
Application of Low-Frequency Alternating Current
Electric Fields Via Interdigitated Electrodes:

Effects on Cellular Viability, Cytoplasmic
Calcium, and Osteogenic Differentiation
of Human Adipose-Derived Stem Cells

Seth D. McCullen, Ph.D.,1 John P. McQuilling, B.S.,1 Robert M. Grossfeld, Ph.D.,2

Jane L. Lubischer, Ph.D.,2 Laura I. Clarke, Ph.D.,3 and Elizabeth G. Loboa, Ph.D.1

Electric stimulation is known to initiate signaling pathways and provides a technique to enhance osteogenic
differentiation of stem and/or progenitor cells. There are a variety of in vitro stimulation devices to apply electric
fields to such cells. Herein, we describe and highlight the use of interdigitated electrodes to characterize sig-
naling pathways and the effect of electric fields on the proliferation and osteogenic differentiation of human
adipose-derived stem cells (hASCs). The advantage of the interdigitated electrode configuration is that cells can
be easily imaged during short-term (acute) stimulation, and this identical configuration can be utilized for long-
term (chronic) studies. Acute exposure of hASCs to alternating current (AC) sinusoidal electric fields of 1 Hz
induced a dose-dependent increase in cytoplasmic calcium in response to electric field magnitude, as observed
by fluorescence microscopy. hASCs that were chronically exposed to AC electric field treatment of 1 V/cm (4 h/
day for 14 days, cultured in the osteogenic differentiation medium containing dexamethasone, ascorbic acid, and
b-glycerol phosphate) displayed a significant increase in mineral deposition relative to unstimulated controls.
This is the first study to evaluate the effects of sinusoidal AC electric fields on hASCs and to demonstrate that
acute and chronic electric field exposure can significantly increase intracellular calcium signaling and the de-
position of accreted calcium under osteogenic stimulation, respectively.

Introduction

The application of electric stimulation in tissue engi-
neering provides an exciting route for cell manipulation,

and considerable progress in this area has occurred as the
interaction of electric fields, currents, and potentials with
cells has become better understood.1–3 Within cells and tis-
sues, ionic currents and electric potentials exist naturally and
influence cell and tissue function and development.1,4 Dis-
ruption or alteration of ionic gradients or cell surface charges
by an applied electric field can lead to changes in cell sig-
naling pathways and gene expression, resulting in differ-
ences in differentiation, proliferation, and mobility.3–5

Since the discovery of the natural electrical properties of
bone, the idea of coupling endogenous and exogenous
electrical activity has been introduced as a possible tool
to promote bone fracture healing and differentiation

of osteoprogenitor cells.6–10 Mechanical and electrical stim-
uli have been known for some time to affect the proper-
ties and regenerative capacity of skeletal tissues. Extremely
low-frequency electric fields significantly affect stem cell
populations, by enhancing cell signaling pathways and dif-
ferentiation.3,3,11 Electrical stimulation modifies the proper-
ties of multiple cell types, including the differentiation of
neuronal and mesenchymal stem cells (MSCs), by modulat-
ing intracellular calcium (Ca2þ) signaling and augmenting
tissue-specific markers.3,11,12

MSCs are an important therapeutic tool in the field of
regenerative medicine.13 MSCs can be derived from a range
of mesodermal tissues, including bone marrow and adipose
tissue. Human adipose-derived stem cells (hASCs) have
gained increasing interest in the field of regenerative medi-
cine because of their multilineage potential and relative ease
of acquisition and harvest compared to other stem cell
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types.14–16 Although hASCs have been used successfully in
tissue engineering, to our knowledge, there have been lim-
ited studies that have assessed the interaction of adipose-
derived stem cells with electric fields. Recent work by
Hammerick et al. assessed the response of mouse ASCs to
electrical stimulation applied via ionic salt bridges and
demonstrated an enhancement in early osteogenic markers,
but not in terminal differentiation as measured by calcium
accretion.17

