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Low-intensity electric fields can induce changes in cell differentiation and

cytoskeletal stresses that facilitate manipulation of osteoblasts and mesen-

chymal stem cells; however, the application times (tens of minutes) are of

the order of physiological mechanisms, which can complicate treatment con-

sistency. Intense nanosecond pulsed electric fields (nsPEFs) can overcome

these challenges by inducing similar stresses on shorter timescales while

additionally inducing plasma membrane nanoporation, ion transport and

intracellular structure manipulation. This paper shows that treating myo-

blasts and osteoblasts with five 300 ns PEFs with intensities from 1.5 to

25 kV cm21 increased proliferation and differentiation. While nsPEFs above

5 kV cm21 decreased myoblast population growth, 10 and 20 kV cm21

trains increased myoblast population by approximately fivefold 48 h after

exposure when all cell densities were set to the same level after exposure.

Three trials of the PEF-treated osteoblasts showed that PEF trains between

2.5 and 10 kV cm21 induced the greatest population growth compared to

the control 48 h after treatment. Trains of nsPEFs between 1.5 and

5 kV cm21 induced the most nodule formation in osteoblasts, indicating

bone formation. These results demonstrate the potential utility for nsPEFs

to rapidly modulate stem cells for proliferation and differentiation and motiv-

ate future experiments to optimize PEF parameters for in vivo applications.
1. Introduction
While stem cell therapies hold great promise, several challenges remain for

clinical translation, including appropriate maintenance of stem cell state, repro-

ducibly expanding large numbers of stem cells for transplantation, assuring

efficient differentiation into desired cell types and ensuring cell viability

during and after delivery [1]. For example, the slow proliferation of myoblasts

and osteoblasts until differentiation significantly hinders clinical applications

for muscular and bone regeneration [2,3]. Inducing differentiation may benefit

certain applications, such as bone healing and regeneration [3–5]. This has

motivated multiple physical methods, including mechanical and electrical

stimulation [6], and chemical methods, such as substrate and materials

design [7], to control and direct stem cell differentiation and proliferation. Elec-

tric fields are increasingly used as an alternative to drugs or gene therapy for

treatment and regeneration due to their ease of use and ability to induce desir-

able phenomena [4,5]. Electric fields can control differentiation by modifying

the membrane potential [8,9], which impact voltage-gated channels [10] and

the influx of ions to determine the differentiation of embryonic stem cells

[11]. Electric fields can also induce cytoskeletal stresses to manipulate osteo-

blasts and mesenchymal stem cells [12], which was previously possible only

by using chemicals [13] or proteins [14].

http://crossmark.crossref.org/dialog/?doi=10.1098/rsif.2019.0079&domain=pdf&date_stamp=2019-06-19
mailto:algarner@purdue.edu
https://dx.doi.org/10.6084/m9.figshare.c.4531235
https://dx.doi.org/10.6084/m9.figshare.c.4531235
http://orcid.org/
http://orcid.org/0000-0002-8916-3425
http://orcid.org/0000-0001-5416-7437


royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

16:20190079

2
Many studies exploring the electric field and electro-

magnetic stimulation of stem cells consider long duration,

low-intensity electric [15] or magnetic fields [16,17]. These

long duration mechanisms may be challenging to apply con-

sistently because the physical interactions may conflict with

long-term physiological mechanisms at similar voltages and

currents [18]. For instance, applying a single pulsed electric

field (PEF) 2.5 V cm21 of 90 s duration altered cardiomyocyte

differentiation by increasing the number of beating foci while

applying a single 5.0 V cm21 PEF additionally increased

intracellular reactive oxygen species [19,20]. A more recent

study examined the application of picosecond PEFs to manip-

ulate the proliferation and lineage-specific gene expression in

neural stem cells [21].

Although the effect of these electric fields on osseointegra-

tion is incompletely characterized [5], recent studies have

shown that electrical stimulation can enhance bone growth.

