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Abstract— Diabetes mellitus type 1 is an autoimmune disease with high incidence in adolescents and young adults. 
A seductive approach overcomes normally obstacles treatment is cell-replacement therapy to endogenous insulin pro-
duction. At the present, to get enough pancreatic endocrine cells (PECs) in cell transplantation, differentiation of 
mesenchymal stem cells (MSCs) into IPCs is an interesting and promising strategy. This study aimed to orient umbili-
cal cord blood-derived MSCs (UCB-MSCs) to PECs by Pdx-1 electrotransfer. UCB-MSCs were isolated from human 
umbilical cord blood according to published protocol. Pdx-1 was isolated and cloned into a plasmid vector. Optimal 
voltage of an electrotransfer was investigated to improve the cell viability and gene transfection efficacy. The results 
showed that 200V of the electrotransfer significantly increased in the efficiency of electrotransfer and survival cells 
compared with other high voltages (350V and 550V). Pdx-1 successfully transfected UCB-MSCs over-expressed pan-
creatic related genes as Ngn3, Nkx6.1. These results suggested that Pdx-1 transfected UCB-MSCs were successfully 
oriented PECs. Different to lentiviral vectors, electrotransfer is a safer method to transfer Pdx-1 to UCB-MSCs and a 
useful tool in translational research. 
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INTRODUCTION                                                                     

Diabetes mellitus type 1 autoimmune disease is caused by 
insulin deficiency in which insulin-producing beta cells 
were destroyed by immune systems and developed severe 
metabolic abnormalities (Vudattu and Herold, 2014). At the 
present, diabetes mellitus type 1 was treated by either insu-
lin administration or pancreatic/islet of Langerhans trans-
plantation (Beltrand and Robert, 2013; Oberholzer and 
Morel, 2002). Although the efficiency and feasibility of these 
therapies were recognized, the obstacles were still not delet-
ed absolutely. The patients have been burdened in treatment 
and daily life such as stringent injection of insulin, side ef-
fects of immunosuppressant drugs in transplantation and 
even thought the shortage of replace pancreatic (Wu and 
Mahato, 2014). Hence, a novel therapy is required for public 
treatment. 

The embryonic stem cells (ESCs) and mesenchymal stem 
cells (MSCs) are the potential candidates in stem cell thera-
pies in diabetes mellitus treatment. ESCs can be differentiat-
ed into all cell type originated from three germ layers of the 
embryo, including beta cells. However, ESC based applica-
tions were barricaded by ethical reasons and the high rate of 
malignant tumor formation (Abdelalim et al., 2014; Su et al., 
2011). MSCs possess the ability of high self-renewal, easily 
develop into various cells, especially modulate immune sys-
tem; so they were especially interested in diabetes mellitus 
type 1 treatment (Helledie et al., 2008; Wu and Mahato, 
2014). To date, MSCs were successfully isolated from abun-
dant sources such as bone marrow, umbilical cord blood, 
adipose tissues (Wu and Mahato, 2014). 

MSCs could be differentiated into PECs by some different 
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ways. MSCs could be in vivo differentiated into insulin pro-
ducing cells (IPCs) by direct injection of MSCs into pancreat-
ic gland (Ianus et al., 2003; Karaoz et al., 2013; Phuc et al., 
2011). In vitro, MSCs were successfully induced by chemical 
exposure (Chao et al., 2008; Ngoc et al., 2011; Phuc et al., 
2011; Wei et al., 2012) or co-culture with pancreatic cells to 
IPCs (Karaoz et al., 2013). However, beta cell differentiation 
of MSCs also low, and that was the main difficulty to use 
them in clinic. Therefore, the combination of gene therapy to 
improve differentiation efficacy of MSCs into PECs is inter-
ested in much recent research groups. 

Pancreatic duodenal homeobox 1 transcription factor (Pdx-1) 
holds an important role in pancreatic development (Oliver-
Krasinski, 2008). In the early phase of embryo, Pdx-1 acti-
vates the forming process of all cell types in pancreatic such 
as endocrine, exocrine and duct cells. In the human, Pdx-1 
was highly expressed in progenitor pancreatic to not only 
orienting the differentiation, but also maintaining the func-
tion of beta cells and activation of other insulin-related 
genes. The Pdx-1 mutated mice were impaired the pancreat-
ic development and died after several days. Pdx-1 deficiency 
lead to the disorders of pierce pancreatic function, the death 
of beta cell and diabetes mellitus in both human and rodent. 