With the relative ease of harvest and availability of stem
cells such as hASCs, researchers have been striving to de-
velop rigorous methodologies that allow for the controlled
application of physical forces on stem cells to evaluate both
short- and long-term effects of these stimuli. Traditional
methods of exposing cells to electric fields involve capacita-
tive coupling, semicapacitative coupling, and/or ionic salt
bridges to generate the desired field and frequency pat-
tern.18–21 These approaches have limitations with hetero-
geneity in trial design, dosage, and delivery method. An
alternative method is the use of interdigitated electrode (IDE)
arrays. IDEs have long been used for dielectrophoresis of
biological materials and cell patterning, yet the use of this
configuration has not been examined for application of low
frequency electric fields during culture of stem cells.22 IDEs
create an electric field both parallel to and above the surface
of the electrode. Using planar IDEs for cellular electrical
stimulation has the following advantages: (1) because the
electrodes are rigidly fixed on the substrate, it enables highly
reproducible, facile application of controlled, well-quantified
electrical stimulation, (2) small electrode spacing (down to
10 mm), similar to physiological feature sizes, can be easily
fabricated, and at small electrode spacing, only a low voltage
is needed to create physiological electric field strengths, and
(3) due to the open nature of the IDEs, cells can easily be
observed during stimulation, so short-term responses (i.e.,
cytoplasmic calcium increase) can be directly correlated with
longer-term effects (i.e., end product expression) when the
cells are cultured under the same electrical stimulation.

The objectives of this study were to investigate the inter-
action of electrical stimulation with hASCs cultured on IDEs
by (1) characterizing acute hASC responsiveness in terms of
intracellular calcium signaling and viability as a function of
electric field strength and (2) assessing electric field effects on
the osteogenic differentiation of hASCs. The electric field
frequency was 1 Hz. We hypothesized that hASCs would be
more responsive to electrical stimulation at increasing field
strength up to a limit when cellular viability would decrease
(100 V/cm or higher), and that when exposed to a physio-
logically appropriate, defined alternating current (AC) elec-
tric field, hASCs would respond by enhanced calcium
accretion compared to unstimulated controls.

Materials and Methods

Cell isolation and culture

Excess human adipose tissue was obtained at University
of North Carolina–Chapel Hill by voluntary liposuction
procedure in accordance with an approved IRB protocol (IRB
04-1622). Adipose tissue samples were harvested from the
visceral abdominal region with skin flaps attached to the
tissue. The skin was cut away and discarded before adi-
pose tissue digestion. hASCs were isolated from *50 g of

adipose tissue from each donor using a method modified
from Zuk et al. as we have previously described.14,24 hASCs
were characterized via immunohistochemical analysis as
positive for surface markers CD105 and CD166 and negative
for CD34 and CD45,14 and the differentiation potential was
tested during 2 weeks of culture in complete growth, adi-
pogenic differentiating, and osteogenic differentiating media.
Complete growth medium contained Eagle’s Minimum Es-
sential Medium, alpha-modified supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 100 units/mL penicillin,
and 100mg/mL streptomycin. Osteogenic differentiating
medium contained complete growth medium supplemented
with 50mM ascorbic acid, 0.1 mM dexamethasone, and 10 mM
b-glycerolphosphate. Adipogenic differentiating medium
contained complete growth medium plus 1mM dexametha-
sone, 5mg/mL insulin, 100 mM indomethacin, and 500mM
isobutylmethylxanthine. Cells were cultured initially in each
of these media for 2 weeks to confirm the ability of the
hASCs to differentiate down both osteogenic and adipogenic
pathways. Accumulation of deposited calcium was observed
using Alizarin Red S, and lipid accumulation was observed
using Oil Red O (Fig. 1). hASCs were used at passages 2–3
for all experiments and underwent two freeze–thaw cycles.
For all experiments hASCs were expanded in T-75 flasks for
*1 week, or to 80% confluence, and were then trypsinized,
resuspended, and seeded directly onto IDEs.

