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Abstract—Exogenous electrical stimulation (ES) has been
investigated as a therapy for chronic wounds, as the skin
produces currents and electrical fields (EFs) during wound
healing. ES therapies operate by applying small EFs to the
skin to mimic the transepithelial potentials that occur during
the granulation phase of wound healing. Here, we investi-
gated the effect of short duration (10 min) ES on the
migration of HDFs using various magnitudes of physiolog-
ically relevant EFs. We modeled cutaneous injury by
culturing HDFs in custom chambers that allowed the
application of ES and then performed timelapse microscopy
on a standard wound model. Using MATLAB to process cell
coordinate data, we determined that the cells were migrating
randomly and fit mean squared displacement data to the
persistent random walk equation using nonlinear least
squares regression analysis. Results indicated that applica-
tion of 25–100 mV/mm DC EFs to HDFs on either uncoated
or FN-coated surfaces demonstrated no significant changes
in viability or proliferation. Of significance is that the HDFs
increased random migration behavior under some ES con-
ditions even after 10 min, providing a mechanism to enhance
wound healing.

Keywords—Electrical stimulation, Wound healing, Fibrob-

last migration.

INTRODUCTION

Annually, $25 billion is spent in the United States
on wound healing treatments affecting 6.5 million
individuals.40 These excessive costs result partly from
widespread diabetic40 and other nonhealing wounds,
which are defined as wounds that do not heal as ex-
pected within three months.30 Given the health and
economic implications of wound healing treatments, a

need exists for a wound healing therapy that can be
applied to traumatic and nonhealing wounds of vary-
ing sizes, geometries, and anatomical locations. It has
been well documented that the skin presents endoge-
nous electrical fields (EFs) in the range of 30–100 mV
during wound healing.5 Ions traveling across cells and
tissues result in polarization of the tissue and a mea-
surable direct current (DC) EF gradient over the span
of a skin wound.26,29 This phenomenon results in what
has been termed a transepithelial electric potential, and
the EF values generally fall in the range of 1–100 mV/
mm2 during normal wound healing processes.5,21,26,49

These endogenous EFs are thought to influence cellu-
lar division, proliferation, and migration.10

Attempts have been made to exploit the concept of
transepithelial electrical potentials by using ES as a
therapy to enhance wound healing.4,11,22,33,34,38 Most
of these studies focus on the application of EFs with
corresponding microampere (lA) currents. Most
studies utilize custom electrotaxis chambers to apply
EFs within the range of 50–100 mV/mm to two-di-
mensional cell cultures,8,21 while in three-dimensional
systems, conductive membranes are often used to ap-
ply EFs.33,34,38 Several groups report increased rates of
wound healing in the presence of EFs.4,29,38 Addi-
tionally, hyperphysiological EFs and ultrasound have
been applied clinically and have been successful in
enhancing wound healing.1,4 Based on these reports,
hyperphysiological currents with associated physio-
logical EFs may also be beneficial to wound healing.

At the foundation of cutaneous wound healing is
the concept of increased cell migration into the site of
injury. Human dermal fibroblasts (HDFs) have been
identified as a crucial component in cutaneous wound
healing,19,25,27 as wound healing prompts the arrival
of inflammatory cells and fibroblasts. HDFs are
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particularly important for the formation of granula-
tion tissue, a process characterized by HDF migration,
proliferation, and deposition of extracellular matrix
components, including fibronectin (FN).24 While the
effect of ES on human keratinocytes is well docu-
mented,14,32,41 few have investigated similar responses
of HDFs to ES. Unlike keratinocytes, HDFs have not
been found to migrate directionally, or faster, on col-
lagen-coated substrates in 100 mV/mm fields when
exposed for an hour.21,42 The effect of ES on HDFs
seeded on other extracellular matrix proteins relevant
to the formation of granulation tissue, such as FN,
remains largely unstudied. As FN is a critical compo-
nent in wound healing,20 its contribution to wound
healing in the presence of ES therapy should be iden-
tified and analyzed.

