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a b s t r a c t

Electroporation has been considered one of the most efficient non-viral based methods to deliver genes
regardless of frequently observed high cell mortality. In this study we used a microporation technique to
optimise the delivery of plasmid DNA encoding green fluorescence protein (GFP) to human bone marrow
mesenchymal stem cells (BM-MSC). Using resuspension buffer (RB) and as low as 1.5 × 105 cells and 1 �g
of DNA, we achieved 40% of cells expressing the transgene, with cell recovery and cell viabilities of 85%
and 90%, respectively. An increase in DNA amount did not significantly increase the number of transfected
eywords:
ace-centered composite design
ene delivery
esenchymal stem cells
icroporation

lasmid DNA

cells but clearly reduced cell recovery. A face-centered composite design was used to unveil the conditions
giving rise to optimal plasmid delivery efficiencies when using a sucrose based microporation buffer (SBB).
The BM-MSC proliferation kinetics were mainly affected by the presence of plasmid and not due to the
microporation process itself although no effect was observed on their immunophenotypic characteristics
and differentiative potential. Based on the data shown herein microporation demonstrated to be a reliable
and efficient method to genetically modify hard-to-transfect cells giving rise to the highest levels of cell

long w
survival reported so far a

. Introduction

Human BM-MSC are multipotent stem cells that can differenti-
te into mesoderm-type cells such as osteoblasts, adipocytes and
hondrocytes (Bianco et al., 2001). These cells are easily expanded
x vivo and due to their hypo-immunogenic characteristics (Tse
t al., 2003) they have been considered a great promise to be
otentially used in diverse clinic settings such as: direct appli-
ation on specific tissue defects or systemic transplantation for
large spectrum of diseases (see recent review (Caplan, 2009)),

o generate transplantable tissues and organs in tissue engineer-
ng procedures (Macchiarini et al., 2009) or as a vehicle for genes
n gene therapy protocols (Kumar et al., 2008). Gene delivery to

SC has been frequently accomplished by viral-based vectors, but
ome issues regarding these vectors safety and manufacturing have
ncouraged the development and optimisation of non-viral based
echniques.

During the last 10 years several authors have reported promis-
ng results regarding the use of cationic lipids (Bolliet et al., 2008),

olymers (Park et al., 2010), dendrimers (Santos et al., 2009) and
ifferent electroporation techniques (Aluigi et al., 2006; Ferreira
t al., 2008) to deliver plasmid DNA (pDNA) into MSC derived
rom BM, cord blood or adipose tissue. When compared to other

∗ Corresponding author. Tel.: +351 218 419 594; fax: +351 218 419 062.
E-mail address: catarina.madeira@ist.utl.pt (C. Madeira).

168-1656/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jbiotec.2010.11.002
ith superior gene delivery efficiencies.
© 2010 Elsevier B.V. All rights reserved.

non-viral methods, conventional electroporation has led to higher
transfection efficiencies to MSC although encompassed with high
cellular mortality, which might be due to the high electrode sur-
face area (Kim et al., 2008). In fact, novel devices for microscale
electroporation with different layouts have been recently devel-
oped and tested with several cell lines for diverse applications (Lee
et al., 2009; Yamauchi et al., 2004). Our study comprises the use of
a microcapillary system with an electrode surface area of 0.33 mm2

and 10 �l chamber for cell suspension electroporation (Kim et al.,
2008), which uses only one buffer within all cell types. Besides
electroporation buffer other factors influencing gene delivery effi-
ciency must also be considered, such as electric pulse, pulse width,
number of pulses and DNA amount and cell density (Andreason
and Evans, 1989). In most published work concerning optimisa-
tion of an electroporation protocol, transfection efficiency and cell
viabilities are the only presented output values, and high cell viabil-
ities can be obtained even when few cells are recovered after being
submitted to electric voltages. To our best knowledge few authors
have published results regarding cell recovery and yield of trans-
fection after electroporation of MSC (Aluigi et al., 2006; Ferreira
et al., 2008) and for most applications in the stem cell field (from
basic research to clinic use) the avoidance of cell death is usually

a concern. In fact, for specific applications, a lower expression of
protein within high number of cells might be more appropriated
than high levels of expression in lower cell number (Santos et al.,
2009). Even though, in two recent studies using microporation, the
authors claimed that adipose and umbilical cord blood derived MSC

dx.doi.org/10.1016/j.jbiotec.2010.11.002
http://www.sciencedirect.com/science/journal/01681656
http://www.elsevier.com/locate/jbiotec
mailto:catarina.madeira@ist.utl.pt
dx.doi.org/10.1016/j.jbiotec.2010.11.002
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ere efficiently transfected using microporation with minimal cell
amage (Lim et al., 2010; Wang et al., 2009).

Most reports concerning non-viral gene delivery optimisation to
ammalian cells generally use an iterative process, changing one

ariable while maintaining other formulation variables constant.
onversely, the use of a statistical approach such as central com-
osite design involving a minimum number of experiments for a

arge number of factors has been presented as an attractive tool
n this field. The first reported study regarding this topic aimed
o demonstrate the utility of central composite design in model-
ng responses such as vector size, zeta potential and transfection
fficiency of several non-viral gene delivery vectors (Birchall et al.,
001). Similarly other authors have verified the effect of several
arameters and their interaction on physical stability of polyplexes
Gazori et al., 2009; Mount et al., 2003; Zhong et al., 2007). Regard-
ng electroporation, and to our knowledge there is no reported
tudy aiming at multivariate optimising procedure for in vitro gene
elivery to human MSC, mainly considering cell recoveries or yield
f transfection as output values.