IDE fabrication

Electrical stimulation of hASCs was performed by fabri-
cating a custom setup (Fig. 2a). IDEs were fabricated utiliz-
ing conventional ultraviolet (UV) lithography techniques.
They consisted of two gold contact pads, where each pad
was connected to 25 ‘‘fingers’’ or ‘‘digits’’ (Fig. 2b). The
spacing between digits and the digit width were both
100 mm. The diminutive spacing between the electrode fin-
gers allowed physiologically relevant fields to be obtained
with the application of low voltages, thus eliminating elec-
trochemical effects. To produce the IDEs, glass slides with a
No. 2 thickness were cleaned in UV-ozone cleaner for 30 min,
spin-coated at 4500 rpm with Shipley’s Microposit S1813
photoresist (Microchem), and baked for 45 min in a convec-
tion oven at 1008C. After baking, coated glass slides were
exposed to UV light at 120 mW with a Cr mask with the
desired IDE pattern and developed with Microposit MF
(Microchem) 351 for 1 min. After residual S1813 was re-
moved, glass slides were coated with 100 Å Cr and 1000 Å
Au. Excess metal was removed and the individual electrodes
were connected in parallel with biocompatible H20E EPO-
TEK silver conductive epoxy (Ted Pella), cured at 1508C for
5 min. Platinum wires (Cal. Fine Wire, gauge 36) were at-
tached to the end electrodes and to connectors. Matching
connectors were bonded to platinum wires that were sol-
dered to split Bayonet Neill-Concelman connectors (BNC).
Assembled electrode tissue culture flasks (Nunc) (Fig. 2a)
were cleaned with N2 gas and 70% ethanol before being
sterilized with ethylene oxide (Andersen Sterilizers) (Fig. 2b).
An Agilent 33220A 20 MHz Function/Arbitrary Signal gen-
erator was used at 0.01–10 V peak-to-peak stimulus intensity
to generate calculated fields ranging from 1 to 1000 V/cm at
a frequency of 1 Hz. The waveform and intensity were con-
firmed with an oscilloscope.
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Electric field modeling

The electric field was modeled by approximating the
potential (V) applied based on Equation 1 originally derived
by den Otter,23 using MAPLE 12 Software (Maplesoft) where
Vo¼ applied potential, x¼ the distance between two electrode
fingers, a¼ the periodicity of the finger spacing, y¼ the height
above the plane of the electrode, s¼ spacing between two
electrodes (100mm), and n¼ the array size. As y increases,
moving away from the electrode plane, the voltage decays in a
nonlinear manner so that *150mm above the electrode, the
electric field is negligible. hASCs are seeded directly on the
electrode, where the electric field is essentially constant.

V(x, y)¼ 4Vo
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Acute electric field stimulation

hASCs from two Caucasian women (ages 44 and 49) were
seeded at a density of 20,000 cells/cm2. After 24 h in culture,
hASCs were exposed to various acute electric field treatments
1, 10, 100, or 1000 V/cm at f¼ 1 Hz. hASC viability was de-
termined with a Live/Dead Assay Cytotoxicity Kit (Molecular
Probes) for mammalian cells. At days 2–7 of culture in com-
plete growth medium, hASCs were imaged to examine
changes in cellular cytoplasmic Ca2þ elicited by acute electric
field stimulation. The cell-seeded electrodes were incubated
1 h at 378C in 1 mL Hank’s balanced salt solution (HBSS;
Sigma Chemical) containing 0.25mL of the vital dye Cell
Tracker Red CMTPX (Invitrogen, prepared by resuspending
50mg of dye in 50mL dimethyl sulfoxide plus 5mL Pluronic F-
127, 20% in dimethyl sulfoxide) and 4mL of the Ca2þ-sensitive
dye Fluo-4 AM (Invitrogen, prepared as for the vital dye).
They were then rinsed with 1 mL HBSS and incubated 30 min
with 1 mL dye-free HBSS to allow Fluo-4 de-esterification for
retention in the cells. The chamber was mounted on the stage
of an upright Leica DMR microscope configured with fluo-
rescence optics. A 20�HCX APO 0.50 NA water immersion
objective and a mercury bulb filtered for excitation at 488 nm
and emission at 530 nm (for green light from Fluo-4) or exci-
tation at 577 nm and emission at 602 nm (for red light from the
vital dye) were used to image a representative region of the
hASC-seeded electrode. HBSS was pumped continuously

through the chamber at a rate of 3 mL/min, initially for a
control period of 5 min and subsequently for several 5 min
periods of electrical stimulation with 3–10 min unstimulated
intervals between. Images were captured continuously at a
rate of *1/s by a digital charge-coupled device (CCD) camera
(IEEE1394; Hamamatsu Photonic Systems) and viewed in real
time with Open lab software (Improvision).

