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Electrical stimulation of human dermal fibroblasts on conducting matrix
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Conducting composite based on biocompatible chitosan and single wall carbon nanotubes was used as a matrix
for electrical stimulation of human fibroblasts. Parameters of ionic and electronic currents passing through the
matrix upon applying cyclic potentials (£100mV) were studied; the scaffold demonstrated high stability in the
course of prolonged electric cycling. It was shown that preliminary electrical stimulation facilitated proliferative
activity of human dermal fibroblasts in comparison to that of intact cells.
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Introduction

Electrostimulation techniques are widely used in
medicine both for the treatment of a wide range of diseases
and for their diagnosis. It has been found that exposure to
weak pulse currents increases the activity of the peripheral
and central nervous systems, triggering a response in them.
This helps to restore musculoskeletal function, stimulate
breathing and heartbeat, and treat eye and ear ailments.
Electrical stimulation inhibits atrophic and sclerotic changes
while stimulating regenerative processes in the circulatory,
lymphatic and metabolic systems, which is actively used in
regenerative medicine [1].

To optimize electrostimulation protocols, the underly-
ing mechanisms involved in therapeutic approaches are
currently being investigated. Such mechanisms include
changes in cell behavior in terms of cell proliferative activity,
programmed death, differentiation, etc. under the influence
of exogenous electrostimulation. Thus, the use of direct
current and electrodes with increased capacitive properties
has been shown to stimulate the proliferation and growth
of bone marrow mesenchymal stem cells, which ensures
effective bone tissue repair after fractures. Bipolar electrical
stimulation increases the regeneration rate of sensory and
motor nerves and has been successfully used in the treat-
ment of human carpal tunnel syndrome [2]. There appears
to be unexplored potential for the use of electrostimulation
for anti-tumor therapy, treatment of keloid diseases, tissue
innervation disorders, skeletal muscle atrophy, etc. [2]. A
series of clinical trials in vivo and in vitro have demonstrated
a positive response to electrical stimulation of dermal
fibroblasts, leading to improved healing of skin and soft
tissue lesions [3].
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Currently, regenerative medicine is increasingly using
non-invasive treatment and diagnostic methods that require
biocompatible, electrically conductive materials that do
not traumatize living tissue. Similar materials are also
needed in the new biomedical field —cell therapy, where
electrostimulation techniques are used to modulate and ac-
celerate the growth of cell cultures used for treatment [4,5].
Biocompatible conductive materials, which have replaced
traditional metal electrodes, are generally composites of
biocompatible polymer dielectrics and an electrically con-
ductive component. The role of the conductive component
is either carbon or an electrically conductive polymer [5-8].

Carbon materials are stable, inert, non-toxic and have
a high level of electronic conductivity. Various carbon
allotropies are used as conductive components: carbon
black, graphene, carbon nanotubes [9]. However, carbon
nanotubes are most commonly used because the one-
dimensional shape of the particles allows the percolation
threshold of conductivity to be significantly reduced and
the required conductivity parameters to be obtained with
minimal carbon content

One of the best known and most accessible biocom-
patible materials is chitosan. It is a polysaccharide
derived from biomass: shrimp shells, crabs, locusts, etc.
Among biocompatible polymers, in terms of production
scale and availability, chitosan ranks second after cellulose
derivatives [10]. Chitosan is not only biocompatible but
also a biodegradable polymer and also has bactericidal
properties [11].  Chitosan-based films, which combine
excellent mechanical and antibacterial properties, are used
for packaging perishable products [15], the polymer is used
for antibacterial cleaning of drinking water [{]13 and the
elimination of decomposition products of pharmaceuticals
from the organism [14,15].
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Composites of chitosan and carbon nanotubes have been
obtained by a number of authors [16-19]. Their optical,
mechanical and electrically conductive properties [20,21]
have been studied. However, the characteristics of each
composite are individual. They depend on many factors:
the type of carbon nanotubes, the molecular characteristics
of chitosan, the mass ratio of the components of their dis-
tribution in the composite, etc. Therefore, when obtaining
such composites, the primary task is to adapt the material
to the specific application.

