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Abstract
Objective: Electroporation can be a highly efficient method for introducing the for-
eign genetic materials into the targeted cells for transient and/or permanent genetic 
modification. Considering the application of this technique as a very efficient method 
for drug, oligonucleotide, antibody and plasmid delivery for clinical applications and 
production of transgenic animals, the present study aimed to optimize the transfec-
tion efficiency of sheep testicular cells including spermatogonial stem cells (SSCs) 
via electroporation.           

Materials and Methods: This study is an experimental research conducted in Bio-
technology Research Center (Avicenna Research Institute, Tehran, Iran) from Sep-
tember 2013 to March 2014. Following isolation and propagation of one-month lamb 
testicular cells (SSCs and somatic testicular cells including; Sertoli, Leydig, and 
myoid cells), the effect of different electroporation parameters including total volt-
ages (280, 320, and 350 V), burst durations (10, 8, and 5 milliseconds), burst modes 
(single or double) and addition of dimethyl sulfoxide (DMSO) were evaluated on 
transfection efficiency, viability rate and mean fluorescent intensity (MFI) of sheep 
testicular cells.  
Results: The most transfection efficiency was obtained in 320 V/8 milliseconds/single 
burst group in transduction medium with and without DMSO. There was a significantly 
inverse correlation between transfection efficiency with application of both following pa-
rameters: addition of DMSO and double burst. After transfection, the highest and lowest 
viability rates of testicular cells were demonstrated in 320 V/8 milliseconds with transduc-
tion medium without DMSO and 350 V/5 milliseconds in medium containing DMSO. Ad-
dition of DMSO to transduction medium in all groups significantly decreased the viability 
rate. The comparison of gene expression indicated that Sertoli and SSCs had the most 
fluorescence intensity in 320 V/double burst/DMSO positive. However, myoid and Leydig 
cells showed the maximum expression in 320 V/single burst and/or 350 V/double burst/
DMSO positive.                       
Conclusion: We optimized the electroporation method for transfection of sheep testicular 
cells and recommended the application of 320 V/8 milliseconds/single pulse/DMSO nega-
tive for transduction of plasmid vector into these cells. Among testicular cells, the most 
external gene expression was demonstrated in SSC population.             
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Introduction
Testicular tissue is comprised of several types 

of cells including somatic (Sertoli, Leydig, and 
peritubular myoid cells) and spermatogonial 
stem cells (SSCs). Due to their unique proper-
ties, SSCs as tissue specific adult stem cells are 
introduced the perfect target for genetic manip-
ulations (1, 2). Recently, germ cell modification 
and production of transgenic animals through 
the germ line using transplantation of transfect-
ed germ cells became one of the most important 
applications of SSCs (3). Transfection, entrance 
of foreign DNA into a recipient eukaryotic cell 
and subsequently integration into chromosomal 
DNA, is one of the most valuable tools in bio-
logical science (4). The important applications 
of transfection in biological science are the gene 
function studies, modulation of gene expres-
sion, biochemical mapping, mutational analysis 
and production of recombinant proteins (5-7).

Germ line transfection may be the only meth-
od to study the integration of foreign vectors 
into chromosomes at zygotene and pachytene 
stages of prophase I, which is the only period 
when endogenous homologous recombination 
occurs and bivalent complexes form (8). The 
other advantage of germ line transfection is pro-
duction of transgenic animals in a shorter time. 
Following insertion of desired genes into SSCs 
and transplantation of modified germ cells to 
immunodeficient recipients, the produced hap-
loid cells and subsequent progeny will carry the 
transgene (9). Several techniques for delivery of 
DNA into cells have been established including: 
i. Chemical transfection, method that rely on 
carrier molecules for transduction, ii. Physical 
transfection, method that deliver nucleic acids 
directly to the cytoplasm, and iii. Viral transfec-
tion, method that make use of genetically engi-
neered viruses for cell transduction (6, 7, 10-
14). Among the transfection methods, chemical 
(with liposomes or polycationic complexes) and 
physical (electroporation) transduction methods 
are the most common techniques for the intro-
duction of plasmid based expression vectors 
into mammalian cells (15, 16). Electroporation 
as a physical transfection method has become 
the preferred method for cell transduction be-

cause this method is very efficient and relatively 
easy to perform. Cell treatment with high inten-
sity electric field pulses provokes the temporary 
pores in the membrane structure leading to a 
loss of its barrier function, a phenomenon called 
electro-permeabilization (7, 17, 18). These pores 
allow exogenous nucleic acid molecules to cross 
into the cytoplasm or nucleus (19). By a proper 
choice of the electroporation parameters (i.e. 
amplitude, voltage, burst duration and number 
of burst), these changes in the cell-membrane 
permeability may be either reversible that pre-
serve cell viability or irreversible leading to cell 
death. In this method, the transduction of exog-
enous molecules into the cell is not limited by the 
size and nature of a vector (20, 21). Therefore, the 
technical possibility to introduce (load) exogenous 
compounds like drugs and plasmids into cells is 
practicable by electroporation method. This tech-
nique is now used as a very efficient way for drug, 
oligonucleotide, plasmid, and antibody delivery in 
vitro and in vivo for clinical applications (17, 18).

Many studies have now shown that plasmid elec-
tro-transfer can lead to a long-lasting therapeutic 
effect in some diseases, such as cancer, blood dis-
ease, or muscle ischemia (22-26). There are sev-
eral reports of successful transfection of different 
cells including heart myoblast cells (27), mam-
mary epithelial cells (28), retinal and iris pigment 
epithelial cells (29), dental pulp stem cells (30), 
adipose and mesenchymal stem cells (31), embry-
onic and adult neural stem cells (32), etc., through 
electroporation. Since stem cells are considered to 
be able to propagate infinitely, in vitro transduction 
and expansion of transfected SSCs are necessary 
for in vitro development assay, fertility preserva-
tion, disease modeling, male infertility treatment, 
and production of transgenic animals (1, 2).