Numerous studies have reported that treatment with
ES for even short periods of time are able to alter
cellular functions related to wound healing. Previous
studies have shown that ES treatment for 10 min is
capable of enhancing nerve growth in vitro48 and
in vivo.9 Additionally, Bourguignon, et al. reported
increases in protein synthesis by fibroblasts subjected
to 20 min of ES6 and that 10 min of pulsed ES can
increase receptor expression in human fibroblasts.7 A
clinical study demonstrated that repeat treatment with
short-duration pulsed ES can directly improve healing
in ulcers.16 Given the variety of evidence supporting
the hypothesis that short duration ES can improve
cellular function and migration pertaining to wound
healing, here we aim to characterize the migration
behavior of HDFs on FN when exposed to physio-
logically relevant magnitudes of ES.

MATERIALS AND METHODS

Characterization of Electrical Stimulation System

A salt bridge system was necessary in order to
eliminate the possibility of cells contacting products
created by traditional electrodes, such as platinum
plates, in the presence of higher applied voltages dur-
ing DC stimulation.44 Current travels through the salt
bridges to the culture chamber in order to apply the EF
to cells in vitro. Salt bridges were constructed by filling
glass tubes (4.83 mm diameter) with a 1% agarose
solution dissolved in phosphate buffered saline (PBS).
Fields were applied using silver–silver chloride (Ag–
AgCl) electrodes, which were made by soaking 99.9%
pure silver wire in Clorox for 10 min. A custom lid was
made by punching holes in a Nunclon Delta treated 4-
well rectangular plate lid. Salt bridges were connected
to the cell chambers through these holes. The other end
of each salt bridge was submerged in a reservoir of
PBS, which contained the electrodes attached directly
to a BioRad Power Pac 300 DC power supply (Fig. 1).

The EF was measured by placing two platinum
wires at the outlet of each salt bridge. These wires were
connected to a Fluke 196 scopemeter. The accompa-
nying FlukeView software was used to directly mea-
sure the voltage drop across the cells. The total voltage
measured between these wires was divided by the dis-
tance between them, 50 mm, in order to determine the
magnitude of the field seen by cells (Eq. 1).

Electrical field EFð Þ ¼ Voltage drop across chamber mVð Þ
Distance between electrodes mmð Þ

ð1Þ

FIGURE 1. Schematic diagram showing construction and operation of ES chambers. The DC power supply is set to provide
desired EF, and current flows from AgCl electrodes through the saline reservoirs in and across the agarose filled salt bridges. Two
platinum wires register the current and EF transmitted to cells at the outlets of each salt bridge. A scopemeter is used to track the
change in currents and EFs over time for precise monitoring.
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Because the resistance of each salt bridge varied due
to slight differences in geometry and construction,
voltage on the power source was continually moni-
tored and adjusted during experiments in order to
provide a precise EF to the cells. The circuit for each
individual well was constructed in series such that the
actual current measured at the outlet of the salt bridge
remained the same across the chamber. Therefore,
reading current at the salt bridge represents the current
seen by the cells.

Culture of HDFs

HDFs were obtained from Akron General Medical
Center under an institutional review board approved
protocol via deidentified tissue transfer (IRB #: 0002).
Cells were cultured in L-15 medium containing 4.6 g/L
D-glucose and 10% fetal bovine serum and maintained
at 37 �C. HDFs were seeded at a concentration of
3 9 104 cells/cm2 and allowed to grow until confluent.
For cells that were cultured on FN-containing sur-
faces, chambers were coated with FN for 1 h at room
temperature at a concentration of 1.5 lg/cm2 prior to
seeding.

Electrical Stimulation

To simulate dermal wounding, confluent cell layers
were scratched perpendicular to the direction of the EF
with a 10–20 lL sterile micropipette tip to create a
wound of 500 lm average width.17 Immediately after,
cells were washed twice with sterile PBS and stimulated
for 10 min at room temperature in serum-containing
culture medium at one of three EF magnitudes: 25, 50,
or 100 mV/mm. Cells were then washed twice with
PBS and medium was replaced. The voltage across the
cells was continually monitored and recorded for the
duration of the stimulation using FlukeView software
and the current seen by cells during the course of the
experiment was monitored.

