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Nitrogen ion implanted graphene (N/graphene) was investigated for its interaction with

mouse fibroblast cells, human endothelial cells and rabbit blood. The results showed that

cells cultured on N/graphene displayed increased cell-viability, proliferation, and stretching

when compared to those cultured on pristine graphene. An clinical acceptable hemolytic

rate (below 5%) and lower platelet adhesion and prolonged kinetic blood-clotting time were

also observed for N/graphene, indicating better thromboresistance than pristine graphene.

Fourier transformer infrared spectrophotometry (FTIR) and X-ray photoelectron spectros-

copy (XPS) measurements proved that N ion implantation induced introduction of N ele-

ment and appearance of N@C functional groups on N/graphene. The polarity and

electronegativity induced by N-containing functional groups on the N/graphene may be

related to the improved cytocompatibility and hemocompatibility.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene, a novel carbon-based nanomaterial, has garnered

much attention due to its remarkable physical, chemical,

and biological characteristics such as high aspect ratio, un-

ique electronic and optical properties, high mechanical

strength, as well as its potential biocompatibility. These prop-

erties render graphene as an attractive candidate for biomed-

ical applications such as biosensor development, imaging,

drug delivery, bacterial inhibition, and photothermal therapy

[1–9]. For the purposes of biomedical and clinical applications,

however, the preparation of biocompatible graphene is extre-

mely important. In this case, producing a functional graphene

becomes crucial.

Some previous works have found that the interaction be-

tween multiwalled carbon nanotubes (MWCNTs) and cells

was greatly influenced by surface functional groups [10–12].
er Ltd. All rights reserved
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Carrero-Sanchez et al. demonstrated that MWCNTs chemi-

cally doped with nitrogen (CNx MWCNTs) are more biocompat-

ible when compared with undoped MWCNTs by injecting

MWCNTs into mice [10]. Elias et al. took additional biocompat-

ibility tests and supported above results. Their work proved

that the validated CNx MWCNTs were not only innocuous to

amoebas but also proliferated in long periods of time and high-

er CNx concentrations whereas MWCNTs were lethal [11]. It is

therefore believed that CNx MWCNTs are less harmful than

MWNTs and might be more advantageous for bioapplications

[11]. In our previous work [12], the improved hemocompatibil-

ity and cytocompatibility were also observed in N-doped

MWCNTs when compared with pristine MWCNTs using chem-

ical vapor deposition (CVD) method. To graphene, therefore, an

appropriate chemical or physical functionalization could also

enable it to be well-dispersed in a range of polar solvents,

especially water [13,14]. Graphene oxide and functionalized
.
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graphene induced by chemical technique have been recently

shown to be cytocompatibility for human fibroblast cells and

thrombo-protective [15,16]. However, new impurity might be

introduced during chemical doping.

Ion implantation is one of the most powerful physical

techniques for the surface modification of solids. This tech-

nique has many advantages in applications. In addition to

the technological simplicity and cleanliness, it modifies only

the surface characteristics without affecting bulk properties

[17]. It has been applied to the surface modification of poly-

mers in order to control conductivity as well as, mechanical,

physical and chemical properties [18–22]. Therefore, if a bio-

material with the desired bulk properties does not exhibit

the appropriate biocompatibility, its surface can be modified

by ion implantation. To date, N ion implanted graphene

(N/graphene) has not been studied for cytocompatibility and

hemocompatibility.

In this work, we report, for the first time that positively

charged N/graphene is more biocompatible than pristine

graphene. Compared with pristine graphene, N/graphene re-

strains better cytocompatibility for mouse fibroblast cells

(L929) and human endothelial cells (EAHY926) and better

hemocompatibility for red blood cells, platelets, and blood-

clotting times. Thus, N/graphene can be an excellent candi-

date material for potential biomedical applications in various

areas such as imaging, drug delivery, as well as photothermal

therapy.

