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Abstract Graphene is functionalized with amine by NH2

ion implantation at room temperature in vacuum. The

reaction is featured by nucleophilic substitution of C–O

groups by the ammonia radicals. The presence of N-con-

taining functional groups in graphene is identified by

Fourier transform infrared spectroscopy and X-ray photo-

electron spectroscopy. N element was successfully intro-

duced to graphene, the atomic ratio of N to C rose to

3.12 %. NH2 ion implanted graphene (G-NH2) is a better

hydrophilic material than pristine grahene according to the

contact angle experiment. Mouse fibroblast cells and

human endothelial cells cultured on G-NH2 displayed

superior cell-viability, proliferation and stretching over that

on pristine graphene. Platelet adhesion, hemolysis and

Kinetic-clotting time were measured on G-NH2, showing

excellent anticoagulation, with as good hemolysis as pris-

tine graphene.

1 Introduction

In recent years, a lot of engineered nanomaterials such as

carbon nanotubes are fabricated, investigated for their

effects on the cells, animals and environment, and evalu-

ated for their biosafety [1–5]. Unlike other carbon-based

nanomaterials, biomedical applications of graphene have

grown at a rapid pace and exhibit immense potential for the

future. Graphene-based materials are of great interest due

to its remarkable physical, chemical, and biological char-

acteristics. The distinct structural properties of graphene, in

particular, its high aspect ratio, unique electronic and

optical properties, high mechanical strength, as well as

potential biocompatibility, render it an attractive candidate

for a plethora of applications in biotechnology including

biosensor development, drug delivery, bacterial inhibition,

photothermal therapy, and electrical stimulation of cells

[6–14]. Thanks to the biocompatibility at low concentration

[15] and 2D nature with ultra-large surface area, graphene

and graphene oxide (GO) have recently captured interests

as cell culture substrates. Substrates coated with graphene

or GO have enabled the culture of several mammalian cells

including NIH-3T3 [16] and A549 [17], but the widespread

use of graphene and GO for cell culture necessitates more

intensive research.

For biomedical and pharmaceutical applications, it is

extremely important that graphene preparation should be

biocompatible, water-dispersible, and nontoxic. These

attributes are achievable by appropriate chemical func-

tionalization, which enables graphene to be well-dispersed

in a range of polar solvents and particularly well in water

[18, 19]. Nitrogen is a common heteroatom which can be

introduced into carbon nanomaterials by thermal treatment

of carbon in the presence of nitrogen precursors, by in situ

growth or by chemical vapor deposition. N-doped carbon
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show improved catalytic and electrochemical performances

[20–26]. However, substituted nitrogen gives poor wetta-

bility and chemical reactivity, which need to be improved

by further chemical modification. Unlike nitrogen substi-

tution, primary amine can be introduced into graphene as

ionizable functional groups which could form cations or

cationic groups. These ionizable groups could not only

improve the solubility of graphene, but also facilitate

graphene assembly or reaction with other organic mole-

cules, polymers and biological systems [27]. It has been

proven that for biomedical applications, chemical func-

tionalization of amine-modified graphene displays safer

trombo-protective behaviour than graphene oxide [28].

Ion implantation is one of the most powerful physical

techniques for the surface modification of solids. This

technique has many advantages in applications. Apart from

the technological simplicity and cleanliness, it modifies

only the surface characteristics without affecting bulk

properties [29]. It has been applied to the surface modifi-

cation of polymers in order to control to conductive,

mechanical, physical and chemical properties [30–34].

Therefore, if biomaterials with the desired bulk properties

dose not exhibit the appropriate biocompatibility, their

surface can be modified by this technique. This encourages

us to search for alternative chemical derivatives of graph-

ene with similar physical attributes, which have minimal or

low thrombogenic potential and better cytocompatibility.

To date, amine-functionalized graphene by ion implanta-

tion has not been studied for biomedical applications, while

amine-modified single-walled carbon nanotubes are

recently shown to be cytoprotective toward neuronal cells

[35, 36]. Here we report that positively charged NH2 ion

implanted graphene (G-NH2) is more biocompatibility than

graphene.

