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Abstract: Electroporation is a common method of gene transfer that has recently been used to efficiently transfect 
mesenchymal stem (stromal) cells (MSCs); however, the electrical stimulus has the potential to alter cell state. This study 
examines possible negative effects of electroporation of human embryonic stem cell (hESC)-derived MSCs including, loss 
of potency or induction of differentiation. Immunofluorescence and PCR were used to quantify protein and RNA 
expression of CD73 (an MSC marker) and markers of mature mesenchymal cell types following electroporation. The 
relative fraction of cells expressing CD73 protein was not altered in cells exposed to a 20 ms pulse at 1000 V or 1500 V 
compared to controls even after three passages, suggesting MSCs retain multipotency following electroporation. In 
addition, RNA expression of markers indicative of mature cells of bone, fat and cardiac muscle did not differ from 
unmanipulated controls soon after electroporation. Taken together, these results indicate electroporation under conditions 
favorable for MSC transfection does not significantly alter stem cell state.  
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INTRODUCTION 

 Mesenchymal stem cells (MSCs) have become increas-
ingly popular for tissue regeneration because of their ability 
to differentiate into many types of tissues while suppressing 
immune responses and promoting vasculogenesis [1-3]. 
Understanding the function and capabilities of these cells is 
partially dependant on the ability to genetically modify the 
cells and evaluate associated responses. Genetic modification 
is commonly performed via chemical transfection or viral 
infection. Chemical transfection of genetic material is 
achieved using polycationic polymers or liposomes. This 
method is inexpensive and easy to implement, however 
transfection efficiencies are very poor for stem cells, 
including MSCs, and inefficient integration into the genome 
makes the generation of stable transformants exceedingly 
difficult [4]. Viral infection is an effective means of gene 
transfer for mesenchymal stem cells, however vector con-
structs larger than ~11 kb are poorly packaged and thus 
poorly transferred. In addition, the random nature of 
genomic integration of retroviral and lentiviral vectors can 
be cytopathic or cause unwanted modification and mutation 
of the cell genome [5].  
 Electroporation is an alternative strategy for gene 
transfer. Electroporation is performed by exposing cells to an 
electric field that surpasses the dielectric constant of the cell 
membrane [6-10]. Surpassing the transmembrane potential 
causes a destabilization of the cell membrane which results 
in concave pore formation within the membrane [8, 9].  
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These pores can potentially form in either the lipid bilayer or 
protein channels [10]. Permeabilization of the membrane 
allows for flux of a DNA plasmid and/or other exogenous 
materials (e.g. proteins, ions, etc.) in to and out of the cell [8, 
9]. Uncontrolled flux of material across the cell membrane 
can lead to disruption of cell homeostasis and, in some cases, 
cell death. However, electroporation can efficiently transfect 
primary cells, including MSCs [4, 5, 11, 12] and recent 
advances have improved cell throughput and so the ability to 
scale studies for large animal or human use.  
 Following electroporation, MSCs exposed to electrical 
stimulation have been shown to maintain the capacity to 
differentiate into chrondogenic, adipogenic, and osteogenic 
lineages [5, 11]. Yet unclear however, is whether electro-
poration can initiate unintended differentiation. Others have 
shown that a non-invasive electric field (2 V/cm), can 
increase the tendency of the membrane of MSCs to be 
deformed elastically with an applied force and as a conse-
quence a phenotype resembling that of osteoblasts can be 
induced [13]. In addition, the application of an electric field 
can facilitate osteogenic differentiation in MSCs and alter 
Ca2+ dynamics [14]. Finally, when applied to embryonic 
stem cells, an electric field assists in cardiogenic differen-
tiation [15].  
 This study was conducted to test whether electroporation 
per se, under conditions appropriate for gene transfection, 
can induce near-term differentiation of hESC-derived MSCs. 
To this end, markers for osteogenic (i.e. osteocalcin and 
osteopontin), cardiogenic (cardiac troponin-T), and adipo-
genic (PPARγ-2) cell types were evaluated following elec-
troporation. In addition, the potential loss of multipotency of 
MSCs was evaluated by tracking CD73 protein expression 
following electroporation.  
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MATERIALS AND METHODOLOGY 