2. Experimental details

2.1. Preparation of samples and characteristic analysis

Graphene powder prepared by modified Hummers’ method

was dissolved in 1-Methy-2-Pyrrolidinone (NMP) with ultra-

sonic dispersion for 6 h [23]. The solution was then directly

sprayed onto the cycloidal SiO2 substrates using air brush pis-

tol at 100 �C. Finally, the samples were heated in Ar at 250 �C
for 3 h to evaporate NMP. N ion implantation on graphene sur-

face was performed using a BNU-400 kV implanter at room tem-

perature at an energy of 30 keV with a dose of 5 · 1016 ions/cm2.

Static water contact angles (CA) on pristine graphene and N/

graphene were determined using the CAM KSV021733 optical

contact-angle inclinometer (Nunc, Finland). High-resolution

transmission electron microscopy (HR-TEM) was employed

to examine crystallinity and quality of pristine graphene

and N/graphene samples. N-containing functional groups

and N content of N/graphene was determined by MAGNA-

560 fourier transformer infrared (FTIR) spectrophotometer

(Nicolet) and Kratos Axis Ultra Al (alpha) X-ray photoelectron

spectroscopy (XPS).

2.2. Cell adhesion assays

Biocompatibility assessment of pristine graphene and

N/graphene was addressed by culture of the L929 cell line

and EAHY926 cell line, which are commonly used to assess

cytocompatibility of materials for cell growth, and has been

used previously in biocompatibility testing of carbon nano-

tubes [12]. L929 cells and EAHY926 cells were respectively

cultured in Roswell Park Memorial Institute-1640 and
Dulbecco’s Modified Eagle Medium High Glucose supple-

mented 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 where the medium was replaced every

2 days. Equal numbers of cells (the inoculum density of

EAHY926 and L929 cells were respectively 5 · 104 cells/ml

and 1 · 104 cells/ml) were placed in 24 well cell culture plates

with the samples. Sterilized samples were incubated with

cells in individual wells for 1, 1.5, 2, 3, 5, and 7 days. Cell num-

bers, after different incubation days, were counted through

optical microscopy while trypan blue dye assay was employed

to confirm cell viability. Cell morphology and stretching on

pristine graphene and N/graphene was observed through

the 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 plate-

lets on the surfaces of pristine graphene and N/graphene.

Fresh blood from healthy rabbit with potassium oxalate as

anticoagulant was centrifuged at 1000 r/min about 15 min to

prepare Platelets Rich Plasma (PRP). All the samples (includ-

ing pristine graphene and N/graphene) were placed in the

24-well culture plates and immersed in PRP, after contact with

samples at 37 �C for 30 min in water bath. All the samples

were fixed in glutaraldehyde and critical-point dry for exam-

ination of SEM.
2.4. Hemolysis assays

The diluted blood was obtained by mixing the anticoagulant

blood (with 2% potassium oxalate) and normal saline at a vol-

ume ratio of 4:5. The pristine graphene and N/graphene were

washed three times with normal saline and immersed into

5 ml of normal saline at 37 ± 1 �C for 30 min. 5 ml pure normal

saline and pure distilled water (H2O) were used as negative

and positive group respectively. 0.1 ml distilled blood was suc-

cessively injected into the solution of all groups, gently sha-

ken for uniformity and maintained in a water bath at

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

at a rotational speed of 1000 r/min for 10 min. The absorbance

value of upper solution was measured at a wavelength of

540 nm with a spectrophotometer. The optical density (O.D.)

is related to the concentration of free hemoglobin in the

supernatant due to broken red blood cells. The hemolysis ra-

tio is calculated by the formula:

Hemolytic rateð%Þ ¼ A� B
C� B

� 100%

where A, B and C respectively stand for the O.D. values of

measured samples, the negative control group (normal sal-

ine), and the positive control group (H2O).