A face-centered composite design (CCF) methodology was used
n this work to assess the effect of several independent factors (elec-
ric pulse, pulse width and pDNA amount) on the percentage of
FP+ BM-MSC, cell recovery and yield of transfection after micro-
oration using an electroporation buffer easily prepared in the

aboratory. Afterwards, using the more suitable microporation con-
itions, we have also assessed the effect of number of pulses on the
ame responses and the effect of pDNA delivery by microporation
n immunophenotype characteristics, clonogenic and differentia-
ion capabilities of human BM-MSC. The cell division kinetics of
hese cells, along seven days of culture upon microporation is also
resented herein which, to our best knowledge, represents the first
eport of the cell divisional history of a stem cell population after
eing transfected. We showed that the presence of pDNA seems
o clearly slow down BM-MSC division. Taken together, our results
ill certainly be very useful in gene delivery applications to stem

ells.

. Materials and methods

.1. Mesenchymal stem cells isolation, thawing and expansion

Bone marrow (BM) aspirates were obtained from adult vol-
nteer donors, after informed consent at Instituto Português de
ncologia de Lisboa Francisco Gentil, and were isolated and cul-

ured as described elsewhere (Dos Santos et al., 2010).

.2. Plasmid construction, production and purification

A plasmid encoding green fluorescent protein (pVAX-GFP) with
697 bp was constructed and produced as described elsewhere
Azzoni et al., 2007) and was purified using an endotoxin-free
lasmid DNA purification kit protocol (Macherey-Nagel, Duren,
ermany). The concentration of purified pDNA solutions was
ssayed by spectrophotometry at 260 nm (Nanodrop, Thermo Sci-
ntific, Waltham, MA) and DNA integrity was confirmed by DNA
garose gels stained with ethidium bromide.

.3. Microporation and protein expression monitoring

Cells (1.5 × 107 cell/mL) were resuspended in resuspension
uffer (RB) supplied by the microporator manufacturer or in a

ucrose based buffer (250 mM sucrose and 1 mM MgCl2 in Dul-
ecco’s phosphate buffered saline (DPBS; Gibco), SBB), prepared

n our laboratory and incubated with a specific amount of plas-
id DNA followed by electroporation using a Microporator MP100

Digital Bio/(Neon) Invitrogen). DNA amount is referred when
nology 151 (2011) 130–136 131

appropriate and used within 150 000 cells/10 �l buffer (RB or SBB).
After microporation, 10 �l of cell suspension were plated separately
into two or three wells of a 24-well culture plate in pre-warmed
Dulbecco’s Modified Eagle’s Medium (DMEM)/10% fetal bovine
serum (FBS), without antibiotics, for 24 h. The number of GFP pos-
itive cells (GFP+ cells) was monitored by flow cytometry using
FACScalibur equipment/CellQuest software (BD Biosciences) con-
sidering a minimum of 1000-gated cells.

2.4. Cell viability, recovery, yield of transfection and cell division
kinetics

The percentage of viable cells (cell viability) was estimated by
trypan blue exclusion method. For each micro-electroporated sam-
ple (m), cell recovery (CR) was determined using the equation CR
(%)m = (CAm/CAc) × 100, where CA is the number of cells alive and c
is the non-electroporated control. Yield of transfection (Y) was cal-
culated using the equation Y (%)m = (GFP+ × CAm)/CTc where CT is
the number of total cells.

To evaluate cell proliferation kinetics, BM-MSC were labeled
with PKH67 (Sigma) (da Silva et al., 2009) immediately prior to
microporation. After centrifugation the labeled cells were resus-
pended in the required volume of electroporation buffer and pDNA
to achieve 15,000 cell/�l and 0.3 �g pDNA/�l of cell and pDNA con-
centration, respectively. This dye consists of fluorophores attached
to an aliphatic carbon backbone that bind irreversibly but non-
covalently to the lipid layer of cell membrane and are equally
distributed between daughter cells in successive generations dur-
ing cell division (Huang et al., 1999). The decrease in fluorescence
over time was used to calculate the number of divisions or gener-
ations within a specific subset.

With the exception of CCF experiments, all results are presented
as average ± standard deviation of the mean (S.E.M), statistical vari-
ations (p < 0.05) for independent samples were analyzed by the
Student’s t-tests.

2.5. Assessment of BM-MSC multipotency after microporation

Approximately 50,000 transfected and non-transfected (con-
trol) BM-MSC per FACS tube were incubated in the dark,
with phycoerythrin (PE)-conjugated monoclonal antibodies anti-
CD73PE and anti-CD105PE (BD Biosciences, San Jose, CA), for 15 min
at room temperature. Then the cells were washed in PBS and fixed
with 2% (w/v) paraformaldehyde (PFA; Sigma). Appropriate isotype
control IgG �1 (BD Biosciences) was also considered and four inde-
pendent experiments were performed. Four independent colony
forming units-fibroblast (CFU-F) assays to evaluate BM-MSC clono-
genic potential after microporation and at least three independent
experiments to evaluate BM-MSC osteogenic and adipogenic dif-
ferentiation potential were accomplished as described elsewhere
(Dos Santos et al., 2010).