Applying voltages under 500 mV to the titanium surfaces

used in implants clinically promoted bone regeneration for

fractures by enhancing osteoblast differentiation [22]. Applying

degenerate sine-wave and capacitively coupled stimulation for

4 h increased differentiation and mineralization and collagen

production of osteoblast-like cells in vitro [23]. Electrical

stimulation increased the growth of adipose-derived mesen-

chymal stem cells in conductive scaffolds by manipulating

voltage-gated calcium, sodium and potassium channels [24].

Adult skeletal muscle demonstrates an efficient regenera-

tive capacity in response to physiological stimulus, such as

intense exercise and muscle injury, by activating resident

stem cells (satellite cells) in a mediated myogenic programme

[25]. These cells remain quiescent between the basal lamina

and the plasma membrane of the myofibres until activated

by regenerative signals. Once stimulated, these satellite cells

undergo multiple rounds of divisions, differentiation and

fusion to form new multinucleated myofibres, which is criti-

cal for postnatal maintenance of skeletal muscle and muscle

repair. Ageing muscles exhibit impaired regenerative ability,

partly due to a loss of stem cell populations and increased

defects in satellite cells [26].

The current study experimentally assesses the impact

of nanosecond PEFs (nsPEFs) on osteoblast and myoblast

proliferation and differentiation. Applying nsPEFs avoids

some potential challenges of low-voltage electric fields by

applying decisively non-physiological parameters (electric

fields of 30–300 kV cm21 and pulse durations of 10–300 ns)

to induce various physical mechanisms, such as plasma

membrane nanoporation, ion transport and intracellular

structure manipulation [27]. Applying nsPEFs can induce

these phenomena with minimal tissue heating and the ability

to target intracellular structures, such as calcium stores [28]

and the cytoskeleton [29]. While further research is needed

to determine their influence on gene expressions and growth

factors, the appropriate tuning of intense PEFs provides the

potential to provide both mechanical and electrical stresses

[30] to facilitate adequate microenvironment control to

manipulate stem cell function.

While nsPEFs have been used for treatment before, such

as inactivating microorganisms [31,32] and activating apopto-

tic pathways in melanomas [33], this study examines the

application of nsPEFs with a lower cumulative energy den-

sity on stem cell stimulation [11,19,34]. Electric field

intensity can dramatically impact mechanism. Recent studies

using electrostimulation with capacitive coupling (indirect
contact with a sample) induced similar levels of haemato-

poietic and mesenchymal stem cell activation as bovine

thrombin, the state of the art platelet activator, while conduc-

tive coupling (direct contact with the sample) increased cell

death [35]. Although the applied voltage was the same,

capacitive coupling induces a much lower membrane poten-

tial than conductive coupling [36], creating less intense

biophysical effects. In general, applying greater pulse

energy (more pulses, higher electric field or longer pulse

duration) induces cell death [37,38].

The current study assesses the feasibility of selecting

nsPEF parameters to stimulate osteoblast and myoblast be-

haviour without inducing adverse effects, such as cell

death, much as PEFs are applied for platelet activation [39].

While applying nsPEFs allows for a lower duty cycle and

application of higher electric fields [37], this study demon-

strates that applying only five electric pulses from 2.5 to

5 kV cm21 could stimulate osteoblasts and myoblasts with

potential implications to regenerative healing and tissue

repair. Section 2 summarizes the material and methodology.

Section 3 reports the results. We discuss the results and

provide concluding remarks in §4.
2. Material and methodology
2.1. Isolation and culture of primary myoblasts
Primary myoblasts were isolated from hindlimb skeletal

muscle of four-week-old mice [40] (PMID: 27880908). Briefly,

muscles were minced and digested in type B collagenase and

dispase II mixture (Roche). Digested cells were harvested and

cultured in growth media, F-10 Ham’s medium (Thermo

Fisher Scientific) supplemented with 20% fetal bovine

serum (FBS, Atlanta), 4 ng ml21 basic fibroblast growth

factor (Thermo Fisher Scientific) and 1% penicillin–strepto-

mycin (Thermo Fisher Scientific) on collagen-coated dishes.