In the present work, a composite of chitosan with single-
walled carbon nanotubes was obtained to study the effect
of electrical stimulation on dermal fibroblasts involved in the
regeneration of skin and soft tissue injuries. The conditions
for obtaining the composite, its composition and properties
are summarized. The characteristics of the material when
subjected to cyclic potential in both air and physiological
solution have been studied. The effect of electrostimulation
on the proliferative activity of human dermal fibroblasts
by using an electrically conductive composite matrix as a
substrate was investigated.

1. Materials and methods

1.1. Materials

The composite was prepared from 4% aqueous solu-
tions of chitosan (CS) (Biolog Heppe GmbH, Germany,
Mm = (1.64—2.1) x 105, DD =92%) and an aqueous sus-
pension of single-walled carbon nanotubes (SWCNT) (Car-
bon Chg, Russia). The choice of 4.0 wt.%. concentration of
CS in solution is due to the fact that it has been previously
found to be the optimum polymer concentration for coagu-
lation spinning of chitosan fibers [22]. Before preparing the
solutions, the aqueous suspension containing SWCNT was
dispersed using I1.10-0.63 ultrasonic dispersant for 15 min
at 25kHz and power 630 W. The CS powder was added to
the resulting aqueous suspension while stirring to achieve
swelling and partial dissolution of the CS. Acetic acid was
then added to the system to a concentration of 2wt.% to
dissolve the CS completely. After 3 h of stirring the solution
was filtered and deaerated in a vacuum chamber for 24 h
at 10kPa. The SWCNT content was 3 wt.% with respect
to CS.

CS—SWCNT films were cast by extruding the solution
through a slit die onto a glass substrate; casting was followed
by drying at 50°C for 1h. Then, the films on the glass
substrate were deaerated in the vacuum chamber for 24 h at
pressure of 10 kPa and then dried in air at room temperature
for more 24h. The films were incubated in 10% aqueous
solution containing NaOH and CC,HsOH (1:1), for 10 min,
then washed with distilled water and air dried [23,24]. The
films cast from the obtained solutions were homogeneous
and uniformly black.

The conductivity study was carried out under isothermal
conditions at 22 +2°C using a four-electrode system. The
current source was a Keithley 6487 picoampermeter source
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and a millivoltmeter B7-40/4 was used to record the
potential difference.

Mechanical properties were examined using In-
stron 5943 device, testing base 10 mm, sample tensile
speed 10 mm/min. Before tensile testing, the film samples
were kept in a desiccator at a relative humidity of 66% for
at least 24 h.

1.2. Studies in vitro

For the studies, a strain of conditionally healthy donor
skin fibroblasts obtained from the cell culture collection
of the Institute of Cytology of the Russian Academy of
Sciences (St. Petersburg) was used. Cells were cultured in
complete DMEM medium (Paneco, Russia) supplemented
with 1% L-glutamine 200 mM, 10% fetal bovine serum and
1% antibiotics (100 units/ml penicillin, 100ug/ml strepto-
mycin), 1% antimycotic (amphotericin B 250 ug/ml) (all
Thermo Fisher Scientific, USA). Cultivation was carried
out in a CO; incubator (Thermo Fisher Scientific, USA)
at 37°C, a CO; concentration of 5% and elevated humidity.
Cells up to 15 passages were used for the studies.

1.3. Electrostimulation equipment

Experiments on electrical stimulation of human dermal
fibroblasts on CS—SWCNT electroconductive matrix were
performed using Potentiostat/Galvanostat ELINS P-30J in-
strument, which allows recording currents in the range
from 10nA to 2 A and potentials in the range 80 uV—15V.
Possible forms of time sweep of current and potential
signals include steady-state, sawtooth, I1-shaped, pulsed and
programmable. Maximum logging speed is 1580 points/s.

The cells were electro-stimulated in a specially designed
cell made from a single piece of Teflon and without adhesive
connections (Fig. 1). A conductive matrix was placed at the
bottom of the cell and either electrolyte or culture medium
was poured in. The removable electrodes, which were
fixed in the grooves of the cell body, were applied to the
sample from above. The electrode was a Teflon plate with a
platinum wire attached to the end. A potential was applied
to the sample through a platinum wire electrode of 1 mm
diameter attached to the bottom of the plate. The distance
between the parallel electrodes was 9 mm.

