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ABSTRACT

In this study we have developed a biocompatible current-conductive coating based on carbon nanotubes and bovine
serum albumin and have shown its efficiency in culturing cells in vitro. We investigate the proliferation of human em-
bryonic fibroblast (HEF) cells, which were subjected to electrical stimulation when cultured on carbon nanotube surface.
A weak increase in proliferation is demonstrated at stimulating field pulses up to 100 mV. It is assumed that the trans-
port mechanism accompanied by higher synthesis of proteins and their polymerization may increase proliferative acti-
vity at low voltages. At higher voltages the motility and spatial organization of HEF cell is observed. As a result, a
novel technique of supplying the cells with electric field through a system of micro and nanosized electrodes and a bio-
compatible composite have been developed.
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1. Introduction

For the past five decades electrical stimulation effect on
accelerated regeneration of bone tissues, skin injury re-
pair and targeted drug delivering has been widely investi-
gated [1]. The main problem with conventional methods
of supplying an external electric field is that it is im-
possible to localize the field in the healing area. In gene-
ral case a considerable area of the body is exposed to ele-
ctrical stimulation. Extending the work area and the dis-
tance between electrodes and the healing area implies
increasing of electrical field intensity, required for stimu-
lating individual cells. This problem may be solved by
using implanted electrodes localizing the electric field in
the necessary area of the body. In this case, standard ma-
terials which are used for electrodes, for example, stain-
less steel, platinum or titanium can be replaced by non-
metallic, more biocompatible and conductive materials
[2].

Carbon nanotubes, in particular, are one of promising
nanotechnology products, and since their structure is
geometrically close to collagen [3]—the main protein of
the mammal connective tissue, they can be used in biolo-
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gical engineering as a scaffold material for tissue rege-
neration [4]. Unique electronic properties, high mechani-
cal strength, excellent flexibility and large specific sur-
face area of nanotubes make them suitable for creating
novel biocompatible composite materials for tissue engi-
neering [5].

Producing a scaffold material is widely investigated in
cell seeding and growing applications [6]. At present,
there are a number of works on producing composite ma-
terials based on nanotubes for bioengineering, and namely,
for bone and cartilaginous tissue regeneration [7,8], and
fibroblast growth investigation [9].

In osteoblast growth an additional possibility of deli-
vering an electrical signal to cells through the culture me-
dium and current-conductive composite containing nano-
tubes is used. In this case, a 46% increase in proliferation
[10] was observed after electrical stimulation. Various
applications of nanotubes and current-conductive com-
posites based on them in neurosurgery [11] are also con-
sidered. For further developments in integrating nano-
tubes in living tissues, a number of serious problems like
improving the biocompatibility and biodegradation of na-
notubes as well as producing composites based on pro-
tein matrices must be solved [12]. Nevertheless the cor-
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relation analysis of the local pulse electric field stimu-
lation effect on proliferation and electric fields mediate
motility (galvanotaxis) on nanotube substrates has not
been done so far.

This work suggests the development of composite
based on single-walled carbon nanotubes (SWNT) and
bovine serum albumin (BSA) to form conductive sub-
strates. A device for local field supply to cells through
nanosized electrodes has been developed. Spatial organi-
zation and proliferation of human embryonic fibroblasts
(HEF) cultured in vitro under the influence of a pulsed
local electric field are studied. The research shows that
by stimulating cells through nanosized electrodes at low
amplitudes of electric field intensity and small signal
oscillation rates proliferation raises by 26%. Whereas in-
creasing the field strength leads to motility and HEF cell
reorganization according to electric field gradient.

2. Materials and Methods
2.1. Choosing the Material

Most commonly the material of carbon nanotubes ob-
tained by arch discharge or laser evaporation of graphite
or by chemical decomposition of carbonaceous vapor is a
powder that should be purified, filtered from undesirable
impurities (such as amorphous carbon, defective nano-
tubes, catalyst particles), as well as functionalized, in
some cases, to obtain nanotube properties required for
the specific application. However in this case, prepara-
tion of solutions is needed. It is well-known that nano-
tubes can be dissolved in most polar and nonpolar sol-
vents, so to dissolve SWNTs obtained in the arc dis-
charge, it is necessary to split bunches and bundles of
them which were formed in the process of growth. The
most effective way to do that is additional functionalize-
tion of nanotubes by surfactant materials (SM), which
allows a stable colloidal solution of single nanotubes of
any concentration to be achieved. These SM solutions are
ideal to form thin percolated films on any surfaces. By
regulating nanotube concentration in the solution one can
regulate the thickness of the film to be formed on the
surface. As we have shown previously [13], the nanotube
orientation and density on the surface can be controlled
while using different deposition techniques: dipping,
pulling, centrifugation, sputtering.

