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Stem cells are a promising resource for gene therapy. 
Adipose tissue–derived stem cells (ADSCs) offer advan-
tages because of their abundance and ease of isolation. 
However, it is difficult to transduce genes into ADSCs 
by common transfection methods, especially nonviral 
methods. We report here the use of a new electropo-
ration method, termed “microporation,” to transduce 
plasmids into human ADSCs (hADSCs). We determined 
optimal conditions that led to efficient transfection of 
>76.1% of the microporated hADSCs with only minimal 
cell damage or cytotoxicity. We demonstrated the expres-
sion of both enhanced green fluorescent protein (EGFP) 
and luciferase from different promoters in microporated 
hADSCs. More important, the microporated hADSCs 
retained their multipotency and reporter gene expres-
sion was maintained for >2 weeks in vitro and in vivo. We 
further showed that a Tet-ON-inducible gene expression 
system could be microporated into hADSCs and that 
this system was functional following transplantation of 
the microporated cells into nude mice. Taken together, 
our data demonstrate that microporation allows a highly 
efficient transfection of hADSCs, without impairing their 
stem cell properties.
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IntroductIon
Stem cells are clonogenic and self-renewing, and can give rise 
to specialized cell types.1 Two kinds of stem cell may be defined 
according to the tissue source: embryonic stem cells and adult 
stem cells. Embryonic stem cells are pluripotent cells that can 
give rise to the various cell types of the body. Generally, adult 
stem cells are limited by the number and type of differentiated 
cell types that they can become. For cell-based tissue regenera-
tion, a potential advantage of using stem cells from an adult is 

that the patient’s own cells could be expanded in culture and then 
reintroduced into the patient without the problem of tissue rejec-
tion by the immune system.2,3 Mesenchymal stem cells are isolated 
from mesodermal organs, such as bone marrow, umbilical cord 
blood, and fat tissue.4–6 They have the ability to differentiate into 
mesodermal cell lineages, such as muscle, bone, cartilage, and fat 
under the appropriate culture conditions.7,8 Therefore, mesenchy-
mal stem cells are a good cell source for tissue regeneration and 
gene therapy.

The biology of adult mesenchymal stem cells and their poten-
tial use in gene therapy have provided opportunities for therapeu-
tic use in tissue regeneration. Recently, stem cells were successfully 
transduced with therapeutic genes via viral vectors. However, the 
possibility of inducing toxicity or immune and inflammatory 
responses by the viral vector is a major concern.2,3 In addition, 
virus-based methods are time consuming owing to technical dif-
ficulties and specific safety requirements, especially when working 
with human cells.9 Gene delivery by nonviral methods, including 
native DNA, liposomes, cationic polymers, and electroporation, is 
less efficient than virus-mediated DNA delivery. Typically, trans-
fection efficiency by nonviral methods is limited to 20–25%.10 
Furthermore, adult mesenchymal stem cells tend to resist trans-
gene delivery by classic nonviral methods, as do primary cul-
tured cells.11,12 Still, nonviral methods have several advantages, 
such as lower manufacturing costs, no (or weak) immunogenic 
responses with repeated administration, and they are generally 
safe.13 Therefore, improving the transfection efficiency of nonviral 
methods for adult mesenchymal stem cells should prove beneficial 
to cell therapy.

We present here a new transfection method, termed microp-
oration, which we show can efficiently transduce plasmid DNA 
into human adipose tissue–derived stem cells (hADSCs). We 
established optimal transfection conditions associated with mini-
mal cell damage. These conditions are associated with a transfec-
tion efficiency of up to 76.1% 24 hours after microporation. More 
important, the transfected hADSCs retain their multipotency. 
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Furthermore, hADSCs microporated with a Tet-ON regulated 
enhanced green fluorescent protein (EGFP) expression plasmid 
showed regulated transgene expression by exposure to doxycy-
cline (Dox) following transplantation of the transduced cells into 
nude mice.