Primary myoblasts were isolated and purified after pre-

plating two to three times. Primary myoblasts were then

induced to differentiate by growing in Dulbecco’s modified

Eagle’s medium (DMEM, Sigma,) supplemented with 2%

horse serum (Sigma) for at least 2 days.

2.2. Culture of primary human osteoblasts
Primary human osteoblasts obtained from vertebrae (Scien-

cellw) were cultured in DMEM/F-12 media (Gibco)

supplemented with 10% FBS with 1% L-glutamine þ 1%

penicillin–streptomycin antibiotic in tissue culture grade

flasks. Cells were removed from the adhered surface and con-

centrated to 2 � 106 cells ml21 prior to pulsing in a 2 mm gap

cuvette. These were then plated in 96-well plates with a

methyl thiazolyl tetrazolium (MTT) stain to take counts 4,

24 and 48 h after nsPEF treatment, followed by plating cells

at 1 � 104, 2.5 � 104 and 5 � 104 cells well21 in a 24-well

plate for immunostaining prior to fluorescence studies.

2.3. Nanosecond pulsed electric field exposure
To maintain consistent stem cell regenerative capacity, we

used myoblasts between the second and eighth passage for

all experiments. Myoblasts were cultured in 10 cm dishes

until achieving 80% confluency. Similarly, osteoblasts were

passaged for pulsing upon reaching 80% confluency. Both

samples were diluted to a concentration of 2 � 106 cells ml21,
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Figure 1. Electric field for a representative 300 ns pulse produced by the
pulse generator across a 0.2 cm cuvette by using E ¼ V/D with V the applied
voltage and D the cuvette gap.
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placed in standard 2 mm electroporation cuvettes (Dot Scien-

tificw) and treated by a 300 ns PEF using a pulse generator

consisting of 24 capacitors and inductors arranged as a stan-

dard Blumlein circuit design [41]. The pulse generator was

powered by an EJ series Glassmanw high voltage 600 W DC

power supply and activated with a spark gap switch to pro-

duce PEFs of 300 ns duration at the peak with rise and fall

times of approximately 30 ns. Each treatment exposed the

samples to five pulses at a repetition frequency of 1 Hz. The

absence of asymmetric bipolar pulses when applying PEFs

to growth media and PBS indicates that the load approxi-

mately matches the pulse generator’s impedance of 10 V.

We measured the applied voltage across the cuvette using a

LeCroy PPE 20 kV high-voltage probe with a 1000 : 1 attenu-

ation that fed into a TeleDyne LeCroyw Waverunner 6 Zi

Oscilloscope capable of measuring up to 4 GHz. Figure 1

shows a typical measured waveform. We report the electric

field across the parallel plates as E ¼ V/d, where V is the

peak voltage of the applied PEF in kV and d is the gap

distance in cm (0.2 cm here).

2.4. Plating after pulsed electric field treatment
Immediately after treating the myoblasts with five PEFs, we

used a haemocytometer to determine the number of viable,

surviving cells (cf. figure 2a) to ensure we plated the same

number of live cells in each well. The viability counts were

obtained using a Trypan blue exclusion assay on an auto-

mated cell counter, the Invitrogenw Countess 2, set to read

cells up to 80 mm in diameter. Seeding the wells with the

same cell density required diluting the samples and account-

ing for cell death to ensure the plating of 2 � 104 live cells per

well. This resulted in figure 2a, which includes haemo-

cytometer counts (n ¼ 5), with the lower intensity PEFs

inducing minimal effect and more intense PEFs causing

approximately a 40% reduction in the number of viable

cells. Three wells each were used for MTT assays at 24 and

48 h after pulsing in 96-well plates.