2.6. Experimental design

The effects of three independent variables (Electric pulse X1,
Pulse width X2, and DNA amount X3) on the percentage of GFP
positive cells, cell recovery and yield of transfection were deter-
mined using a face-centered composite design approach (CCF) with
the assistance of STATISTICA software (StatSoft, Tulsa, OK). Each
independent variable was evaluated at three different coded lev-
els (low (−1), central (0) and high (+1)) as depicted in Table 1, and

combined in a CCF design setup with the following general descrip-
tion: N = 2k−p + 2k + C0, where N is the number of experiments, k is
the number of variables (k = 3), p the fractionalization number (in
a full design, p = 0) and C0 is the number of central points, required
for curvature estimation. Accordingly, a total of 18 (23−0 + 2 × 3 + 4)
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ig. 1. (A) Percentage of GFP+ cells, cell viability, cell recovery and yield of transfecti
f pDNA at 1000 V, 40 ms and one pulse. Results were obtained from two independ
< 0.05. (B) Histograms obtained from flow cytometry analysis of non-microporate

table inserted).

ndependent experiments (including four replicates of the central
oint for estimation of the experimental error) were performed.
he data was fitted to a full quadratic model (including linear and
on-linear effects, plus two-way interactions) and further validated
y analysis of variance (ANOVA) and least squares techniques.

. Results

.1. Effect of DNA amount on MSC microporation using RB

We analyzed the effect of DNA amount on gene delivery effi-
iency to MSC within resuspension buffer (RB, Digital Bio) and
sing the parameters suggested by the equipment supplier to those
ype of cells: one pulse of 1000 V during 40 ms. It appears that
he increase of DNA amount from 1 to 3 �g did not significantly
ffect the number of transfected cells (p = 0.17), slightly decreased
ell viability (p = 0.018) and considerably decreased cell recovery
p = 0.004) (Fig. 1A). Moreover, with 3 �g of DNA most cells are
ighly fluorescent displaying around 3700 a.u. of mean fluores-
ence intensity (MFI) (Fig. 1B) while with 1 �g of DNA around
400 a.u. were obtained (data not shown). Using RB the best results
ere achieved with 1 �g of pDNA, because 85% of cells were recov-

red concomitantly with 40% of transfected cells leading to an
verall yield of transfection of 35%.

.2. Optimisation of microporation conditions using SBB

With the purpose of verifying if a common electroporation
uffer (250 mM sucrose, 1 mM MgCl2 in DPBS (SBB)) could also
e used within human BM-MSC, we used the CCF methodology to
ssess the effect of several independent variables (electric pulse
X1), pulse width (X2) and DNA amount (X3) on Table 1) on gene
elivery efficiency. The design matrix combining those variables
nd the average of the four responses (Yi) GFP+ cells (%), cell

ecovery (%) and yield of transfection (%) and cell viability (%), are
rovided in supplementary information (1). The mathematical rela-
ionships of each dependent variable (Yi) with the independent
ariables (Xi) were modeled by a second-order polynomial function
supplementary information (2)).

able 1
ncoded and coded levels of the independent variables.

Symbol Variables Coded levels

−1 0 +1

X1 Electric pulse (V) 1200 1300 1400
X2 Pulse width (ms) 20 30 40
X3 DNA amount (�g) 1.5 3 4.5
er human BM-MSC microporation using RB and 1 �g (white bar) and 3 �g (grey bar)
periments with duplicates (±S.E.M.). Statistical differences are indicated with * for
(white) and microporated cells with 3 �g of pDNA (grey) and respective statistics

The statistical significance of each model was evaluated by the
ANOVA using the Fisher’s statistical test. Effects with less than 95%
of significance (p-value > 0.05) were discarded and pooled into the
residual error term. In this case, and analogous to the method-
ology presented by others (Martins et al., 2009), a new ANOVA
test was performed for the reduced models. However, the elimi-
nation of model parameters did not improve the significance of the
model with the respect to cell viability (R2 = 0.676); therefore, no
significant correlation could be determined between the variables
in study and the aforementioned response. Below are shown the
equations that describe the reduced quadratic models obtained for
each of the response variables considered:

GFP+ cells (%) = 42.10 + 7.02[X1] + 2.91[X1]2 + 11.40[X2]

− 3.59[X2]2 + 9.7[X3] (R2 = 0.934) (1)

Cell recovery (%) = 60.80 + 14.28[X1]2 − 17.70[X2] − 20.67[X3]2

+ 6.24[X2][X3] (R2 = 0.759) (2)

Yield (%) = 25.82 + 2.38[X1] + 7.56[X1]2 − 5.04[X2]2 + 3.66[X3]

− 6.24[X3]2 − 3.89[X1][X2] (R2 = 0.819) (3)

A R2 value of 0.934 was obtained for the GFP+ cells indicating a
good response between the model and the experimental results,
though lower values of R2 were obtained for cell recovery and
yield (0.759 and 0.819, respectively). Nevertheless, all three models
could be validated by testing the significance of regression (SOR)
and lack of fit (LOF). Results in Table 2 indicate that the polyno-
mial fit is statistically significant at a 95% confidence level, for the
proposed response models (F-value > F-critical and p-value < 0.05).
For cell recovery the p-value of LOF was higher than 0.05, which
means that the model is explaining the observed differences on the
response variable. However, p-values for LOF < 0.05 were obtained
for GFP+ cells and yield of transfection. This is due to the low pure
error observed from the replicates at the central points for these
response variables.