2.5. Kinetic blood-clotting time assays

0.1 ml fresh blood taken from a healthy adult rabbit

was dropped onto the surface of pristine graphene and

N/graphene. After being kept for 5 min, 10 min, 20 min,

30 min, 40 min, 50 min respectively, the samples were trans-
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ferred into a beaker and 50 ml distilled water was added into

the beaker. 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 colorimetrically measured by a spectrophotome-

ter at a wavelength of 540 nm. The O.D. at 540 nm (O.D.540 nm ) of

the solution vs. time was plotted. Generally O.D.540 nm 540 nm

value decreases with blood clotting.

3. Results and discussion

HR-TEM images of pristine graphene and N/graphene are

shown in Fig. 1a and b. Compared with pristine graphene,

N/graphene displays the planar graphene clearly, indicating

that N ion implantation results in higher surface/volume ra-

tio. The contact angles of pristine graphene and N/graphene

are 89.54 ± 2� and 81.48 ± 2� respectively. A slight improve-

ment in wettability for N/graphene may be related to appear-

ance of N-containing polar groups caused by N ion

implantation, which will be proved by following measure-

ments. Wettable surfaces can promote fibronectin adsorption

which is consistent with cell proliferation, migration, differ-

entiation and apoptosis. Otherwise, nonwettable surfaces

with low surface energy can result in protein denaturation.

Whereas the inner hydrophobic residues of proteins in turn

prevents specific interactions to occur between the adsorbed

protein and cells [24,25]. So, a slight increase in wettability

is beneficial to cell adhesion and growth for N/graphene.

Furthermore, analysis of binding energy (BE) values in XPS

spectra of C1s (Fig. 2b and c) indicates further evidence of the

existence of the unique C@N functional groups induced by N

ion implantation. The pristine graphene and N/graphene are

further characterized by the appearance of several spectral

peaks: C–C and/or C@C at 284.7 eV, C@N at 285.7 eV and

C@O 288.2 eV. It is obviously that the peak of C@N increases

after N ion implantation, as N content increases from

0.91 atm.% to 2.31 atm.%. Whereas the disappearance of

C@O peak after N ion implantation reveals the cleavage of

some pendant such as O-containing groups after N ion

implantation. Based on the detailed analysis of N1s (Fig. 2d),

nitrogen peaks in the spectrum of N/graphene are observed

at BE = 398.1 eV for pyridinic N, BE = 399.9 eV for pyrrolic N

and BE = 401.3 eV for quaternary N [26]. The presence of these
Fig. 1 – HR-TEM images of pristine graphene (a) and N/graphene (

groups caused by N ion implantation (Fig. 2a). C–C bonds are obs

and N/graphene. However a unique C@N bond appeals in N/grap

implantation successfully introduces N-containing functional g
different types of nitrogen in graphitic network is possible to

activate the growth and proliferation of cells. It is also less

injurious to living organism. We believe that N-containing

functional group on the surface induced by N ion implanta-

tion is the main reason for the improved biocompatibility

for N/graphene when compared with pristine graphene.

Due to the novelty of N/graphene, its biocompatibility is

relatively unknown. Vitro cell culture is conducted in order

to determine its cytocompatibility. L929 cell lines are selected

based on recommendations outlined by the International

Standard Organization (ISO) committee as an in vitro biocom-

patibility test model [27]. The number of alive L929 cells that

are exposed to N/graphene and pristine graphene with incu-

bation time is summarized in Fig. 3. Each value in this figure

represents the mean ± SD for five measurements. Each exper-

iment is performed three times. From 1 to 5 days, the concen-

tration of cells on pristine graphene increases gradually. After

5 days, however, the cell numbers steadily reduce. In contrast,

the cell concentration on N/graphene consistently increases

until 7th day. At the 7th day, L929 cell numbers on N/graphene

outdistance that on pristine graphene. After 7 days, the cell

apoptosis starts. This indicates that the cell apoptosis on

N/graphene delays two days compared to that on pristine

graphene. At the 9th day, the majority of cells are apoptosis

due to the growth of limited space. This indicates that N ion

implantation leads graphene to provide a better growth envi-

ronment for cell viability than pristine graphene. From 1 to

3 days, no dead cells are observed under optical microscope

for both samples. After 5 days incubation, the percentage of

the dead cell numbers from N/graphene is lower than 10%,

whereas the percentage of the dead cell numbers from pris-

tine graphene is up to 18%. This implies the significant contri-

butions of N-containing functional groups to cellular tissues

and the voile-like structures consisting of randomly crumpled

sheets, which offers polar surface and larger substrate area

for cell growth and proliferation.