Due to the low transfection efficiency of elec-
troporation in spite of its advantages and the im-
portance of this germ line, considerable efforts 
should be performed to establish more efficient 
protocols for transfected SSCs line generation. 
The transfection efficiency of electroporation is 
highly dependent on the cell environment and 
conditions in which electric pulse are applied. 
In some cases, electroporation parameters uti-
lized under one condition for transfecting a par-
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ticular cell line may not necessarily be optimal 
for another cell line. Thus, the transfection pro-
tocol should be specifically optimized for each 
condition and each type of cell line. In present 
study, we investigated the effect of electropora-
tion parameters including total volt, burst du-
ration, number of bursts on total transfection 
efficiency, viability rate and mean fluorescence 
intensity (MFI) of testicular cells including 
SSCs. In order to improvement of the transfec-
tion efficiency and increasing the permeability 
of cell membrane, we used dimethyl sulfoxide 
(DMSO) as a transfection enhancing reagent to 
transduction medium and evaluated above pa-
rameters in all groups.

Materials and Methods
All experimental procedures were carried out 

with the recommendations in the guidelines for the 
care and use of animals by Avicenna Research In-
stitute Animal Care and Use Committee. 

Cell isolation and preparation

This study is an experimental research that 
conducted in Biotechnology Research Center 
(Avicenna Research Institute, Tehran, Iran) 
from September 2013 to March 2014. Testis 
samples were collected from sheep between 1 
to 3 months of age at a commercial slaughter-
house and transported to the lab in transition 
media [phosphate buffered saline (PBS) supple-
mented with 100 IU/ml penicillin (GibcoBRL, 
USA) and 100 μg/m1 streptomycin (Gibco-
BRL, USA)] in an ambient temperature.  Tes-
ticular cell suspensions were prepared using 
a protocol previously described (33). Briefly, 
after collection of testes and removing the tu-
nica albuginea and visible connective tissues, 
the testes samples were minced with fine scis-
sors and transferred into the Dulbeco Modified 
Essential Medium (DMEM, GibcoBRL, USA) 
supplemented with 14 mol/L NaHCO (Sigma, 
Germany), 10 µl/ml nonessential amino acids 
(NEAA, Sigma, Germany), 50 IU/ml penicillin 
and 50 mg/ml streptomycin for 5-8 minutes. The 
SSCs were isolated through two-step digestion 
method by collagenase type 1 (1 mg/ml, Gibco 
Burlington, Canada) and trypsin-EDTA (0.25-

%/1 mM, Sigma, Germany), respectively. The 
suspension was filtered successively through 
60 μm nylon mesh (Small Parts Inc., Miramar, 
FL, USA). The filtrate was centrifuged at 500 
xg for 5 minutes, and the pellet was then resus-
pended in DMEM supplemented with 10% fetal 
bovine serum (FBS, Gibco, USA). In the final 
cell suspension, total cell number and viability 
rate were determined by Trypan Blue (Sigma, 
Germany) staining. 

Identification of testicular cells

Testicular cells were seeded at a concentra-
tion of 2×104 cells/cm2 in 12-well chamber slide 
(Falcon, USA) at 38˚C, in a humidified atmosi-
phere of 5% CO2 for 4-5 days. The basic culture 
medium was consisted of high glucose DMEM 
supplemented with 10% FBS, 10 µl/ml NEAA, 
and 1% penicillin-streptomycin. The spermato-
gonia and Sertoli cells were identified by light 
and fluorescence microscopes (Olympus, Ja-
pan) for detection of KIT and vimentin posi-
tive cells using immunostaining techniques. 
Peritubular myoid and Leydig cells were dis-
tinguished easily from the other testicular cells 
by a light microscope because of their specific 
morphological characteristics.

Immunocytochemical staining

The Sertoli cells were identified through vi-
mentin immunocytochemical staining accord-
ing to the protocol previously described (3). 
For this purpose, 2-3 days after culture ini-
tiation, the monolayer was washed with PBS-
Tween 20 (0.2% in PBS, Sigma, USA), fixed 
in acetone and incubated with the primary an-
tibody including anti-vimentin antibody (Ab-
cam, UK) for 1 hour. After washing three times 
with PBS-Tween 20 (5 minutes each), the cells 
were exposed to secondary antibody [Fluores-
cein isothiocyanate (FITC)-conjugated sheep 
anti-mouse IgG; Avicenna Research Institute, 
Iran] for 45 minutes at room temperature. The 
nuclei were counterstained by 4,6-diamidino-
2-phenylindole dihydrochloride (DAPI, 1 µg/
ml, Calbiochem, UK) for 20 minutes and ex-
amined under a fluorescence microscope. SSCs 
were identified through KIT immunocytochem-
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ical staining according to the protocol previ-
ously described (34). Briefly after washing the 
collected cells with PBS-Tween 20, approxi-
mately 5×104 cells were centrifuged in a cyto-
spin centrifuge at 400 rpm for 5 minutes and 
fixed in acetone (Merck, Germany) (2 minutes 
in -20˚C). Antigen retrieval was performed in 
citrate buffer (0.01 M, pH=6.0, Merck, Ger-
many) for 8 minutes. All sections were exposed 
to 0.3% H2O2 for 15 minutes in dark to inhibit 
endogenous peroxidase and washed in PBS-
Tween. The unspecific sites blocking was done 
with avidin/biotin (Vector Laboratories Inc., 
USA), and 5% sheep serum for 10 minutes. 
Subsequently, the slides were incubated with 
unconjugated primary antibodies, including  
rabbit anti KIT (Santa Cruz, USA) at 1:400 in 
PBS with 2.5% goat serum (PBS-GS, Avicenna 
Research Institute, Iran), for 1 hour at room 
temperature. After three times washing in PBS-
Tween, the sections were exposed to secondary 
antibody [FITC-conjugated sheep anti-rabbit 
IgG; Avicenna Research Institute, Iran] for 45 
minutes at room temperature. At the final step, 
the slides were washed with xylol and mounted 
by glycerol/PBS (50/50) (Sigma, Germany).