Similarly, osteoblasts were treated with five pulses, but

plated at the same volume of cell solution, using the control

as a reference. The control (unpulsed) sample contained 2 �
104 live cells in 10 ml of fluid. The same volume was plated

for all treated samples to better simulate clinical con-

ditions/applications. The cells were plated in three wells for

each condition in 24-well plates in a total volume of 200 ml.

Counts were taken 4, 24 and 48 h after plating with 4 h

selected as the initial time to ensure sufficient time for the

cells to adhere to the cell wall surface.

2.5. Cell proliferation assay
Cell proliferation was assessed by using the MTT cell prolifer-

ation assay kit from ATCC (ATCC 30–1010 K). Experiments

consisted of adding 10 ml of 5 mg ml21 MTT to each well of

the 96-well plates containing pulsed cells at 0, 24 and 48 h

after treatment. We drained the media 4 h after incubation

at 378C for the initial (0 h) count to allow adherence to the

dish surface. Purple formazan dyes were dissolved in

100 ml DMSO in each well and absorbance was measured at

570 nm for the myoblast experiments.

For osteoblasts, we drained the media 1 h prior to count-

ing and added a mixture of 100 ml media and 20 ml MTT to

each well, which was allowed to stain for 1 h. Next, 100 ml

of the stained solution was transferred from each well to
a 96-well plate to count with a photospectrometer at a

wavelength of 570 nm.

2.6. Immunofluorescence
Pulsed myoblast cells were seeded in 24-well plates of

15.6 mm diameter and 3.4 ml volume at a density of 3 �
105 cells well21. After 48 h, the cells were cultured in

growth media or differentiation media for 72 h. After remov-

ing the media, we fixed the cells in 4% paraformaldehyde

(PFA) for 5 min and incubated in 100 mM glycine for

15 min. Cells were then permeabilized in blocking buffer con-

taining 5% goat serum, 2% bovine serum albumin, 0.2%

Triton X-100 and 0.1% sodium azide in PBS for 1 h. Myosin

heavy chain protein was used as the maturation marker of

myoblasts. The primary antibody MF20 (R&D Systemsw,

#MAB4470, mouse) was added to the blocking buffer in a

1 : 30 dilution and applied to cells overnight at 48C. Cells

were then incubated in an anti-mouse IgG2b 568 (Invitrogen)

secondary antibody for 1 h and cell nuclei were co-stained

with 1 mM DAPI. We captured between four and six

fluorescent images per well with a CoolSnap HQ charge

coupled-device camera (Photometrics) and a Leica DM6000

microscope. Figure 3 shows representative images from

different wells. Because the instrumentation did not

permit application of a ‘scale’ or ‘ruler’ for relative size,

these images provide insight into the occurrence of differen-

tiation but prohibit quantitative assessments. Future studies

using confocal microscopy will enable quantification of

these results.

2.7. Osteoblast staining
Osteoblasts were fixed in 0.5% glutaraldehyde solution in

phosphate-buffered saline for 1 h. Cultures were rinsed

with deionized water and stained with Alizarin Red stain,

40 mM in deionized water pH 4.2 (Sigma A5533). Stain was

placed on cultures for 1 h with agitation. Cultures were

destained with repeated deionized water rinses for 24 h.

2.8. Statistical analysis
To confirm the myoblast results for initial cell kill off after

pulsing and proliferation 24 h and 48 h after PEF treatment,

we performed a repeated measure analysis of variance

(ANOVA) followed by a Tukey test for multiple comparisons

if the ANOVA showed a significant difference for the inde-

pendent variable ( p , 0.05). We present the results by letter

with conditions sharing a letter exhibiting no statistically
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Figure 2. (a) Myoblast count immediately after treatment to plates with an identical number of cells in each well. (b) Myoblast population determined by MTT
assays 24 and 48 h after five 300 ns PEFs. The Tukey groupings are labelled above each column to compare the treatments showing a significant difference ( p ,

0.05). In all cases, the electric field is calculated as E ¼ V/D, where V is the applied voltage and D is the gap distance of the cuvette (0.2 cm).