Cytocompatibility assessment of pristine graphene and

N/graphene is also addressed by culture of the human endo-

thelial cells (EAHY926). To investigate EAHY926 cells viability

on the samples, the cell number on pristine graphene and

N/graphene are counted after 1–7 days of incubation, as

shown in Fig. 4. The cell growth shows a slow increase across

the 7 day period for pristine graphene. Compared with the
b) FTIR is performed to analyze the changes of the functional

erved at the wave number of 1110 cm�1 for pristine graphene

hene at the wave number of 1260 cm�1, indicating that N ion

roups to the surface of graphene.



Fig. 2 – FTIR spectra obtained from pristine graphene and N/graphene (a); XPS C1s spectra of pristine graphene (b) and N/

graphene (c); N1s spectrum of N-graphene (d) with N1 (pyrole-like N), N2 (quaternary N), and N3 (pyridine-like N).

Fig. 3 – L929 fibroblast cell numbers on the surfaces of

pristine graphene and N/graphene.

Fig. 4 – EAHY926 endothelial cell numbers on the surfaces of

pristine graphene and N/graphene.
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low number and low viability of the cells on pristine graph-

ene, N/graphene displays high cell number and rapid prolifer-

ation. These results provide further evidence for the

enhanced cytocompatibility of N/graphene.

The morphologies of L929 cells and EAHY926 cells on the

surfaces of pristine graphene and N/graphene after 48 h of

incubation are showed by SEM in Figs. 5 and 6. It is obvious

that cells on the surface of pristine graphene for 48 h of incu-

bation (Figs. 5a and 6a) show irregular, spindly, detaching

from culture plates. Figs. 5c and 6c further indicate that

L929 and EAHY926 cell surfaces are covered a layer of

secretion, which might be due to the mutation and coalescence
of the membrane protein induced by cellular metabolism and

apoptosis [28,29]. Whereas cells adhered to the surface of the

N/graphene (Figs. 5b and 6b) reveal typical applanate states

and have a significant tendency to attach to the substrate

and intersect with pseudopod. The cell size on N/graphene

is larger than one on pristine graphene. The cells completely

extend and occupy the entire visual area, indicating a signif-

icant improvement in cell attachment and growth on N/

graphene. Figs. 5d and 6d further show that the cells spread

obviously and form visible lamellipodia, indicating cell

growth becomes faster as incubation time.

This result demonstrates that the N/graphene can provide

a proper surface for normal cellular attachment and growth.



Fig. 5 – SEM images of L929 fibroblast cells on pristine graphene (a, c) and N/graphene (b, d).

Fig. 6 – SEM images of EAHY926 endothelial cells on pristine graphene (a, c) and N/graphene (b, d).
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A possible mechanism is due to nonspecific binding that oc-

curs between nitrogen in N-containing functional groups on
N/graphene and cell-surface proteins enhance cell adhesion

and growth. The ability of cells adhesion on substrates de-



Fig. 7 – SEM images of the platelets on pristine graphene (a) and N/graphene (b).
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pends on the interaction of adsorbed proteins from the cul-

ture medium and the receptors on the cell surface. Thus, po-

lar functional groups of N/graphene act as a site for the cell

growth. N ion implantation leads to polarization of N/graph-

ene owing to the difference in electronegativity between car-

bon and nitrogen. The polarization as well as unsaturated

degree of N bonds promotes protein attachment on the mate-

rial’s surface, improving cytocompatibility.