Chronic electric field stimulation

hASCs were also exposed to repeated electrical stimula-
tion to determine any long-term effects on osteogenic dif-
ferentiation of hASCs cultured in osteogenic differentiating
medium. Electric field treatments of 0 (control), 1, 3, and 5 V/
cm at 1 Hz were applied to hASCs for 4 h/day for 14 days.
These electric field values were chosen based on acute
electric field stimulation results. hASCs were analyzed for
cellular viability, DNA content for proliferation, and miner-
alized calcium content on days 7 and 14. Cell viability
was determined with a Live/Dead Assay Cytotoxicity Kit
(Molecular Probes) for mammalian cells. On days 7 and
14, hASC-seeded IDEs were rinsed twice in 1� phosphate-
buffered saline and incubated for 20 min in 4mM calcein AM
and 4mM ethidium homodimer-1 protected from light. Live
cells fluoresced green and dead cells fluoresced red. Pro-
liferation was determined by quantifying DNA using
the DNA binding dye Hoechst 33258 in microplate format
after an overnight digestion at 608C in 2.5 units/mL papain
from papaya latex in phosphate-buffered saline with 5 mM
ethylenediaminetetraacetic acid and 5 mM cysteine HCl
(all reagents from Sigma Chemical). Cell-deposited calcium
content was determined by digesting cell-seeded electrodes
in 0.5 N HCl overnight and assaying the supernatant using
the Calcium Liquicolor Assay (Stanbio).

Data analysis

Experiments were performed with at least three indepen-
dent trials per donor using hASCs from two different donors.
Chemical assays were done in triplicate. Image Pro Plus 6.2
software (Media Cybernetics) was used to generate line
graphs of the time course of changes in cytoplasmic Ca2þ of
all individual cells in the field of view, selected manually,
before and during electric field stimulation. The data were
transferred into a Microsoft Excel file for quantification of
the changes in cellular fluorescence in comparison with the

FIG. 1. Histological staining of human adipose-derived stem cells (hASCs) cultured under complete growth (a), osteogenic
(b), or adipogenic (c) medium conditions for 2 weeks in vitro. hASCs cultured under osteogenic and adipogenic medium
conditions stained positive for calcium deposits via Alizarin Red S or fat droplets via Oil Red O, respectively. Color images
available online at www.liebertonline.com/ten.
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initial control period preceding electrical stimulation.
Quantitative data are presented as mean� standard error
of the mean. Significant differences were determined by
performing Welch’s t-tests due to unequal variances. A p-
value< 0.05 was considered significant.

Results

hASCs were viable and morphologically normal
with weak to moderate electric field stimulation

IDEs produce an electric field between the electrode fin-
gers that also penetrates above and below the electrode. The

height of the electric field penetration into solution can be
modified by altering the electrode lithography. Figure 3 de-
picts the calculated electric potential at increasing height
above the electrode for varying applied potentials. By in-
creasing the applied potential between the electrode fingers,
the electric field magnitude increases, correspondingly. As
can be seen, the shape of the curve is independent of the field
amplitude. With increasing height above the plane of the
electrode, the electric field is relatively constant until it be-
gins to decay significantly *100mm (one electrode spacing)
above the plane of the electrode. This demonstrates that the
electric field pattern is controlled by the electrode feature
size, as has been previously shown,25 rather than the applied
voltage.

hASCs were able to adhere and spread on the IDE surface
(Fig. 4a). Although the electrode height of the IDE was
minimized (*100 nm) to prevent preferential alignment of
hASCs along the electrode fingers, some alignment was ob-
served (Fig. 4). In general, however, the hASCs appeared to
be uniformly distributed and randomly aligned on the IDE
surface (Fig. 4). hASC morphology was consistent with that
on tissue culture plastic, displaying a spindly fibroblastic
shape. After initial seeding, hASCs were exposed to varying
electric field magnitudes for 30 min to determine any detri-
mental effects on cell viability (Fig. 4). With 1 and 10 V/cm
stimulation at 1 Hz, which are physiological values in vivo,
hASCs remained viable.

hASCs were disturbed by strong, protracted electric
field stimulation

As the electric field increased in magnitude (stimulation
for 30 min at 1 Hz), it was evident that the hASC monolayer
was distorted, as hASCs were removed and a perforated
interface was created. This was most apparent at 100 V/cm,
where the monolayer was deformed as spherical perforations

FIG. 3. Graphical depiction of electric field at different
magnitudes above the interdigitated electrode plane dem-
onstrating its exponential decay with height. Color images
available online at www.liebertonline.com/ten.