2 Methods

2.1 Sample preparation and characteristic analysis

Graphene powder prepared by modified Hummers’ method

was dissolved in 1-methy-2-pyrrolidinone (NMP) with

ultrasonic dispersion for 6 h [37], then the solution was

directly sprayed onto the cycloidal SiO2 substrate using air

brush pistol at 100 �C. Finally, the samples were heated in

Ar at 250 �C for 3 h to evaporate the NMP. NH2 ion

implantation on graphene surface was performed at energy

of 30 keV at room temperature using the BNU-400 kV

Implanter. The ion fluency was 5 9 1014 and 1 9

1016 ions/cm2.

Static (sessile drop) water contact angle (CA) on pristine

grapheme and G-NH2 were determined with the CAM

KSV021733 optical contact-angle inclinometer (Nunc,

Finland). High-resolution transmission electron micros-

copy (HR-TEM) studies were performed to examine

crystallinity and quality of pristine graphene and G-NH2.

The functional groups for G-NH2 were analyzed by

MAGNA-560 typed Fourier transformer infrared (FTIR)

spectrophotometer (Nicolet) and Kratos Axis Ultra Al

(alpha) X-ray photoelectron spectroscopy (XPS).

2.2 Cell adhesion assays

Cell mortality of mouse fibroblast cells (L929) and human

umbilical vein endothelial cells (EAHY 926) were investi-

gated by trypan blue assay. L929 cells were incubated at

37 �C in a 5 % CO2 atmosphere in Roswell Park Memorial

Institute-1640 medium supplemented with heat inactivated

10 % fetal bovine serum, 100 U/ml penicillin and 100 lg/ml

streptomycin. EAHY926 cells were cultured in Dulbecco’s

Modified Eagle Medium/High Glucose supplemented

with 10 % fetal bovine serum, 100 units/ml penicillin and

100 lg/ml streptomycin, in a humidified 5 % CO2 balanced

air incubator at 37 �C. Medium was changed every 2 days.

The cells were passed with 0.25 % trypsin plus 0.02 %

EDTA.

Both the cells were plated in 24-well culture plates with

sterilized samples at a concentration of 5 9 104 cells/ml

for EAHY926 and 1 9 104 cells/ml for L929 in individual

wells. After incubated for 1, 1.5, 2, 3, 5 and 7 days, alive

and dead cell numbers were counted using trypan blue dye

assay in order to confirm the viability of cells. Cell mor-

phology and stretching on pristine graphene and G-NH2

was observed through scanning electron microscope (SEM,

FEI QUANTA 200).

2.3 Platelet-adhesion assays

Platelet-adhesion testing was performed to investigate the

morphology, quantity and aggregation of the adherent

platelets on the surface of samples. All the samples were

placed in individual wells of 24-well culture plate. Fresh

blood from healthy rabbit with potassium oxalate as the

anticoagulant was centrifuged at 1000 rmp for 10 min to

prepare platelets rich plasma (PRP). A total of 600 ll of

PRP was added into each well and incubated at 37 �C for

30 min under static conditions. After being rinsed with

PBS, the substrates were immersed in glutaraldehyde in

PBS 30 min and critical-point dried under vacuum. Finally,

the samples were observed using a SEM after coating with

gold. Three different spots were observed on each sample.

2.4 Hemolysis assays

Fresh anticoagulated blood from healthy rabbit was diluted

with 10 ml of normal saline solution (with concentration of
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0.9 %) at the volume ratio of 4:5. The pristine graphene

and G-NH2 were washed three times by normal saline and

immersed into 5 ml normal saline. 0.1 ml diluted blood

was successively added into the solution of all groups,

gently shaken for uniformity and kept in water bath at

37 ± 1 �C for 60 min. The liquid was removed by cen-

trifugation at rotational speed of 1000 rmp for 10 min. The

absorbance value of supernatant was measured at wave-

length of 545 nm with a spectrophotometer. The mean

value of three measurements was calculated. Positive

control group consisted of 0.1 ml diluted blood in 5 ml tri-

distilled water while negative control group consisted of

0.1 ml diluted blood in 5 ml normal saline solution. The

optical density (O.D.) was related to the concentration of

free hemoglobin in the supernatant due to broken red blood

cells. Hemolysis degree was calculated as:

Hemolytic rate (%) ¼ A � B

C � B
� 100 %

where A is the absorbance of samples; B and C are the

absorbance of the negative and positive groups. According

to the YY/T0127.1 standard, a hemolytic rate below 5 % is

acceptable in clinical.