Response surface plots were established for each response vari-
able using these regression models as shown in Fig. 2. In each
plot we investigated the simultaneous interactions of two variables

(DNA amount and electric pulse (EP)) while the pulse width was in
its middle level value (30 ms). In Fig. 2A it is possible to verify that
∼70% of GFP+ cells are achieved with 4.5 �g of pDNA and 1400 V.
However, in this work our concern was not only to obtain high
number of GFP+ cells but also assure high levels of cell recovery
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F l recovery (B) and yield of transfection (C) with two independent variables (electric pulse
a dicted by the response surface model (Eqs. (1)–(3), respectively).
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Fig. 3. Microporation of BM-MSC using SBB at 1400 V and 30 ms, 1 pulse and with
ig. 2. Predicted response surface plots relating the percentage of GFP+ cells (A), cel
nd DNA amount) while pulse width is fixed (30 ms). The 2D and 3D figures are pre

nd consequently yield of transfection. Higher values of these two
esponses were predicted at 1400 V and 3 �g of pDNA and accord-
ng to the response surface plots in Fig. 2B and C obtained from Eqs.
2) and (3), ∼80% of cell recovery and ∼40% of yield of transfection

ay be achieved when ∼50% of GFP+ cells are foreseen.
In order to verify the validity of the proposed model equations

e proceeded with the microporation of human BM-MSC at 1400 V
ith 30 ms pulse width using 3 �g of pDNA and compared exper-

mental results with those predicted by the reduced models (Eqs.
1)–(3)). Results from two independent experiments with dupli-
ates are shown in Fig. 3. Predicted and experimental results for
ell recovery and yield are very similar and the difference of 10%
bserved between experimental and predicted values of GFP+ may
e explained by donor variability. Overall we may suggest that
hese experiments supported the applicability of this methodology
or optimisation of gene delivery to BM-MSC by microporation.

.3. Effect of number of pulses on microporation

The number of pulses is one of the parameters that can be
hanged in order to increase the number of transfected cells. In
his study we varied the number of pulses (from 1 to 3) within
300 V, 30 ms and 3 �g pDNA, evaluating the number of GFP+ cells,
ell viability, cell recovery and yield of transfection (Fig. 4). The

ell viability is given by the ratio of surviving cells and the total
umber of cells of the same sample and as shown in Fig. 4 similar
alues ∼80% were obtained in all conditions (p > 0.2). However, cell
ecovery, being the ratio of alive cells of a given sample by the con-

able 2
NOVA for the reduced quadratic model that predicts the response variables GFP

+) cells, cell recovery and yield as a function of the three different independent
ariables, after microporation using SBB.

Source SS df MS F-value F-critical p-Value

GFP (+) cells
Regression 2777.6 5 555.3 49.2 9.0 0.004
Residual 135.6 12 11.3

Lack of fit (LF) 131.3 9 14.6 10.2 8.8 0.042
Pure error (PE) 4.3 3 1.4

Total 2912.1 17

Cell recovery
Regression 4859.3 4 1214.8 12.5 9.1 0.03
Residual 1267.3 13 97.5

Lack of fit (LF) 1190.1 10 119.0 4.6 8.8 0.12
Pure error (PE) 77.2 3 25.7

Total 6126.6 17

Yield
Regression 588.2 4 147.0 25.6 9.1 0.01
Residual 63.2 11 5.7

Lack of fit (LF) 61.4 8 7.7 12.9 8.8 0.03
Pure error (PE) 1.8 3 0.6

Total 651.4 15
3 �g of pDNA. Comparison of experimental results with the prediction by equation
models (Eqs. (1)–(3)) from CCF experiment.

trol reflects more accurately the level of cell death in each condition
and as expected, higher cell mortality (p = 0.012) was observed with
higher number of pulses. When increasing the number of pulses
from 1 to 2 a 10% increase of GFP+ cells (p = 0.02) was observed
concomitantly with a 20% decrease in cell recovery (p = 0.012). In
both conditions, a yield of transfection around 35% (p = 0.25) was
achieved which is, to our best knowledge, the highest that has been

reported.

Fig. 4. Effect of pulse number variation (1 pulse, white; 2 pulses, light grey; 3 pulses,
dark grey) on the number of GFP+ cells, cell viability, cell recovery and yield of trans-
fection of BM-MSC microporation using 1300 V, 30 ms, 3 �g pDNA in SBB. Results
from three independent experiments with duplicates (±S.E.M.) at passages 2, 3 and
5. Statistical differences are indicated with * for p < 0.05.
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Fig. 5. Number of doubling generations of BM-MSC in culture along 7 days without
being submitted to microporation (A), microporated at 1400 V, 30 ms and 1 pulse
without pDNA (B) and with 3 �g of pDNA (C). Data were obtained from two indepen-
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Table 3
Immunophenotype evaluation of non-microporated cells (N-MC), microporated
cells without pDNA (MC) and in the presence of 3 �g of pDNA (MC + D), 24 h after
microporation using 1400 V, 30 ms in SBB.

bilities higher than 80% and yields of transfection up to 40% were
ent experiments with duplicates (±S.E.M.), at passages 4 and 6, acquired by flow
ytometry and analyzed using the Proliferation Wizard of ModFit software. Each bar
epresents the percentage of cells in each doubling generation (Generations 1–8),
hat BM-MSC have undergone at each point in culture.

