesis of graphene hydrogel using 

the hydrothermal processing route is reported. Graphene 

hydrogel was synthesized using large-area graphene oxide as 

a precursor at various concentrations, and was characterized 

using field emission scanning electron microscopy, x-ray 

diffractometry, and Fourier transform infrared spectroscopy. 

Because there is still a knowledge gap regarding the viability 

of cells on graphene hydrogel, we carried out in vitro cell 

culture on the synthesized hydrogel using a MG63 cell line 

for the first time.

Materials and methods
Materials
Graphite flakes were purchased from Asbury Graphite 

Mills, Inc (Asbury, N J). Sulfuric acid (H
2
SO

4
, 98%), potas-

sium permanganate (KMnO
4
, 99.9%), hydrogen  peroxide 

(H
2
O

2
, 30%), glutaraldehyde (25% aqueous solution), 

cacodylic acid, and sodium salt trihydrate were purchased 

from Merck (Darmstadt, Germany). The MG63 cell line 

was purchased from the American Type Culture Collection 

(Manassas, VA). Minimum essential medium,  penicillin/

streptomycin and fetal bovine serum were purchased 

from Gibco (Grand Island, NY). MTT assay (3-(4,5-

 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was 

purchased from Gibco (Eugene, OR). Hydrogen chloride 

(HCl, 37%), sodium pyruvate, hexamethyldisilazane, and 

dimethyl sulfoxide were purchased from Sigma-Aldrich 

(St Louis, MO). Phosphate buffer solution was prepared 

from NaCl, KCl, Na
2
HPO

4
·2H

2
O, and KH

2
PO

4
, which were 

purchased from Sigma-Aldrich. Denatured ethanol (99.7% 

v/v) was purchased from R and M Chemicals (Essex, UK).

graphene oxide synthesis
Graphene oxide was synthesized from graphite using a sim-

plified Hummers’ method.29 Graphite oxide was obtained by 

oxidation of 3 g of graphite flakes with 400 mL of H
2
SO

4
, 

and 18 g of KMnO
4
. 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, H
2
O

2
 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 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.15 Ten mil-

liliters of homogeneous graphene oxide aqueous dispersion 

at a concentration of 2 mg/mL, was sealed in a 16 mL Teflon-

lined 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 
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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 solu-

tion 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 emis-

sion 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 Ǻ). 

Chemical bonding was analyzed using a  Perkin Elmer Fourier 

transform infrared spectroscope. The spectra (% transmittance 

with wave number) were recorded.

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 prolifera-

tion. MG63 cells were maintained using minimum essential 

medium supplemented with 10% heat-inactivated fetal bovine 

serum, 1% penicillin/streptomycin, and 1 mM sodium pyru-

vate at 37°C in a humidified 5% CO
2
 atmosphere. Graphene 

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

seven days. The media were changed every three days.

MTT assay
MTT assay was used to determine the proliferation rate of 

MG63 on the graphene HG-2 scaffold. After each incuba-

tion period, MTT solution of 50 µL was added to each well 

and left for 4 hours for a cell response to take place. This 

was followed by addition of 500 µL of dimethyl sulfoxide 

to dissolve the purple crystals reduced by the living cells. 

The optical density, at 570 nm, of 200 µL of the resulting 

solution was measured using a spectrophotometer (Varioskan 

Flash, Finland).

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 glutaral-

dehyde 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.

Statistical analysis
All experiments were performed nine times each. The results 

were given as means ± standard error. Statistical analysis was 

performed using one-way analysis of variance and Tukey test 

with significance reported when P , 0.001.

Results and discussion
A simplified Hummers’ method was used to produce large-

area graphene oxide nanosheets. The large lateral dimension 

graphite flakes, which were used to produce the large-area 

graphene oxide, are shown in Figure 1A, and the resulting 

graphene oxide is shown in Figure 1B. The large graphene 

A B C

5 µm50 µm500 µm

Figure 1 Field emission scanning electron microscopy images of (A) graphite flakes, (B) large area graphene oxide sheets, and (C) sonicated graphene oxide sheets.
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oxide has an average area of 7000 µm2 and a lateral  dimension 

of up to 150 µm. After being sonicated for 1 hour, the aver-

age area is significantly reduced and the lateral dimension 

is reduced to ,5 µm, as shown in Figure 1C.