2.5 Kinetic blood-clotting time assays

0.1 ml fresh blood taken from a healthy adult rabbit was

dropped onto the surface of the samples. After being kept

for 5, 10, 20, 30, 40, 50 min respectively, the samples were

transferred into a beaker with 50 ml distilled water. Then

the escaped erythrocytes from thrombus were hemolytic,

and the freed hemoglobin was dispersed in the solution.

The concentration of freed hemoglobin in the solution was

colorimetric analyzed by a spectrophotometer at the

wavelength of 540 nm. The optical density at 540 nm

(O.D.540 nm) of the solution vs. time was plotted. In gen-

eral, the O.D.540 nm value decreases with blood clotting.

3 Results and discussion

3.1 Characterization of graphene systems

The TEM images in Fig. 1 reveal that compared with

pristine graphene, G-NH2 consists of randomly aggregated

thin sheets that are closely associated, forming a porous

and disordered network. It is obviously that G-NH2 with

the fluency of 1 9 1016 ions/cm2 is more porous than

G-NH2 with 5 9 1014 ions/cm2. This suggests that G-NH2

could be well dispersed in water and N methyl pyrrolidne

(NMP) with better solubility than pristine graphene, which

is consistent with the contact angle (CA) of substrates

evaluated by the sessile drop method (inset of Fig. 1). The

CA value reduces to 58.58� for G-NH2 from 89.54� for

pristine graphene, and decreases with fluency increasing.

The polydispersibility of G-NH2 in water and several

organic solvents should be related to the hydrophilicity of

N-containing functional groups, which makes G-NH2 an

ideal candidate for biomedical applications. Hydrophilic

surface promotes fibronectin adsorption which is consistent

with cell proliferation, migration, differentiation and

apoptosis. Nonwetting substrates with low surface energies

have been reported to result in protein denaturation,

exposing the inner hydrophobic residues of proteins and

preventing specific interactions between the adsorbed

protein and cells [38, 39].

The FTIR spectra of pristine graphene and G-NH2

(Fig. 2a) demonstrate the presence of C–C (VC–C at

Fig. 1 Water contact angle images of pristine graphene (a), G-NH2 with fluency of 5 9 1014 (b) and 1 9 1016 ions/cm2 (c); TEM images of

pristine graphene (d), G-NH2 with fluency of 5 9 1014 (e) and 1 9 1016 ions/cm2 (f)
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1111 cm-1) and C–O (VC–O at 778 cm-1). When the flu-

ency is 5 9 1014 ions/cm2, there is no change from the

FTIR spectra for G-NH2. As the fluency increase to

1 9 1016 ions/cm2, there appears a new band at

1258 cm-1, corresponding to C–N in-plane stretching,

which may be attributed to the successful introduction of

nitrogen by NH2 ion implantation. XPS was performed to

analyze both the chemical state and atomic ratio of each

element in pristine graphene and G-NH2 (Fig. 2b–d). The

survey XPS spectra of G-NH2 show intensified nitrogen

peak at 285.5 eV and decreased oxygen peak at 286.7 eV

as compared to that of pristine graphene, so far as to the

oxygen peak disappears at 1 9 1016 ions/cm2. The atomic

ratio of C: O for G-NH2 is *10.9, which is much higher

than that of pristine graphene (*4.8). The increase of C to

oxygen atomic ratio indicates the de-oxygenation or

reduction of graphene during the NH2 ion implantation.

More importantly, the XPS study shows that the molar ratio

of carbon to nitrogen could be enhanced by NH2 ion

implantation, and the increase of the C=N peak intensity

with the increase of the ion implantation dosage.