results
determination of optimal transfection conditions  
by microporation
We investigated a nonviral transfection method for hADSCs using 
microporator technology. First, we followed the protocol provided 
by the manufacturer. To further determine the best micropora-
tion conditions, equivalent quantities of both hADSCs and the 
pEGFP-N1 plasmid were used to test five different pulsing pro-
grams: program 1 (P1), 900 V, 20 ms, one pulse; P2, 900 V, 20 ms, 
two pulses; P3, 1,500 V, 20 ms, one pulse; P4, 1,500 V, 20 ms, two 
pulses; and P5, 1,800 V, 20 ms, one pulse. EGFP expression was 
visualized 24 hours after microporation by fluorescence micros-
copy (Figure 1). All of the microporation conditions tested with 

a

b

c

g

h

i

d

e

f

j

k

l

Figure 1 Human adipose tissue–derived stem cells (hAdscs) were 
transfected with 1.5 μg of peGFP-n1 using a microporator. After 24 
hours, the expression of enhanced green fluorescent protein (EGFP) was 
analyzed using fluorescence microscopy, and hADSCs were micropo-
rated using different voltage and pulse conditions: (a and d), control; 
(b and e), program 1; (c and f), program 2; (g and j), program 3; (h and 
k), program 4; and (i and l), program 5; (a–c) and (g–i), phase contrast 
images; (d–f) and (j–l), EGFP fluorescence.
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Figure 2 Flow cytometric analysis of transfection efficacy. (a) Human adipose tissue–derived stem cells were transfected with plasmid pEGFP-N1 
and enhanced green fluorescent protein (EGFP)-expressing cells were detected 24 hours later by flow cytometry. Cells were microporated using 
 different voltage and pulse conditions: A, control; B, program 1; C, program 2; D, program 3; E, program 4; and F, program 5. Microporated (white) 
and control groups (gray) are illustrated in each panel. (b), Comparison of the fraction of GFP+ cells estimated following fluorescence-activated 
 cell-sorting analysis.
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the exception of P1 led to high transfection efficiency of the hAD-
SCs. P2 generated a greater transfection efficiency than P1, with 
the only difference between these programs being the number of 
pulses (Figure 1e and f). However, we observed a similar trans-
fection efficiency when using either P3 or P4, which also only 
differed by the number of pulses (Figure 1j and k). We further 
observed that cell morphology was round and that the cells were 
unable to spread following microporation at the higher voltages 
and with increasing pulse number (Figure 1h and i). Next, the 
EGFP-positive microporated cells (EGFP+ cells) were analyzed by 
flow cytometry (Figure 2a). The EGFP+ cells represented at least 
30% of the transfected hADSCs under each microporation condi-
tion. The fraction of EGFP+ cells using P1, P2, P3, P4, and P5 
conditions corresponded to 30.5 ± 2.7%, 44.4 ± 1.2%, 64.8 ± 0.8%, 
77.8 ± 2.9%, and 73.9 ± 1.6%, respectively (Figure 2b). As such, 
the results of the fluorescence microscopic analysis were consis-
tent with the results of the flow cytometric analysis. At the same 
voltage, the percentage of EGFP+ cells increased by ~13–14% 
when employing a second microporation pulse (e.g., compare P1 
versus P2 and P3 versus P4).

hADSCs morphology was altered following microporation at 
the higher voltages and with increasing pulse number (Figure 1a). 
To determine whether this change in cell morphology was caused 
by cytotoxic effects of microporation, we monitored the sub-G1 
cell population in cells following microporation. After micropo-
ration, the cells were allowed to adhere overnight. Subsequently, 
dead cells, debris, and viable cells were collected for flow cyto-
metric analysis. The percentage of sub-G1 cells increased after 

microporation (Figure 3). In addition, cell death was estimated 
using the lactate dehydrogenase assay. Lactate dehydrogenase 
leakage of hADSCs following microporation under conditions 
P1–P5 was significantly elevated by 8.9 ± 0.6% (P1), 10.6 ± 0.6% 
(P2), 12.9 ± 0.4% (P3), 37.8 ± 0.9% (P4), and 43.1 ± 0.5% (P5), 
respectively, compared to the control cells (Figure 3). The data 
indicated that microporation could have cytotoxic effects on 
hADSCs and that these effects correlated with increased voltage 
and pulse number. Overall, the P3 appeared to be the optimal 