Optimization of transfection efficiency 

Testicular cells with 75-85% confluency were 
refreshed with culture medium approximately 2-4 
hours before transfection. Then confluent cells 
were trypsinized and centrifuged for 10 minutes at 
1200 rpm (approximately 400 xg). Cells were re-
suspended in ice-cold PBS buffer without any se-
rum, antibiotic, and Ca/Mg. Cold PBS buffer con-
taining a correct cell concentration (1×106 cells/
ml) were put into the electroporator cuvette (0.4 
mm gap Electroporation Cuvettes, PLUS BTX®, 
USA) and 2 µg of enhanced green fluorescent 
plasmid (pEGFP-N1, Clontech, Japan) was added. 
In experimental groups containing DMSO, ap-
proximately 6.6 µl DMSO was added to cuvette 
and completely mixed. Then, cuvette was inserted 
into the shocking chamber of an electroporator 
machine (BTX®, USA) where the requested pro-
gram was installed. We optimized the transfection 
efficiency of testicular cells by considering of dif-
ferent parameters such as total voltages of 280, 
320, and 350 V in burst duration of 10, 8, and 5 

milliseconds, respectively, and two modes, single 
or double bursts. We evaluated the effect of dif-
ferent parameters on total transfection efficiency, 
cell viability, and MFI of testicular cells including 
SSCs. As well as, the effect of DMSO as a trans-
fection enhancing reagent on above indexes was 
determined in each group. All the experiments 
were electroporated at room temperature. Imme-
diately after burst, the cuvettes were placed at 4˚C 
for 10 minutes.

Propagation of transfected testicular cells 
Transfected testicular cells were diluted with 

basic culture medium and propagated in 12-well 
chamber slide (Falcon, USA) at 38˚C , in a hul-
midified atmosphere of 5% CO for 48 hours. The 
chamber slides were coated with gelatin (0.1%) 
before culturing. In the final cell suspension, total 
cell number and viability rate were determined by 
Trypan Blue staining. Forty-eight hours after elec-
troporation, cells were checked using fluorescent 
microscopy (Nicon-TE300, B-2A Nicon filter, Ni-
con, Japan) with excitation wavelength of 450-490 
nm and emission wavelength of 515 nm, magni-
fication ×100 and ×400, and gene expression was 
analyzed.

Evaluation of eGFP expression 

The eGFP positive cells (% of total cells) were 
detected using flow cytometry analysis at 48 
hours after transfection. Cells were harvested by 
trypsinization and resuspended in ice-cold antibi-
otic- and ca/mg- free PBS. Approximately 30×104 

cells/500 µl PBS were investigated by a BD FAC-
SCalibur flow cytometer (BD Biosciences, CA) 
and analyzed using the FlowJo software (version 
7.6.1, Cracked by Min@PKU). Cells were gated 
and counted according to their positivity and nega-
tivity for eGFP gene.  Also, MFI of testicular cells 
was evaluated by two evaluators who were blinded 
to the study. Each evaluator inspected at least 10 
high-powered fields for examination of quantita-
tive expression of different testicular cells and 
MFI was determined with ImageJ 1.37v software 
(National Institutes of Mental Health, USA).

Statistical analysis 

The results were expressed as mean ± SD. The 
statistical significance between the mean values 
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was determined by one-way analysis of variance 
(ANOVA) analysis of variance (Student Newman 
Keuls Method) with SigmaPlot 12.3 statistical 
software. A value of P≤0.001 was defined as sta-
tistical significance.

 
Results

Characterization of sheep testicular cells

Cell recovery after tissue digestion was about 
5×106 cells per gram of testis. A mixed population 
of testicular cells with different sizes was deter-
mined in culture initiation. During the process of 
cultivation, the somatic cells completely attached 
to the culture plate after. One day after culture 
initiation, the morphology of adherent testicular 
cell were detected (Fig.1A). The Leydig cells also 
known as interstitial cells represent a heterogene-
ous cell population. These cells are light polyhedral 
epithelioid cells with a single eccentrically located 
ovoid nucleus containing one to three prominent 
nucleoli and large amount of peripheral hetero-
chromatin. Their cytoplasm usually contains nu-

merous lipid-filled vesicles (Fig.1A-D). The more 
abundant testicular cell types in culture condition 
were Sertoli cell. One of the most specific charac-
teristics of Sertoli cells is the unique appearance of 
the nucleus and its tripartite nucleolus. The Sertoli 
cell nucleus is large and can take on several differ-
ent shapes depending on the stage of the seminifer-
ous cycle and age of development (Fig.1A-E). In 
testicular cell culture, the vimentin labelling was 
observed only in Sertoli cells (Fig.1E). Peritubu-
lar myoid cells were distinguished as a spindle 
fibroblastic like cells with tiny cytoplasmic rim 
(Fig.1A-D). After two days, somatic cells organ-
ized a monolayer with 50% confluency as a feeder 
layer and the most spermatogonia were attached 
to its surface (Fig.1B). Spermatogonia are identi-
fied as a round cell with a high nucleus: cytoplasm 
ratio and many cytoplasmic inclusions that were 
mostly concentrated at one side of the cell (Fig.1D, 
F). About 90% of SSCs attached to the feeder layer 
2-3 days after inoculation. Four days after culture 
initiation, a confluent feeder layer with four types 
of cell was distinguished (Fig.1D).

Fig.1: Typical morphology of somatic and spermatogonial cells during the process of cultivation at A. 1, B. 2, C. 3, D. 4 days. Somatic cells 
including Sertoli (arrows), Leydig (arrowheads) and myoid (triangle) cells formed the feeder layer with grown spermatogonia at its surface 
(block arrow), E. Immunocytochemical evaluations of sheep testicular cells after 2-3 days culture using an antibody against vimentin, and F. 
Spermatogonia were identified by KIT immunocytochemical staining one week after culture initiation (scale bars A-D: 50 µm, and E, F: 40 µm).
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Comparison of transfection efficiency 
Our goal was to increase the transfection efficiency 

of testicular cells, especially SSCs. We increased the 
efficiency through modification of the electroporation 
parameters. The highest transfection efficiency was 
obtained in 320 V/8 milliseconds/single burst group 
in transduction medium with and without DMSO (25 
± 2.5% and 25.3 ± 2.4%, respectively, Table 1). Ap-
plication of double burst for transduction of testicular 
cells in medium without DMSO in 280 V/10 milli-

seconds and 350 V/5 milliseconds groups sig-
nificantly increased the transfection efficiency 
(P≤0.001, Table 1, Figs.2, 3). Whereas, applica-
tion of both parameters, addition of DMSO to 
transduction medium and usage of double burst, 
in all voltages significantly decreased the trans-
fection efficiency. There was a significantly in-
verse correlation between transfection efficien-
cy with application of DMSO and double pulse 
(Table 1, Figs.2, 3). 