3.2 Cell viability and morphology

This assay is based on the principle of dye exclusion to

differentiate between living, and dead cells. Living cells

with intact cell membranes prevent the trypan blue dye

from entering them. Whereas, dead cells with compro-

mised leaky cell membranes allow the dye to pass through.

This allows dead cells stained by the dye to be visualized

under an optical microscope. Figure 3a, b shows L929 cell

and EAHY926 cell mean numbers on the surface of sam-

ples with incubation days. Each value in this figure rep-

resents the mean ± SD for five measurements. Each

experiment is performed three times. It is clearly that the

cell concentrations on pristine graphene increase gradually

despite lower cell adhesion originally. 5 days latter, a large

number of dead cells appear, which lead L929 cell growth

curve to decline gradually and EAHY926 cells almost stop

proliferation. However, the cell concentration on G-NH2

sustains increasing from 1 to 7 days, and exceeds that on

pristine graphene at 7 days, especially for EAHY926 cells.

L929 cells adhered on G-NH2 with fluency of

1 9 1016 ions/cm2 has the largest numbers and fastest

growth trend. EAHY926 cell on G-NH2 at 1 9 1016 ions/

cm2 maintains rapid growth trend despite lower numbers,

while EAHY926 cell growth line of G-NH2 with fluency of

5 9 1014 ions/cm2 is on a declining curve, indicating that

graphene provides a better growth environment for cell

viability after NH2 ion implantation. From 1 to 3 days, no

dead cells are observed under the optical microscope about

all the samples. After incubated for 5 days, the percentage

Fig. 2 FTIR spectra obtained

from pristine graphene and

G-NH2 with difference fluencies

(a); XPS C1s spectra of pristine

graphene (b), G-NH2 with

fluency of 5 9 1014 (c) and

1 9 1016 ions/cm2 (d)
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of the dead cell numbers from G-NH2 is lower than 8 %,

whereas the percentage of the dead cell numbers from

pristine graphene is over 15 %. This indicates the signifi-

cant contributions of nitrogen functional groups to cellular

tissues and the voile-like structure consisting of randomly

crumpled sheets, which offers a much larger substrate area

for cell growth and proliferation.

Figure 3c–g shows the SEM images of L929 and

EAHY926 cells adhered on the surfaces of graphene and

G-NH2 after 3 days incubation. Compared with irregular,

spindly cells on the surface of pristine graphene detach

from culture plates and display morphological changes

characteristic of apoptosis, typical applanate cells adhered

to the surface of G-NH2 has the tendency to attach to the

substrate and intersect with each other, what’s more, the

cells adhered on G-NH2 with fluency of 1 9 1016 ions/cm2

completely extend, indicating a significant improvement

of cell adhesion. This result demonstrates that NH2 ion

Fig. 3 L929 (a) and EAHY926

(b) cell numbers on different

surfaces; SEM images of L929

cells on pristine grapheme (c),

G-NH2 with fluency of 5 9 1014

(e) and 1 9 1016 ions/cm2 (h),

SEM images of EAHY926 cells

on pristine grapheme (d),

G-NH2 with fluency of

5 9 1014 (f) and 1 9 1016 ions/

cm2 (g)
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implanted graphene can provide a proper surface for

normal cellular growth. This is possibly because non-

specific binding between nitrogen in the functionalized

graphene and cell-surface proteins enhances cell adhesion

and growth [40]. Surface chemistry as well as topo-

graphical parameters such as roughness and texture can

affect surface wettability and the proliferation of cells

because the initial phase of attachment involves the

physicochemical linkages between cells and surfaces

through interfaces or indirectly through an alteration in

the adsorption of conditioning molecules e.g. proteins

[41]. Surface charge distribution is another important

regulator of the physical interface between nanomaterials

and biological system. There have been recent reports

suggestive of a correlation between the degree of func-

tionalization or defects on carbon-based nanomaterials

and ensuing cytotoxicity [42–44]. As direct interaction

between nanomaterials and cells modulates critical cell

signaling pathways and contributes to observed toxicity,

positively charged modification of G-NH2 induced by

NH2 ion implantation with ensuing diminished effect on

nanomaterial-cell interaction can bring about significant

attenuation in toxicity.