(a)

(b)

(c)

Figure 3. Representative immunostaining images from portions of three different wells of untreated myoblasts (a) and myoblasts following exposure to five
5 kV cm21 (b) or 25 kV cm21, 300 ns (c) PEFs. The red and blue mark the myosin heavy chains and cell nuclei, respectively. The myoblasts treated with
5 kV cm21 have a larger concentration of red cells, indicating increased proliferation. These images show that the 25 kV cm21 treatment induced less myoblast
fusion compared to the control and the 5 kV cm21 field treatment. (Online version in colour.)
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significant difference and those not sharing a letter having a

statistically significant difference. For example, if group 1 is

assigned ‘AB’, group 2 is assigned ‘B’, and group 3 is

assigned ‘A’, then group 1 is not statistically different from

group 2 or 3 because it shares a letter with each group, but

groups 2 and 3 are statistically different as they do not

share the same letter.
3. Results
3.1. Myoblast results
Myoblasts were treated with five 300 ns PEFs at 0, 2.5, 5, 10,

20 or 30 kV cm21. Figure 2a shows that the number of cells

was unchanged at 2.5 kV cm21 and decreased with increas-

ing PEF field strength from 5 to 30 kV cm21. Figure 2a
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Figure 4. Osteoblast proliferation 0, 24 and 48 h as a percentage of the initial untreated control population after treatment with 300 ns PEFs with various intensities
for three different trials demonstrating increased proliferation compared to untreated control (0 kV cm21) for electric fields from (a) 10 to 20 kV cm21 at 24 h and
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electric field is calculated as E ¼ V/D, where V is the applied voltage and D is the gap distance of the cuvette (0.2 cm).

(a)

(b)

Figure 5. Representative fluorescent images from each of three wells for untreated osteoblast control cells 7 days (a) and 14 days (b) after the experiment indicating
light nodule formation after 14 days, as indicated by the red coloration. (Online version in colour.)
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(a)

(b)

Figure 7. Representative fluorescent images from each of three wells 7 days (a) and 14 days (b) after treating osteoblast cells with five, 2.5 kV cm21, 300 ns PEFs
indicating nodule formation after 7 days and more extensive nodule formation after 14 days. (Online version in colour.)

(a)

(b)

Figure 6. Representative fluorescent images from each of three wells 7 days (a) and 14 days (b) after treating osteoblast cells with five, 1.5 kV cm21, 300 ns PEFs
7 days and 14 days indicating enhanced nodule formation after 14 days. (Online version in colour.)

royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

16:20190079

6



(a)

(b)

Figure 8. Representative fluorescent images from each of three wells 7 days (a) and 14 days (b) after treating osteoblast cells with five, 5 kV cm21, 300 ns PEFs
indicating nodule formation after 7 days and more extensive nodule formation after 14 days. (Online version in colour.)
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shows that the number of myoblast cells that survived PEF

treatment decreased for increased field strengths. Performing

an ANOVA on the cell count data in figure 2a showed no stat-

istical significance in cell count as a function of electric field

intensity ( p ¼ 0.197).

A fixed volume of cells was then seeded to monitor the

growth rate. Figure 2b shows that the 2.5 kV cm21 PEFs

increase myoblast proliferation by twofold without impairing

survival, while the 5, 10 and 20 kV cm21 PEFs increase

growth rate by three- to fourfold with a reduced survival

rate. Independently running the 24 and 48 h results for

ANOVA tests showed that different applied electric field

intensities had a statistically significant difference on cell

population ( p , 0.001). A Tukey test was conducted to deter-

mine the significance between individual PEF parameters.

The growth rate was lower 48 h post-treatment at

30 kV cm21, suggesting that these PEFs may exceed a

threshold for damaging myoblast physiology. The increased

proliferation resulted in a high cell density that caused the

myoblasts to differentiate spontaneously without the serum

withdrawal typically used to induce myoblast differentiation.

Myotube differentiation is the physiological process for

myoblast maturation. We studied differentiation 2 days after

PEF treatment to assess the impact on myoblast function.