To prepare conductive composites based on nanotubes
one can use their mixtures with proteins as a natural
polymer providing a biocompatible substrate and im-
proved adhesion of cells [12]. Albumin is one of the most
important transport proteins, which regulates metabolism
functions in cell growth and tissue regeneration. In this
research we suggest using BSA protein molecules as a
surfactant to form a biocompatible conductive layer on
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the cover-slip. Previously, a composite consisting of na-
notubes and albumin was examined as a scaffold-forming
material in implants in cartilaginous tissue regeneration
[14,15].

2.2. Substrate Fabrication

2.5 mg of 99.5 mass % SWNT provided by A. V. Kre-
stinin (Institute of Problems of Chemical Physics of RAS,
Moscow, Russia) were placed into a BSA aqueous solu-
tion (10 mg of BSA in 5 mL of water) and dispersed in a
Branson B300 (Branson Ultrasonics, Danbury, CT, USA)
ultrasonic bath (34 kHz, 50 W) for 10 hours. Typical
length of nanotubes was less than 1000 nm after ultra-
sonic treatment. Nevertheless the CNT combines in bun-
dles up to 5 um long and about 10 nm in diameter.
Cover-slips, 24 x 24 mm in size, 0.13 - 0.17 mm thick
were preliminary mechanically washed with cotton in
2-propanol, then they were kept in 2-propanol for 15
minutes and placed in ultrasonic bath. On one of the sur-
faces of the cover-slip two gold contact pads, 30 nm
thick, were formed by magnetron sputter deposition
(Emitech K575X, Quorum Technologies, Ringmer, UK).
About 25 pL of nanotube solution in albumin were ap-
plied onto this surface with a microdispenser and a thin
film was made to cover the whole slip surface by rod-
coating method, then the film dried for 15 minutes at
40°C. To improve the film adhesion and conductance the
structure was annealed in the air at a temperature of
150°C for 2 minutes. Figure 1 shows the photography of
a cover-slip with the current-conductive SWNT/BSA
coating formed. The resistance of the structures investi-
gated in the work ranged from 100 KOhm to 10 MOhm,
but in the experiment for proliferation estimation at low
stimulation voltage we’ve used a set of samples with
close resistance (several MOhm).

It should be noted that the samples of SWNT/BSA
film obtained not only possessed conductance but also
transparency within the visible range at a level of 85% -
90%.

2.3. Electrical Stimulation System

To carry out experiments with electrical stimulation of

Au/Ti

Figure 1. Cover-slip with gold electrode system covered by
SWNT/BSA film.
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cells, a custom system for supplying electrical signals
which comprises a 6-well plate, a signal generator and an
oscilloscope has been developed. The plate cover has a
breadboard with a connector fixed on it. Over each of
these 6 wells two sharp needle electrodes with diameter
0.3 mm made of a 40KHNM-VI biocompatible alloy
with a gold electrolytic coating (Doriva, Moscow, Russia)
were placed. The electrodes were connected in pairs in 2
rows of 3 wells each to provide lead output to the signal
generator connector. On the one hand, this ensured bio-
logical compatibility with the medium, on the other, the
contact area of the whole surface of the needle with the
cultural medium was much smaller than the area of the
modified cover-slip (~40 times), which minimized the
current contribution through the medium. In each set
we’ve used 5 wells for experiment and one for control
(Figure 2). To apply voltage we used a RIGOL DG1022
generator (Rigol Technologies Inc., USA).

The generator can be set to arbitrarily shaped stimula-
tory signal, as well as to produce two independent signals
in parallel. Due to the modified cultural plate design, the
system was able to send a signal directly to the cells
through the SWNT/BSA film. The voltage generator was
connected with the plate by means of a flexible cable
with the core diameter of 0.1 mm, which could be easily
placed in the CO, incubator. Figure 2(b) shows the sche-
matic diagram of the connection.

For each experiment we used five cover-slips covered
by SWNT/BSA film: two slips—to minimize statistical
error for proliferation measurements, one—for morpho-
logy investigation, one—for microscopy analysis, one
was cultured without voltage applied and used as control.
Also there was one pristine cover slip with voltage ap-
plied through the medium.