.4. Cell division kinetics after gene delivery

An existing protocol that uses a PKH dye was adapted to be
sed within microporation of cells (described in Section 2). From
ata shown in Fig. 5A and B we can verify that under the used
onditions and after 4 days in culture, most electroporated and
on-electroporated cells belong to generation 3 while on day 7
ost cells are in generation 4; interestingly, some actively divid-

ng cells have reached generation 8 after this time period. On the
ther hand, the presence of pDNA inside the cells was shown to
elay cell division kinetics because on day 4 most cells remained

n the first generation (Fig. 5C). On day 7, under these conditions,
ost cells were still on generation 2 which largely differs from the

esults obtained without pDNA. Similar results were obtained with
�g of DNA at 1000 V, 40 ms and 1 pulse using resuspension buffer

see supplementary information(3)). Accordingly, it may be reason-
ble to assume that microporation by itself does not diminish cell
ivision kinetics but the presence of pDNA clearly delays the cell
ivision.

.5. Effect of microporation on BM-MSC multipotency
After microporation, MSC were tested for their characteristic
mmunophenotype and it was verified whether transfected MSC

aintained their characteristic phenotypic profile, namely over
0% positive for CD73 and CD105 (Dominici et al., 2006). More than
Phenotypic marker N-MC MC MC + D

CD73+ 98.0 (±0.3)% 97.4 (±0.4)% 93.3 (±1.4)%
CD105+ 96.8 (±0.8)% 96.3 (±0.7)% 84.5 (±0.7)%

90% of cells (non-microporated and microporated without pDNA)
expressed these markers since the day after microporation (Fig. 6A
and B and Table 3) with the exception of transfected cells. Although
the receptor CD73 did not seem to be affected in transfected cells
(93.3 ± 1.4%), a slight lower percentage of cells were expressing the
surface marker CD105 (84.5 ± 0.7%). Nonetheless, four days after
microporation 93% of transfected cells were expressing CD105 sur-
face receptors. The analyses were accomplished during ten days
with both electroporation buffers (RB and SBB) and similar results
were obtained (data not shown). On the other hand a 60% decrease
on clonogenic potential as colony forming units (CFU) was observed
with cells containing pDNA (Fig. 6C), but no effect was observed on
adipogenic or osteogenic differentiative potential of microporated
BM-MSC in the presence or absence of pDNA (Fig. 6D and E, and
supplementary information(4)).

4. Discussion

Gene delivery to primary and stem cells is a crucial step from
basic research to clinical settings, from functional genomics to
in vivo and ex vivo therapy. Specifically MSC have been shown
to be exceptionally promising for ex vivo therapy in regenerative
medicine and cancer treatment applications, which will certainly
be expanded as soon as suitable non-viral gene transfer proto-
cols are established. Accordingly, this study aimed to show the
usefulness of a recently developed microporation technique pro-
viding helpful data to the researchers in the referred application
fields.

The usefulness of a statistical approach to quantitatively pre-
dict molecular uptake and cell viability following conventional
electroporation was previously reported (Canatella and Prausnitz,
2001). In our study, a face-centered composite design method-
ology has allowed to evaluate the effect of electric pulses, pulse
width and DNA amount on the efficacy of gene delivery by micro-
poration using a buffer of known composition. When compared
to a conventional trial-and-error optimisation a smaller number
of experiments were accomplished and the most favorable con-
ditions to transfer a plasmid into human BM-MSC within SBB
were identified as 1300–1400 V, 30 ms and 1 pulse using 3 �g
of DNA. To our best knowledge there are no reports regarding
neither the systematic optimisation of microporation using this
approach or the establishment of equation models predicting the
percentage of GFP+ cells, cellular recovery and yield of transfection.
These responses were also obtained for the working parameters
suggested by the microporator manufacturers (1000 V, 40 ms, 1
pulse using the resuspension buffer (unknown composition, from
supplier)) regarding the use of this equipment for BM-MSC gene
delivery. Accordingly, values of GFP+ cells as high as 70% and cell
recoveries of 40% were obtained with both tested buffers pre-
dictably under different microporation conditions using 1 or 3 �g
of plasmid DNA (3.9 kb). Equally, 80% of cells were able to be
recovered when ∼40% of cells were positive for GFP and cell via-
obtained. Recently, Wang et al. reported that microporation of adi-
pose derived MSC using 1.5–2 �g of plasmid DNA lead to 65% of
GFP+ cells with only 15% of cell toxicity measured by Lactate dehy-
drogenase assay (Wang et al., 2009). In addition, other authors
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ig. 6. Evaluation of BM-MSC multipotency before (N-MC) and after microporation
nalysis: assessment of CD73 (A) and CD105 (B) surface markers. Normalized va
steocytes (E) of microporated cells with pDNA; overlay of bright and dark field im

ave used the same technique, with similar parameters, to trans-
ect umbilical cord blood-derived MSC and obtained nearly 80%
f transfected cells with 80% of cell survival (Lim et al., 2010).
hese authors also compared microporation with other transfec-
ion methods and verified that this method was more efficient and
aused minimal cell damage (Lim et al., 2010).