FIG. 2. Image of interdigitated electrode assembled in flask
(a) and close-up image of interdigitated electrode showing
contact pads and electrode array (b). The bright (white) re-
gions are glass, whereas the dark regions are metal. Color
images available online at www.liebertonline.com/ten.
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were formed (Fig. 4d, arrow). With 1000 V/cm stimulation
for 30 min, there were virtually no viable cells present any-
where on the device (Fig. 4e). Immediately after stimulation
at 1000 V/cm, the cells began to delaminate from the surface
and undergo membrane breakdown via electroporation.
Figure 4e displays the presence of nucleic acids (stained red)
left on the IDE device under these conditions. These results,
at nonphysiological field strengths, confirm that electric
fields are present due to the IDE configuration, and dem-
onstrate the types of damage possible from relatively high
field strengths.

Acute electric field stimulation increased cytoplasmic Ca2þ

in hASCs and did not compromise hASC viability

hASCs exhibited variable levels of cellular fluorescence
during the initial control period (Figs. 6 and 7a) with no
electric field applied. The fluorescence level varied with time
depending on the cell. There was no obvious correlation
between spontaneous activity and stimulus-evoked activity.

Significant increases in cellular fluorescence intensity were
noted with stimulation for 1–10 min at 1, 10, and 100 V/cm,
at 1 Hz (Fig. 5). This indicates that electrical stimulation
caused an increase of calcium within the cells. The results
were comparable for both hASC cell lines. The effect was
greater at larger field strengths (Figs. 5–7). In some experi-
ments, there was a small increase in the number of respon-
sive cells and in their fluorescence output with stimulation at
1 V/cm (Figs. 5–7). At higher fields, most cells responded
and the effect was clearly observed. The magnitude of the
increase in cellular fluorescence was directly related to the
magnitude of the stimulus intensity (Figs. 5–7). Figure 5
displays representative pseudocolor images of an hASC-
seeded IDE, showing the hASC monolayer stained with a
vital dye (Red Cell Tracker; Fig. 5a), and increases in cyto-
plasmic calcium with increased electric field strength (Fig.
5b–e). The cells exhibited obvious increases in cytoplasmic
calcium within *30 s of initiating stimulation at these in-
tensities and the effects continued for the duration of the
stimulation period and beyond. The rate and extent of

FIG. 4. Viability images of hASC-seeded electrodes after 30 min exposure to sinusoidal electric fields of 0 (control, a), 1 (b),
10 (c), 100 (d), or 1000 (e) V/cm at 1 Hz. hASCs were viable up to electric field magnitudes of 10 V/cm. At electric fields of
100 V/cm or higher, cell detachment was seen with large regions of cells removed from the electrode (as indicated by arrow).
After exposure to 1000 V/cm at 1 Hz for 30 min, hASC viability was completely compromised. Live cells¼ green; dead
cells¼ red. Scale bar¼ 200mm. Color images available online at www.liebertonline.com/ten.

FIG. 5. Vital dye image of hASCs (a), and pseudocolor images of cellular fluorescence as an indicator of intracellular Ca2þ

levels (b–e) immediately after electric field exposure of 0, 1, 10, or 100 V/cm at 1 Hz for 5 min. Fluorescence intensities vary
from blue to red (low to high, respectively), indicating an increase in the amount of calcium present within the cells. Scale
bar¼ 200 mm. Color images available online at www.liebertonline.com/ten.
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increase differed between different cells and the cellular re-
sponse tended to be more reproducible and predictable for
samples with cells plated at higher density.