MSC Culture 

 Mesenchymal stem cells were derived from H1 human 
embryonic stem cells [16] and termed H1MSCs (kindly 
provided by P. Hematti, University of Wisconsin-Madison). 
H1MSCs were cultured using α-MEM medium (Invitrogen, 
Carlsbad, CA) supplemented with 1% non essential amino 
acids (NEAA, GIBCO/Invitrogen) and 10% fetal bovine 
serum (FBS) at 37°C in 5% CO2. Cells were plated at 3.3 x 
105 cells per 175 cm2 and harvested when 70% confluent. 
Medium was changed one day after plating and every 3 days 
thereafter. Cells were harvested via application of trypsin for 
approximately 5 minutes and pelleted using a centrifuge at 
300 x g for 5 minutes. Supernatant was removed and cells 
were resuspended in medium.  

Electroporation 

 Electroporation was performed using the Neon 
Transfection System (Invitrogen). Cells were prepared per 
the manufacturer protocol. Electroporation was conducted 
with 2 µg of DNA plasmid per 5.0 x 105 cells using 2.0 x 105 
cells per transfection. Cells were transfected with a pMX-
GFP reporter plasmid [17] and plated in 6 well plates (n = 3 
separate experiments) with fresh medium. A control cellular 
fraction was plated at the same cell density without electro-
poration. Medium was changed 24 hours after electropora-
tion. Initial optimization was conducted per the manufacturer 
protocol and ideal transfection was attained at a pulse magni-
tude and duration of 1500 V and 20 ms respectively (data not 
shown). To further refine the electroporation protocol, 
additional conditions were evaluated, with a single pulse 
applied in the range of 900 – 1700 V at 100 V increments for 
a duration of 20 ms. Transfection efficiency was determined 
48 hours after transfection using fluorescence microscopy 
and was calculated as a percent of GFP+ cells relative to the 
total number of cells per field (n > 4 fields per condition; 
fields were selected based on the presence of cell nuclei 
identified via DAPI staining). Cell counts were performed 
for all conditions and viability was calculated as a percentage 
of the total number of electroporated cells per well relative to 
the total number of cells per well in control cultures. A 
transfection score was calculated to determine the optimum 
pulse magnitude. The transfection score was defined as 
follows and is derived from the assumption that cell viability 
and transfection efficiency are of equal importance: 
(Viability * Efficiency)/20. 

CD73 Protein Expression 

 To track CD73 expression, H1MSCs were electroporated 
at 0 V (control), 1000 V, and 1500 V, with a 20 ms pulse. 
Cells were electroporated and seeded at 1.4 x 105 and 1.8 x 
105 cells per well (9.6 cm2) of a six-well plate for the 1000 V 
and 1500 V conditions, respectively. Control cells (not elec-
troporated) were seeded at 5.0 x 105 cells per T175 (175 
cm2). Cell concentrations at seeding were altered to account 
for differences in cell viability with different pulse magni-
tudes in an effort to produce similar plating densities follow-
ing electroporation. Electroporation was conducted without 
the reporter plasmid to eliminate potential overlap of fluore-
scence emission between the GFP signal and the immuno-

fluorescence signal corresponding to CD73 expression. Cells 
were cultured with standard medium changes and harvested 
when 70% confluent. For staining, cells were plated in 8 well 
chamber slides at 3.5 x 103 cells per chamber (0.8 cm2).  
 Immunofluorescence staining was performed as pre-
viously described [18] in the 8 well chamber slides when the 
cells reached 50% confluency. Slides were washed with 1x 
PBS and placed in 100% acetone (cooled to 4°C) for 10 
minutes. Slides were allowed to air dry for 10 minutes and 
placed in 1% PFA for 2 minutes, and then washed with 1x 
PBS. A 1:25 dilution of the anti-CD73 antibody (Sc-14682, 
Santa Cruz Biotechnology, Santa Cruz, CA) with 3% BSA 
(Fisher, Forest Lawn, NJ) was prepared and 50 µl aliquots 
were place on each chamber and incubated overnight at 4°C. 
Slides were washed with 1x PBS and 50 µl aliquots of a 
1:200 dilution of the secondary antibody (AF488 Donkey 
anti-Goat, Invitrogen, Carlsbad, CA) with a diluting buffer, 
prepared 9:1 of 5% BSA and human pooled serum 
(CELLect, ICN Biomedical Inc, Aurora, OH), was placed 
atop the chambers. The secondary solution was allowed to 
incubate for 45 minutes at room temperature. Slides were 
washed with 1x PBS and mounted using DAPCO/DAPI 
(Sigma Aldrich) and a microscope cover slip. Imaging was 
conducted immediately after staining using a 10X objective 
with the IX2 Research Inverted System Microscope 
(Olympus, Center Valley, PA). Percentage of CD73+ cells 
was determined relative to the total cell number per field (n 
> 4 fields per condition; fields were selected based on the 
presence of cell nuclei identified via DAPI staining). CD73 
expression was tracked for three cell passages.  