2.4. Cell Culture

HEF—human embryonic fibroblast cells were provided
by the Tissue Cultures Laboratory of Ivanovskiy Institute
of Virology, a Federal State Institution of the Ministry of
Health and Social Development (Moscow, Russia), were
cultured in the electrical stimulation unit (Figure 2(a)).
Linbro 6-well plates (MP Biomedicals, Solon, OH, USA)
were used as a culture dish. The unit, plates, and cover-
slips were sterilized in 70% ethanol solution for 10 mi-
nutes with the follow-on 20-minute ultraviolet treatment.
Immediately prior to the incubation cover-slip samples
were rinsed in the Eagle culture medium for 10 min to
eliminate contaminants. After removing this medium the
HEF cells in the concentration of 10° cells/mL were
added into each well in the amount of 1 mL of the Eagle
medium with 10% FBS (fetal bovine serum) and incu-
bated for 24 hours in a thermostat with 5% CO, at 37°C.
After a 24 hour incubation with no voltage applied, a
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Figure 2. Electrical stimulation system schema. (a) A plate
of 6-well plate with a system of gold electrodes. The elec-
trodes are placed into the medium to provide a contact with
the substrate during electrical stimulation; (b) Schematic
diagram of connecting components of the electrical stimula-
tion system.

signal of 5 pulses was sent with 5 ms pulse duration, 5
ms spacing between pulses, 1 s interval between pulse
groups. The main pulse characteristics were chosen with
previous experiments in electrical stimulation of growing
fibroblasts with standard two carbon electrode unit taken
into consideration [16]. We have done 3 sets of experi-
ments with different amplitudes 10, 50, 100, 200, 500,
5000 mV applied to the cells. Since the resistance of
wires and electrodes is relatively small, the main voltage
drop through SWNT/BSA film was expected. Despite the
fact that the resistance of the fabricated SWNT/BSA film
samples varied, in the experiment, for proliferation esti-
mation we used samples of the same order of resistance
(from 3 to 10 MOhms). The electrical stimulation lasted
for 48 hours. In addition, we conducted an experiment
where the current was applied to needle electrodes placed
into culture medium with cover-slips in the absence of a
conductive substrate. As expected, the size of the elec-
trodes was relatively small for a significant current to
leak through the medium.

2.5. Proliferation and Morphology Investigation

The proliferation was defined by means of a modified
MTT assay. For this purpose, the Eagle medium with
10% FBS was removed after electrical stimulation, the
cover-slips were moved to a clean plate, where 1 mL of
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the Eagle medium and 200 pL. of MTT solution (with the
initial concentration of 5 mg/mL) were added. The cover-
slips were incubated in the thermostat with CO, at 37°C
for 4 hours. Then the medium with MTT removed and 1
mL of DMSO was added into each well to dissolve
MTT-formazan reduced by the cells. Cell precipitates
with MTT-formazan on glass samples were resuspended
for 5 min and the solution absorbance was measured by a
Titertek Multiscan Plus photometer (Flow Laboratories,
Helsinki, Finland) on a 492 nm wavelength. To achieve
that, 1 mL of DMSO with the dissolved formazan was
transferred to a 96-well plate, with a 100 uL per well
dosage. A structure with gold electrodes and a SWNT/
BSA film applied, which was in one of the wells of a 6-
well plate, but without voltage supply was used as a con-
trol.

The cover-slips with a SWNT/BSA coating were in-
vestigated with atomic force microscope Solver P47
(NT-MDT, Moscow, Russia) in a semi-contact mode be-
fore and after the cell growth. For AFM measurements
samples were removed from culture medium, fixed in
2.5% glutaraldehyde for 30 minutes and washed in the
phosphate buffer saline (PBS) 2 - 3 times, 2 minutes each,
then dehydrated in 50%, 70% and 96% solution of etha-
nol for 2 min in each one. Some of the samples after
electrical stimulation were stained with azur-eosine for
morphology study.

3. Results

First of all we have investigated the quality of film pre-
paration methods. Looking at the surface topography
shown at Figure 3 one can say that this method produces a
sufficiently uniform film. As nanotubes are surrounded
with albumin molecules during water solution preparation,
CNT functionalization and additional binding may occur
in the process of supersonic treatment [17]. Thus, origi-
nating non-covalent bonds between nanotubes and albu-
min, and CNT functionalization may result in higher

Figure 3. AFM image of a SWNT/BSA film on the cover-
slip surface after solution deposition and annealing at 100°C
(bar 5 pm). The film thickness is ~100 nm.