Timelapse Microscopy

Immediately following stimulation, cells were wa-
shed and labeled for 15 min at 37 �C with Hoechst
33342 fluorescent nuclei label diluted 1:500 in sterile
PBS. Cells were washed again and the chambers were
each refilled with 4 mL of culture medium for time-
lapse microscopy. Cell migration was observed for
24 h following stimulation of cells on an Olympus in-
verted microscope housed in an incubation chamber
maintained at 37 �C. Phase and DAPI images taken at
59 magnification were taken once every 20 min for
24 h for a total of 73 frames in the image sequence.

Migration Analysis

Cell migration was determined using ImageJ36 and
the MTrackJ plugin.28 Images were divided into
quadrants, with 5 cells tracked per quadrant for a total
of 20 cells tracked per image. Average values are
reported for each condition. Cell coordinate data from
the plugin was imported into MATLAB. The trajec-
tory of each cell was normalized to its origin and
plotted. Mean squared displacement (MSD) was cal-
culated over each time interval (Eq. 2)

d2
� �

¼ ½x tþ t0ð Þ � x t0ð Þ�2 þ ½y tþ t0ð Þ � y t0ð Þ�2
D E

ð2Þ

where x and y are the positions at times t0 and t + t0.
Additionally, we determined the migration direction
of cells in each condition by plotting the total distance
travelled over the 24-h period by the angle of dis-
placement between each cell’s initial and final location
relative to the origin. The cosine of this angle is
reported to give a measure of migration direction.
Cells moving a total of less than a single cell diameter
were not considered motile and were excluded from
analysis.

Using a published MATLAB code,45 MSD curves
for each of the paired 8 conditions were fitted using
nonlinear least squares regression analysis to the
model given by Eqs. (3) and (4), where the random
motility coefficient l, mean migration speed S, and
mean persistence time P were determined for each of
the 8 paired conditions by determining the 95%
confidence intervals for both parameters. The first
25% of MSD data were used to fit the curves, and
MSD data was calculated as a mean for each condi-
tion in order to get the most data possible, as in
previous studies.12,46

d2
� �

¼ 4l t� P 1� e� t=Pð Þ
� �� �

ð3Þ

l ¼ 1

2
S2P ð4Þ

Viability and Proliferation Experiments

Cells were seeded, the monolayer was scratched, and
ES was applied as described above. Twenty-four hours
after ES, cells were removed from well plates using
trypsin–EDTA solution (0.5 g/L porcine trypsin and
0.2 g/L EDTA diluted in PBS). The cells were cen-
trifuged for 10 min at 1000 rpm, resuspended in fresh
medium, and counted using trypan blue exclusion in
order to determine viability. Trypan blue is excluded
from viable cells, therefore cells labeling blue were

Electrical Stimulation Increases Random Migration of HDFs 2051



counted dead and viability was calculated as a per-
centage.

In separate experiments, cells were washed 39 with
PBS 24 h after stimulation and calcein AM (4 mM),
ethidium homodimer-1 (2 mM), and H33342 (1 mg/
mL) were diluted into one solution at a ratio of 1:1000
into sterile PBS. The solution was applied to each well
for 10 min at 37 �C. Dye solution was aspirated from
each well and each well was washed 29 with PBS. L-15
medium was replaced in each well and cells were
immediately imaged using Zen Blue (Zeiss) software.

In order to determine if migration differences were
simply attributed to an increased number of cells, cell
proliferation was quantified. Twenty-four hours fol-
lowing stimulation, cells were washed twice with sterile
PBS and labeled with 10 lg/mL H33342 for 10 min at
37 �C. Dye solution was removed from culture surfaces
and cells were washed again twice with PBS. Cells were
lysed and the cell lysate was collected and stored at
4 �C. The intensity of each sample was acquired with a
fluorescent plate reader at 350 nm excitation and
461 nm emission. Fluorescence intensity ratios were
normalized to unstimulated cells to determine how
application of DC ES affected cell proliferation on
both uncoated and FN-coated surfaces.