The majority of plated cells remained viable during these
treatments. Even after 5 min of stimulation at 100 V/cm at
1 Hz, the majority of hASCs remained viable, as demon-
strated by their lack of uptake of propidium iodide. This dye
binds to DNA of damaged cells that have compromised cell
membranes, which it did when the medium was acidified
but not when they were electrically stimulated. In addition,
when the sequence of stimulation treatments was reversed,
that is, from high to low intensity (Fig. 7a), the cells contin-
ued to respond after a 100 V/cm treatment and responded to
100 mM adenosine triphosphate (ATP) with an increase in
cytoplasmic calcium (not shown) much as they would have
had they not been first stimulated electrically.

Chronic electric field stimulation enhanced Ca2þ

deposition in hASCs

To determine the long-term effects of electric field stimu-
lation on osteogenesis, hASCs were cultured on IDEs for
2 weeks in osteogenic differentiating medium and stimulated
at varying electric fields of 0, 1, 3, and 5 V/cm at 1 Hz for
4 h/day up to 14 days. hASC viability remained high for all
treatment groups, with few dead cells present on day 7 or 14
(Fig. 8).

hASC proliferation was assessed by measuring DNA
content. On day 7, hASCs exposed to a 5 V/cm field had a
significantly higher amount of DNA compared to all other

treatments (Fig. 9). By day 14, cellular proliferation was not
statistically different between treatment groups.

To assess osteogenic differentiation of the hASCs, miner-
alized calcium was quantified. There was a significant de-
crease in hASC mineralization for the 5 V/cm AC electric field
after 7 days of stimulation relative to hASCs exposed to a 1 V/
cm field (Fig. 10). By day 14, there was a significant increase in
mineralized calcium for hASCs exposed to a 1 V/cm field
compared to hASCs in all other treatments groups (Fig. 10).
Exposure to a 5 V/cm AC field decreased the amount of
mineralized calcium compared to the unstimulated control.

Discussion

A variety of techniques for electrical stimulation have
proven successful in clinical and research settings, including
direct probe placement within bone tissue, capacitative
coupling with metal plates placed outside the culture, and
application of changing magnetic fields, which induce an
alternating electric field within the tissue.26 In these ap-
proaches, AC (rather than direct current) is often utilized to
prevent ion buildup near electrodes, which can negate the
applied field or current. In previous work on electrical
stimulation in other cell lines, electric field amplitudes in the
order of 0.1–10 V/cm have been identified as sufficient to
produce an effect without damage, and frequencies <15 Hz
are commonly used, as aggregates of cells may act as a low-
pass filter to the electrical signal.

By culturing hASCs directly on an IDE surface, we were
able to expose the cells to a controlled, but intricate, pattern

FIG. 6. Graphical representation of fluorescence intensities from all cells in the field of view in a representative experiment.
Electrical stimulation increased cytoplasmic Ca2þ, especially at 10 and 100 V/cm as compared to the preceding unstimulated
control period. Color images available online at www.liebertonline.com/ten.
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of potentials on the micron scale. Stimulation in vitro by ca-
pacitative coupling differs from this approach since each el-
ement placed between the metal plates fixed to the dish will
experience a voltage drop, with the sum of all drops equaling
the applied voltage.26 This is also true for in-solution elec-
trodes spaced macroscopic distances apart or for inductive
coupling. Thus, forming a controlled electric field pattern at
the location of the cells is difficult to achieve with long dis-
tances between the electrodes.

In-solution electrodes, such as salt-based electrodes or
metal electrodes, have also been used for exposing cells to
electric field treatments. One concern with in-solution elec-
trodes is that, at certain voltages, electrochemical effects due
to the reduction or oxidation of salts or other charged ad-
ditives at reactive metal electrodes can result in electrode
fouling. Such electrochemistry is voltage dependent, and
thus can be minimized by shrinking feature sizes, which
enables use of lower voltages. In our case, the use of IDEs
with a small feature size (100 mm) enabled production of a

clinically significant electric field with a significantly smaller
voltage than in traditional techniques.3 We point out that
feature sizes as small as 10mm are easily achievable utilizing
this technique. In addition, the pattern could be altered (in
particular, made more complex), by changing the design of
the photolithography mask.

