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A B S T R A C T

The cytocompatibility and hemocompatibility of multiwalled carbon nanotubes and

N-doped multiwalled carbon nanotubes grown on carbon papers by chemical vapor depo-

sition were investigated. These materials were characterized using contact-angle measure-

ments, cell- and platelet-adhesion assays, and hemolytic-rate testing, revealing significant

effects of nitrogen doping in carbon nanotubes. The results showed that mouse fibroblast

cells and mouse adipose-derived stem cells cultured on N-doped multiwalled carbon nano-

tubes displayed the higher cell-adhesion strength, viability, proliferation, and stretching

than those on multiwalled carbon nanotubes without N doping and carbon paper, indicat-

ing that N-doped multiwalled carbon nanotubes possessed good cytocompatibility. No

toxicity reactions were observed during the culturing period. It also displayed the lowest

hemolytic rate.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) are well-ordered, all-carbon, hollow

graphitic nanomaterials with a high aspect ratio, lengths

ranging from several hundred nanometers to several microm-

eters and diameters ranging from 0.4 to 2 nm for single-

walled CNTs (SWCNTs) to hundreds of nanometers for

coaxial multiwalled CNTs (MWCNTs) [1–3]. Bioapplications

of CNTs have been predicted and explored since the discovery

of these one-dimensional carbon allotropes. Owing to their

unique properties and potential applications in a variety of

biomedical and biological systems and devices, significant

progress has been made in overcoming several fundamental

and technical barriers to bioapplication, in particular, barriers

associated with the aqueous solubility and biocompatibility of

CNTs and the design and fabrication of prototype biosensors

[4–6].
er Ltd. All rights reserved
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Recently, the investigation of CNTs in biomedical applica-

tions has focused primarily on preventing nonspecific protein

adsorption [7,8] and identifying particular proteins [9] by sur-

face modification, as well as on promoting cell growth as a

culture medium by utilizing the uniquely individual shapes

and electrical properties of CNTs [10]. The advantages of

CNTs include lower toxicity and their ability to maintain their

intrinsic cytoimmunity function [11–13].

The modification of CNTs by the inclusion of nitrogen has

been suggested to have positive effects on their biocompati-

bility and structural properties; however, despite promising

studies of CNTs for biomedical applications, N-doped

multiple-walled CNTs (N-MWCNTs) have not been used in

biomedical studies to date. N-MWCNTs consist mainly of

carbon and nitrogen, with minor amounts of hydrogen and

oxygen. Like CNX [14–18], N-MWCNTs should be an excellent

candidate for applications as biocompatible materials in
.
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biomedical implants because of their desirable properties,

such as high chemical stability and a chemical composition

that includes only elements that are biologically compatible

and found in living tissue, implying that N-MWCNTs may

possess excellent biocompatibility. However, there have been

few studies on the biocompatibility of N-MWCNTs, especially

in hemocompatibility investigations (e.g., hemolysis, platelet-

adsorption, and cell-adhesion assays) in the current litera-

ture. Additional investigations of cell adhesion, growth,

blood–protein adsorption, and toxic effects on animals are

needed. The aim of this work was to compare the biocompat-

ibilities of MWCNTs and N-MWCNTs by investigating hemo-

lysis, platelet adsorption and cell adhesion in cultures with

both materials.

2. Experimental details

2.1. Preparation of MWCNTs and nitrogen-doped
MWCNTs

The syntheses of MWCNTs and N-MWCNTs were carried out

using a chemical vapor deposition (CVD) system that has

three main components: an aerosol generator, a modified

quartz chamber placed in a furnace and, a gas trap for the

exhausting gases. The method is based on the decomposition

of an aerosol consisting of a liquid hydrocarbon source and a

volatile catalyst for MWCNT formation. First, a 30 nm Al layer

was sputtered onto carbon paper, which was loaded into a

ceramic boat and placed inside the chamber. There were

three argon inlets and one hydrogen inlet in this system;

one argon inlet allows this carrier gas to flow through the

hydrocarbon solution and deliver it as an aerosol into the

reaction chamber. Two additional argon inlets enable the dilu-

tion of the aerosol mixture. Hydrogen is also introduced into

the reaction chamber from a hydrogen inlet. The solution

used as the carbon feedstock is placed inside a sonication

generator and held at room temperature by cooling water dur-

ing the synthesis. Here, m-xylene was used as the carbon

feedstock for the growth of N-MWCNTs, and acetonitrile

was used as the combined carbon and nitrogen feedstock

for the growth of N-MWCNTs. The thickness of MWCNTs or

N-MWCNTs substrates was roughly 50–70 lm.