Gene Expression

Cells were cultured and stimulated as above. After
24 h of post-stimulation culture, the cells were lysed
using 1 mL TRIzol reagent according to the manu-
facturer’s protocol. After phase separation, the aque-
ous RNA layer was collected, precipitated with
isopropanol and glycogen, and purified with 75%
ethanol. RNA quality was evaluated using gel elec-
trophoresis (1% agarose gel) and Nanodrop spec-
troscopy. For Nanodrop, a 260/280 nm absorbance
ratio of 1.9–2.1 indicated high-quality RNA samples.

The samples were reverse transcribed to cDNA using
Quanta Biosciences qScript cDNA synthesis kit. The
genes of interest (Table 1) were amplified using
Amplitaq Gold 360 Mastermix in polymerase chain
reaction (PCR). Our primers were designed specifically
to address gene changes in human cells. Appropriate
gene sequences were identified using BLAST from
NIH for each gene. Two sequences for each gene were
selected based on the sequences with the fewest unin-
tended targets (highest specificity). Each primer pair
was evaluated on control cells in preliminary PCR
experiments to determine which primer provided the
most effective quantification, and the best primer from
each pair was used for reverse transcription PCR
analysis. The exception was aV, for which a third
primer was used after the first two failed to show
consistent expression. All gene products were con-
firmed by DNA sequencing. The gene products were
run on a 2% agarose electrophoresis gel and analyzed
using ImageJ by a person who was blinded to the gene
product. Insufficient evidence exists on gene expression
of HDFs that respond consistently to ES, therefore,
only a negative control (0 mV/mm) was utilized. All
expression was normalized to GAPDH as a house-
keeping gene as reported by similar studies.34,38

Statistics

MATLAB was used for all migration calculations
and R Studio and Minitab were used for statistical
evaluation. All data are displayed as the mean, with
error bars representing standard deviation. To deter-
mine the relationship between the EF and current, a
one-way ANOVA was used. For MSD, the angle of
migration, proliferation, viability, and gene expression
data, two-way ANOVA with post hoc Tukey compar-
isons was used. For measures of random cell migra-
tion, the data were fitted to a general linear model

TABLE 1. Primer sequences for gene expression studies.

Gene, Ref Seq Function Forward Primer Reverse Primer

GAPDH, NM_002046.5 Housekeeping ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA

FGF-2,

NM_002006.4

Growth Factor TGTACTGCAAAAACGGGGG CACTCATCCGTAACACATTTAGAAG

aV,
XM_006712513.2

Integrin TGGTCTTCGTTTCAGTGTGC TCTCCTTGTGCTCCCAGTTT

b3,
NM_000212.2

Integrin TAGCATTGGACGGAAGGCTG CTGAAGCTCACCGTGTCTCC

a5,
NM_002205.2

Integrin CTCATCCAGAATGGGGCTCG AGAAGTTCCCTGGGTGTCTGA

b5,
NM_002213.4

Integrin AGCACCAAGAGAGATTGCGT GTGTGCGTGGAGATAGGCTT

All products were sequenced to confirm the production of the appropriate gene product.
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considering interactions between surface and magni-
tude of ES. For all tests, statistical significance is
considered when p £ 0.05.

RESULTS

Characterization of Electrical Stimulation System

The EFs were characterized by recording the current
required to maintain each field strength over the
resistance of the salt bridge system. The DC power
supply used to deliver voltage to the circuit was oper-
ated in constant voltage mode, meaning the current
was allowed to fluctuate between values to maintain
the specified voltage drop across the chamber. As a
result, the current fluctuated depending on the resis-
tance of the system, which changed per experiment
based on the instantaneous resistance in the salt
bridges. As the chambers were connected to the salt
bridges and power source in series, the current reading
recorded directly from the power source is equivalent
to the current experienced by the cells. With increasing
EF, the corresponding current increased significantly
(Fig. 2). A field of 25 mV/mm results in a 2.78 mA
current, 50 mV/mm fields produce currents of
7.06 mA, and 100 mV/mm fields result in current of
18.24 mA. These differences indicate that our system is
capable of applying mA order currents to cells in cul-
ture while maintaining fairly consistent EF values
within the range of 25–100 mV/mm.