1.4. Electrostimulation and cell proliferative
features research

Electrostimulation was performed on CS—SWCNT films
washed repeatedly with physiological solution with neutral
pH and sterilized in an autoclave (120°C, 40min) just
before the experiments with the cell material. Sterilization
was carried out in an electrostimulation cell where the
CS—SWCNT film was placed at the bottom of the bath and
sandwiched between two electrodes. Feeding medium with
cells was placed in a sterilized cell on top of CS—SWCNT
conductive film, the cells were cultured 24h in a CO,



2468

K.A. Kolbe, M.A. Shishov, I.Yu. Sapurina, N.V. Smirnova, V.V. Kodolova-Chukhontseva, E.N. Dresvyanina,...

a
~ —
e~ R —
| . —

Figure 1. a — electrostimulation cell assembly and cell components, b — bath, ¢ — electrodes, d — fixing frame.

Mechanical characteristics of the composite films CS—SWCNT

. Strength, MOd.u!uS Deformation,
Films elasticity,
MPa %
GPa
CS 124.17 £5.42 |2.62 +0.57|38.68 4+ 4.84
CS+3% SWCNT|158.91 £17.23|3.57 £0.26|41.16 4+ 5.82

incubator (Thermo Fisher Scientific, USA) at a temperature
of 37°C, CO, concentration of 5% and elevated humidity.
The duration of electrostimulation was 4h, during the
period of electrostimulation the cell with the cells was in
a CO; incubator. Using a potentiostat, a cyclic Pi-shaped
signal was applied to the sample with a polarity reversal
every 30s with an upper and lower potential of +100
and —100mV, respectively.

Long-term monitoring of cell growth in real time was
performed using the RTCA iCELLigence system (ACEA
Biosciences, Inc., USA) (Fig. 2,a), which allows the
analysis of cell culture condition in dynamics by impedance
changes. Each well of the E-Plates L8 tablet used in the
system contains a set of gold counter-pin electrodes, which
allows the resistance created by the cells to be measured
(Fig. 2,b). Adhesion, spreading and proliferation of cells on
the electrode surface increase the resistance of the medium
(Fig. 2,¢) and are recorded as a cellular index: the ratio of
impedance at a given time to the initial impedance value.
For these studies, cells from the surface of CS—SWCNT
matrices that underwent a cycle of electrostimulation, as
well as control intact cells, were transferred to the wells of
E-Plates L8.

2. Results and discussion

The SS—SWCNT films with 3 wt.% carbon content were
uniform in thickness (40um), and had a deep black
coloration, indicating a homogeneous SWCNT distribution.
The films had good mechanical properties, the values for
strength, modulus of elasticity and deformation of the
materials are shown in the table below.

The electrical conductivity of the CS+ 3% SWGNT film
was isotropic and was 0.1 4 0.005 S/cm, which is 2 orders
of magnitude higher than that of the culture medium
(0.15-102S/cm), hence, the electric current will pref-
erentially flow over the CS+3%SWCNT film surface.
The electrical conductivity of chitosan films with different
SWCNT content was studied in [25], where it was shown
that decreasing the SWCNT concentration in the composite
film results in current flowing predominantly through the
culture medium.