2.2. Cell-adhesion assays

Mouse fibroblast cells (L929) and mouse adipose-derived stem

cells (ADSCs) were used to investigate the cytocompatibilities

of MWCNTs, N-MWCNTs and carbon paper. The mouse ADS-

Cs were isolated from the inguinal fat pad of 300–600 g guinea

pigs in an aseptic environment. Freshly isolated ADSCs were

carefully washed with the same volume of phosphate buffer

to remove the blood and large vessels. An equal volume of

0.075% collagenase I solution was added, and the cells were

digested for 90 min with slight shaking. The ADSCs were cul-

tured in essential medium with a low-glucose Dulbecco’s

Modified Eagle’s Medium (DMEM) supplemented with 10% fe-

tal calf serum, 1% penicillin (10,000 units/ml) and 1% strepto-

mycin solution (10,000 lg/ml). Finally, a single-cell suspension

was prepared by centrifuging the cultures twice at 1300 rpm
for 15 min. The mouse fibroblast cells L929 were cultured in

essential medium with DMEM supplemented with 10% fetal

calf serum, 1% penicillin and 1% streptomycin solution (Hy-

clone shv30010).

The two types of cells prepared above were both grown as

monolayers in 24-well culture plates with and without mate-

rials of carbon papers, MWCNTs and N-MWCNTs at 37 �C un-

der 5% CO2/95% air, and the medium was changed every

2 days. After 1–7 days in the incubator (culture intervals of

1, 1.5, 2, 3, 5, and 7 days), the medium was removed and the

cell monolayer was washed several times with PBS and then

fixed in methanol for enumeration. Trypan blue dye assay

was used to count alive and dead cell numbers after different

incubation days in order to confirm the viability of both cells.

ADSCs and L929 cells in 24-well culture plates without mate-

rials were used as the control group. Each sample contained

at least 1 · 104 unfixed ADSCs cells, and the inoculum density

of mouse fibroblast cells was 2 · 104 cells/ml. Before both cells

seeding on the materials, the percentage of the alive cell

numbers was over 95%.

2.3. Platelet-adhesion and hemolytic-rate experiments

Platelet-adhesion testing was performed to investigate the

morphology, quantity and aggregation of the adherent plate-

lets on the surfaces of the materials. Anticoagulated blood

was prepared from 20 ml healthy rabbit blood plus 1 ml 2%

potassium oxalate. Anticoagulated blood solution was ob-

tained by adding 10 ml normal saline (NS) to 8 ml anticoagu-

lated blood. A 5 cm2 piece of carbon paper, MWCNTs or

N-MWCNTs samples were placed in each Erlenmeyer flask

in the sample group and washed three times with NS. The

same numbers of Erlenmeyer flasks with either 5 ml NS or

distilled water was used as negative and positive control

groups, respectively. After heating in water bath at 37 ± 1 �C
for 30 min, 0.05 ml of anticoagulated blood solution was

injected into the flasks of all three groups, which were then

shaken and heated to 37 ± 1 �C for 60 min. The supernatant

was removed by 15 min centrifugation, and the optical

density (OD) at 545 nm was measured with a spectrophotom-

eter. OD values were related to the concentration of free

hemoglobin in the supernatant due to broken red blood cells.

Two pieces of carbon paper, two pieces of MWCNTs and

two pieces of N-MWCNTs with identical areas of 1 cm2 were

placed in 24-well culture plates as sample groups. One hun-

dred and forty glass balls 0.5 mm in diameter (the total sur-

faces area of 140 glass balls were about 1 cm2), with and

without a coating of methylsilicone oil, were placed in the

24-well culture plates as negative and positive control groups,

respectively. The thickness of methylsilicone oil was roughly

dozens of micron. Healthy rabbit blood was placed into con-

tact with all three groups. After 15–60 s of contact, blood sam-

ples were removed from the 24-well culture plates and then

blended with 1% ethylenediamine tetraacetic acid (EDTA) at

9:1; a platelet-preservative solution was then added to pre-

vent blood coagulation. After diluted using mixture of EDTA

and platelet-preservative solution, the blood samples were

dropped on the blood cell counting plate to count platelet

numbers for identifying the platelet adhesion of three groups.
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2.4. Contact-angle, SEM, XPS, and TEM analysis

A CAM 200 optical contact-angle inclinometer (Nunc, Finland)

was used to measure the contact angle of the samples. Here,

20 ll of distilled water was dropped onto the material sur-

faces, and the contact angle was then determined using the

dedicated software.