In fact, by Pdx-1 transfection, some authors successfully dif-
ferentiated and trans-differentiated of some kinds of cells 
into IPCs or PECs. Ferber et al were trans-differentiated 
mouse hepatic cells to IPCs by Rattus Pdx-1 adenovirus in-
fection (Ferber et al., 2000). The same results were reported 
by Kojima et al (2003) combined infection of NeuroD and 
BTC (Kojima et al., 2003), Sapir et al (2005) combined infec-
tion of Pdx-1 and endothelium growth factors to reborn the 
new islet in the liver, after that transplant to treat diabetes 
mellitus mice (Sapir et al., 2005). The combination of Pdx-1 
with other growth factors was believed in decreasing the 
effect of exocrine and maintain the phenotype of endocrine. 
In addition, after Pdx-1 and BTC transfection, the MSCs 
were induced in pancreatic ductal epithelium progenitor cell 
which positive with both of Ck19 and Nestin markers (Li et 
al., 2008). The gene therapy delivery systems can be used for 
transgene transfer into MSCs comprises viral and non-viral 
methods. Viral vectors allow gene delivery efficient and 
long-term expression in MSCs, but safety concerns were 
considered in clinical applications (Cone and Mulligan, 
1984; Nayerossadat et al., 2012). To overcome these draw-
backs, non-viral methods have been substituted for deliver-
ing therapeutic genes into MSCs. Electrotransfer techniques 
were determined most efficient for gene delivering into 
MSCs with highs of percentages of gene-transfected cells. A 
recent study showed that by electrotransfer MSCs had still 
maintained “stem” characteristics such as the ability of pro-
liferative, differentiation after gene manipulation (Jordan et 
al., 2008). So that, in view of these advantages, this study 
aimed to differentiate UCB-MSCs into PECs by Pdx-1 elec-
trotransfer. 

MATERIALS – METHODS 

Isolation and characterization of UCB-MSCs 

UCB-MSCs were isolated according to the previous pub-
lished publication (Pham et al., 2014). In briefly, UCB was 
collected to prepare activated platelet-rich plasma (aPRP) 
and mononuclear cells (MNCs). aPRP was applied as a sup-
plement at 5% in Iscove modified Dulbecco medium 
(IMDM) together with antibiotics. MNCs were cultured in 
complete IMDM to isolate UCB-MSCs. Isolated cells were 
sub-cultured for 3 passages before used in further experi-
ments.  
 
Plasmid construction of pcDNA3.1-Pdx1 and purified 
plasmid preparation 
 
The full-length human Pdx-1 sequence was isolated from 
pWPT vector (9.5kb) (Addgene, Cambridge, MA). Both of 
Pdx-1 gene and pcDNA3.1 was prepared by double diges-
tion of BamHI and NotI enzymes to remove Pdx-1 gene from 
pWPT and open pcDNA3.1 plasmid. Then the purified Pdx-
1 was inserted into opened pcDNA3.1 plasmid (8.6kb) by T4 
ligase (all bought from Invitrogen, NY). The ligation reaction 
was objected to electrotransfer into Ecoli. DH5α and colony 
screening in ampicillin-contained LB-agar. The candidate 
colonies which grew on Ampicilin LB-agar was amplified on 
LB medium to isolate interested plasmid. The insert of Pdx1 
into pcDNA3.1 plasmid was confirmed by double-digestion 
reaction and DNA sequencing. The recombinant pcDNA3.1 
plasmid extracted in large-scale by Qiagen Kit with abun-
dant circular form, high purified A280/260 >1.8 and free-
endotoxin would be used to for further experiments. 
 