3. Electrical properties of CS—SWCNT
matrices

A preliminary study of CS—SWCNT matrix samples in
both the dry state (22°C and humidity 40—60%) and in
electrolyte solution (EP) was carried out in the fabricated
cel. ~The dry matrix exhibits an ohmic volt-ampere
relationship in both the positive and negative region of
the potentials investigated (Fig. 3). However, when the
EP is introduced into the cell and the matrix gets wet,
its volt-ampere characteristics dramatically change. The
currents are reduced by an order of magnitude and the
volt-ampere relationship takes the form of a saturated
curve (Fig. 3, inset). This is because the CS—SWCNT
composite consists of two conductor types: an electronic
type conductor — SWCNT and an ionic conductor —
CS [26]. In dry state, ionic conductivity is suppressed,
only SWCNT electron transport is observed, forming a
percolation grid in the CS matrix. In the electrolyte
solution, ionic transport occurs, in which the CS matrix
plays a significant role. Chitosan contains iono-genic amino
groups, they protonate in an acidic environment and at
100% humidity and temperature 80°C can provide ionic
conductivity of the order 10~ S/cm, acceptable for proton
conducting membranes [26]. Under physiological conditions
(25°C and at the protonation boundary (pH 6—7), the ionic
conductivity of the matrix is lower, nevertheless it has a
significant influence on the system current. Ion transport
creates an electrical double layer at the electrode interface,
resulting in a lower effective electrode voltage and a lower
current from tens to units pA.

Technical Physics, 2022, Vol. 67, No. 15
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Figure 2. ¢ — RTCA iCELLigence real-time cell analyzer; b — E-Plates L8 electron plate (well spacing is 9mm from center to the
center of adjacent wells according to ANSI standard/SBS 4-2004 for 96-well microtiter tablets);c — cell adhesion to the bottom of the
electron plate affects the local environment at the biosensor/solution interface, resulting in electrical current impedance (Z); impedance
varies with cell number and size, the extent of intercellular contacts (cell barrier function) and the efficiency of cell attachment to the

substrate.

The contribution of the CS—SWCNT matrix in the
formation of the electrical double layer is significantly higher
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Figure 3. Volt-ampere characteristics of CS-SWCNT matrix in
dry state and in electrolyte, temperature 25°C, scanning potential
rate 3 mV/s, data obtained in an electro-stimulation cell (inset volt-
ampere relationship in electrolyte in detail).
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than that of the aqueous electrolyte at the border of the
electrode, which can be seen by comparing the areas under
the curve of the corresponding cyclic voltammetry (Fig. 4).
Thus, the currents flowing through the stimulated matrix
are heterogeneous and complex, not only in terms of the
different nature of the carriers, but also in terms of their
changing intensity and direction.

4. Electrostimulation of dermal
fibroblasts on the surface of the
CS—SWCNT matrix

In the electrostimulation process, the CS—SWCNT ma-
trix, immersed in culture medium carrying human dermal
fibroblasts on the surface, was given a cyclic Il-shaped
signal with polarity reversal every 30s with upper and
lower potential limits +100 and —100mV respectively.
The duration of electrostimulation was 4h, during which
time the cell with the biological material was kept in a
CO; incubator (Thermo Fisher Scientific, USA) at 37°C,
a concentration of CO, 5% and elevated humidity. Signal
polarity reversal was necessary to reduce the polarization
phenomena of the cell electrodes as a result of the formation
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Figure 4. Cyclic voltamperograms: [ — electrolyte; 2 —

matrix CS—SWCNT in electrolyte, temperature 25°C, potential
scan rate 3 mV/s, data obtained in an electrostimulation cell.

of an electrical double layer at the interface of the solid
and liquid phases, and to maintain the average value of the
downward current at a level not less than 1 uA.

The shape of the potential applied to the sample and
the current flowing through the sample during stimulation,
during the first 5min and at the end, after 4 h of stimulation,
are shown in Fig. 5. The current-time plots above show
that during continuous 4h electrostimulation the electrical
resistance of the system does not increase, indicating that
the CS—SWCNT matrix is stable. The current signal flowing
through the sample has a complex shape. When a potential
is applied, the current momentarily reaches its maximum
value, but then gradually decreases to values close to
1-2uA due to the electrode polarization.
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As already discussed, both the culture medium and the
CS—SWCNT matrix are ion conductive. The rates of
electrostatic equilibrium with the formation of an electrical
double layer in aqueous electrolyte solutions correspond to
kilohertz frequencies [27]. Thus, under electrostimulation
conditions with potential change frequencies on the order
of hundredths of a Hz, polarization phenomena with a
reduction of the effective electrode potential should occur
and lead to a natural reduction of current. Fig. 6 compares
the electronic currents observed on the dry CS—SWCNT
matrix when a cyclic II-shaped potential is applied, and the
real currents on the CS—SWCNT matrix in culture medium.
It can be seen that the real currents alternate according
to the change in potential, are symmetrical about the zero
potential and have a descending appearance. The average
current value on the CS—SWCNT matrix in culture medium
is significantly lower than in the CS—SWCNT dry matrix.