Surface wettability is affected not only by surface chemis-

try but also by topographical parameters such as roughness

and texture. These characteristics may affect the proliferation

of cells due to an initial phase of attachment that involves a

physicochemical linkage to occur between cells and surfaces

either through interfaces or indirectly through an alteration

in the adsorption of conditioning molecules such as proteins

[30]. As direct interaction between nanomaterials and cells

modulates critical cell signalling pathways and contributes

to observed toxicity, N ion implantation results in the modifi-

cation of surface charge with ensuing diminished effect on

nanomaterial-cell interaction and can bring about significant

attenuation in toxicity.

Platelet activation plays a critical role in thrombus cascade

reactions. Monitoring of the platelet behavior is a common
Fig. 8 – Hemolytic rates of pristine graphene and

N/graphene. The inset A, B, C, D are the supernatants

containing the positive group (H2O), pristine graphene,

N/graphene, and the negative control group (normal saline).
hemocompatibility evaluation method. The SEM images of

platelets adhering onto surfaces of the substrates are pre-

sented in Fig. 7. It can be seen from SEM images that slight

more platelets exists on pure graphene surface than N/graph-

ene, which indicates better anticoagulation for N/graphene.

Thrombogenicity occurring on foreign material surface in

contact with blood is a complicated process. The polar sur-

face has a positive effect on the platelet adhesion and activa-

tion. Therefore, the existence of N-containing functional

groups induced by N ion implantation leads N/graphene to

polarity and high electronegativity, which should be responsi-

ble for enhanced thromboresistance.

Optical Density is often related to the concentration of free

hemoglobin in the supernatant due to broken red blood cells.

In this assay centrifugation of the positive group (H2O) results

in a red supernatant (inset A in Fig. 8) due to a large amount of

hemoglobin released from broken red blood cells as a conse-

quence of osmotic shock. However, pure graphene and

N-graphene (inset B, C in Fig. 8) show transparent superna-

tants like the negative control group (inset D in Fig. 8), be-

cause most of red blood cells are undamaged and settled

down to the bottom of the tube.

Fig. 8 shows the hemolytic-rate results of pristine graph-

ene and N/graphene. Both samples have a hemolytic rate
Fig. 9 – The O.D.540 nm values of pristine graphene and

N/graphene vs. blood-clotting time.
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far lower than the YY/T0127.1 standard or clinical acceptable

value of 5% [31,32], indicating that graphene before and after

functionalization are nonhemolytic.

The O.D. of the hemolyzed hemoglobin solution changes

with time. The higher the optical density, the better the

thromboresistance is. When the blood is completely clotted

on the sample, the O.D.540 nm value of the solution decreases

to a steady range. Generally, blood start to clot occurs at

O.D.540 nm of 0.1 value at which the kinetic blood-clotting time

on the sample surfaces is recorded. From Fig. 9, it is clear that

the curve of optical density vs. the clotting time for N/graphene

is always upper that for pristine graphene, which implies that

N/graphene has slight better the thromboresistance than

pristine graphene.

4. Conclusions

Functionalization of graphene is successfully attained by N ion

implantation while microstructure and bonding are systemat-

ically investigated. The cytocompatibility and hemocompati-

bility of pristine graphene and N/graphene are investigated

and compared in detail. L929 and EAHY926 cells are adhered

onto pristine graphene and N/graphene to form an expanding

population of polygonal cells. N/graphene exhibits higher cell-

adhesion strength, cell viability, cell proliferation and cell

stretching. No obvious toxicity is observed on N/graphene.

The blood assays also indicate that N/graphene has slightly

lower platelet adhesion and prolonged kinetic blood-clotting

time than pristine graphene. The existence of N-containing

functional groups induced by N ion implantation produces

high polarity and electronegativity, which might be main rea-

sons for enhanced cytocompatibility and hemocompatibility.

The improved biocompatibility of N/graphene remains a chal-

lenge for use of this novel material in biomedical application.

Further work will focus on investigating the possible mecha-

nism of interaction between N/graphene and cells and protein.
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