Table 1: The effect of different electroporation parameters on transfection efficiency of sheep testicular cells 48 hours after transfection 

Single burst Double burst

Groups DMSO negative DMSO positive DMSO negative DMSO positive 

280 V/10 milliseconds 74.48 ± 1.4A, a 63.14 ± 0.4B, a 74.83 ± 0.7A, a 65.3 ± 2.8B, a

320 V/8 milliseconds 78.57 ± 1.5A, b 70.18 ± 1.4B,  b 38.23 ± 0.6C, b 30.76 ± 2.3D, b

350 V/5 milliseconds 65.5 ± 1.3A, c 49.8 ± 1.1B, c 34.7 ± 1.7C, c 20 ± 2.3D, c

DMSO; Dimethyl sulfoxide, A-D; Numbers with different upper case superscript letters in the same column differ significantly, and a-d; 
Numbers with different lower case superscript letters in the same row differ significantly (P<0.05).

Fig.2: The effect of DMSO on eGFP expression of sheep testicular cells in A and B. 280 V/10 milliseconds, C and D. 320 V/8 milliseconds, 
E and F. 350 V/5 milliseconds. Testicular cells were electroporated with A., C., E. Single and B., D., F. Double bursts. Note the highest 
transfection efficiency 320/8 milliseconds/single burst group 48 hours after electroporation. GFP; Green fluorescent protein and DMSO; 
Dimethyl sulfoxide (scale bars: 90 µm).
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Fig.3:  Flow cytometry histograms evaluation of transfected sheep testicular cells in experimental groups A, a, D, d. 280 V/10 milliseconds, 
B, b, E, e. 350 V/8 milliseconds, and C, c, F, f. 350 V/5 milliseconds with A, a, B, b, C, c. Single and D, d, E, e, F, f. Double bursts in transduc-
tion medium A, B, C, D, E, F. With and a, b, c, d, e, f. Without dimethyl sulfoxide (DMSO) 48 hours after transfection.

Effect of electroporation parameters on cell viability

Immediately after digestion and before elec-
troporation, cell viability was observed and 
found to be almost identical (>95%). After 
transfection, the highest and lowest viabil-
ity rate of testicular cells was demonstrated in 
320 V/8 milliseconds with transduction medi-
um without DMSO and 350 V/5 milliseconds 
in medium containing DMSO (78.57 vs. 20%, 
respectively, P≤0.001, Table 2). Addition of 
DMSO to transduction medium in all groups 

significantly decreased the viability rate. More-
over, application of double burst for transfec-
tion significantly destructed the testicular cells 
and decreased the viability rate except in 280 
V/10 milliseconds group (Table 2). Therefore, 
if the goal was transduction of testicular cells 
with double burst, usage of 280 V/10 millisec-
onds was preferred in each group of DMSO 
(65.3 vs. 63.14% and 74.83 vs. 74.48%, re-
spectively, P≤0.001, Table 2). Our data demon-
strated that when the decision was transduction 
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of testicular cells with single burst, application 
of 320 V/8 milliseconds would be resulted the 
highest transfection efficiency with maximum 
viable cells (Tables 1, 2).

Mean fluorescence intensity of testicular cells in 
different electroporation conditions

MFI of protein produced by the reporter gene 
in transfected cells were demonstrated in Tables 
3-5. The most and least level eGFP expression of 
testicular cells was detected in 320 V/8 millisec-
onds and 280 V/10 milliseconds groups, respec-
tively (Table 1). Addition of DMSO to transduc-
tion medium significantly increased the MFI of 
Sertoli cells in 280 V in each burst number (49.86 
± 4.7 vs. 38.83 ± 3.4 and 47.61 ± 4.5 vs. 40.82 

± 3.4, Table 3). The spermatogonia and Leydig 
cells demonstrated the most fluorescence expres-
sion in medium containing DMSO in 320 V/8 
milliseconds group (177.5 ± 1.6 and 80.76 ± 7, 
P≤0.001, Table 4). The comparison of gene ex-
pression demonstrated that Sertoli and SSCs had 
the most fluorescence intensity in 320 V/double 
burst/DMSO positive. However, myoid and Ley-
dig cells demonstrated the most expression in 320 
V/single burst and/or 350 V/double burst/DMSO 
positive (P≤0.001, Tables 3-5). Among different 
testicular cell types, SSCs and peritubular myoid 
cells showed the highest and lowest fluorescent in-
tensity, respectively, indicating the amount of pro-
duced green fluorescent protein by the eGFP gene 
in this cells (Fig.4).

Table 2: The effect of different electroporation parameters on viability of sheep testicular cells 48 hours after transfection

Single burst Double burst

Groups DMSO negative DMSO positive DMSO negative DMSO positive

280 V/10 milliseconds 74.48 ± 1.4A, a 63.14 ± 0.4B, a 74.83 ± 0.7A, a 65.3 ± 2.8B, a

320 V/8 milliseconds 78.57 ± 1.5A, b 70.18 ± 1.4B, b 38.23 ± 0.6C, b 30.76 ± 2.3D, b

350 V/5 milliseconds 65.5 ± 1.3A, c 49.8 ± 1.1B, c 34.7 ± 1.7C, c 20 ± 2.3D, c

DMSO, Dimethyl sulfoxide, A-D; Numbers with different upper case superscript letters in the same row differ significantly, and a-d; Numbers 
with different lower case superscript letters in the same column differ significantly (P<0.05).

Table 3: Mean fluorescence intensity of sheep testicular cells in 280 V/10 milliseconds group after 48 hours of transfection  

280 V/10 milliseconds

Single burst Double burst

Testicular cells DMSO negative DMSO positive DMSO negative DMSO positive 

Myoid cells 24.25 ± 1.4a, A 21.97 ± 2.1a, A 24.14 ± 1.6a, A 22.12 ± 2.2a, A

Sertoli cells 38.83 ± 3.4a, B 49.86 ± 7.7b, B 40.82 ± 3.4a, B 47.6 ± 4.5b, B

Leydig cells 79.54 ± 7.3a, C 72.75 ± 6.3b, C 72.27 ± 6.3b, C 69.16 ± 4.7b, C

SSCs 132.5 ± 1.2a, D 127.66 ± 1.3a, D 129.68 ± 1.1a, D 127.27 ± 1.3a, D

DMSO; Dimethyl sulfoxide, SSCs; Spermatogonial stem cells, A-D; Numbers with different upper case superscript letters in the same col-
umn differ significantly, and a, b; Numbers with different lower case superscript letters in the same row differ significantly (P<0.05).
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Table 4: Comparison of mean fluorescence intensity of sheep testicular cells in 320 V/8 milliseconds group after 48 hours of transfection