The morphology of the MWCNTs and N-MWCNTs was

examined with a field-emission scanning electron micro-

scope (FESEM, Hitachi S-4800 or Quanta 200) operated at

5.0 kV. The scanning electron microscope (SEM), combined

with an optical microscope, was also employed to observe cell

or platelet morphology and stretching on the surfaces of the

carbon paper, MWCNTs, and N-MWCNTs. The detailed mor-

phologies and incorporated nitrogen concentrations of the

MWCNTs and N-MWCNTs were characterized using a Philips

CM10 transmission electron microscope (TEM) operated at

80 kV and a Kratos Axis Ultra Al (alpha) X-ray photoelectron

spectroscope (XPS) operated at 14 kV.

3. Results and discussion

3.1. Morphological and nitrogen atomic concentrations of
the carbon paper, MWCNTs, and N-MWCNTs

Fig. 1a–c shows SEM images of the carbon paper, MWCNTs

and N-MWCNTs, respectively. From Fig. 1b and c, it can be

seen that the carbon fibers are completely covered by nano-

tubes at high density.

HRTEM images of MWCNTs and N-MWCNTs are shown in

Fig. 2. The tubular structure of these two samples is seen in
Fig. 1 – SEM images of (a) carbon pap
these figures. Their outer diameters are approximately 30–

40 nm, and the wall thicknesses are both around 10 nm.

Amorphous carbon is observed on the surfaces of both types

of nanotubes (shown by black arrows). It can be seen that the

graphite layers of the MWCNTs are generally parallel to each

other with small curvature, while N-MWCNTs shows a

bamboo-like structure, in which a interlinks are observed

within the tubes (shown by white arrow). The crystallinity

decrease when nitrogen atoms were doped into the tubes

which was discussed in detail elsewhere [19]. The N atomic con-

centration present in the N-MWCNTs was estimated from the

peak-area ratio of the nitrogen and carbon peaks in the XPS

spectrum, which has been discussed in detail previously [19].

3.2. Contact-angle measurements

Table 1 shows the results of water-contact-angle testing. Gen-

erally speaking, where a contact angle is larger than 65�, this

kind of surface is defined as hydrophobic. Table 1 indicates

that the water-contact angles of all the three materials were

larger than 125�, evidencing their hydrophobic properties.

The N-MWCNTs displayed slightly higher hydrophobicity

than the MWCNTs.

3.3. Cellular morphology and viability of mouse-fibroblast
cells and ADSCs

Before any material is used for medical purposes, it must pass

a series of tests in terms of its biocompatibility. In vitro cell

culture in controlled conditions is one of the most often-used

methods. In this work, we chose mouse-fibroblast cells for
er, (b) MWCNTs, (c) N-MWCNTs.



Fig. 2 – HRTEM images of (a) MWCNTs, (b, c) N-MWCNTs.

3128 C A R B O N 4 9 ( 2 0 1 1 ) 3 1 2 5 – 3 1 3 3
direct contact measurements and investigation of cell viability

at 1, 1.5, 2, 3, 5 and 7 days through a biological inversion micro-

scope. Trypan blue dye was used to count alive and dead cell
Table 1 – Results of water-contact-angle testing of the three
materials.