Our results on gene delivery efficiency are in agreement with
hose presented by Aluigi and co-workers as they showed per-
entage of GFP+ cells of 70%, cellular recovery of 40% and yield
f transfection of 30% after nucleofecting the cells with 2 �g of
lasmid DNA (Aluigi et al., 2006). We must point out at least two
dvantages of our protocol over nucleofection: one electropora-
ion buffer is common to all cell lines and with lower amounts
f plasmid DNA (1 �g vs. 2 �g) and cells (1.5 × 105 vs. 1 × 106)
imilar results are achieved in terms of transfection yield. It is
oteworthy to underline that in the majority of reports describ-

ng nucleofection optimisation of BM-MSC, no reference is made
o the percentage of cell recovery which is an important fac-
or in view of stem cells biology basic research or therapy. On
he other hand, some authors have recently suggested new pro-
ocols using conventional electroporation equipments with MSC.
ecoveries ranging from 50 to 70% were obtained with ∼30% of
ells expressing the transgene after delivering amounts of plas-
ids higher than 8 �g (Ferreira et al., 2008; Helledie et al., 2008).

n particular, Helledie and co-workers considerably improved the
lectroporation efficiency (from 50% of transfected cells to ∼80%)
y using Opti-MEM (Invitrogen) as electroporation buffer to trans-
er 60 �g of DNA to 1 × 106 cells, and importantly observed an
ncrease in survival of 50% (Helledie et al., 2008). In each elec-
roporation, these authors used a ratio of 17,000 cells/�g of DNA

hereas in our work we used a ratio of 50,000 and 150,000 cells/�g

f DNA with SBB and RB, respectively. When we used lower
atios of cell/DNA, maintaining the concentration of cell suspen-
ion (1.5 × 107 cells/mL), major amounts of DNA were used (4.5 �g
nstead of 3 �g or 1 �g) which led to higher number of transfected
ut pDNA at 1400 V, 30 ms in SBB (MC) and with 3 �g of pDNA (MC + D). Phenotypic
or colony forming units (CFU) (C). Differentiative potential in adipocites (D) and
separated images are presented as supplementary information (4,*)).

cells, but a decrease in cell survival, which in our opinion must be
avoided.

In fact, nucleofection is known as extremely efficient to deliver
nucleic acids to MSC and when compared to other available tech-
niques it has endowed delivery efficiencies ranging from 30 to 80%
(Aluigi et al., 2006; Aslan et al., 2006; Gresch et al., 2004; Haleem-
Smith et al., 2005). Gresh and co-workers reported a maximum
cell viability of 72.7 ± 11.1% after nucleofection while achieving
59.8 ± 8.1% of human MSC positive for GFP using 3 �g of a 4.1 kb
plasmid DNA (Gresch et al., 2004). Higher amounts of plasmid DNA
(5–10 �g) with ∼5 kb size gave rise to a percentage of GFP+ cells
of around 80% with 50% of cellular viability (Aslan et al., 2006;
Haleem-Smith et al., 2005).

Herein, we show that when the number of GFP+ cells increase
by increasing DNA amount or the number of pulses, lower amounts
of cells are recovered even though obtaining cell viabilities higher
than 80%. These results are consistent with previous reports in
which the increase of pulse number increases the number of GFP+

cells in ∼10% concomitantly with an increase of cytotoxicity (Wang
et al., 2009). We believe that these undesirable effects are mainly
due to a major amount of DNA that enters into the cells instead of
the microporation process itself. In fact, our results suggest that
microporation in the absence of plasmid DNA does not change
BM-MSC proliferation kinetics and seems to slightly reduce clono-
genic potential. On the contrary, in the presence of plasmid DNA we
observed a reduced cell growth and lower number of CFU. Similar
results were obtained by others after nucleofecting hematopoi-
etic stem cells (Von Levetzow et al., 2006). These authors claimed
that the lower survival rates and lower number of colony form-
ing units were mostly due to the presence of plasmid DNA or to

the expression of GFP. In preceding reports regarding the produc-
tion of recombinant protein from mammalian cells some authors
have related the observed slowdown of cell growth with the known
“metabolic burden” well described in eukaryotic and prokaryotic
due to plasmid replication or overexpression of foreign proteins
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Gu et al., 1995). However, it is not yet clear what may hamper
ell growth in mammalian cells when harbouring non-replicative
lasmids. In fact, it was verified that the plasmid DNA uptake and
ot the gene delivery process itself is the main responsible for the

nduction of cell apoptosis followed by cell death (Li et al., 1999,
001). This DNA-uptake-induced apoptosis is not a universal phe-
omenon, since it does not occur in large scale in many other cell

ines such as NK-L cells, CHO cells, MC-2 cells, erythroleukemia K-
62 cells, and as a consequence, all these cells have much higher
lectro-transfection efficiency (Li et al., 1999). It may be reasonable
o suppose that BM-MSC are affected at some point by the plasmid
ptake and data presented here may be the first evidence of how
uch these cells are affected (in terms of proliferation and clono-

enic ability) by the presence of plasmid DNA. Furthermore, in our
tudy and similarly to previous reports, no effect on immunopheno-
ypic characteristics (Aluigi et al., 2006) or differentiative potential
Wang et al., 2009) of human MSC was observed after DNA delivery.