Applying 25–100 mV/mm EFs for 10 min Does Not
Direct HDF Migration

Based on previous reports,13,15,18,21,32 we first
investigated if any directional components of cell
migration existed after ES exposure by plotting the
final migration distance of each cell versus the angle
between the starting and ending position. This mea-
sure, in addition to the cosine of that angle, allows for
comparison of the cells’ migration direction (Fig. 3).
The application of EFs did not result in statistical
difference between the cosine of the angle of stimulated
samples and those that were unstimulated.

HDFs Exposed to 25–100 mV/mm EFs for 10 min
Increase Random Migration Behavior

As the migration was not directional, we next
investigated the potential effects of ES on random
migration. MSD curves were averaged from the MSD
data for individual cells using overlapping intervals
(Fig. 4). The MSD curves were fit to the persistent
random walk model equation to determine mean cell
persistence time P and motility coefficient l in response
to ES on either uncoated or FN-coated surfaces. From
these values of P and l, the average cell migration
speed S was calculated (Table 2). For control samples,
l and S on uncoated surfaces was higher than FN-
coated surfaces, but P was higher FN-coated surfaces.
For cells treated with either 25 or 50 mV/mm ES, l
increased on both surfaces, while cells treated with
100 mV/mm ES had a lower l compared to unstimu-
lated cells.

Changes in Migration Are Not Caused by Changes
in Cell Viability or Proliferation

To determine if repopulation of the wound bed
could be attributed to increased cell proliferation in-
stead of cell migration, we examined the number of
cells viaDNA quantification. No significant differences
were found with cells treated with ES compared to
unstimulated controls cultured on either surface type
(Fig. 5a). Images showed that cells maintain mor-
phology and viability 24 h following ES (Fig. 5b).
These results suggest that the ES did not impair cell
proliferation or viability. In addition, data derived
from a trypan blue exclusion assay completed 24 h
following ES suggests that viability is not altered after
exposure to EFs, regardless of current level, on either
surface condition (Table 3). By ruling out cell death
and proliferation as factors that influence repopulation
of the wound, we confirm that our results are attrib-
uted to cell migration.

FIGURE 2. By applying three different EFs in physiological
range, cells were subjected to significantly different values of
current. *Indicates statistical difference between two EF val-
ues based on one-way ANOVA with p £ 0.05 considered sig-
nificant. Error bars represent standard deviation.
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HDF Gene Expression Was Not Affected by Exposure
to EFs

We used PCR to determine the gene expression of
potential genes responsible for increased l. First,
changes in GAPDH were measured by comparison to
the ladder to assure that the housekeeping gene had
consistent expression with ES. No statistical differ-
ences were found (Fig. 6a). The growth factor tested,
FGF-2, showed no significant changes in expression
with ES or substrate differences (Fig. 6b), which

agreed with proliferation results. The four integrins
that were studied, aV, b3, a5, and b5, also showed no
significant changes in mRNA transcript production at
25, 50, or 100 V/m ES on either substrate (Figs. 6c–6f).

DISCUSSION

Most published studies focus on the application of
physiologically relevant EFs and currents, e.g., 25–
100 mV/mm EFs with lA currents. While these con-
ditions are often tested, questions still exist regarding
the ability of exogenous ES to increase fibroblast
migration. One problem in comparing studies and
migration results are the inconsistent manner of
reporting the EFs and in characterizing migration. In
addition, studies using physiological range EFs in
conjunction with mA currents, similar to our study, are
difficult to find. One potential concern with mA level
currents is related to reduced cell viability. However,
our results indicate no statistical change in cell number
between the 8 groups, no reduction in cell viability in
response to any EF, and cells displayed typical
fibroblast morphology for 24 h following ES treat-
ment. Therefore, application of currents of magnitudes
noted here did not impair cellular viability or prolif-
eration.

Studies have previously explored the application of
hyperphysiological ES for wound healing applica-
tions,35 however, few groups have applied mA current
to cells and quantified fibroblast migration in detail.
Using polar plots, we showed cells displayed no
directional preference for the direction in which they
migrated. The results presented here for 10 min of
stimulation agree with previous literature for short
duration ES, where stimulations need to be applied for
at least 1 h to direct cell migration.8,21 Studies com-
pleted as early as 1994 indicated a patterned cellular
locomotion in response to ES. Brown and Loew
observed cathode-directed migration in murine

FIGURE 4. MSD curves for cells on both uncoated and FN-
coated surfaces over 24-h period. The displayed curves are
the average of the movement of all cells migrating a minimum
of two square cell diameters using overlapping time intervals.
To determine motility parameters, the first 25% of these
curves were fit to Eq. (3).