Copyright © 2012 SciRes.

uniformity of nanotube distribution in the nanomaterial
array, as well as in structuring albumin itself on the nano-
tube surface [18]. However, it can be seen from the image,
that bunches do not split completely: the film consists of
bundles up to 10 nm in diameter.

Annealing at 100°C for 2 minutes increases the con-
ductance of the structures, but we also assume that an-
nealing may not cause the protein denaturation, as
SWNTs increase thermal stability of proteins [19].

Studying the morphology of HEF cells grown on
glasses with SWNTs after electrical stimulation showed
that the culture consisted of fibroblast-like cells with oval
nuclei having big nucleoli, 1 - 4 in a nucleus, the cyto-
plasm was low-reticular, but there were some nanotube
clusters varying in form and size (Figure 4). At 100 mV
and higher voltages some changes in the cell morphology
can be seen. On the whole, one can observe a cluster of
cells on spots with thicker nanotube film and their cha-
racteristic orientation along the gradient lines of the elec-
tric field, while the voltage increases up to 100 mV (Fig-
ure 5). More over at voltages higher then 100 mV cell
tend to aggregate in large clusters in the middle of the
substrate.

AFM investigation was carried out on fixed cells. As
nanotubes and cell membranes have different stiffness
factors, it was possible to distinguish nanotubes from cells
with AFM phase mode. It was found that nanotubes co-
vered the cells on top, especially in the area of cell out-
growth formation (Figure 6). Based on AFM measure-
ments we can suggest that while growing cells not only
developed on the surface of the SWNT/BSA composite,
but also nanotubes are attaching to the edges of cell’s mem-
brane (Figures 6(a) and (b)), providing better adhesion.

The Figure 6 demonstrate the results for 10 mV pulse
electrical stimulation, the same results of nanotube adhe-
sion observed for all range of low voltage applied. On the

Figure 4. Micrographs of HEF cells fixed on the third day
after seeding on cover-slips modified with a SWNT/BSA
film (magnification x400). For the last 48 hours culturing
took place at 10, 50, 100, 200 mV voltages. On the third day
cell processes started to connect, but contact inhibition was
absent.
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Figure 5. Micrographs of HEF cells fixed on the third day
after seeding on cover-slips modified with a SWNT/BSA
film (bar 200 pm). The last 48 hours the pulse electric sti-
mulation was applied with amplitude 10 mV (a) and 200
mV (b).

Figure 6. 3D visualization of AFM data (a); Close-up view
(b); 2D AFM (c) and phase contrast image (d) of HEF cells
interaction with nanotubes on a cover-slip modified with a
SWNT/BSA film (bar 10 pm).

whole, the AFM topography shows quite good adhesion
of cells to the film, which indirectly confirms biological
compatibility of the material.

Figure 7 shows the MTT-test absorbance for cells
grown at different stimulation signal applied. It can be

Copyright © 2012 SciRes.
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Figure 7. Proliferation factor of HEF cells being cultured
for 72 hours on cover-slips modified with a SWNT/BSA film
versus different voltages supplied for the last 48 hours.
Control is a cell growth at cover-slips modified with a
SWNT/BSA film without field applied.

seen that at low values of the supplied voltage the prolife-
ration of HEF cells increases. While at voltages higher
then 100 mV it began to decline. It should be noted that
variation in control samples (without voltage applied)
indicates the nonidentity in properties of CNT/BSA films.
However, when voltage is applied, the effect of electric
field prevails over the contribution of the inhomogeneity
of the film which leads to a strong correlation between the
electric voltage and proliferation. Taking into account the
error in experiment is an order of variation of control
sample it can be concluded that weak effect in prolifera-
tion is demonstrated at stimulating field pulses.

It should be noted that some authors described interac-
tion of MTT solutions with the CNT suspension resulting
in MTT solution transformation into MTT-formazan [20,
21], however, in this research carbon nanotubes were
fixed on the substrate surface by the precipitation method,
mentioned above. In precipitation with albumin a stable
compound is formed which makes a film on the substrate
surface, this material does not react with MTT and does
not cause MTT transformation into MTT-formazan. To
prove this fact we compared the absorbance of solutions
from cover-slips samples with a SWNT/BSA film, to the
absorbance of solutions where clean cover-slips were
kept. For this purpose 2 types of substrates were prepared:
glasses with a SWNT/BSA coating formed in accordance
with the above-mentioned technique and reference glasses
without a coating which were washed in 2-propanol us-
ing supersonic treatment for 20 min.