C
0

2

4

6

8

P
er

ce
nt

ag
e 

of
 s

ub
-G

1 
ce

lls
LD

H
 le

ak
ag

e 
(%

)

10

12

14a

P1 P2 P3 P4 P5

C

10

15

5

0

20

25

30

35

40

45

50b

P1 P2 P3 P4 P5

Figure 3 Analysis of cytotoxic effects of microporation of human 
adipose tissue–derived stem cells. (a) Flow cytometric analysis. Cells 
were microporated using different voltage and pulse conditions. After 
24 hours, cells were fixed and stained with propidium iodide, followed 
by fluorescence-activated cell-sorting analysis of DNA content. Sub-G1 
populations were defined as the portion of cells with DNA content <2N. 
The experiment was repeated three times independently. The results are 
expressed as the mean ± SD. (b) Cells were microporated using dif-
ferent voltage and pulse conditions. After 24 hours, lactate dehydro-
genase (LDH) activities were detected as described in Materials and 
Methods. Results are derived from at least three separate experiments 
and expressed as the mean ± SD.
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Figure 4 determination of transfection efficiency by microporation 
of different concentrations of reporter dnA into human adipose 
tissue–derived stem cells (hAdscs). (a) hADSCs were transfected 
without or with pCMV-EGFP-N1 at different doses (0.05, 0.1, 0.15, 0.2, 
0.5, or 1 μg) as described in Materials and Methods, and the expres-
sion level of enhanced green fluorescent protein (EGFP) was determined 
by western blot analysis with anti-EGFP antibody. (b) The graph shows 
densitometric analysis of EGFP expression, normalized to β-actin expres-
sion. (c) Calculation of relative EGFP expression per dose of plasmid 
DNA in hADSCs. (d) hADSCs were transfected with pRL-TK at different 
doses (0.05, 0.1, 0.15, 0.2, 0.5, or 1 μg), and luminescence was mea-
sured with TopCount NXTTM. Luciferase activities were normalized to 
protein content and expressed in relative luciferase units (RLUs) as the 
mean ± SD of three independent samples. (e) Calculation of the relative 
luciferase activity per dose of reporter plasmid DNA following micropo-
ration into hADSCs.
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transfection condition for hADSCs, owing to a greater transfec-
tion efficiency and a relatively lower cytotoxic effect. As a result, 
we used the P3 conditions for all subsequent studies.

Next, we determined the most efficient dose of plasmid 
for microporation-mediated gene expression by measuring 
reporter gene expression following microporation of different 
concentrations of reporter plasmid DNA into hADSCs. Two 
days after microporation of the EGFP reporter plasmid, EGFP 
expression was analyzed by western blot analysis (Figure 4a). 
As determined by image quantification, the expression levels 
of EGFP increased with increasing concentrations of plasmid 
DNA (Figure 4b). The data showed that 1.5 to 2 μg of DNA 
was the most effective dose for EGFP expression (Figure 4c). 
Next, hADSCs were microporated with different concentra-
tions of the luciferase reporter plasmid. Luciferase activity also 
increased with increasing concentrations of reporter plasmid 
DNA (Figure 4d). Consistent with the EGFP expression analy-
sis, the highest luciferase activities were achieved with the use 
of 1.5–2 μg of plasmid DNA/106 cells/reaction (Figure 4e). 

Therefore, microporation is a very reliable method for plasmid 
DNA transfection into hADSCs.