RNA Expression of Markers of Mature Mesenchymal 
Cell Types 

 Cells were electroporated and subsequently seeded as 
described for CD73 analysis. Cells were cultured with regu-
lar medium changes for one passage and harvested when 70 - 
80% confluent. RNA was extracted (PerfectPure RNA Cul-
ture Cell kit, 5 PRIME, Gaithersburg, MA) per the manufac-
turer protocol and used for cDNA synthesis (ThermoScript, 
Invitrogen). PCR was performed with primers for β-actin, 
osteopontin, osteocalcin, cardiac troponin-T, and PPAR γ-2 
(Table 1) and products were separated on an agarose gel. 
Band intensity corresponding to the gene of interest was 
determined using Quantity One (BioRad, Hercules, CA). 
Results are reported as the intensity of the marker band 
relative to the intensity of the β-actin band. 
Table 1. RT-PCR Primers for Markers of Mature MSCs 
 

Lineage Marker Forward Reverse 

β-Actin ATG TTT GAG ACC 
TTC AAC 

CAC GTC ACA CTT 
CAT GAT 

Osteocalcin ATG AGA GCC CTC 
ACA CTC 

GCC GTA GAA GCG 
CCG ATA 

Osteopontin CAT CTC AGA AGC 
AGA ATC 

CCA TAA ACC ACA 
CTA TCA 

Cardiac  
Troponin-T 

AGG CGC TGA TTG 
AGG CTC 

ATA GAT GCT CTG 
CCA CAG 

PPAR γ-2 AAG ACC ACT CCC 
ACT CCT 

GTC AGC GGA CTC 
TGG ATT 
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Statistical Analysis 

 For comparison of CD73 protein expression with or 
without electroporation and for comparison of RNA exp-
ression of lineage markers with or without electroporation, a 
normal distribution was assumed and one-way analyses of 
variance (ANOVA) and Student t-test for unpaired samples 
were used. Data were analyzed with JMP 5.0.1 for Windows 
(SAS Institute, Inc., Carey, NC). A 99% (P < 0.01) con-
fidence interval was applied for statistical significance. 

RESULTS 

Efficient Electroporation of MSCs 

 A leading electroporation system, the Invitrogen NeonTM 

Transfection System, was used to optimize transfection effi-
ciency and viability of MSCs. According to the manu-
facturer’s instructions, the pulse magnitude was varied from 
900 – 1700 V and the pulse duration and frequency were 
held constant at 20 ms and 1 per transfection, respectively. 
Transfection efficiency of MSCs generally increased with 
increasing voltage, reaching a maximum transfection effi-
ciency of approximately 55% at 1600 V. However, increas-
ing voltage also induced greater cell death. At voltage pulses 
greater than 1500 V, cell viability plummeted to 20% or 
lower (Fig. 1). Low cell survival may be tolerable or even 
desirable for some research studies, but in most cases 
viability is as essential as transfection efficiency. Thus, here 
we define the transfection “score” as the (Viability * 
 

 
Fig. (1). Optimization of MSC Transfection. MSCs were 
electroporated with a single, 20 ms pulse over a range of pulse 
magnitudes using a plasmid encoding GFP. Viability, trans-fection 
efficiency and transfection score vs. pulse magnitude. Cell viability 
was defined as a percentage of electroporated cells per well relative 
to the total number of cells per well in control wells and the relative 
percentage was plotted as a function of pulse magnitude. 
Transfection efficiency was defined as the number of GFP positive 
cells relative to the total number of cells in the well and the relative 
percentage was plotted as a function of pulse magnitude. A 
transfection score was defined as a function of both cell viability 
and transfection efficiency (see Materials and Methods) and was 
plotted as a function of pulse magnitude. The transfection score was 
maximized at a pulse magnitude of 1400 V and thus was identified 
as the optimum condition for MSC transfection.  