Material contact
angle (�)

Carbon
paper

MWCNTs N-MWCNTs

Height test 126.87 131.13 137.64
Angle test 126.00 131.75 138.75

Average value 126.44 131.44 138.20
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Fig. 3 – L929 mouse-fibroblast cell numbers on the surfaces

of the different materials vs. incubation time.
numbers. Fig. 3 shows alive L929 mouse-fibroblast cell num-

bers on the surfaces of the different materials with incubation

days. Each values in this figure represent the mean ± SD for

five measurements. Each experiment was performed three

times. From 1 to 3 days, the concentration of control group in-

creased gradually, but after 5 days, the cell numbers reduced

gradually. However, the cell concentrations on carbon paper,

MWCNTs and N-MWCNTs sustained increases from 1 to

7 days, despite lower cell numbers adhering to the three mate-

rials than that in the control group for the first few days. Good

cell viability on the surfaces of the three materials indicates

that the large network structure provides a better growth envi-

ronment for cell viability. From 1 to 3 days, no dead cells were

observed under the microscope about all the samples. After

7 days incubation, the percentage of the dead cell numbers

from N-MWCNTs was the lowest value of 11%, whereas the

percentage of the dead cell numbers from control group was

up to over 21%. Interestingly, among these materials, the N-

MWCNTs displayed the strongest cell viability.

This result is probably related to the contribution of nitro-

gen functional groups to cellular tissues and the three-

dimensional configuration of the N-MWCNTs, which offers

a much larger substrate area for cell growth and proliferation.

The SEM images in Fig. 4 show the morphology of mouse-

fibroblast cells fixed on the surface of carbon paper,

N-MWCNTs and MWCNTs after the incubation at different

magnifications. Compared with the irregular, spindly cells on

the carbon paper (Fig. 4a and b), typical triangular cells adhered

to the surface of the MWCNTs and N-MWCNTs (Fig. 4c–f). This



Fig. 4 – SEM images of mouse-fibroblast cells fixed on the surfaces of (a, b) carbon paper, (c, d) N-MWCNTs, and (e, f) MWCNTs.
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suggests that the MWCNTs and N-MWCNTs provide better

conditions for the cellular stretching and pseudopod spread-

ing, which may be related to their rough surfaces and three-

dimensional configurations. In general, rough surfaces can

increase the contact area of cells with the materials and pro-

mote the cell-wetting surface [20,21], enhancing cell adhe-

sion. In addition, cell-adhesion strength can also be

increased when small nicks or other microstructures exist

on a material surface, as the adhesion and growth of cells

are generally along the surface of a fiber or notch to provide

contact guidance [22–24]. Compared with carbon paper, there-

fore, the MWCNTs and N-MWCNTs possess rougher surfaces

and larger surface areas, leading to higher cell-adhesion

strengths. It is clear from Fig. 4c and e that the fibroblast cells

spread flat, completely covering the N-MWCNT surface but

not the MWCNT surface. This is possibly because nonspecific

binding between nitrogen in the N-MWCNTs and cell-surface

proteins enhanced cell adhesion and growth on the N-

MWCNTs.
Guinea-pig inguinal adipose tissue was digested by colla-

genase treatment and then the isolated ADSCs were plated

on 24-well culture plates. At the first day after plating, the

ADSCs adhered to the plastic surfaces of tissue-culture plates,

displaying a small population of polygonal or spindle shapes

(Fig. 5a). At 72 h after inoculation, the cells had propagated

and spread rapidly in vitro, significantly adhering to the sur-

face of the culture plates and extending long pseudopodia,

which were interconnected to form a homogeneous fibro-

blast-like morphology, as shown in Fig. 5b. The spindles as

well as granules around the nucleus also increased gradually,

which shows the state of ADSC division.

To investigate ADSC viability on the three materials, the

cell numbers on the carbon paper, MWCNT, and N-MWCNT

samples were counted after 1–7 days of incubation, as shown

in Fig. 6. Values in this figure represent the mean ± SD for five

measurements. Each experiment was performed three times.

It can be seen in the figure that the cell number of the control

group increased gradually from 1 to 7 days; a large number of



Fig. 5 – Optical micrographs of ADSCs (a) 24 h and (b) 72 h after inoculation.
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cells divided over time. After 5 days, the cell numbers of the

control group increased slowly. Compared with the low num-

ber and low viability of the cells on the carbon paper, high cell

numbers and rapid proliferation were observed on the

MWCNTs and N-MWCNTs. The cell growth rates were in the

following order: MWCNTs-N > MWCNTs > carbon paper.