Microporation allows gene expression in hAdscs 
without impairing their ability to differentiate
The preceding experiments demonstrated that microporation is an 
efficient method to induce a high level of transgene expression in 
hADSCs and that it may be superior to other transfection systems. 
Because hADSCs can give rise to both osteogenic and adipogenic 
lineages,14,15 it is important to evaluate whether the phenotype 
and/or functional properties are altered in microporated hADSCs. 
Thus, we next evaluated the differentiation potential of micropo-
rated hADSCs under culture conditions that induced osteogenic 
or adipogenic differentiation in vitro.

After osteogenic induction for 14 days, microporated hAD-
SCs exhibited a significant increase in mineralization by Alizarin 
red staining when compared with the noninduced control group 
(Figure 5a and b). Meanwhile, the expression of EGFP was 
maintained in hADSCs during the osteoinductive conditions 
(Figure 5c). We next evaluated the adipogenic differentiation of 
transfected hADSCs. Microporated hADSCs were cultured in 
adipogenic medium for 12 days, resulting in their adipocytic dif-
ferentiation as determined by Oil-red O staining (Figure 6). The 
expression of EGFP was maintained in the microporated hADSCs 
during adipoinductive conditions. Collectively, the data suggest 
that microporated hADSCs maintain their multipotent prop-
erties. In addition, the expression of EGFP was maintained fol-
lowing osteoinductive and adipoinductive conditions for longer 
periods of time (14 days).

In vivo expression of regulated eGFP
To test the potential for application of microporated hADSCs 
for cell therapy in vivo, we transplanted hADSCs microporated 
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Figure 5 Microporation of human adipose tissue–derived stem cells 
(hAdscs) does not affect osteoblastic differentiation. Furthermore, 
hADSCs were transfected with the reporter plasmid, pCMV-EGFP-N1. 
After 24 hours, cells were cultured in control medium or osteogenic 
medium for 14 days. (a) Following fixation, the cells were stained by 
Alizarin red as described in Materials and Methods. (b) Representative 
high magnification fields of Alizarin red staining confirmed mineral-
ized nodule formation in the osteo-induction group. (c) Evaluation of 
enhanced green fluorescent protein (EGFP) expression in microporated 
hADSCs. EGFP expression was detected by fluorescence microscopy. 
Images were taken using ×200 objectives in b and c.
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Figure 6 Microporation of human adipose tissue–derived stem cells 
(hAdscs) does not affect their potential for adipogenic differentia-
tion, and hAdscs were transfected with reporter plasmid, pcMV-
eGFP-n1. After 24 hours, the cells were cultured in control medium 
(upper row) or adipogenic medium (lower row) for 12 days. Following 
fixation, the cells were stained with Oil-red as described in Materials 
and Methods. High magnification fields of Oil-red staining confirmed 
oil body formation in the adipo-induction group. Enhanced green fluo-
rescent protein (EGFP) expression was detected by fluorescence micros-
copy. Images were taken using ×200 objectives.
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with a Tet-ON inducible expression system into nude mice and 
monitored reporter transgene expression. The Tet-ON system 
was used to be able to regulate the expression of EGFP in hAD-
SCs in response to Dox treatment of animals receiving the cell 
transplants. We first demonstrated that the induction of EGFP 
expression could be observed in vitro following Dox treatment 
of hADSCs transiently co-transfected with pCMV-rtTA and pBI-
EGFP by microporation (Figure 7a, upper row). Conversely, 
EGFP expression could not be detected in microporated cells 
that were not exposed to Dox (Figure 7a, lower row). One day 
after co-transfection by microporation, the hADSCs were trans-
planted subcutaneously on the back of nude mice. Five days later, 
we observed the expression of EGFP in animals that had access 
to drinking water containing Dox, with the expression of EGFP 
maintained for 2 weeks (Figure 7b). In contrast, the expression 
of EGFP was not observed in animals that did not have access 
to Dox in their drinking water (Figure 7b). Therefore, we sug-
gest that microporation of hADSCs with an inducible expression 
system may have application in the development of cell therapies 
that make use of hADSCs.