3.3 Platelet adhesion, hemolysis, and kinetic-clotting

time

Platelet adhesion is one of the intuitive methods to measure

the blood compatibility of biomaterials. Figure 4a–c

clearly show the SEM images of platelet adhesion on dif-

ferent substrates. As expected, there are a lot of platelets

adhering and aggregating with extended pseudopodia on

the pristine graphene. However, when the NH2 ions are

implanted on the graphene with different fluencies, there

are only a few platelets adhered on the G-NH2 although

they have similar deformation and activation to ones on

pristine graphene. Compared with the pristine graphene,

although the G-NH2 surfaces may not support significant

platelet adhesion, they could potentially still activate

platelets. Platelets undergo a dramatic change in shape

upon activation, platelet–platelet contact and adhesion are

promoted, leading to the release of their intracellular

granular contents, including P-selectin. Platelet pseudopo-

dium and aggregation are marks of platelet activation and

are considered to be a major mechanism of thrombosis

[45]. We infer that, despite sharing strikingly similar

structural morphology with pristine graphene, G-NH2 at

Fig. 4 SEM images of the platelets on pristine graphene (a), G-NH2 with fluency of 5 9 1014 (b) and 1 9 1016 ions/cm2 (c); Hemolytic rates

(d) and O.D.540 nm values versus blood-clotting time (e) of different samples
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different fluencies does not induce platelets adhesion, and

has low demonstrable thrombogenecity.

Hemolysis is a common test for evaluating blood com-

patibility of biomaterials. All samples, with lower hemo-

lysis degree compared to the YY/T0127.1 standard 5 %,

can be considered nonhemolytic. Figure 4d shows the

hemolytic-rate results of pristine graphene and G-NH2. It is

clearly that both G-NH2 show higher hemolytic-rate than

pristine graphene. However, hemolytic-rate of G-NH2

decreases from 2.46 % at 5 9 1014 to 1.16 % at

1 9 1016 ions/cm2. All materials have the hemolytic rate

far lower than acceptable value of 5 %, indicating that

graphene before and after functionalization is nonhemo-

lytic. There are some potential reasons why NH2 ion

implantation induces an increase in hemolytic-rate of

graphene. The radiation damage of graphene by NH2 ion

implantation leads to the formation of some defects on the

surface, which is easy to cause red blood cell aberration,

increasing hemolytic-rate. Compared with lower fluency,

higher fluency of 1 9 1016 ions/cm2 results in hemolytic-

rate of fall. This is because that appearance of more

N-containing functional groups on the surface of G-NH2

with higher fluency, protecting red blood cells against

being broken and releasing hemoglobin, leading to a

decrease in hemolytic-rate. The O.D. of the hemolyzed

hemoglobin solution changes with time. Higher O.D. value

corresponds to better thromboresistance. When the blood is

completely clotted on the samples, the O.D.540 nm value of

the solution decreases to a steady range. Generally, blood

starts to clot at 0.1 point of O.D.540 nm value at which the

kinetic blood-clotting time on the sample surfaces is

recorded. From Fig. 4e we can see that the clotting time of

pristine graphene and G-NH2 are longer than 50 min,

revealing excellent hemocompatibility. Therefore, G-NH2

can be used as an antithrombogenic material.

4 Conclusions

This work demonstrated, for the first time, graphene could

be functionalized with NH2 ion implantation. The presence

of N-containing functional groups in graphene has been

identified by FTIR, and XPS. The resulting G-NH2 per-

formed better cytocompatibility than pristine graphene.

L929 cells and EAHY926 cells cultured on G-NH2 dis-

played higher cell-viability, proliferation, and stretching

compared with pristine graphene. The Low platelet adhe-

sion, the acceptable hemolytic rate (below 5 %), and pro-

longed kinetic blood-clotting time were also observed on

G-NH2. These results demonstrated G-NH2 is a better

biomedical material with promising future for biomaterial

industry.
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