Buffer and voltage selection for electrotransfer  
 
The electrotransfer process was performed under the in-
struction of electroporation system (Eppendorf, Germany). 
To facilitate electrotransfer, both the cells and their nucleus 
assume rounded form and the cell membrane detached from 
the cytoskeleton. The osmotic concentration lower than 
physiological buffer solutions was suggested. We seek to the 
lowest osmotic concentration of electrotransfer buffer which 
stable cell membrane and survival. The cells were de-
attached by Trypsin-EDTA 0.25%, and the cell pellets were 
resuspended in Hypoosmolar buffer (Eppendorf, Germany). 
The cell stability and viability were evaluated by under mi-
croscope after cells were incubated at 0, 10, 20, 30, and 40 
minutes in the Hypoosmolar buffer. The diameters of 
rounded cells were measured at 0, 10, 20, 30, and 40 minutes 
to determine optimal voltage for the electrotransfer. The 
field strength was calculated based on the formular Ec = Vc / 
(0.75 x d) and V = Ec x l with Ec: Critical field strength [V / 
cm]; Vc: Permeation voltage of the membrane (1 V at 20 °C) 
and d: Cell diameter [cm]; l : gap width of the cuvette (0.2 
cm). In the case of suspension cells, the ideal value for intro-
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ducing plasmid DNA into the cell is usually 1 to 3 times that 
of Ec (follow in Eppendorf’s manual). 
 
Plasmid electrotransfer  
 
The cell pellet was washed twice with PBS and re-
suspended in hypoosmolar buffer at concentration 2.106/ml 
of cells. A mixture of 400μl of UCB-MSCs suspension and 
the pcDNA3.1-Pdx-1 (10μg/ml) was added into an electro-
cuvette with 2-mm gap in width. After pulsing the cell sus-
pension was allowed to incubate in the cuvette for 5-10 
minutes. The cell suspension was collected from the cuvette 
and cultured in 3 ml DMEM in a 60-mm culture dish. After 
72 hours, the G418 (200μg/ml) was added to the culture me-
dium to select successfully Pdx-1 transfected UCB-MSCs. 
This concentration of G418 was investigated in previous 
assays. The selection medium was changed every 3-day. At 
day 10 of the selection, the UCB-MSCs were isolated for fur-
ther assays. Electrotransfer efficacy was recorded in three 
voltages 200V, 350V, and 550V. 
 
Annexin-V and PI analysis 
 
The efficacy of pcDNA3.1-Pdx-1 electrotransfer was per-
formed by the amount of viable cells after selecting with 
G418 basing Annexin-V and PI analysis (BD Bioscience, 
Franklin Lakes, NJ). Viable cells after selected with G418 
reflected that they were successfully transfected with Pdx-1 
plasmid. The UCB-MSCs were detached by Trypsin-EDTA 
0.25% and washed twice with cold PBS. The cells were re-
suspended in 100μl of binding buffer and add 5μl of FITC 
Annexin-V and add 10μl PI solution. The UCB-MSCs were 
gently vortexed and incubated for 15 min at room tempera-
ture in the dark. Flow cytometry analysis was occurred 
within 1 hour, followed by added 400μl of binding buffer to 
each tube. The percentage of Annexin-V and PI negative 
cells were used to evaluate efficient electrotransfer in vari-
ous voltages 200V, 350V, 550V, respectively. The experiment 
was triplicated independently. 
 
Pancreatic endocrine related gene expression 

Total RNA of pcDNA3.1-Pdx-1 transferred UCB-MSCs was 
extracted using easyBlue (Intron biotech, Korea) with high 
quality A280/260>1.8 confirmed by photometer machine 
(Eppendorf, Germany). About 1000 ng of total RNA was 
synthesized into cDNA by reverse transcriptase superscript 
II (Invitrogen, Carlsbad, CA) following the manufacturer’s 
instruction. The cDNA were amplified by polymerase chain 
reaction (PCR) with following primer pairs to detect the 
expression of pancreatic endocrine related-genes, GAPDH, 
forward, 5’ TGCTGGCGCTGAGTACGTCG 3’ and reverse, 
5’-TGACCTTGGCCAGGGGTGCT-3’; Pdx1, forward, 5’-
GGATGAAGTCTACCAAAGCTCACGC-3’, reverse, 5’-
CCAGATCTTGATGTGTCTCTCGGTC-3’; Ngn3, forward, 5’-
TCGCTGCTCATCGCTCTC-3’, reverse 5’-
CCAACTCGCTCTTAGGCC-3’; Nkx6.1, forward, 5’-