dIscussIon
Ex vivo gene therapy is a promising strategy to treat disease. 
Adipose tissue–derived stem cells are an excellent resource for the 
development of this type of therapy, as well as for tissue regen-
eration, due to the ease of their isolation and their inherent and 
efficient capacity for self-renewal. The multipotency of ADSCs has 
been demonstrated.2,16 However, the possibility of delivery of ther-
apeutic transgenes by transplantation of genetically engineered 
hADSCs appears limited by the resistance of ADSCs to current 
transfection methods, including lipofection.17,18 Broadening the 
application of hADSCs in cell therapy requires methods that 
increase the transfection efficiency of hADSCs, especially through 
nonviral means. In this study, we have demonstrated that micropo-
ration is an excellent method for gene transfection into hADSCs.

The microporator is a newly designed electroporator. It 
makes use of a new electroporation technology using a pipette 
tip as an electroporation space and a gold-coated electrode sur-
face. This device generates a uniform electric field with mini-
mal heat production, metal ion dissolution, or oxide formation, 
which are harmful to cells during electroporation. In this study, 
we established optimal conditions for transfection of hADSCs by 
microporation. These conditions generated minimal cell damage 
in hADSCs and led to a high transfection efficiency of up to 76.1% 
24 hours after microporation. More important, microporated 
hADSCs retained their multipotency and reporter gene expres-
sion for >2 weeks. In vivo, hADSCs microporated with a Tet-ON–
regulated EGFP expression system exhibited inducible transgene 
expression. The use of the Tet-ON–regulated system of transgene 
expression should allow sufficient control of transgene expression 
so as to enhance the safety of the use of engineered hADSCs in 
cell therapy.

Safety and efficiency are major concerns for stem cell therapy 
involving the delivery of therapeutic transgenes. Although viral 
vectors can lead to more stable transgene expression and higher 
transfection efficiencies compared to nonviral vectors,13,19 viral 
vectors are associated with the risk of inducing recipient toxic-
ity, as well as immune and inflammatory responses. In addition, 
virus-based methods are difficult to set up because of the rigid 
requirements for specific safety conditions, especially when using 
human cells.9 In contrast, nonviral methods give rise to a typi-
cal transfection efficiency of 20–25%, which is less efficient than 
viral vector–mediated DNA delivery.10 However, there are several 
advantages to nonviral methods, including lower manufacturing 
costs, the lack of or presence of a weak immunogenic response fol-
lowing repeated administration, and the lack of concern of gener-
ating replication-competent virus by recombination.13 Therefore, 
developing safe and efficient methods for gene delivery is the main 
challenge of gene therapy. Here, we showed that microporation 
is suitable for transducing plasmid DNA into hADSCs with high 
transfection efficiency (Figures 1 and 2). Furthermore, unlike tra-
ditional electroporation methods, microporation induces mini-
mal cell death in hADSCs. Therefore, the method should allow for 
the generation of a sufficient quantity of transfected hADSCs for 
cell therapy without the need for extensive cell culturing.

Chung et al. have reported that different promoter systems 
may have different abilities to express reporter genes in embryonic 
stem cells.20 We show here that both the cytomegalovirus (CMV) 
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Figure 7 Microporation of plasmids encoding the tet-on system 
into human adipose tissue–derived stem cells (hAdscs) and testing 
of enhanced green fluorescent protein (eGFP) expression in vitro and 
in vivo in response to dox treatment. First, hADSCs were microporated 
with pCMV-rtTA and pBI-EGFP plasmids. (a) Following microporation, 
cells were cultured in the presence or absence of Dox for 24 hours. A 
strong fluorescent signal was observed in the microporated hADSCs cul-
tured in the presence of Dox (right panel, upper row). In contrast, EGFP 
expression could not be detected in the Dox (−) group (right panel, 
lower row). The corresponding phase contrast images are shown in the 
left panels. Images were taken using ×200 objectives. (b) One day after 
co-transfection of the pCMV-rtTA and pBI-EGFP plasmids, hADSCs were 
transplanted subcutaneously on the back of nude mice. The mice were 
then exposed to drinking water that either contained Dox (200 μg/ml) 
or not. Cells were harvested at the indicated times. After preparation of 
frozen sections, EGFP expression was detected by fluorescence micros-
copy. Images were taken using ×40 objectives.
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and thymidine kinase (TK) promoters can express reporter genes 
efficiently (Figure 4). After co-transfection, expression of the Tet-
ON-inducible EGFP was also detected in hADSCs both in vivo 
and in vitro (Figure 4). Thus, the different promoter systems that 
we employed were able to express reporter genes in  hADSCs. Also, 
microporation of EGFP and luciferase constructs as reporters 
resulted in similar transfection efficiencies under optimal trans-
fection conditions. These findings suggest that existing promoter 
and reporter gene systems are fully compatible with the micropo-
ration method described in this report.