Efficiency)/20. The highest transfection score occurred at a 
pulse magnitude of 1400 V (with a frequency of 1 and a 
pulse duration of 20 ms; Fig. 1).  

Transfected MSCs Retain Expression of Multipotent 
Marker, CD73  

 The ability of MSCs to retain multipotency after electro-
poration is essential for subsequent study of cell behavior. 
CD73 is a known marker of MSC multipotency [19] and so 
expression of CD73 was tracked using immunofluorescence 
for three passages following electroporation. Cells were 
electroporated at 1000 V and 1500 V with a frequency of 1 
per transfection and a pulse duration of 20 ms. These 
parameters were chosen to flank the optimum transfection 
condition (1400 V, 20 ms, 1 pulse). Electroporation was con-
ducted at passage 7 and CD73 expression was determined at 
passages 9 - 12. Large numbers of cells maintained CD73 
expression after electroporation with both 1000 V (99.7% ± 
1.0%) and 1500 V (99.7% ± 0.4%) and did not differ from 
unmanipulated cells (99.9% ± 0.3%; n > 4 fields from 3 
different wells from 3 different experiments for each condi-
tion; P = 0.84, control vs. 1000 V; P = 0.39, control vs. 1500 
V; Fig. 2). Thus CD73 expression is maintained following 
electroporation at a pulse magnitude of up to 1500 V with a 
20 ms pulse duration.  

 
Fig. (2). MSCs Maintain a Multipotent Phenotype. MSCs were 
electroporated with a single 20 ms pulse at 1000 V or 1500 V. 
CD73 protein expression was evaluated using immunofluorescence 
and the number of positive cells was determined in multiple fields 
(n > 4) from 3 different experiments and expressed as a percentage 
of total cells viewed. The percentage of cells expressing CD73 
protein soon after electroporation was compared to that of 
unmanipulated MSCs. CD73 expression was tracked for three 
passages and cumulative results were reported. A) Comparison of 
CD73 protein expression in electroporated MSCs compared to 
unmanipulated controls. CD73 expression did not vary between 
electroporated and control MSCs (P = 0.84, control vs. 1000 V; P = 
0.39, control vs. 1500 V). B) Representative photomicrographs 
showing CD73 expression (green) in electroporated MSCs 
compared to controls. Scale bar = 10 µm. 

Transfected MSCs do not Express Mature Cell Markers 
of Bone, Muscle and Fat 

 The kinetics of the loss of CD73 with differentiation is 
not well understood and so it is possible that while nearly all 
MSCs express CD73 following electroporation, some may 
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have begun to differentiate. To test this possibility, we 
probed the RNA of MSCs one passage after electroporation 
at 1000 V and 1500 V (20 ms, 1 pulse) with primers for 
mature cell markers of osteoblasts (osteopontin and osteo-
calcin), adipocytes (PPARγ-2) and cardiomyocytes (cardiac 
troponin-T) using RT-PCR. Expression of either osteocalcin 
or cardiac troponin-T was not detected in the control or 
experimental populations. Low levels of osteopontin and 
PPAR γ-2 RNA expression were detected in both control and 
electroporated H1MSC populations. However, expression 
levels did not vary significantly between control populations 
and those exposed to electroporation (P = 0.98, control vs. 
1000V, osteopontin; P = 0.70, control vs. 1500 V, osteo-
pontin; P = 0.04, control vs. 1000 V, PPAR γ-2; P = 0.20, 
control vs. 1500 V, PPAR γ-2; Table 2). Thus, electro-
poration at levels sufficient for gene transfection does not 
rapidly induce expression of markers corresponding to 
mature or developing osteoblasts, adipocytes or cardiomyo-
cytes.  
 