320 V/8 milliseconds

Single burst Double burst

Testicular cells DMSO negative DMSO positive DMSO negative DMSO positive 

Myoid cells 28.91 ± 0.01a, A 24.65 ± 2.4b, A 23.3 ± 1.9b, A 18.15 ± 1.6c, A

Sertoli cells 45.99 ± 1.9a, B 46.21 ± 4a, B 43.35 ± 3.6a, B 46.46 ± 4.8a, B

Leydig cells 75.43 ± 7.2a, C 80.76 ± 7b, C 75.54 ± 6.9a, C 71.23 ± 6.6c, C

SSCs 144.82 ± 1.4a, D 125.04 ± 1.1b, D 147.16 ± 1.3c, D 177.5 ± 1.6d, D

DMSO; Dimethyl sulfoxide, SSCs; Spermatogonial stem cells, A-D; Numbers with different upper case superscript letters in the same column 
differ significantly, and a, b; Numbers with different lower case superscript letters in the same row differ significantly (P<0.05).

Table 5: Evaluation of mean fluorescence intensity of sheep testicular cells in 350 V/5 milliseconds group after 48 hours of transfection

350 V/5 milliseconds

Single burst Double burst

Testicular cells DMSO negative DMSO positive DMSO negative DMSO positive 

Myoid cells 22.41 ± 1.9a, A 23.69 ± 1.9a, A 20.76 ± 2b, A 26.28 ± 2.2c, A

Sertoli cells 42.63 ± 3.6a, B 37.83 ± 3.3b, B 43.16 ± 3.5a, B 42.6 ± 3.7a, B

Leydig cells 72.72 ± 6.7a, C 72.3 ± 6.7a, C 76.19 ± 7b, C 79.68 ± 7.3c, C

SSCs 153.35 ± 1.2a, D 126.56 ± 1.1a, D 134.65 ± 1.2a, D 123.16 ± 1.2a, D

DMSO; Dimethyl sulfoxide, SSCs; Spermatogonial stem cells, A-D; Numbers with different upper case superscript letters in the same column 
differ significantly, and a, b; Numbers with different lower case superscript letters in the same row differ significantly (P<0.05).

Fig.4: The comparison of fluorescent intensity of eGFP in SSCs (white arrows), Sertoli (triangles), Leydig (red arrows), and myoid (block 
arrows) cells after 48 hours of transfection. Note the most and least fluorescent intensity in SSCs and peritubular myoid cells, respectively, 
indicating amount of produced green fluorescent protein by the eGFP gene in these cells (scale bars: 30 µm). GFP; Green fluorescent 
protein, DMSO; Dimethyl sulfoxide, and SSCs; Spermatogonial stem cells.
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Discussion
Production of transgenic animals has huge ap-

plications for basic science such as the creation 
of animal models for human diseases like Parkin-
son’s disease (35), as well as the production of re-
combinant pharmaceutics proteins in the animal’s 
fluid like blood, milk (36-38), egg white (11, 39, 
40) and seminal plasma (41). Among the different 
methods of producing transgenic animals, germ 
cell-mediated gene transfer has great potential in 
development of in vitro assay, tissue engineering, 
reproductive medicine and male fertility preser-
vation (1). One of the most commonly used cell 
modification methods is through transfection. Sev-
eral methods were tested to acquire the most effec-
tive stable transfection such as viral, physical and 
chemical transduction (6, 7, 12, 14). Electroporation 
is one of the most common and efficient non-viral 
transfection method used for transient expression of 
genes or permanent genetic modification (42).

The different investigators have indicated that 
due to the small pores on the cell surface made by 
the microseconds of cell polarization, DNA, RNA 
and large molecules enter the cell cytosol through 
simple diffusion.  However, the exact mechanism 
is still unknown (43). Although electroporation re-
duces cytotoxicity, the efficiency of this method is 
lower than other methods. In order to apply this 
method in cell-based gene therapy, the transfec-
tion efficiency of electroporation should be im-
proved. Such improvement could be achieved by 
modifying of electroporation parameters, such as 
cell densities, total voltage, burst duration, and 
number of bursts, and by addition of transfection 
enhancing reagents like DMSO (44). Our purpose 
was to modify the electroporation parameters and 
maximize the number of cells that are able to in-
corporate an exogenous molecule into the cyto-
plasm, while they are viable after transfection. For 
this purpose, we examined different cell densities 
for transduction (data not shown) and obtained the 
highest transfection efficiency (25.3 ± 2.4%) with 
appropriate viability rate (78.5%) after electropo-
ration of 1×106 testicular cells with 2 µg DNA. 
Our finding was consistent with the previous re-
sults indicated that the cell density of 105 to 107 
was recommended for transfection of cock (7). 
Furthermore, Trefil et al. (14) demonstrated that 
the use of the density of 106 spermatogonial cells 
with 1-1.6 µg of plasmid per ml was suitable for 

transfection of cock SSCs. One of the most im-
portant parameter for improvement of transfection 
efficiency was the total voltage and burst duration, 
time for which the voltage was applied.

We applied the maximum times of 10 millisec-
onds for 280 V, 8 milliseconds for 320 V and 5 
milliseconds for 350 V because a higher value 
of the burst duration led to cell death. The maxi-
mum number of transfected cells with more than 
75% viability rate was achieved by the set of 
electroporation parameters: total volts (320 V), 
burst duration (8 milliseconds) and single burst 
(320 V/8 milliseconds/single burst). There was 
no significantly difference between treatment 
with or without DMSO in this condition. Kanat-
su-Shinohara et al. (45) transduced mouse SSCs 
using single pulse 320V/200 milliseconds and 
achieved 20.3% positive cells with 8.7% viabil-
ity rate. Furthermore, Yu et al. (10) succeeded in 
transfecting of cock SSCs using a single pulse of 
270 V/80 milliseconds and reported the 29.37% 
of positive cells with 69.86% viability rate. Af-
ter comparison of different condition of voltages 
and burst duration in transfection of chicken stem 
cells, Kalina et al. (7) obtained 35.8% positive 
cells by electroporation method using 400 V/20 
milliseconds/single pulse. Cytotoxicity is critical 
factor that needs to be considered when assessing 
the safety of gene delivery methods.