We further demonstrated that microporation did not give rise 
to a toxic effect on the transfected cells. Recently, nucleofection, 
another modified electroporation method, achieved nearly 10-fold 
greater transient and stable transfection efficiency in mouse ES 
cells than electroporation.21 It has been further demonstrated that 
nucleofection can be used to transfect several primary cell types, 
including mouse T cells,22 neurons,23 keratinocytes,24 and stem 
cells of human and mouse origin.25,26 However, cell viability of the 
nucleofected MSCs was generally very low (from 15 to 40%).25,27 
Although Aluigi et al.25 have shown that nucleofection achieved 
~70% transfection efficiency in hMSCs, the reported transfec-
tion efficiency was overestimated due to the assumption that, in 
their study, debris and dead cells were eliminated from the cul-
ture medium of transfected cells before being attached to culture 
dishes after overnight incubation.

To increase the application performance of microporation, the 
transfection efficiency in different stem cells from different tissues 
should be investigated. We have analyzed the transfection effica-
cies of microporated human bone marrow mesenchymal stem 
cells. Similar transfection efficiencies were obtained in human 
bone marrow mesenchymal stem cells, suggesting that micropo-
ration is a good method for gene transfer into stem cells and that 
it deserves more investigation to evaluate its application in gene 
therapy (Supplementary Figure S1).

We have demonstrated that microporation is an excellent 
method for gene transfection into hADSCs. The stem cell plastic-
ity of hADSCs was maintained after microporation. Microporated 
ADSCs could be induced to differentiate into adipocyte and osteo-
blast lineages and were shown to maintain transgene expression 
following differentiation. Our data also showed that Dox-regulated 
EGFP expression could be observed both in vitro and in vivo on 
microporation. Therefore, gene delivery by microporation is a safe 
and efficient means for prolonged transgene expression and may 
enhance the feasibility of transgenic stem cell therapy in the future.

MAterIAls And MetHods
Materials. A Tet-ON system comprising pCMV-rtTA and pBI-EGFP 
was purchased from Clontech (BD Biosciences, San Jose, CA). An EGFP 
expression vector, pCMV-EGFP-N1, was also purchased from Clontech 
(BD Biosciences). A reporter pRL-TK vector contained a herpes simplex 
virus–TK promoter region derived from the pRL-TK reporter vector con-
taining the Renilla luciferase gene (Promega, Madison, WI). The monoclonal 
anti-EGFP antibody was purchased from Santa Cruz Biotechnology (Santa 
Cruz, CA). Anti-β-actin monoclonal antibody was obtained from Upstate 
Biotechnology. Horseradish peroxidase– conjugated  secondary antibody 
was obtained from Amersham Biosciences, Buckinghamshire, UK. The 
enhanced chemiluminescence kit was purchased from Millipore (Billerica, 
MA). Collagenase, 4′,6-diamidino-2-phenylindole, Alizarin red, and Oil-red 

O were purchased from Sigma. The microporator instrument was purchased 
from Digital Bio Technology (Digitalbiotechnology, Seoul, South Korea).