The substrates were incubated in the Eagle cultural
medium for 42 hours, then, the MTT assay was used, si-
milarly to the procedure described above, i.e. the glasses
were kept in the medium with MTT for 4 hours. Then,
they were removed from the medium and DMSO was
added. The experiment showed, that optical density va-
lues for the solution with SWNT and BSA coatings did
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not differ from those for the solution with clean glasses
within reasonable errors (data not shown), which proves
that MTT transformation into MTT-formazan did not
occur in that case, due to the absence of living cells
which would be able to convert it.

4. Discussion

We suggest the CNT/BSA substrate brings a significant
contribution to the cell proliferation. Nonuniformity of the
conductive material we used, which consists of a great
number of high-resistance point contacts of nanotubes
with each other, should be taken into account (Figure 8).
First of all CNT/BSA film consist of percolated nanotube
branches and bundles spreading in BSA. The distances
between the neighboring nanotubes in film vary from 1
nm (the conductivity channels) and up to 200 nm accord-
ing to AFM measurements (Figure 3). Thus there was a
great local electric field gradient between the neighboring
nanotubes in a film, so the force affected at charge carries
(ions) in electrolyte is rather high and proportional to grad
(E®). Thus changing in voltage from 10 mV to 5 V in-
creases the electric force affected on ions up to six orders
of magnitude.

A weak rising proliferative activity of cells at low volt-
age supplied can be explained by the theory of increasing
synthesis of protein and DNA, and external electric field
influence on internal functional mechanisms in the cell.

As shown by Schimmelpfeng et al., a low-frequency
electrical stimulation enhances cell proliferation due to
processes defined by secondary intermediaries [22]. Thus,
if we consider the molecular mechanism of cell prolifera-
tion, we can expect that electrical signals activate ex-
tracellular signal molecules at the moment of pulse ap-
plication in the process of incubation. Extracellular signal
molecules can be linked with receptor proteins on cell
surfaces, and then the signals can be sent by molecular
switches to intracellular transport proteins [23]. Due to the
standard mechanism of information transfer inside the cell
the signal is transferred to the necessary proteins. Ac-
cording to the results obtained, this type of mechanism at
the molecule level becomes most effective for HEF cells
at voltages ranging from 10 to 100 mV.

Reduction of cell growth velocity and development at
high intensities of electric field may be attributed to the
raising temperature of the medium, with current flowing
through the nanotube carrier as well as through the me-
dium, when significant potential differences are applied
[24]. Since the energy transfer is mainly determined by
the power consumed by the system, at low voltages it is
rather small value. As the voltage increases, the energy
rises quadratically, depending on the potential [25]. Ne-
vertheless, the medium temperature value at low voltages
(mV) is under energies of thermal vibrations for short

Copyright © 2012 SciRes.
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electric pulses. With the lack of sufficient heat effect, one
can consider an alternative molecular theory of relation
between an electric field and cell proliferation [24]. We
suggest that as potential in nanotube/nanotube contacts
raises, the current through SWNT/BSA film also grows
according to Fowler-Nordheim formula [26]. The energy
dissipation in these contacts can be an order higher than
in the body of the nanotube as a whole. When the voltage
applied to the conductive SWNT/BSA film, reaches the
200 mV threshold, cell inhibition can be observed. At the
same time there is movement of the cells in an electric
field (galvanotaxis) with voltage over 100 mV applied
(Figure 5(b)). This effect needs further investigation of
composites themselves.

5. Conclusion

Thus, we have developed a current-conductive structure
based on SWNT and BSA composite. The structure pro-
vides a good contact with culturing cells. It seems that
the applied potential has no significant effect on cell pro-
liferation. It is shown that the voltage under 500 mV
weakly raises the proliferation of HEF cells by 26%
without having a prominent influence on their morpho-
logy. The transport mechanism accompanied by acceler-
ated synthesis of proteins and their polymerization may
be a likely reason for cell proliferation augmentation at
low voltages. As the voltage rises, the proliferation de-
clines and cell morphology changes (cell transformation
can be observed). Cells inhibition may occur due to heat-
ing at high voltages, so the resistance of the film must be
reduced. The cells become more sensitive to nonuni-
formities in the high electric field and change their spa-
tial organization. The optimization of local electrical
stimulation parameters can help to establish the produc-
tion of biocompatible conductive SWNT/BSA electrodes
for electrical stimulation in tissue regeneration and sup-
ply the electrical connection for biomedical devices im-
planted.
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