Indeed, Fig. 6 does not show a significant difference in cell

numbers between the control group and the N-MWCNT on

day 7. Because 24-well culture plate, which was employed

as the control group and standard cell culture plate, is one

of the best materials for cell viability and proliferation, as a

comparable to 24-well culture plates in cell numbers, N-

MWCNT displays better cell viability than MWCNTs and car-

bon paper. Besides, the ADSCs implanted on the N-MWCNTs

still indicated a rapid increase trend in numbers after 7 days.

Therefore, it is providing further evidence of the good cyto-

compatibility of the N-MWCNTs.
Table 2 – Average numbers and adhesion rates of platelets on t

Material

Blank group (cell culture plate)
Negative control group (glass ball with methylsilicone oil)
Positive control group (glass ball without methylsilicone oil)
Carbon paper
N-MWCNTs
MWCNTs
3.4. Platelet-adhesion and hemolytic rates

Methylsilicone oil has excellent anticoagulant activity, but

glass balls cause coagulation, so we choose the two as refer-

ence groups. The platelet-adhesion rate of a material can be

represented as follows: Platelet adherent rateð%Þ ¼ A�B
A �

100%, where A is the total number of platelets and B is the

number of platelets remaining in the blood after the plate-

let-adhesion testing. A larger B value indicates lower platelet

adhesion on the materials. Table 2 gives the platelet adhesion

rates of different materials including the blank and the nega-

tive and positive control groups of the glass balls with or with-

out methylsilicone oil, respectively. Values in this table

represent the mean ± SD for five measurements.

It is clear that the platelet-adhesion rates of the carbon pa-

per, N-MWCNTs and MWCNTs were comparable to or lower

than that of the negative control group, which indicates their

good anticoagulation properties and acceptable clinical use.

MWCNTs showed the lowest platelet-adhesion rate among

all the materials. Thrombus formation involves a complex

cascade of biochemical reactions and path signaling biological

processes [25], with the biochemical, electrochemical and

physical behavior of individual blood components, such as

coagulation factors, thrombocytes and selected enzymes

coming into contact with a sample surface. It is believed that

fibrinogen is a principal clotting factor among those blood

components [26], and the adsorption to the biomaterial

surface then transformation to fibrin of fibrinogen is of signif-

icance in thrombus formation. The properties of the biomate-

rial surface like surface energy, roughness, surface

hydrophobicity, zeta potential, etc. affect the hemocompati-

bility of the biomaterial [27,28]. However, it is difficult to
he different materials.

Average numbers
of platelets

Platelet adhesion
rate (%)

347.5 –
281 19.14
72.5 79.13
268 22.87
279.5 19.57
323.5 6.9
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demonstrate the influence of each factor. Although the mech-

anisms of hemocompatibility of carbon materials with various

ratio of sp3 C to sp2 C are not clear yet, numerous studies imply

that the hemocompatibility of carbon materials is influenced

by the ratio of sp3 to sp2, not by the absolute sp3 or sp2 content

[29–31]. Fibrinogen has an electronic structure similar to semi-

conductor. Its energy gap is 1.8 eV [32], and the valence band

and conduction band are at 0.9 eV below and above the Fermi

level, respectively [26]. When the energy gap of the biomaterial

reaches 2.8 eV, the penetration factor is in the minimum as the

Fermi level of the biomaterial equals to that of fibrinogen, the

biomaterial is the best in the hemocompatibility [26]. There-

fore, there is an optimum band gap, in other words, a suitable

ratio of sp3 C to sp2 C in the carbon nanotubes, can provide the

optimum density of charge to promote the hemocompatibility.

The more proper sp3 to sp2 ratio in MWCNTs may be one of the

reasons for the lowest platelet-adhesion rate.

Platelet adhesion on the carbon paper, MWCNTs, and

N-MWCNTs was observed by SEM. A dense fibrin network

containing randomly distributed platelets was seen on the

surface of the carbon paper (Fig. 7a). Conversely, there were

few fibrin networks or platelet aggregations observed on the

surface of the N-MWCNTs and MWCNTs after exposure to

platelet-rich plasma, as shown in Fig. 7b and c, indicating

insignificant thrombosis on both surfaces. Platelet adhesion

and activation are the inevitable results of the interaction of

blood and materials. When blood contacts a material, fiber

protein, factor XII and other plasma proteins first competi-

tively adsorb on the surface of the material for �5 s; platelets

then adhere to the plasma-protein coated materials. Among

the plasma proteins, fibrinogen is regarded as the key protein

that triggers platelet adhesion, activation and aggregation.
Fig. 7 – SEM images of the platelet-adhesion testing for
Subsequently, coagulation factors are released, initiating the