TABLE 2. Random migration parameters determined using linear least squares regression.

ES (mV/mm) r2

Mean ± CI
Mean

l (lm2/min) P (min) S (lm/min)

Uncoated

0 1 5.85 ± 0.124 7.779 ± 1.930 1.226

25 0.984 6.874 ± 0.937 16.674 ± 15.061 0.908

50 0.998 8.654 ± 0.363 10.157 ± 4.768 1.305

100 0.972 5.245 ± 0.949 14.44 ± 23.787 0.852

FN

0 0.996 3.851 ± 0.245 12.912 ± 6.045 0.772

25 0.999 4.536 ± 0.128 11.17 ± 1.866 0.901

50 0.994 4.265 ± 0.352 15.677 ± 9.199 0.738

100 0.989 3.156 ± 0.348 17.725 ± 11.588 0.597

FIGURE 3. Polar plot showing the end point of each cell’s
trajectory relative to its origin. Cells moving upward move
toward the positive electrode, and cells moving downward on
the plot are migrating toward the ground. Distance from the
origin indicates total distance traveled from the origin over
time. The angle of each plotted point describes the angle of
the cell’s displacement between the initial and final locations.
Reported are also the cosine of the angle between the starting
and ending position, which were compared using a two-way
ANOVA (p £ 0.05) to show that ES does not direct migration.
Cosine values shown represent mean 6 standard deviation.

b
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fibroblasts stimulated via agarose salt bridges with a
minimum of 100 mV/mm EFs for 1 h,8 however the
current was not reported. A 2007 study used 200 and
600 mV/mm DC EFs with 0–0.30 mA currents for an
hour to observe a cathode-directed effect of such fields
on ligament fibroblasts.10 However, this study noted
that increasing the attachment of the ligament fibrob-
lasts through increasing the amount of collagen on the
surface obliterated the directional migration.10 The
results of our work demonstrate no difference in pat-
terns of directional migration under the conditions

studied, confirming random migration. The variety of
results across ES studies can be attributed to the
duration and magnitude of the EF and current, among
other conditions such as substrate coatings and the
disease state of the cells.10,23,29,47

We next considered that cell migration rates could
still be increasing as a result of an applied EF, even if
the migration did not present itself as directional.
Therefore, we chose to analyze our migration data
using a common model of random cell migration. We
fit the data to the equation for the persistent random
walk model and determined the parameters of l, S,
and P using nonlinear least squares regression analy-
sis. In calculating the MSD for cells, cells on FN-
coated surfaces had lower MSDs than cells on un-
coated surfaces, indicating reduced migration in the
presence of FN. We then found further changes due
to ES, with increased values of l in the presence of 25
and 50 mV/mm EFs for both surface conditions
(r2> 0.970). Measures of P and S were on the ex-
pected order known for fibroblast motility. Rouabhia
et al. suggested that longer exposure to DC EFs of
50 mV/mm or 200 mV/mm results in greater wound
closure compared to unstimulated fibroblasts,38 which
may indicate an increased random migration, as both

FIGURE 5. (a) Proliferation assay shows no differences in the quantity of DNA on either surface exposed to 25, 50, or 100 mV/mm
ES compared to unstimulated controls. Error bars represent standard deviation. (b) Live-dead staining shows no reduction in
viability for cells on either surface in the presence of ES compared to unstimulated controls.

TABLE 3. Viability of HDFs following ES calculated using
trypan blue exclusion.