5. Proliferative features of dermal
fibroblast culture after
electrostimulation

After electrostimulation, the cells on the CS—SWCNT
matrix were multiplied in a 1 pass of cultivation and
transferred to a RTCA iCELLigence cell plate, which
allows recording of cell culture status dynamically without
additional coloring. Cell growth was monitored by changing
the impedance created by the cells in a tablet cell fitted
with gold electrodes. Adhesion, spreading and proliferation
of cells on the electrode surface increase the resistance of
the medium and are recorded as a cellular index (CI): the
ratio of impedance at a given time to the initial impedance
value.

Fig. 7 shows the change over time in CI of dermal fibrob-
lasts subjected to electrostimulation compared to control

0 2 4 234 236 238
Time, min

240

20 T T T T $§ T T -
b
10 -
<
3
T ot i
N
3
O
10 -
-20 ] (¢ . ] ] .
0 4 234 236 238 240
Time, min

Figure 5. Shape (a/) of the CS-SWCNT potential (b/) current flowing through the sample during the first 5min and at the end, after 4h

of stimulation. Pulse duration 30s.
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Figure 6. Cyclic currents flowing through the dry matrix

CS—SWCNT, and through the same sample in culture medium
when the electrode potential changes from —100 to +100mV
every 30s.
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Figure 7. Changes in cell index CI during cultivation of human
dermal fibroblasts on an RTCA iCELLigence cell assay tablet.
Comparison of CI for cells that have and have not undergone
pre-stimulation on the CS—SWCNT matrix.

samples without electrostimulation. During the first day, the
CI curves of adhesion and unfolding processes in fibroblasts
after electrostimulation repeat the control cell trajectories,
with lower CI values than in the control. After 24h
of cultivation for both stimulated and control cells, an
increase in the CI curve corresponding to proliferative
activity is recorded. The growth of electro-stimulated cells
is significantly more dynamic than that of control cells,
it is more prolonged and results in a higher CI value at
the plateau, which corresponds to the formation of a cell
monolayer. After monolayer formation, both cell samples
show a regular attenuation of cell activity due to contact

Technical Physics, 2022, Vol. 67, No. 15

inhibition processes common to primary non-cancerous
cells.

A number of papers have shown that cells are able
to perceive and transform electric fields, but the actual
mechanism of these processes is still unclear and the subject
of research. The electric field seems to affect the cell
indirectly through the plasma membrane or its proteins. This
is a likely explanation for the decrease in the number of
electro-stimulated cells preliminarily adhered to the surface
of the electron tablets. The longer-term effects of electrical
stimulation are based on changes in membrane potential
through redistribution of charged membrane components
and interaction with cell signaling mechanisms during
changes in Ca?* and ATP [28-30] ion concentrations.
These cell signaling cascades may underlie the increased
proliferative activity of electro-stimulated dermal fibroblast
cultures compared to intact cells.

Conclusion

A chitosan film composite with a 3% content of single-
walled carbon nanotubes with both electronic and ionic
conductivity types and high stability under potential cycling
has been used for electrical stimulation of human dermal
fibroblasts. After electrostimulation, the cells were trans-
ferred to an RTCA iCELLigence tablet where cell growth
was monitored in real time. It was shown that at the initial
stage of cultivation, the adhesion and plating processes of
electrostimulated cells are less intense compared to the
control. However, after 24h of cultivation the electro-
stimulated cells show more dynamic and rapid growth and
outperform the control samples in terms of proliferative
activity. In application to regenerative technologies for the
restoration of skin and soft tissue integrity, specialized elec-
trostimulation modes using CS—SWCNT-based electrically
conductive matrices can be used both for modulation of
dermal fibroblast culture activity, applied further in cell
therapy, and for local effects on cells within damaged
tissues.
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