. Conclusions

In this work we systematically established an optimised method
or non-viral gene delivery into human BM-MSC using micropora-
ion. We also emphasize the relationship that may be established
etween high levels of transgene expression and cell mortality that

n most cases seems to be related to the presence of plasmid inside
he cells and not so much with the gene delivery process itself. By
chieving high yields of transfection with human adult MSC, known
s hard-to transfect cells, the method reported here may also be
xtremely useful for generation of induced pluripotent cells where
igh cell recoveries and high gene expression are crucial.

cknowledgements

SR (SFRH/BPD/41824/2007) and PZA (SFRH/BD/38720/2007)
cknowledge Fundação para a Ciência e Tecnologia, Portugal for
nancial support. The authors acknowledge funding from the
IT-Portugal Program, Bioengineering Focus Area, Fundação para
Ciência e Tecnologia and from Associação Portuguesa contra a

eucemia (Portuguese Association against Leukemia).

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.jbiotec.2010.11.002.

eferences

luigi, M., Fogli, M., Curti, A., Isidori, A., Gruppioni, E., Chiodoni, C., Colombo, M.P.,
Versura, P., D’Errico-Grigioni, A., Ferri, E., Baccarani, M., Lemoli, R.M., 2006.
Nucleofection is an efficient nonviral transfection technique for human bone
marrow-derived mesenchymal stem cells. Stem Cells 24, 454–461.

ndreason, G.L., Evans, G.A., 1989. Optimization of electroporation for transfection
of mammalian-cell lines. Anal. Biochem. 180, 269–275.

slan, H., Zilberman, Y., Arbeli, V., Sheyn, D., Matan, Y., Liebergall, M., Li, J.Z., Helm,
G.A., Gazit, D., Gazit, Z., 2006. Nucleofection-based ex vivo nonviral gene deliv-
ery to human stem cells as a platform for tissue regeneration. Tissue Eng. 12,
877–889.

zzoni, A.R., Ribeiro, S.C., Monteiro, G.A., Prazeres, D.M.F., 2007. The impact of
polyadenylation signats on plasmid nuclease-resistance and transgene expres-
sion. J. Gene Med. 9, 392–402.

ianco, P., Riminucci, M., Gronthos, S., Robey, P.G., 2001. Bone marrow stromal stem
cells, nature, biology, and potential applications. Stem Cells 19, 180–192.

irchall, J.C., Waterworth, C.A., Luscombe, C., Parkins, D.A., Gumbleton, M., 2001.
Statistical modelling of the formulation variables in non-viral gene delivery

systems. J. Drug Target. 9, 169–184.

olliet, C., Bohn, M.C., Spector, M., 2008. Non-viral delivery of the gene for glial
cell line-derived neurotrophic factor to mesenchymal stem cells in vitro via a
collagen scaffold. Tissue Eng. C-Method 14, 207–219.

anatella, P.J., Prausnitz, M.R., 2001. Prediction and optimization of gene transfection
and drug delivery by electroporation. Gene Ther. 8, 1464–1469.
nology 151 (2011) 130–136

Caplan, A., 2009. Why are MSCs therapeutic? New data, new insight. J. Pathol. 217,
318–324.

da Silva, C.L., Goncalves, R., Porada, C.D., Ascensao, J.L., Zanjani, E.D., Cabral,
J.M.S., Almeida-Porada, G., 2009. Differences amid bone marrow and cord
blood hematopoietic stem/progenitor cell division kinetics. J. Cell. Physiol. 220,
102–111.

Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F.C., Krause,
D.S., Deans, R.J., Keating, A., Prockop, D.J., Horwitz, E.M., 2006. Minimal
criteria for defining multipotent mesenchymal stromal cells. The Inter-
national Society for Cellular Therapy position statement. Cytotherapy 8,
315–317.

Dos Santos, F., Andrade, P.Z., Boura, J.S., Abecasis, M.M., Da Silva, C.L., Cabral, J.M.S.,
2010. Ex vivo expansion of human mesenchymal stem cells. A more effective
cell proliferation kinetics and metabolism under hypoxia. J. Cell. Physiol. 223,
27–35.

Ferreira, E., Potier, E., Logeart-Avramoglou, D., Salomskaite-Davalgiene, S., Mir, L.M.,
Petite, H., 2008. Optimization of a gene electrotransfer method for mesenchymal
stem cell transfection. Gene Ther. 15, 537–544.

Gazori, T., Khoshayand, M.R., Azizi, E., Yazdizade, P., Nomanie, A., Haririan, I., 2009.
Evaluation of alginate/chitosan nanoparticles as antisense delivery vector, for-
mulation, optimization and in vitro characterization. Carbohydr. Polym. 77,
599–606.

Gresch, O., Engel, F.B., Nesic, D., Tran, T.T., England, H.M., Hickman, E.S., Korner,
I., Gan, L., Chen, S., Castro-Obregon, S., Hammermann, R., Wolf, J., Muller-
Hartmann, H., Nix, M., Siebenkotten, G., Kraus, G., Lun, K., 2004. New non-viral
method for gene transfer into primary cells. Methods 33, 151–163.

Gu, M.B., Todd, P., Kompala, D.S., 1995. Metabolic burden in recombinant CHO
cells, effect of dhfr gene amplification and lacZ expression. Cytotechnology 18,
159–166.

Haleem-Smith, H., Derfoul, A., Okafor, C., Tuli, R., Olsen, D., Hall, D.J., Tuan, R.S., 2005.
Optimization of high-efficiency transfection of adult human mesenchymal stem
cells in vitro. Mol. Biotechnol. 30, 9–19.