Condition Viability (%)

Seeding 97.9 ± 1.1

U+0 97.6 ± 1.8

U+25 98.0 ± 0.9

U+50 97.9 ± 1.8

U+100 97.7 ± 2.1

FN+0 98.0 ± 1.3

FN+25 97.9 ± 2.3

FN+50 97.3 ± 2.6

FN+100 96.8 ± 3.2

Error is reported as standard deviation.
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cathodal and anodal migration are required for a
closure, but the MSD was not examined. Addition-
ally, Simpson et al. report that 3T3 fibroblasts sub-
jected to 0, 100, 200, and 400 mV/mm EFs respond
similarly in that they express some inherent random-
ness in their migration patterns, although these
differences were determined qualitatively, and quan-

titative results showing directed migration were
obtained using a different model.43 Otherwise, direct
evidence of increased random migration via ES is
difficult to find.

Interestingly, application of 100 mV/mm EFs im-
paired HDF motility on both surfaces by demon-
strating reduced values of l as well as the greatest

FIGURE 6. Gene expression of (a) GAPDH relative to the ladder, and (b) growth factor FGF-2, (c) aV integrin, (d) a5 integrin, (e) b3
integrin, and (f) b5 integrin, with (b)–(f) normalized to GAPDH. No significant differences were found between different current
levels or substrate types. Error bars represent standard deviation.
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reduction in values of S. For cells stimulated at
100 mV/mm, P was higher for cells on FN-coated
surfaces compared to those on uncoated surfaces.
These results indicated a potential relationship
between ES and a cell’s interaction with FN on the
culture surface that decreases random migration. De-
creased motility in the presence of FN has been pre-
viously noted,37 exogenous ES has been reported to
upregulate cellular FN,39 and various FN isoforms are
apparent at lesion sites.31 Therefore, it is critical to
examine the surface coating as a factor in the study of
migration, as well as the EF and current applied.

These changes in migration parameters when a high
EF was applied led us to examine some of the potential
regulators of cell-surface interactions by gene expres-
sion of HDFs. Based on our results, the presence of a
FN coating did not significantly change the gene
expression of aV, b3, a5, or b5 integrin subunits. We
also found no difference in expression when comparing
different levels of stimulation. This result matches
previous results,34 where Park et al. found no differ-
ence in aV, b3, or a5 expression in HDF’s subjected to
50 mV/mm or 200 mV/mm ES on conductive mem-
branes with heparin for 6 h. However, they found up-
regulation of b5 at 200 mV/mm, which is beyond our
maximum applied voltage, but this effect would highly
depend on the conditions (current, duration, and
substrate). Here we also noted that gene expression of
FGF-2 was unchanged with surface coating or ES, as
might be expected from the proliferation results, al-
though Park et al. also found gene up-regulation and
increased protein expression of FGF-2 at 200 mV/mm
after 6 h of exposure.34 While our gene expression re-
sults did not lead to a mechanism for the increased
random migration, it does not necessarily eliminate
these molecules as a mechanism for the changes, as
gene expression does not necessarily correlate with
protein expression. Future work should focus on sur-
face expression of integrin proteins and secretion of
FGF after these short duration applications of ES.

The rationale for using a scratch assay, a widely
used in vitro wound model,2,38 was that we wanted to
disrupt a confluent cell layer similar to injury in vivo.
By combining the use of HDFs with a FN surface
coating and ES, we sought to model ES application
during the granulation phase of wound healing.
Alternative assays rely on techniques such as stamping
to prevent cell infiltration into a region of interest in
order to simulate a cell-free area that is to model a
cutaneous wound. However, these models do not dis-
rupt cells as we would expect from wounding in vivo,
and therefore do not closely model cutaneous injury.3

In summary, our results demonstrated HDFs mi-
grate randomly in response to 10 min ES and increase
migration parameters for some EFs. While the pres-

ence of FN decreased both l and P, EFs increased
these parameters similarly on uncoated and FN coated
substrates. Considering our results, we hypothesize
that the observed differences in random motility on
both substrates due to ES are due to a similar mech-
anism, as MSD increases similarly for both surface
conditions at lower EFs, and may be independent of
the interaction between the protein coating and the
cell. Our results indicated that the culture environ-
ment, including EF magnitude, current, and surface
coating are important parameters in studying wound
healing, and should be measured and reported for fu-
ture studies. The increase in random migration
demonstrates the potential utility of ES to alter cell
behavior after a 10 min application.
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