Figure 3 shows that replacing the growth media with differ-

entiation media causes more fused myoblasts for 5 kV cm21

PEFs compared to control, as indicated by the presence of

the myosin heaven chains (stained in red), the maturation
marker in the myotubes. By contrast, fewer fused myoblasts

formed at 25 kV cm21, indicating that lower intensity PEFs

(5 kV cm21) maintained myoblast maturation while higher

intensity PEFs may impair myoblast differentiation. We

hypothesize that this trend will continue at higher electric

fields. The initial plated myoblasts had more myosin heavy

chains (stained in red) because they fused with other cells

to form multinucleated myotubes (blue highlights the

nuclei of the cells). Combined, figure 2 shows that PEF treat-

ment increased cell proliferation compared to the untreated

control with each image taken from a different well of a

24-well cell culture dish and figure 3 shows that this increases

myoblast differentiation at low PEF intensity (5 kV cm21) but

not at high PEF intensity (25 kV cm21).
3.2. Osteoblast results
Similarly, we set osteoblast concentration to 2 �
106 cells ml21 prior to pulsing. For the untreated control

sample, 10 ml of this sample corresponds to 2 �
104 cells well21. This same volume of fluid was then plated

for all samples in 24-well plates (2 cm2 well21). The initial

population count was taken using an automated cell counter

(Countessw). We performed MTT assays at 4, 24 and 48 h

(n ¼ 3). We consider the 4 h point as the initial condition

for calculating subsequent osteoblast population growth.

We report the growth curves for pulsed osteoblasts measured

from the MTT assay as a percentage of growth compared to



(a)

(b)

Figure 9. Representative fluorescent images from each of three wells 7 days (a) and 14 days (a) after treating osteoblast cells with five, 10 kV cm21, 300 ns PEFs
exhibiting nodule formation after 7 days and more extensive nodule formation after 14 days. (Online version in colour.)

royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

16:20190079

8

the untreated control at 24 and 48 h after treatment. Figure 4

summarizes the results from three identical tests with the

exception of the initial osteoblast concentration, which

impacts the growth curves after nsPEF exposure. Thus,

rather than averaging the results and obtaining large error

bars that would hide the general nsPEF behaviour, we

report the individual results and observe the general trends.

As with the myoblasts, we plated, stained and photo-

graphed the osteoblasts 7 days and 14 days after plating, as

shown in figures 5–9 for the untreated control and cells

exposed to five 300 ns PEFs at 1.5 kV cm21, 2.5 kV cm21,

5 kV cm21 and 10 kV cm21, respectively. Each figure shows

representative images from each of the three wells with the

red colour representing nodule formation, which indicates

bone formation. While we controlled for the intensity of the

red colour, larger red spots indicate greater nodule formation.

All field strengths induced notably increased nodule for-

mation 14 days after treatment with treatments of

2.5 kV cm21 and higher inducing some nodule formation

even after 7 days. Table 1 reports the nodule counts 14 days

after exposing the osteoblasts to five 300 ns PEFs with various

intensities and the unpulsed control.

The osteoblast experiments were plated according to the

control to reduce the error inherent in counting haemo-

cytometers. We plated 10 ml of each sample into each well,

corresponding to the number of live cells of the unpulsed con-

trol, which had 2 � 106 cells ml21 with a variation of +10%.

This gave 2 � 104 cells (with respect to the untreated control)
in each well. The actual large variation in population follow-

ing PEF exposure may arise due to the variation in the

number of cells that survived PEF treatment; however, the

trend of increased cell population growth remained. While

the variation is sufficient that the results have no statistical

significance, we note that the intermediate pulse durations

of 1.5 and 2.5 kV cm21 generally lead to the largest increase

in nodule formation for each replicate in each trial. No

nodules form in the control and only a single nodule forms

following the 2.5 kV cm21 treatment in one of the replicates

in trial 1. In trial 2, the 2.5 kV cm21 treatment increased

nodule formation compared to control in three of the four

replicates and by 63.6% compared to control on average, com-

pared to 36.4% and 54.5% for the 3 and 5 kV cm21 treatments,

respectively. We also observed notable increases in nodule

formation in trial 3 with the 1.5 kV cm21, all PEF trains

below 10 kV cm21 were effective for this trial. As a whole,

these data suggest that the 1.5–5 kV cm21 PEF trains are gen-

erally effective while nodule formation declines for the

10 kV cm21 trains.