Helledie, T., Nurcombe, V., Cool, S.M., 2008. A simple and reliable electroporation
method for human bone marrow mesenchymal stem cells. Stem Cells Dev. 17,
837–848.

Huang, S., Law, P., Francis, K., Palsson, B.O., Ho, A.D., 1999. Symmetry of initial cell
divisions among primitive hematopoietic progenitors is independent of onto-
genic age and regulatory molecules. Blood 94, 2595–2604.

Kim, J.A., Cho, K.C., Shin, M.S., Lee, W.G., Jung, N.C., Chung, C.I., Chang, J.K., 2008. A
novel electroporation method using a capillary and wire-type electrode. Biosens.
Bioelectron. 23, 1353–1360.

Kumar, S., Chanda, D., Ponnazhagan, S., 2008. Therapeutic potential of genetically
modified mesenchymal stem cells. Gene Ther. 15, 711–715.

Lee, W.G., Demirci, U., Khademhosseini, A., 2009. Microscale electroporation, chal-
lenges and perspectives for clinical applications. Integr. Biol. 1, 242–251.

Li, L.H., McCarthy, P., Hui, S.W., 2001. High-efficiency electrotransfection of human
primary hematopoietic stem cells. FASEB J. 15, 586–588.

Li, L.H., Sen, A., Murphy, S.P., Jahreis, G.P., Fuji, H., Hui, S.W., 1999. Apoptosis induced
by DNA uptake limits transfection efficiency. Exp. Cell Res. 253, 541–550.

Lim, J.Y., Park, S.H., Jeong, C.H., Oh, J.H., Kim, S.M., Ryu, C.H., Park, S.A., Ahn, J.G., Oh, W.,
Jeun, S.S., Chang, J.W., 2010. Microporation is a valuable transfection method for
efficient gene delivery into human umbilical cord blood-derived mesenchymal
stem cells. BMC Biotechnol. 10, 38.

Macchiarini, P., Birchall, M., Hollander, A., Mantero, S., Conconi, M.T., 2009. Clin-
ical transplantation of a tissue-engineered airway Authors’ reply. Lancet 373,
718–719.

Martins, S.A.M., Prazeres, D.M.F., Fonseca, L.P., Monteiro, G.A., 2009. Application of
central composite design for DNA hybridization onto magnetic microparticles.
Anal. Biochem. 391, 17–23.

Mount, C.N., Lee, L.K., Yasin, A., Scott, A., Fearn, T., Shamlou, P.A., 2003. The influ-
ence of physico-chemical and process conditions on the physical stability of
plasmid DNA complexes using response surface methodology. Biotechnol. Appl.
Biochem. 37, 225–234.

Park, J.S., Na, K., Woo, D.G., Yang, H.N., Kim, J.M., Kim, J.H., Chung, H.M., Park, K.H.,
2010. Non-viral gene delivery of DNA polyplexed with nanoparticles transfected
into human mesenchymal stem cells. Biomaterials 31, 124–132.

Santos, J.L., Oramas, E., Pego, A.P., Granja, P.L., Tomas, H., 2009. Osteogenic differen-
tiation of mesenchymal stem cells using PAMAM dendrimers as gene delivery
vectors. J. Control. Release 134, 141–148.

Tse, W.T., Pendleton, J.D., Beyer, W.M., Egalka, M.C., Guinan, E.C., 2003. Suppression
of allogeneic T-cell proliferation by human marrow stromal cells. Implications
in transplantation. Transplantation 75, 389–397.

Von Levetzow, G., Spanholtz, J., Beckmann, J., Fischer, J., Kogler, G., Wernet, P., Pun-
zel, M., Giebel, B., 2006. Nucleofection, an efficient nonviral method to transfer
genes into human hematopoietic stem and progenitor cells. Stem Cells Dev. 15,
278–285.

Wang, Y.H., Ho, M.L., Chang, J.K., Chu, H.C., Lai, S.C., Wang, G.J., 2009. Microporation
is a valuable transfection method for gene expression in human adipose tissue-
derived stem cells. Mol. Ther. 17, 302–308.
Yamauchi, F., Kato, K., Iwata, H., 2004. Spatially and temporally controlled gene
transfer by electroporation into adherent cells on plasmid DNA-loaded elec-
trodes. Nucleic Acids Res. 32, e187.

Zhong, Z.R., Liu, J., Deng, Y., Zhang, Z.R., Song, Q.G., Wei, Y.X., He, Q., 2007. Preparation
and characterization of a novel nonviral gene transfer system, procationic-
liposome–protamine-DNA complexes. Drug Deliv. 14, 177–183.

http://dx.doi.org/10.1016/j.jbiotec.2010.11.002

	Gene delivery to human bone marrow mesenchymal stem cells by microporation
	Introduction
	Materials and methods
	Mesenchymal stem cells isolation, thawing and expansion
	Plasmid construction, production and purification
	Microporation and protein expression monitoring
	Cell viability, recovery, yield of transfection and cell division kinetics
	Assessment of BM-MSC multipotency after microporation
	Experimental design

	Results
	Effect of DNA amount on MSC microporation using RB
	Optimisation of microporation conditions using SBB
	Effect of number of pulses on microporation
	Cell division kinetics after gene delivery
	Effect of microporation on BM-MSC multipotency

	Discussion
	Conclusions
	Acknowledgements
	Supplementary data
	Supplementary data