Isolation of human adipose tissue–derived mesenchymal stem cells 
(hADSCs). Subcutaneous adipose tissue was obtained from patients during 
THA or internal fixation for fractures. Furthermore, hADSCs were isolated 
as previously reported.28 Briefly, adipose tissues were washed with sterile 
phosphate-buffered saline (PBS) at least three times to remove the  majority 
of erythrocytes. Then, the tissue was treated with collagenase (1 mg/ml) 
in Dulbecco’s modified Eagle’s medium at 37 °C on a shaker. After incu-
bation overnight, the collagenase solution was removed and the pellet was 
washed with PBS. Subsequently, cells were cultured in keratinocyte medium 
(Invitrogen, Carlsbad, CA) with 5% fetal bovine serum, 2 mmol/l N-acetyl-
l-cysteine, and 200 μmol/l l-ascorbic acid-2-phosphate in a 5% CO2 incu-
bator. The medium was changed every other day, and the cells were allowed 
to grow until near confluence, which was defined as passage “0.” The pas-
sage number of hADSCs used in the experiments ranged from 3 to 10.

Osteogenic and adipogenic differentiation. To induce osteogenic differen-
tiation, cells were treated with osteogenic medium for 2 weeks. Osteogenic 
medium consists of Dulbecco’s modified Eagle’s medium supplemented 
with 10% fetal bovine serum, 10 mmol/l β-glycerol phosphate, 50 μmol/l 
ascorbic acid, and 100 μg/ml penicillin/streptomycin. Calcium phosphate 
mineral deposition was determined by Alizarin red S staining. Briefly, 
the cells were washed twice with PBS and fixed with 10% formaldehyde 
for 30 minutes. The fixed cells were incubated with 2% Alizarin red S for 
10 minutes and then washed three times with deionized water to remove 
nonspecific staining. The nontransfected cells were stained for the control 
experiment.

For induction of adipogenic differentiation, the cells were cultured in 
adipogenic medium (Dulbecco’s modified Eagle’s medium with 10% fetal 
bovine serum, 100 μg/ml penicillin/streptomycin, 10−6 mol/l dexamethasone, 
0.5 mmol/l 3-isobutyl-1-methylxanthine, and 5 μg/ml insulin). Medium 
was then changed every 2 days.29 To evaluate adipogenic differentiation, 
cells were stained with Oil-red O on the 12 th day. The cells were fixed with 
10% formaldehyde for 30 minutes and washed with water and then with 
60% isopropyl alcohol. After being washed, cells were incubated in Oil-red 
O–staining solution: 1.8 mg/ml in 60% isopropyl alcohol for 30 minutes. 
The excess staining solution was removed by washing with 60% isopropyl 
alcohol and water.

Flow cytometric analysis. Cells were detached and flushed with PBS to 
prevent any aggregation, 24 h after microporation. For DNA content analy-
sis, cells were fixed with ice-cold 70% alcohol and incubated at 4 °C for 
a minimum of 30 minutes. Cell membranes were permeated with 0.1% 
TritonX-100, and RNA was digested with 20 μg/ml DNase-free RNAase at 
37 °C for 1 hour. Cells were then stained with 50 μg/ml propidium iodide 
in the dark. For EGFP expression analysis, cells were washed with PBS and 
immediately fixed with 2% paraformaldehyde. Cells were filtered with a 
filter with a pore size of 41 μm just before the analysis. DNA content and 
EGFP-positive cells were measured by using a laser flow cytometer (EPICS 
Elite; Coulter, Hialeah, FL). The cell cycle distribution was analyzed by 
Wincycle software (EPICS Elite, Coulter). Cells with DNA content less 
than that of G1 phase cells (sub-G1) were assumed to be apoptotic.30

Lactate dehydrogenase assay. Lactate dehydrogenase leakage from cells 
was measured to quantify cytotoxicity by using the Cytotoxicity Detection 
kit (Roche, Penzberg, Germany). After microporation, the supernatants 
and cell layers of the cultures were collected for the assay according to the 
manufacturer’s instructions. Absorbance was measured with an enzyme-
linked immunosorbent assay reader with a 490 nm filter.31

Luciferase activity. Various doses of the reporter plasmid, pRL-TK, 
were transfected into hADSCs. The cells were harvested 24 hours later. 
Luciferase activity was assayed on total cell extracts using a commercial 
kit (Promega) and luminescence was measured with TopCount NXT. 