The use of IDEs not only localizes the field to a well-
defined region (here, 1�1�100mm) but that region is also
visually accessible for fluorescence-based assays, due to the
open nature of the electrode design. In addition, because
the electrodes are rigidly placed on a supporting surface, the
electrode spacing is precisely and permanently defined,
increasing reproducibility. To our knowledge, this IDE con-
figuration has not been widely utilized for electrical stimu-
lation, but our calculations and preliminary data indicate
that it should be as effective as more traditional means, with
the additional advantages of increased reproducibility, de-
creased applied voltage, and the ability to easily image the
cells under electrical stimulation.

It has been well documented that cells are able to respond
to electric stimulation by activation of calcium channels
present within the cell membrane and release of calcium
from intracellular calcium stores.27 As we have now shown,
hASCs are also able to respond to electric field stimulation by
a calcium signaling pathway and, at increasing electric field
strength, the calcium response is directly affected. Ham-
merick et al. have also shown that electric fields of 6 V/cm at
50 Hz induced calcium signaling in mouse ASCs.17 Previous
work by Dr. Michael Cho’s research group has characterized
a myriad of calcium signaling responses to different electric
fields for both responsive and unresponsive cell types.2,3,5,27

Their research has indicated that differing electric field
magnitudes and frequencies result in different mechanisms
for increased cytosolic Ca2þ (i.e., release from intracellular
stores or opening of ion channels).2 Similarly, Li et al. have
found that ultrasound and pulsed electromagnetic field
stimulation are equally effective at increasing osteoblast
proliferation, and identified alternative transduction path-
ways in the two cases, both resulting in an increase in cy-
tosolic Ca2þ.28 Our results indicate that hASCs also respond
to electrical stimulation by increasing intracellular calcium.

Long-term regimented exposure to low-frequency electric
fields has been viewed as a possible treatment method and
therapy to drive osteogenic differentiation. By culturing
hASCs in osteogenic differentiating medium containing
dexamethasone, b-glycerol phosphate, and ascorbic acid and
exposing them to a 1 Hz AC electric field of 1 V/cm, we have
shown a significant increase in the amount of mineralized
calcium produced relative to unstimulated controls and
other physiological field strengths of 3 and 5 V/cm. Miner-
alized calcium is a late marker of bone differentiation and is
often used as a final assessment for bone tissue engineering.
Comparative results have been reported by Martino et al.,
where SaOS-2 cells were cultured in an AC electric field of
9 mV/cm at 15 Hz.29 They reported no effect on proliferation
or increases in alkaline phosphatase activity. However, vi-
sual inspection of the cultures demonstrated a large presence
of bone-like nodules and the cells produced 2.5�more cal-
cium than unstimulated controls. Sun et al. determined that
there was no effect on the overall growth rate or morphology
of human MSCs (hMSCs) in response to electrical stimula-
tion but that calcium signaling dynamics were altered and

FIG. 7. (a) Graphical representation of fluorescence inten-
sities from all cells in the field of view. Electrical stimulation
at 10 and 1 V/cm increased cytoplasmic Ca2þ after an initial
stimulation at 100 V/cm for 5 min. (b) Percent increases in
cellular fluorescence in three equivalent experiments in
which cells were stimulated electrically at 100, 10, and 1 V/
cm at 1 Hz for 5 min, in that order. Cells remained as re-
sponsive to electric field stimulation after an acute stimula-
tion at 100 V/cm as they were when the order was reversed,
that is, from low to high field strength. Color images avail-
able online at www.liebertonline.com/ten.
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osteogenic differentiation enhanced as indicated by increas-
ing collagen I and alkaline phosphatase gene expression.3

They also found that the amount of mineralized calcium was
significantly increased as determined by histological stain-
ing. Similar to these previous findings with other stem and
progenitor cells, our findings indicate that application of a
1 Hz, 1 V/cm electric field results in >2� the amount of
mineral than that produced by unstimulated controls. To
reveal possible mechanisms behind electric stimulation, in-
vestigators have attempted to assess the mode of interaction
between electric fields and cells. Research has investigated
the effects of electric stimulation on the mechanical proper-
ties of MSCs in an attempt to determine if acute applications
could generate significant changes in properties, including
cytoskeleton organization and elastic modulus to direct dif-

ferentiation. A study initiated by Titushkin and Cho inves-
tigated the application of a direct current electric field of 2 V/
cm for both hMSCs and osteoblasts and determined that
after application of the electrical stimulus, there was a sig-
nificant reduction in the modulus for both cell types.30,31 This
decrease in cell elasticity was due to the substantial reorga-
nization of the actin cytoskeleton. This reorganization has
been hypothesized to be based on molecular signaling such
as increases in intracellular Ca2þ and depletion of intracel-
lular ATP. These signaling processes are attributed to the
decrease in the structural properties of hMSCs, making them
more similar to fully differentiated osteoblasts.30 Titushkin
and Cho further hypothesized that the reduction in actin
organization and membrane tension can then enhance en-
docytosis and transmembrane movement of soluble osteo-
genic factors, providing a synergistic inducement toward
osteogenic differentiation.