In our experiments, the viability rate of tes-
ticular cells was significantly decreased after 
electroporation and all testicular cells includ-
ing GFP-expressed cells showed the shrinkage 
and fragmentation of nuclei, a characteristic 
morphology of apoptosis. It seems that the low 
survival rate was due to apoptosis that indicates 
the electroporation process creates mini pores 
in cell membranes and allows small ions and 
molecules to pass through the membranes. This 
selective crossing of small ions causes osmotic 
swelling, which kills cells. In accordance with 
our result, Li et al. (6) demonstrated that DNA-
uptake induced by electroporation could lead to 
large-scale apoptosis in human hematopoietic 
stem cells. After using the caspase inhibitors 
(B-D-Fluomethyl Ketone and Z-VAD-FMK) to 
reduce apoptosis, they achieved a transfection 
efficiency of 25% with 90% viability rate in 
these cells. In order to increasing the transfec-
tion efficiency, we used DMSO as an efficient 



CELL JOURNAL(Yakhteh), Vol 18, No 3, Oct-Dec (Autumn) 2016 435

Niakan et al.

penetration enhancer for gene transfer in trans-
duction medium. It seems that DMSO improved 
the transfection efficiency of plasmid DNA ei-
ther by increasing the permeability of cell mem-
branes (46) and the integrity of the nucleus (47) 
or by affecting cell cycle synchronization (13, 
48). In our experiments, addition of DMSO to 
transduction medium significantly increased 
the mean fluorescent intensity of Sertoli cells 
in 280 V. Our finding was consistent with the 
previous studies indicating that up to 8-fold 
increase in transfection efficiency occurred af-
ter DMSO treatment in four different cell lines 
(HL60, TR146, Cos-7 and L132) (49).

Villa-Diaz et al. (50) demonstrated that treat-
ment with DMSO increased the percentage of 
reporter gene expressing human embryonic stem 
cells that was transfected by lipofection. In the 
other electroporation condition, we didn’t ob-
serve any improvement in the mean fluorescent 
signal intensity of other testicular cells using 
DMSO treatment. Even, addition of DMSO to 
transduction medium in 320 V and 280 V de-
creased the MFI of myoid and Leydig cells. 
Also, the expression of Sertoli and spermato-
gonia cells in transduction medium contacting 
DMSO was reduced in 350 V and 320 V/single 
pulse condition. This reduction may be due to the 
toxic effect of DMSO on some sheep testicular 
cells in specific electroporation condition. This 
funding was consistent with the previous result, 
indicating that addition of DMSO was mildly 
toxic to stem cells (50, 51), resulted in termi-
nal differentiation of transformed cells (52). The 
contradictory effect of DMSO on different tes-
ticular cell types may be mediated through the 
other destructive effects on cell specific molecu-
lar mechanisms. For example, it is demonstrated 
that DMSO is able to inhibit c-myc expression 
(53), arrest cell cycle progression, and inhibit 
cell proliferation in different cell types (54). 
Furthermore, DMSO may lead to the collapse of 
mitochondrial membrane, release of cytochrome 
c from the mitochondria to cytosol, conversion 
of pro-apoptotic signals at the mitochondrial, 
and activation of caspase-9 and caspase-3 that is 
resulted in apoptotic changes of nuclear DNA, 
fragmentation of nuclei and cell death (12). Pal 
et al. (51) described the cellular and molecular 
effects of DMSO on cells such as inflammation, 

reactive oxygen species (ROS) scavenging, cell 
polarization, apoptosis, cell cycle arrest, cell dif-
ferentiation, and destructive changes on molecu-
lar binding, enzyme activity, protein expression, 
lipid metabolism, and other experimental pro-
cedures. They also demonstrated that the higher 
concentration of DMSO altered the morphology 
and gene expression pattern of human embryon-
ic stem cells and significantly decreased the vi-
ability rate and adhesion potential of these cells 
in a dose-dependent manner. They described the 
specific down-regulation of DMSO on some of 
the stemness, ectoderm, mesoderm, and endo-
derm molecular markers, indicating the begin-
ning of an aberrant and untimely differentiation 
trajectory.

Omary et al. (55) reported the morphologic and 
biochemical changes in the human colonic epithe-
lial cell line SW620 following DMSO incubation. 
Cells cultured in the presence of DMSO showed the 
striking changes by enlargement, elongation, and 
formation of process-like structures, using a light 
microscope, and a propensity to form microvillus-
like structures, using an electron microscope. These 
changes were accompanied by significant differ-
ences in the expression of the cell surface markers 
CD4, CD44, and KS1, so that these changes were 
reversible over time upon removal of DMSO from 
the culture medium. Further significant variables 
for increasing the trans¬fection efficiency may be 
DNA quality, plasmid size, osmolarity and pH of 
transduction medium, while use of the other trans-
fection enhancing reagents should be evaluated. 
Cell growth factors, cell density and log phase of 
the growth curve have an important influence on 
successful transfection of cells. The other attrib-
utes should be considered when optimization of 
the transformation method is undertaken. 

Conclusion
The best combination of electroporation param-

eters for transfection of sheep testicular cells was 
recommended 320 V/8 milliseconds/single burst/
DMSO negative. The most external gene expres-
sion of Leydig and myoid cells was achieved in 
350V/5 milliseconds/double pulse/DMSO posi-
tive. Whereas, the best condition for higher ex-
pression of eGFP in SSCs and Sertoli cells was 
obtained in 320 V/8 milliseconds/double bursts/
DMSO positive.



          CELL JOURNAL(Yakhteh), Vol 18, No 3, Oct-Dec (Autumn) 2016 436

Optimization of Transfection Ef ficiency through Electroporation Method

 Acknowledgments
The authors would like to appreciate of corre-

sponding author for paying the financial costs of 
this article and thank the Avicenna Research In-
stitute (ACECR) Tehran, Iran for using the labo-
ratory facilities. There is no conflict of interest in 
this article.   

References
1. de Barros FRO, Giassetti MI, Visintin JA. Spermatogonial 

stem cells and animal transgenesis. In: Agbo EC, editor. 
Innovations in biotechnology. 1st ed. Rijeka: InTech; 2012; 
303-318. 