To prepare graphene hydrogel, graphene oxide underwent 

hydrothermal treatment at 180°C for 24 hours. The physical 

appearance of the prepared graphene hydrogel is shown in 

Figure 2, with graphene hydrogel prepared at a concentration of 

2 mg/mL of graphene oxide, illustrating the largest cylindrical 

shape with an approximate diameter of 15 mm and height of 

30 mm. The surface area of graphene HG-2 was 202.4 ± 2.9 m2/g 

compared with the surface area of graphite of approximately 

10 m2/g.30 As expected, the size of graphene hydrogel was 

smaller when the concentration of the graphene oxide was 

reduced. Graphene hydrogel was produced at a concentration 

as low as 0.5 mg/mL. Previously reported results demonstrated 

precipitation at these low concentration levels.15,31 This can be 

explained by the large-area graphene oxide used in this experi-

ment. It was found that graphene oxide concentration was not 

the only factor affecting the size of graphene hydrogel; it was 

also affected by the dimension of the graphene oxide used. The 

graphene hydrogel formed using graphene oxide that had been 

sonicated for 1 hour (with a lateral dimension of ,5 µm) has  

a smaller size compared with the nonsonicated graphene oxide, 

even though the initial concentration of graphene oxide in both 

the syntheses was 2 mg/mL, as shown in Figure 2B.

Field emission scanning electron microscopy images 

of the samples have well defined and interlinked three-

dimensional graphene sheets forming a porous network that 

resembles a loose sponge-like structure, as shown in Figure 3. 

The pore walls are made up of thin layers of graphene sheets. 

The supercritical condition resulted in the graphene oxide 

sheets converging, overlapping, and coalescing to form 

cross-links, which give rise to the framework of the graphene 

hydrogel. The mobility of the large graphene oxide sheets 

in solution is strongly limited, causing these graphene oxide 

sheets to orientate randomly in a hydrogel. Moreover, the 

large conjugated basal planes make the graphene oxide sheets 

stiff and able to form a stable network.32 The pore size of the 

graphene hydrogels produced from large area graphene oxide 

is relatively independent of the concentration of graphene 

oxide over the measured concentration range (0.5–2 mg/mL). 

In contrast, graphene HG-2, which was produced from the 

small-area graphene oxide, has a much smaller pore size than 

that of graphene HG-2. A plausible explanation for the well-

defined large pore size leading to the well-formed cylindrical 

structure of graphene HG-2 is that the high concentration of 

large graphene oxide restricts the expansion and flexibility 

of graphene oxide sheets within the geometry of the auto-

clave, which is crucial in constructing the three-dimensional 

microstructure.15 On the other hand, prolonged sonication for 

1 hour shattered the graphene oxide sheets (see Figure 1C) 

which resulted in a much smaller pore size and much finer 

pore walls in the network of graphene HGS-2, resulting in 

the malformed cylindrical shape. Therefore, the pore size of 

the network is dependent on the lateral size of the graphene 

oxide nanosheets.

X-ray diffraction patterns for graphene hydrogel are 

shown in Figure 4. The diffraction peaks are 26.5° for pris-

tine graphite, 9.1° for graphene oxide, 13.5° for graphene 

HG-0.5, 13.7° for graphene HG-2, and 13.3° for graphene 

HGS-2, corresponding to a layer-to-layer distance of 3.36 Ǻ, 

9.68 Ǻ, 6.55 Ǻ, 6.45 Ǻ, and 6.64 Ǻ, respectively. The inter-

layer distance for graphene oxide is significantly larger than 

for pristine graphite due to the intercalating oxide functional 

groups.33 The interlayer distance for graphene hydrogel is 

lower compared with graphene oxide, indicating removal of 

the oxide functional groups from the graphene sheets after 

the hydrothermal process. Meanwhile, the appearance of a 

characteristic peak of graphite for nonsonicated graphene 

hydrogel, which shifted slightly to the left, suggests the 

existence of π–π stacking between graphene sheets due to 

the recovery of a π-conjugated system from the graphene 

oxide nanosheets upon hydrothermal reduction. Their inter-

layer spacing was slightly higher than for graphite, which is 

3.63 Ǻ and 3.39 Ǻ, respectively, for graphene HG-0.5 and 

(i) (ii)
(i) (ii)

(iii) (iv)

A B

Figure 2 Photographs of (A) graphene Hg-0.1 (i), graphene Hg-0.5 (ii), graphene Hg-1 (iii) and graphene Hg-2 (iv), and (B) comparison of graphene HgS-2 (i) and 
graphene Hg-2 (ii).
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graphene HG-2. The diffraction peak and interlayer distance 

of graphene HG-2 is the closest to that of graphite because of 

its relatively high concentration. The characteristic graphite 

diffraction peak is missing from the graphene HGS-2 sample. 

This can be explained by the small lateral size of the graphene 

nanosheets, as shown by a small pore size and cotton-like 

appearance in field emission scanning electron microscopy 

(Figure 3B). Although some layering is likely to be pres-

ent due to self-assembly of the graphene oxide nanosheets 

through van der Waals forces and hydrogen bond interac-

tions, the graphene is disordered enough not to produce the 

signature π–π stacking diffraction peak.21 The broad peaks  

of all the graphene hydrogel are indicative of poor ordering 

of graphene sheets along their stacking direction, which 

reflects that the three-dimensional structure is made up of a 

low degree of interlayer separation that mimics graphite.