4. Discussion and conclusion
These results indicate that applying five 300 ns PEFs of

appropriate electric field intensity to either myoblasts or

osteoblasts can induce proliferation and myotube maturation

or nodule formation, respectively. For myoblasts, PEFs ran-

ging from 2.5 to 20 kV cm21 increased myoblast population



Table 1. Nodule growth for each replicate of three trials of osteoblasts
14 days after exposure to five 300 ns PEFs of various intensities. Values in
italics indicate the average of the quantities in the three rows above.

field
(kV cm21) 0 1.5 2.5 5 10

trial 1 0 0 0 0 0

0 0 1 0 0

0 0 0 0 0

average 0.0 0.0 0.3 0.0 0.0

trial 2 2 6 7 7 2

2 4 3 6 3

5 3 2 2 3

2 5 3 2 4

average 2.8 4.5 3.8 4.3 3.0

trial 3 2 2 5 2 1

0 3 1 1 0

0 2 1 1 1

average 0.7 2.3 2.3 1.3 0.7
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compared to untreated control 24 and 48 h after treatment

while PEFs above 25 kV cm21 reduced cell population

immediately after treatment. The cell population growth

does not differ statistically significantly from the control

sample. Immunostaining indicated that an applied electric

field of 5 kV cm21 increased myotube formation compared

to either untreated control or myoblasts exposed to

25 kV cm21. Thus, an optimal field intensity could selectively

enhance myotube formation. We observed similar results for

the osteoblasts, including nodule formation within 48–72 h

and increased nodule formation for higher field strengths.

Thus, the immunostaining images revealed increased pro-

liferation after pulsing either cell type, which could

contribute to increased cell differentiation. Prior research [3]

showed that electric field induced ion movement could

create currents that affected transmembrane voltage, which

can determine the differentiation pathway of mesenchymal

stem cells [5]. The release of intracellular stores of Ca2þ can

also affect growth kinetics. Refs. [4] and [5] show that electri-

cal stimulation can enhance osteoblast differentiation by

altering the transmembrane potential, which subsequently
influences growth and differentiation. Since nsPEFs target

the plasma membrane, intracellular organelle membranes,

intracellular calcium stores and the cytoskeleton [27], it is

likely that a similar release of stored intracellular ions and

the inhibition or activation of other signalling pathways

stimulated population growth and differentiation. PEFs

may also alter the transmembrane potential [42], providing

another potential avenue for stem cell manipulation. Future

detailed biological studies examining various markers and

mechanisms may elucidate the dominant mechanisms to

potentially enable tuning of the phenomenon.

Future tests combining differentiating and non-differen-

tiating media with nsPEFs can determine whether this

synergistically increases differentiation, analogous to our

past studies assessing the synergy of antimicrobial agents

with nsPEFs [43]. Polymerase chain reaction (PCR) tests can

analyse changes in mRNA and the transcriptome that could

indicate whether nsPEFs induce differentiation. Moreover,

the current study focuses on just the impact of applied

pulse energy by controlling the applied electric field; how-

ever, one could also vary the PEF duration, number of PEFs

and even the delivery mechanism from conductive coupling

to capacitive coupling. Future studies will involve performing

a more detailed parametric study of PEF parameters, which

will impact cellular target and intensity, and further assessing

the impact of PEFs on membrane potential and calcium

release. Ultimately, animal studies can demonstrate the utility

of this approach for clinical applications in wound healing.
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