2. Phillips BT, Gassei K, Orwig KE. Spermatogonial stem 
cell regulation and spermatogenesis. Philos Trans R Soc 
Lond B Biol Sci. 2010; 365(1546): 1663-1678.

3. Shirazi MS, Heidari B, Naderi MM, Behzadi B, Sarvari A, 
Borjian-Boroujeni S, et al. Transplantation of goat sper-
matogonial stem cells into the mouse rete testis. Int J 
Anim Biol. 2015; 1(3): 61-68.

4. Etches RJ, Clark ME, Zajchowski L, Speksnijder G, Ver-
rinder Gibbins AM, Kino K, et al. Manipulation of blasto-
dermal cells. Poultry Sci. 1997; 76(8): 1075-1083. 

5. Hong YH, Moon YK, Jeong DK, Han JY. Improved trans-
fection efficiency of chicken gonadal primordial germ cells 
for the production of transgenic poultry. Transgenic Res. 
1998; 7(4): 247-252.

6. Li LH, McCarthy P, Hui SW. High-efficiency electro-
transfection of human primary hematopoietic stem cells. 
FASEB J. 2001; 15(3): 586-588.

7. Kalina J, Kolmanová A, Mikuś T, Mičakovč A, Trefil P. Trans-
fection of cock spermatogonial cells via electroporation and 
lipofection. Czech J Anim Sci. 2003; 48(7): 279-284.

8. Sánchez F, Smitz J. Molecular control of oogenesis. Bio-
chim Biophys Acta. 2012; 1822(12): 1896-1912.

9. Kim Y, Turner D, Nelson J, Dobrinski I, McEntee M, Travis 
AJ. Production of donor-derived sperm after spermatogo-
nial stem cell transplantation in the dog. Reproduction. 
2008; 136(6): 823-831.

10. Yu F, Ding IJ, Sun GB, Sun PX, He XH, Ni LG, et al. Trans-
genic sperm produced by electrotransfection and alloge-
neic transplantation of chicken fetal spermatogonial stem 
Cells. Mol Reprod Dev. 2010; 77(4): 340-347.

11. van de Lavoir MC, Diamond JH, Leighton PA, Mather-
Love C, Heyer BS, Bradshaw R, et al. Germline transmis-
sion of genetically modified primordial germ cells. Nature. 
2006; 441(7094): 766-769.

12. Liu J, Yoshikawa H, Nakajima Y, Tasaka K. Involvement 
of mitochondrial permeability transition and caspase-9 
activation in dimethyl sulfoxide-induced apoptosis of EL-4 
lymphoma cells. Int Immunopharmacol. 2001; 1(1): 63-74.

13. Campeau P, Chapdelaine P, Seigneurin-Venin S, Mas-
sie B, Tremblay JP. Transfection of large plasmids in 
primary human myoblasts. Gene Ther. 2001; 8(18): 
1387-1394.

14. Trefil P, Kolmanová A, Kotrbová A. Transfection of cock 
spermatogonial cells via electroporation and lipofectin 
reagent. Proceedings of the 11th European Poultry Con-
ference; 2002 September 6-10; Bremen, Germany: Arch 
Geflugelkde; 2002.

15. Pichon C, Billiet L, Midoux P. Chemical vectors for gene 
delivery: Uptake and intracellular trafficking. Curr Opin 
Biotechnol. 2010; 21(5): 640-645. 

16. Ziello JE, Huang Y, Jovin IS. Cellular endocytosis and 

gene delivery. Mol Med. 2010; 16(5-6): 222-229.
17. Gehl J. Electroporation: theory and methods, perspec-

tives for drug delivery, gene therapy and research. Acta 
Physiol Scand. 2003; 177(4): 437-447.

18. Mir LM, Glass LF, Sersa G, Teissié J, Domenge C, 
Miklavcic D, et al. Effective treatment of cutaneous and 
subcutaneous malignant tumours by electrochemothera-
py. Br J Cancer. 1998; 77(12): 2336-2342.

19. Rae JL, Levis RA. Single-cell electroporation. Pflugers 
Arch. 2002; 443(4): 664-670.

20. Moore JC, van Laake LW, Braam SR, Xue T, Tsang SY, 
Ward D, et al. Human embryonic stem cells: genetic ma-
nipulation on the way to cardiac cell therapies. Reprod 
Toxicol. 2005; 20(3): 377-391.

21. Schwanke K, Merkert S, Kempf  H, Hartung S, Jara-Avaca 
M, Templi C, et al. Fast and efficient multitransgenic modi-
fication of human pluripotent stem cells. Hum Gene Thera 
Methods. 2014; 25(2): 136-153.

22. Andre F, Mir LM. DNA electrotransfer: its principles and an 
updated review of its therapeutic applications. Gene Ther. 
2004; 11(1): 33-42.

23. Faurie C, Golzio M, Moller P, Teissié J, Rols MP. Cell and 
animal imaging of electrically mediated gene transfer. 
DNA Cell Biol. 2003; 22(12): 777-783.

24. Heller L, Lucas ML. Delivery of plasmid DNA by in vivo 
electroporation. Gene Ther Mol Biol. 2000; 5: 55-60. 

25. McMahon JM, Wells DJ. Electroporation for gene trans-
fer to skeletal muscles: current status. Bio Drugs. 2004; 
18(3): 155-165.

26. Mazères S, Sel D, Golzio M, Pucihar G, Tamzali Y, 
Miklavcic D, et al. Non invasive contact electrodes for in 
vivo localized cutaneous electropulsation and associated 
drug and nucleic acid delivery. J Control Release. 2009; 
134(2): 125-131.

27. Liu YC, Lin WY, Jhang YR, Huang SH, Wu CP, Wu HT, 
et al. Efficiency of DNA transfection of rat heart myoblast 
cells H9c2(2-1) by either polyethyleneimine or electropo-
ration. Appl Biochem Biotechnol. 2011; 164(7): 1172-1182.

28. Shan D, Bao-hua M, Liang-liang L, Jun L, Xiao-e Z, Yong 
Z. Optimization of electroporation for transfection of goat 
mammary epithelial cells. Chin J Anim Sci. 2012; 43(1): 
159-166.