TCTTCTGGCCCGGAGTGA-3’, reverse, 5’-
CCAACAAAATGGATCCTTGATGA-3’; Insulin, forward, 5’-
CTACCTAGTGTGCGGGGAAC-3’, reverse, 5’-
CACAATGCCACGCTTCTG-3’. The GAPDH gene served as 
an internal control. Polymerase chain reaction (PCR) ampli-
fication was performed by Intron pfu according to the fol-
lowing cycling parameters: 94˚C for 30 second, 58˚C for 30 
second, 72˚C for 30 second, repeating for 40 cycles. PCR 
products were separated by electrophoresis on a 2% agarose 
gel containing ethidium bromide and visualize under gel 
reader machine system (UVP, Upland, CA). 

Statistical analysis 

The mean and SD were calculated for each experimental 
group. Differences between groups were analyzed by one-
way ANOVA in SPSS 16.0 software. Significant differences 
among groups were calculated at indicated P < 0.05. 

 

RESULTS 

UCB-MSCs isolation and proliferation 

Similar to published publication, we successfully isolated 
UCB-MSCs. These cells also confirmed as MSCs according to 
MSC criteria suggested by Dominici et al. (Dominici et al., 
2006). These cells exhibited the particular shape like fibro-
blasts. They expressed the MSC marker profiles such as pos-
itive with CD44, CD73, CD90, and CD105; negative with 
CD14, CD34, CD45 and HLA-DR. In the induced conditions, 
UCB-MSCs were differentiated into osteoblasts, chondro-
cytes and adipocytes (Fig. 1).  

 

Figure 1. Mesenchymal stem cells from UCB. UCB-MSCs exhibited 
the particular shape (A), successfully differentiated into adipocytes 
that stained red with Oil Red (B), sucessfully differentiated into 
osteoblasts that posivite with Alizarin Red (C). 

pcDNA3.1-Pdx-1 vector 

The recombinant pcDNA3.1-Pdx-1 plasmid was double di-
gested with BamHI and NotI enzyme. The results showed 
that the two bands of linear pcDNA3.1 5.5 kb and Pdx-1 0.86 
kb were isolated. These results indicated that Pdx-1 full-
length was inserted accurately into the expression 
pcDNA3.1 vector (Fig. 2). The BamHI and NotI double di-
gestion of pWPT and empty pcDNA3.1 vector were used as 
control. Furthermore, the Pdx-1 gene inserted into 
pcDNA3.1-Pdx-1 vector was confirmed to be completely 
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identical to the sequence of Pdx-1 (data not shown). 

 

Figure 2. Identification of pcDNA3.1-PDX1 by double digestion. 
pWPT (lane 1), pcDNA3.1 (lane 2) and pcDNA3.1-Pdx-1 (lane 3) 
were digested by BamHI and NotI enzyme (A). The insert Pdx-1 
band (0.86 kb) is visualized in both pWPT and pcDNA3.1-Pdx1. The 
recombinant pcDNA3.1-Pdx-1 vector map (B). 

The influence of osmosis buffer on UCB-MSC diameter 
and field strength  

The results showed that the UCB-MSCs still maintained 
rounded cell shape after 40 minutes in 90 mOsmol/kg osmo-
sis buffer. At this osmosis buffer, cells did not changes in 
size in electrotransfer condition (P<0.05). In fact, the cell di-
ameters were 37.14±6.38, 33.51±2.41; 30.83±1.85; 32.51±2.25; 
30.92±1.87μm (n=5) after incubation of 0, 10, 20, 30, 40 
minutes, respectively (Fig. 3). Based on cell diameter, we 
calculated the voltage pulses for UCB-MSC electrotransfer is 
200V, 350V, 550V respectively. 

The efficiency of Pdx1 electrotransfer in UCB-MSCs 

 

Figure 3. Determine of UCB-MSCs diameter in Hypoosmolar 
solution. UCB-MSCs were incubated in Hypoosmolar solution to 
evaluate the integrity of cells during the experiment. The UCB 
MSCs diameter in hemispherical was measured at time periods of 0 
minutes (A), 10 minutes (B), 20 minutes (C), 30 minutes (D), 40 
minutes (E) at the same location respectively. The average diameter 
(μm) of UCB-MSC was shown in F (n=5). The data were presented 
as mean ± SD value. The experiment was repeated 3 times inde-

pendently, scale bar: 100 μm. 