coagulation cascade and the eventual formation of a throm-

bus [33]. Conformational change of the adsorbed fibrinogen

layer plays an important role in mediating the platelet re-

sponse to a material surface. On the N-MWCNTs, due to the

positively charged nitrogen ions, the reorganization of Hfg

upon attachment appears to favor subsequent binding of

the platelet glycoprotein GPIIb/IIIa epitopes. Fibrinogen is a

required step for platelet adhesion to surfaces as binding of

the GPIIb/IIIa receptor, the ligand-inducing binding site (LIBS),

on the membrane of platelets forms a specific bond with the

receptor-inducing binding site (RIBS) on fibrinogen, whereby

the latter becomes available when it reveals its RIBS sequence

for specific interaction with the former when undergoing con-

formational changes [34]. Because the chemistry of MWCNTs

and graphite are similar, and the graphite shows the nega-

tively charge due to each carbon atom will emit an electronic,

the surface of MWCNTs exhibited lower fibrinogen adsorption

as well as platelet adhesion. Similar observations have been

reported by other researchers, wherein the conversion of ad-

sorbed fibrinogen to fibrin was comparatively ineffective on

the negatively charged surface of self-assembled monolayers

(SAMs) containing a carboxyl-terminated group [35]. This may

explain the results of our experiments.

The hemolytic rate was calculated from the average OD va-

lue of the materials and control groups using the following

formula: Platelet adherent rateð%Þ ¼ A�B
C�B � 100%, with A, B,

and C being the OD values of, respectively, the test materials,

the negative control group, and the positive control group

(H2O). According to the YY/T0127.1 standard, a hemolytic rate

below 5% is acceptable [36,37]. Table 3 lists the hemolytic-rate

results of the different materials.
(a) carbon paper, (b) N-MWCNTs, and (c) MWCNTs.



Table 3 – Hemolytic rates of the different materials.

Materials OD value 1 OD value 2 OD value 3 Average of OD value Hemolytic rate (%)

Negative control group 0.009 0.010 0.014 0.011 –
H2O 0.242 0.240 0.244 0.242 –
Carbon paper 0.014 0.013 0.016 0.0143 1.43
MWCNTs 0.014 0.013 0.015 0.014 1.3
N-MWCNTs 0.014 0.011 0.014 0.013 0.87

3132 C A R B O N 4 9 ( 2 0 1 1 ) 3 1 2 5 – 3 1 3 3
In these tests, we found that the red blood cells were at the

bottom, and a clear, colorless supernatant of the Erlenmeyer

flask containing the negative control group. However, the

upper layer of the flask containing the positive control group

(H2O) was a red, cloudy supernatant because of a large

amount of hemoglobin released from broken red blood cells

due to osmotic shock. The carbon paper, MWCNTs and N-

MWCNTs performed as well as the negative control group.

The hemolytic rates of both the MWCNTs and N-MWCNTs

were lower than the standard value of 5%, meaning that both

MWCNTs and N-MWCNTs are classified as nonhemolytic

materials. Compared with MWCNTs, N-MWCNTs had a lower

hemolytic rate, with the lowest value of 0.87%. The interac-

tion of N-containing functional groups with blood tissues

thus seemed to have a positive effect on hemocompatibility.

4. Conclusions

In this study, mouse-fibroblast cells (L929) and mouse ADSCs

cells adhered to the MWCNTs and N-MWCNTs to form a rapidly

expanding population of polygonal cells. Notably, N-MWCNTs

displayed the highest cell-adhesion strength, cell viability, cell

proliferation, cell stretching, and pseudopod spreading due to

the contribution of N-containing functional groups to cell tis-

sues as well as the three-dimensional configuration and rough-

er surface morphology of the material, which supported its

good cytocompatibility. N-MWCNTs also displayed a lower

hemolytic rate (0.87%) and inhibited platelet adhesion and

thrombus formation. This study demonstrated the good bio-

compatibility of N-MWCNTs as promising and effective bio-

medical material that might have clinical applications in the

future, in particular as substrates for the tissue regeneration.
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