29. Johnen S, Izsvák Z, Stöcker M, Harmening N, Salz AK, 
Walter P, et al.  Thumann g. sleeping beauty transposon-
mediated transfection of retinal and iris pigment epithelial 
cells.  Invest Ophthalmol Vis Sci. 2012; 53(8): 4787-4796. 

30. Rizk A, Rabie BM. Electroporation for transfection and dif-
ferentiation of dental pulp stem cells.  Biores Open Ac-
cess. 2013; 2(2): 155-162. 

31. Flanagan M, Gimble JM, Yu G, Xia X, Bunnell BA, Li S. 
Competitive DNA transfection formulation via electropora-
tion for human adipose stem cells and mesenchymal stem 
cells. Biol Proced Online. 2012; 14(1): 7. 

32. Bertram B, Wiese S, von Holst A. High-efficiency trans-
fection and survival rates of embryonic and adult mouse 
neural stem cells achieved by electroporation. J Neurosci 
Methods. 2012; 209(2): 420-427. 

33. Shirazi MS, Heidari B, Shirazi A, Zarnani AH, Jeddi-Teh-
rani M, Rahmati-Ahmadabadi M, et al. Morphologic and 
proliferative characteristics of goat type A spermatogonia 
in the presence of different sets of growth factors. J Assist 
Reprod Genet. 2014; 31(11): 1519-1531.

34. Heidari B, Gifani M, Shirazi A, Zarnani AH, Baradaran B, 
Naderi MM, et al. Enrichment of undifferentiated type a 
spermatogonia from goat testis using discontinuous per-
coll density gradient and differential plating. Avicenna J 
Med Biotechnol. 2014; 6(2): 94-103.

35. Crabtree DM, Zhang J. Genetically engineered mouse 



CELL JOURNAL(Yakhteh), Vol 18, No 3, Oct-Dec (Autumn) 2016 437

Niakan et al.

models of Parkinson disease.  Brain Res Bull. 2012; 
88(1): 13-32. 

36. Houdebine LM. Production of pharmaceutical proteins by 
transgenic animals. Comp Immunol Microbiol Infect Dis. 
2009; 32(2): 107-121.

37. Houdebine LM. Transgenic animal bioreactors. Transgen-
ic Res. 2000; 9(4-5): 305-320.

38. Houdebine LM. The methods to generate transgenic ani-
mals and to control transgene expression. J Biotechnol. 
2002; 98(2-3): 145-160.

39. Zhu L, van de Lavoir MC, Albanese J, Beenhouwer DO, 
Cardarelli PM, Cuison S, et al. Production of human mon-
oclonal antibody in eggs of chimeric chickens. Nat Bio-
technol. 2005; 23(9): 1159-1169.

40. Lillico SG, McGrew MJ, Sherman A, Sang HM. Transgenic 
chickens as bioreactors for proteinbased drugs. Drug Dis-
cov Today. 2005; 10(3): 191-196.

41. Dyck MK, Lacroix D, Pothier F, Sirard MA. Making recom-
binant proteins in animals-different systems, different ap-
plications. Trends Biotechnol. 2003; 21(9): 394-399.

42. Cukjati D, Batiuskaite D, Andre F, Miklavcic D, Mir LM. 
Real time electroporation control for accurate and safe in 
vivo non-viral gene therapy. Bioelectrochemistry. 2007; 
70(2): 501-507.

43. Mir LM. Nucleic acids electrotransfer-based gene therapy 
(electrogenetherapy): past, current, and future. Mol Bio-
technol. 2009; 43(2): 167-176.

44. Hu J, Li S. Electroporation formulation for cell therapy. 
Methods Mol Biol. 2014; 1121: 55-60.

45. Kanatsu-Shinohara M, Toyokuni S, Shinohara T. Genetic 
selection of mouse male germline stem cells in vitro: off-
spring from single stem cells. Biol Reprod. 2005; 72(1); 
236-240. 

46. Sultana Y, Jain R, Aqil M, Ali A. Review of ocular drug de-
livery. Curr Drug Deliv. 2006; 3(2): 207-217.

47. Wang H, Zhong CY, Wu JF, Huang YB, Liu CB. Enhance-
ment of TAT cell membrane penetration efficiency by dime-
thyl sulphoxide. J Control Release. 2010; 143(1): 64-70.

48. Migita  S,  Hanagata  N,  Tsuya  D,  Yamazaki  T,  Sugimo-
to Y, Ikoma T. Transfection efficiency for size-separated 
cells synchronized  in  cell  cycle  by  microfluidic  device.  
Biomed Microdevices. 2011; 13(4): 725-729.

49. Melkonyan H, Sorg C, Klempt M. Electroporation efficien-
cy in mammalian cells is increased by dimethyl sulfoxide 
(DMSO). Nucleic Acids Res. 1996; 24(21): 4356-4357.

50. Villa-Diaz LG, Garcia-Perez JL, Krebsbach PH. Enhanced 
transfection efficiency of human embryonic stem cells by 
the incorporation of DNA liposomes in extracellular matrix.  
Stem Cells Dev. 2010; 19(12): 1949-1957.

51. Pal R, Mamidi MK, Das AK, Bhonde R. Diverse effects of 
dimethyl sulfoxide (DMSO) on the differentiation potential 
of human embryonic stem cells. Arch Toxicol. 2012; 86(4): 
651-661.

52. Marks PA, Breslow R. Dimethyl sulfoxide to vorinostat: 
development of this histone deacetylase inhibitor as an 
anticancer drug. Nat Biotechnol. 2007; 25(1): 84-90.

53. Darling D, Tavassoli M, Linskens MH, Farzaneh F. 
DMSO induced modulation of c-myc steady-state RNA 
levels in a variety of different cell lines. Oncogene. 1989; 
4(2): 175-179.

54. Srinivas S, Sironmani TA, Shanmugam G. Dimethyl sul-
foxide inhibits the expression of early growth-response 
genes and arrests fibroblasts at quiescence. Exp Cell 
Res. 1991; 196(2): 279-286. 

55. Omary MB, de Grandpre L, McCaffrey M, Kagnoff MF. 
Biochemical and morphological differentiation of the hu-
man colonic epithelial cell line SW620 in the presence of 
dimethyl-sulfoxide. J Cell Biochem. 1992; 48(3): 316-323. 