After 24 hours of the electrotransfer, UCB-MSCs was ob-
served under microscope to determine the effect of voltage 
on cell viability (Fig. 4). The Annnexin-V and PI analysis 
was performed to evaluate of electrotransfer efficacy fol-
lowed by G418 selection for 10 days. Cell viability of UCB-
MSCs after selection was altered in 200V, 350V, and 550V. 
The adherent cells in 200V were higher than others. The cell 
viability after 10-day G418 selection was 82.94 ± 4.17, 39.93 ± 
12.7, 49.5 ±3.02 at 200V, 350V, 550 V, respectively (Fig. 4). 

 

 

Figure 4. Evaluation of Pdx1 electrotransfer UCB-MSCs after 10 
days of G418 selection. UCB-MSCs was observed under microscope 
to determine the effect of voltage on cell viability 200V (A), 350V (B), 
550V (C). AnnexinV-PI staining assay indicated efficient of Pdx1 
electrotransfer UCB-MSCs under various electric voltages 200V (D), 
350V (E), 550V (F). Scale bar, 100 μm. 

Transfected UCB-MSC phenotypes 

The Pdx1-UCB-MSCs over-expressed Pdx-1 at 24 h (data not 
shown) and prolong the expression until day 10 of G418 
selection. The expression of the pancreatic endocrine-related 
Ngn3, Nkx6.1 genes was detected after G418 selection. Ex-
pression of the Insulin gene was not observed at the end of 
the experiment (Fig. 5). 
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Figure 5. The expression of pancreatic endocrine cell-related genes 
in Pdx1-UCB-MSCs at day10 of G418 selection. RT-PCR analysis of 
Pdx-1, Ngn3, Nkx6.1 and Insulin expression in UCB MSCs and Pdx-
1-UCB MSCs. Pdx-1-UCB-MSCs were cultured for 10 days after 
G418 selection, and the cells were harvested and subjected to RT-
PCR analysis. The UCB-MSCs was used as a control group. 

 

DISCUSSION 

Nowadays, the non-viral vector transfection methods are 
broken down into two major approaches including liposome 
and electrotransfer. The non-viral vector based methods are 
more advantages than the viral based vector systems 
(Kamimura et al., 2011). Despite fast and efficient way to 
deliver genes of viral method, non-viral vectors must be 
seriously considered for their safety in clinical trials (Manjila 
et al., 2013). The non-viral liposome methods were acknowl-
edged in improvement of gene transfected efficient by the 
positive charge of commercial liposomes such as FuGENE 6 
(Promega), Lipofectamine 2000 or DMRIE–C (Life Technolo-
gies), Lipoflex (Takara). However, these liposomes could 
damage cells and change cell phenotype when cultured in 
high concentration of cationic lipid. Compared to liposome 
methods, the electrotransfer efficacy was autonomous and 
low toxic. More importantly, the electrotransfer was demon-
strated that did not impair the characteristics of stem cells 
and maintained multipotent and proliferation of cells after 
transfection (Helledie et al., 2008). Furthermore, the electric 
capacitance is directly proportional the efficiency of trans-
formation and independent on DNA concentration (Oldak et 
al., 2002). In previous research, the efficacy of pCMV-DsRed 
transfected MSCs by electrotransfer, Fugene5, Lipofectamine 
2000, Lipofectamine Plus methods were compared (Helledie 
et al., 2008). The results showed that the electrotransfer 
method achieved more 90% transfected cells than lipofection 
(Helledie et al., 2008). From this advantage, electrotransfer 
was dominant applied to orienting the differentiation of 
stem cell to functional cell in regenerative medicine. 
 