To verify the formation of graphene oxide and graphene 

hydrogel, the infrared spectra of the samples were measured 

and are compared in Figure 5 with the spectrum taken from 

graphite. In the infrared spectrum for graphite (Figure 5A), 

a peak occurs at approximately 860 cm−1 and is attributed 

to the aromatic C−H bonds.34 The trough-like absorption 

peaks located between 1240 and 1590 cm−1 are associated 

with the stretching vibrations of both double and single 

C−C bonds and the stretching of C−H bonds,24 whilst the 

peak centered at 1600 cm−1 is assigned to skeletal vibrations 

of unoxidized graphitic domains.35 For graphene oxide, as 

shown in  Figure 5B, the characteristic vibrations include the 

appearance of the broad peak from 900 to 1200 cm−1 attrib-

uted to C−O stretching, a C−O−C peak at 1246 cm−1, and a 

C−OH peak at 1400 cm−1.34 The disappearance of the peaks 

between 1440 cm−1 and 1590 cm−1 shows that the C=C bonds 

have been oxidized during the chemical oxidation process. 

Graphene oxide exhibits a similar peak to that of graphite at 

1620 cm−1, signifying nonexfoliated graphite. On the other 

hand, graphene hydrogel regained most of the graphitic fea-

tures as illustrated in Figure 5C, indicating the reduction of 

graphene oxide during the hydrothermal process.

Cell proliferation on the surface of graphene hydrogel was 

studied using an MTT assay analysis. Figure 6 illustrates cell 

proliferation on graphene HG-2 after a culture period of 1, 3, 

5, and 7 days and by measuring the optical density at a wave-

length of 570 nm. On the first day of culture, cell proliferation 

was observed on the graphene hydrogel. The biocompatible 

graphene hydrogel could potentially stimulate interaction 

between cells and the material, which may result in an ideal 

condition for cell adhesion and regeneration. By increasing the 

culture time to 3 days, the cells continued to flourish on the 

hydrogel, although there was a drop in the proliferation rate. 

This could be due to the formation of confluent cellular layers 

20 µm20 µm

A B

Figure 3 Field emission scanning electron microscopy images of (A) graphene 
Hg-2 and (B) graphene HgS-2.
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Figure 4 X-ray diffraction patterns of (A) graphite flakes, (B) graphene oxide 
nanosheets, (C) graphene Hg-0.5, (D) graphene Hg-2, and (E) graphene HgS-2.
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Figure 5 Fourier transform infrared spectra of (A) graphite flakes, (B) graphene 
oxide, and (C) graphene hydrogel.
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on the surface that lowered the growth rate of cells.36 However, 

there was a tremendous decrease in cell proliferation on the fifth 

day, although there was an increase in cell proliferation rate on 

the seventh day. Similarly, a decrease in cell viability was also 

observed by Robinson’s group after 2 days of treatment with 

nanoreduced graphene oxide28 and Chang’s work after 1 day of 

graphene oxide exposure, as a result of oxidative stress.27

The MTT results are in good agreement with the observa-

tion of cell anchorage on the surface of graphene hydrogel. 

Figure 7 shows the field emission scanning electron micros-

copy results for graphene HG-2, and when compared with the 

original field emission scanning electron microscopy image 

of the original surface, the cell adherence, spreading, and 

growth on the surface of the hydrogel after 7 days of culture 

time is apparent. The images display extensive flaky layers 

of adhered cells with rough cellular surfaces even from the 

early stage of day 1, when the hydrogel was entirely covered 

with cells. The confluent layer appeared to be thicker after 

3 days. At higher magnifications, graphene hydrogel demon-

strated pronounced cell attachment where cells with flattened 

morphology were seen to adhere to each other, with cellular 

microextensions on the third and seventh days of culture as 

illustrated in Figure 8, which is similar to the observation of 

Bodhak et al.36 Guided filopodia protrusions, as indicated by 

the arrows in Figure 8, were probably caused by the enhanced 

cell adhesion of MG63 on graphene hydrogel.37 Additionally, 

the morphology of the spreading MG63 cells suggests their 

high adaptation to the as-prepared graphene hydrogel sub-

strate. Park et al demonstrated similar cell morphologies in 

their in vitro study, which involved the culture of MC3T3-El 

on a highly organized ZnO nanoflower array.38

Conclusion
We successfully prepared noncollapsible cylindrical three-

dimensional graphene hydrogels using hydrothermal treatment 

of large-area graphene oxide. The cylindrical-shaped matrix 

was found to be a compatible host for cells as cellular micro-

extensions pervaded the hydrogel scaffold. The proliferation of 

MG63 on the hydrogel was found to be time-dependent, with a 

reduction in viability on the fifth day of culture. Even though the 

cell proliferation rate decreased on the fifth day of cell culture, 

the rate increased on the seventh day. These aspects warrant 

further studies of the biocompatibility and toxicity of cells via in 

vitro evaluation, because the results indicated cell proliferation 

on the hydrogel for up to 7 days. Graphene hydrogel may be a 

promising building block for development of smart materials 

for biomolecules and tissue engineering purposes.
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