FIG. 8. hASC viability after 7 (a–d) and 14 (e–h) days of stimulation in vitro at 0, 1, 3, or 5 V/cm for 4 h/day. Cells remained
viable and grew into a confluent monolayer on top of the interdigitated electrode. Live cells¼ green; dead cell¼ red; scale
bar¼ 200 mm. Color images available online at www.liebertonline.com/ten.

FIG. 9. hASC proliferation after 7 and 14 days in vitro with
electric field stimulation of 0 (control), 1, 3, or 5 V/cm at 1 Hz
for 4 h/day. At day 7, the 5 V/cm treatment (group B)
stimulated proliferation to a significantly greater extent
( p< 0.05) than 0, 1, or 3 V/cm (groups A). By day 14, hASC
proliferation was not affected by electric field treatments of 0,
1, 3, or 5 V/cm (groups C). Values of groups not connected
by same letter are significantly different ( p< 0.05).

FIG. 10. hASC mineralization was assessed after 7 and 14
days in vitro for hASCs exposed to osteogenic supplements
(dexamethasone, b-glycerol phosphate, and ascorbic acid)
and electric field stimulation of 0 (control), 1, 3, or 5 V/cm at
1 Hz for 4 h/day. At 7 and 14 days, values of groups not
connected by same letters are significantly different
( p< 0.05).
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In addition to using electric stimulation for enhancing
osteogenesis, other researchers have attempted to determine
the effects of electric stimulation on MSCs undergoing adi-
pogenesis. In a recent study, Sun et al. assessed the effect of
pulsed-electromagnetic fields on hMSC proliferation and
differentiation down osteogenic, adipogenic, and neurogenic
lineages. The authors reported slight enhancement in cellular
proliferation but were unable to determine any significant
changes in adipogenic cellular differentiation as determined
by Oil Red O.32

The use of IDEs in combination with human adipose-
derived stem cells provides a facile technique to culture and
expose cells to regimented electric field treatments. The in-
jection of charge into our system can be achieved by utilizing
either a voltage or current source between the contact pads of
the IDEs. As reported in this work and others, we have
utilized a voltage source to apply electric stimulation to cells
in culture, which is adequate for stimulating hASCs on IDEs
and with other electrode designs.33 Although this method is
sufficient for delivering charge to the electrodes, it is limited
due to the voltage source only controlling the net potential
and not the current in the culture. Our future experiments
will focus on recording the induced current over time of
culture. Overall, the use of the IDEs allows direct observation
of cell signaling pathways using fluorescent microscopy
techniques and offers a 1 cm2 footprint to evaluate and
characterize extracellular deposited materials.

Conclusions

In this study, the response of hASCs to an applied electric
field was investigated utilizing a custom planar IDE con-
figuration along with real-time fluorescence tracking of
cytoplasmic Ca2þ changes and hASC-mediated mineral de-
position. hASCs were responsive to all electric field treat-
ments (1, 3, 5, 10, 100, and 1000 V/cm at 1 Hz) and were able
to maintain viability up to at least 100 V/cm. Future exper-
iments will focus on further quantifying the characteristics of
induced Ca2þ responses, delineating the mechanism(s) by
which cytoplasmic Ca2þ is increased in hASCs by electrical
stimulation, and identifying the underlying mechanism(s)
that link changes in intracellular Ca2þ with the increased
osteodifferentiation potential of hASCs when subjected to
electric field stimulation. Our studies have demonstrated
that electrical stimulation of hASCs with IDEs is an effective
approach, in addition to having several special technical
advantages with respect to other methods that make this a
valuable system for further study.
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