308 www.moleculartherapy.org  vol. 17 no. 2 feb. 2009    

© The American Society of Gene Therapy
Gene Delivery Into hADSCs by Microporation

Protein was  determined by the Bradford colorimetric method (Bio-Rad). 
Luciferase activities were normalized to total protein content and expressed 
in relative luciferase units as the mean ± SD of three independent samples.

Microporation transfection. Subconfluent hADSCs were harvested and 
washed with PBS. Cells were resuspended in Resuspension buffer R at a 
density of ~1 × 107 cells/ml and incubated with various concentrations of 
plasmids. Then, microporation was performed at room temperature using 
different programs: P1, 900 voltage, 20 ms, one pulse; P2, 900 voltage, 
20 ms, two pulses; P3, 1,500 voltage, 20 ms, one pulse; P4, 1,500 voltage, 
20 ms, two pulse; and P5, 1,800 voltage, 20 ms, one pulse. After electropo-
ration, cells were distributed into 35-mm cell culture dishes and placed 
at 37 °C in a 5% CO2-humidified atmosphere. Cells were harvested at 24 
hours and washed twice with PBS. Cell pellets were stored at −70 °C until 
use for western blot and luciferase activity determination.

Green fluorescence of EGFP was visualized using a Nikon TE300 
microscope. Images were created by Image-Pro Plus 5.0 (Media 
Cybernetics, Silver Spring, MD) and digitized directly from the 
microscope images using a CCD (Evolution VF Cooled Monochrome; 
Media Cybernetics).

Western blots. Western blotting was performed as described previously.32 
Briefly, equal amounts of cell extracts were separated through a 10% sodium 
dodecyl sulfate polyacrylamide gel and transferred onto Hybond-C mem-
branes. The membranes were blocked with 5% nonfat milk in PBST buffer 
(PBS and 0.1% Tween 20) and probed with anti-EGFP and anti-β-actin 
antibodies. The blots were then incubated with horseradish peroxidase–
conjugated goat antimouse immunoglobulin G and visualized using the 
enhanced chemiluminescence system. Images were captured and quan-
titative densitometric analyses were performed using Lab Works Image 
Acquisition and analysis software (UVP, Upland, CA).

In vivo gene expression analysis. The method of cell transplantation was 
described previously33 with minor modifications. Furthermore, hADSCs 
were co-transfected with pCMV-rtTA and pBI-EGFP plasmids. After 
24 hours, cells were trypsinized and then washed with PBS. After centrifu-
gation, 105cells were resuspended in cold serum-free Dulbecco’s modified 
Eagle’s medium and mixed with an equal volume of cold Matrigel (10 μg/
ml). A total volume ~0.3 ml was subcutaneously injected into both back 
flanks of nude mice. Each mouse was implanted in six locations. There 
were two experimental groups: Group 1 (control) did not receive Dox in 
the drinking water, whereas group 2 received Dox in the drinking water 
(200 μg/ml). The drinking water contained 2.5% sucrose, and the water bot-
tles were wrapped with aluminum foil. The bottles of water were changed 
every 3 days. The mice were killed 5 or 14 days after the injection. The 
Matrigel plugs were embedded in OCT compound and quickly frozen in 
liquid nitrogen. The frozen materials were cut into 6- to 7-μm-thick sec-
tions using a cryostat (Leica CM1900, Wetzlar, Germany). The sections 
were rehydrated in cold PBS. The nuclei were counterstained with 4′,6-
diamidino-2-phenylindole (2 ng/ml) for 5 minutes and mounted. Images 
were acquired by microscopy.

suPPleMentAry MAterIAl
Figure S1. hBMSCs were transfected with 1.5 μg of pEGFP-N1 using 
a microporator.
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