Table 2.  Expression of Tissue Linage Markers of hESC-

derived MSCs Normalized to β-Actin  
 

Lineage Marker Control 1000 Volts 1500 Volts 

Osteocalcin 0 0 0 

Osteopontin 0.23 ± 0.02 0.26 ± 0.02 0.26 ± 0.02 

Cardiac Troponin-T 0 0 0 

PPAR γ-2 0.20 ± 0.02 0.28 ± 0.02 0.25 ± 0.02 

 

DISCUSSION  

 Electroporation is often used to genetically modify stem 
cells, which are notoriously difficult to transfect [20-29]. 
This study was conducted to evaluate possible negative 
effects of electroporation on hESC-derived MSCs, namely 
the loss of potency and the induction of unanticipated 
differentiation. Here we show that under conditions conduct-
ive to MSC transfection, electroporation did not rapidly alter 
potency or induce differentiation of MSCs.  
 There are several parameters to be evaluated when 
identifying optimum transfection conditions with electro-
poration including, pulse magnitude, pulse duration, pulse 
frequency, plasmid concentration, and cell concentration. In 
addition, one must consider the cell type, the desired 
outcome (i.e., relative importance of transfection efficiency 
and viability) and electroporation system to be used. Thus 
the number of potential permutations is large and evaluating 
every permutation is not practically feasible. To narrow the 
scope, we identified the pulse magnitude as the most crucial 
parameter as minor variations in pulse magnitude can dra-
matically impact cell morphology, granularity and survival. 
Our approach was to identify the optimum parameters for 
transfection of MSCs and to test variations in pulse mag-
nitude (1000 V and 1500 V) flanking that of the optimum 
condition (1400 V). We found that CD73 protein expression 
is maintained following electroporation which suggests the 
multipotency of MSCs, or at least a substantial fraction of 

MSCs, is maintained. This result is consistent with previous 
reports by Colleoni et al. and Ferreira et al. which showed 
MSCs are able to differentiate into adipogenic, chrondo-
genic, and osteogenic lineages following electroporation [5, 
11]. Still, karyotypic analysis should be considered, espe-
cially if genetically altered cells are to be used clinically.  
 Even if most cells of a population express markers of 
MSCs and can give rise to cells of multiple lineages, we 
cannot be certain whether or not a fraction of the cells have 
begun or completed differentiation. This is possible, since 
the loss of multipotency markers and the emergence of pro-
teins of mature cells can be overlapping. The possibility of 
inducing differentiation with electroporation was evaluated 
using RT-PCR with subsequent densitometry analysis of 
bands corresponding to osteopontin, osteocalcin, PPAR γ-2 
and cardiac troponin-T expression. Expression was evaluated 
one passage after electroporation and results suggest that 
electroporation, under conditions conducive to MSC trans-
fection, does not induce near-term differentiation of MSCs. 
We selected early and late markers of osteoblast differen-
tiation (osteopontin and osteocalcin, respectively) in case 
incomplete differentiation was triggered or differentiation 
had proceeded to completion at the time of study. It should 
be noted that the number of proteins probed is certainly not 
exhaustive and so differentiation of other cell types may 
have occurred, or differentiation may not have occurred to 
the extent needed to detect a particular protein of interest. In 
addition, it should be noted that the stem cell population 
studied here were human in species, mesenchymal in nature 
and embryonic stem cell in source. It is possible that mesen-
chymal stem cells from other sources (e.g., bone marrow, 
adipose tissue) and species (e.g., mouse, rat) may exhibit 
varied responses to electroporation, especially responses 
related to cell state. 

CONCLUSION 

 We have shown that electroporation can efficiently 
transfect embryonic stem cell-derived MSCs. The optimum 
transfection conditions were a single pulse at a pulse mag-
nitude of 1400 V and a duration of 20 ms. The resultant 
transfection efficiency was approximately 42% with a 25% 
viable fraction. At pulse magnitudes flanking 1400 V, elec-
troporation does not rapidly affect MSC potency or induce 
differentiation. Thus electroporation of MSCs is an effective 
method of gene transfer that can be used to augment the 
study of stem cell behavior and ultimately advance clinical 
application of stem cells.  
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