In this study, we induced the differentiation of UCB-MSCs 
into endothelial pancreatic cells by Pdx-1 electrotransfer. 
Electric field strength and the osmosis solution take a crucial 
role to achieve the highest efficiency of transformation as 
well as maintaining cell viability (Amiri Yekta et al., 2013; 
Jordan et al., 2008; Mir, 2014). In our results, the average 

diameter and the survival of UCB-MSCs in Hypoosmolar 
solution were used to determine the electric field strength in 
the optimal osmosis buffer. The 90mOsm hypoosmolar was 
suitable for UC-MSCs membrane stability with more than 
90% of cell viability. This alternation of UCB-MSCs mem-
brane was consistent with Marko et al. in evaluation of 
CHO, V79, B16-F1’s cell diameter in 100 mOsm hypotonic 
solution (Marko Ušaj, 2009). Thus, UCB-MSCs were optimal 
ready to electrotransfer followed by the incubation in Hy-
poosmolar solution within 10 minutes to achieve the largest 
size. From these results, we calculated the voltage range 
200V, 350V, and 550V based on the average diameter at 10-
minute incubation. Besides that, electroplated efficiency also 
depends on the condition, density of cells, nucleic acid con-
centration, as well as the nucleic acid and depends on each 
cell line, will have the voltage for different the highest trans-
formed efficiency (Jordan et al., 2008; Weecharangsan et al., 
2007). 
 
After 10-day G418 selection, the Pdx-1 transfected UCB-
MSCs was objected in Annexin-V and PI analysis. Annexin 
V and PI stains were used to discriminate the early apoptotic 
cells (Annexin-V positive only) and late apoptotic/necrotic 
cells (both Annexin V and PI positive) from the integrity 
cells (Annexin–V and PI negative) (Bakar et al., 2014; Balaji 
et al., 2013; Zhou et al., 2012). The percentage of Annexin V 
and PI negative UCB-MSCs was the percentage of survival 
Pdx-1-UCB-MSCs under G418 selection. The results showed 
that the number of survival Pdx-1-UCB-MSCs at 200 V volt-
age were significantly higher (82.94 ± 5.1) than at 350V and 
550V voltages (P<0.05). In theory, the damaged cell mem-
brane could not recover and underwent necrosis because of 
high voltage and long pulse (100μs in this experiment). The 
low voltage and long pulse can bring out the high survival 
rate of cells (Zhou et al., 2012). In another experiment, the 
epithelial cells of embryonic mouse also showed a high pro-
portion of cells (5%-20%) expressed foreign gene without 
cell death by using low-voltage square wave electrotransfer 
(Abud et al., 2004). Therefore, low voltage (200V) and long-
pulse (100μs) was an appropriate value to electrotransfer 
into UCB-MSCs. 

Pdx-1 is the crucial transcription factor in pancreatic for-
mation, can turn on the differentiation and development of 
stem cells to pancreatic buds. Our results showed that the 
over-expression of Pdx-1 could induce UCB-MSCs to express 
pancreatic endocrine related-genes in culture medium in 
vitro. These cells were detected to express Pdx-1, Ngn3, and 
Nkx6.1 which are insulin gene transcription-regulating 
mechanism of pancreatic β-cells. Pdx-1 has been demon-
strated to take an initial role in regulating insulin gene ex-
pression and in the activation of the differentiation process 
of pancreas precursor cells to endocrine pancreas cells. Our 
results showed that endogenous Pdx-1 also detected, but 
unable to trigger the expression of Ngn3, Nkx6.1 to induce 
cell differentiation in original UCB-MSCs. Our results were 
consistent with previous reports in which Pdx-1 expression 
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activated Ngn3, Nkx6.1 expression (Hermann et al., 2011; 
Pedersen et al., 2005), in which Pdx-1, Ngn3 and Nkx6.1 were 
important for the differentiation of pancreatic endocrine 
cells (Nelson et al., 2007). After 10 days of selection, the Pdx-
1-UCB-MSCs were only oriented to endocrine pancreatic 
cells but defeated in insulin expression. It suggested that the 
Pdx-1 transfected UCB-MSCs may be switched to insulin-
producing cells completely whenever were triggered by 
induction factors such as the medium containing high glu-
cose, β-mercaptoethanol, as well as HGF and EGF. 

 

Conclusion 

In summary, our findings indicated that Pdx-1-
electrotransfer UCB-MSCs could be oriented to differentiate 
into endocrine pancreatic cells, which expressed β-cell-
related genes such as Ngn3, Nkx6.1 in vitro. Therefore, Pdx-1 
electrotransfer of UCB-MSCs can become an emerging can-
didate in β-cell replacement therapy of diabetes. However, 
the proliferative and functional stability of endocrine pan-
creatic induced UCB-MSCs needs further investigations. 
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