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bstract

Electroporation is widely used to achieve gene transfection. A common problem in electroporation is that it has a lower viability than any other
ransfection method. In this study, we developed a novel electroporation device using a capillary tip and a pipette that was effective on a wide range
f mammalian cells, including cell lines, primary cells, and stem cells. The capillary electroporation system considerably reduced cell death during
lectroporation because of its wire-type electrode, which has a small surface area. The experimental results also indicated that the cell viability was
ependent on the change in pH induced by electrolysis during electroporation. Additionally, the use of a long and narrow capillary tube combined
ith simple pipetting shortened the overall time of the electroporation process by up to 15 min, even under different conditions with 24 samples.

hese results were supported by comparison with a conventional electroporation system. The transfection rate and the cell viability were enhanced
y the use of the capillary system, which had a high transfection rate of more than 80% in general cell lines such as HeLa and COS-7, and more
han 50% in hard-to-transfect cells such as stem or primary cells. The viability was approximately 70–80% in all cell types used in this study.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Introduction of foreign genes into target cells has been an
mportant issue in modern genetic and therapeutic research.
ome fields, such as gene therapy and DNA vaccine research,
eed to deliver genes in order to elucidate the function
nd regulation of cells (Anderson and Lingrel, 1989; Gale,
989; Toneguzzo and Keating, 1986). Successful gene delivery
equires several important factors, including high transfection
fficiency, lack of harmful side effects, and application to a wide
ariety of cells (Chang et al., 1991). A number of approaches,
ncluding virus-mediated, chemical, mechanical, and electrical

ransfection, have been proposed to improve the delivery and
xpression of genes in target cells (Luo and Saltzman, 2000). In
eneral, the non-viral transfection method has been known to
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e less efficient than the viral method, but it has advantages in
erms of the larger capacity of DNA insertion and lower risks
nvolved (Jooss and Chirmule, 2003; Oberle et al., 2004).

Since an electrically mediated gene delivery system was pro-
osed in 1982 (Neumann et al., 1982; Zimmermann, 1982), it has
ecome one of the most powerful and effective transfection tools.
lectroporation uses electrical energy to create numerous pores

n the cell membrane, and then drives genes into the cell to sub-
equently express the desired genes. However, several problems
xist with electroporation: (i) it has a relatively low cell viability
nd transfection rate, (ii) there is a need for optimization of the
ell-specific protocol, and (iii) it involves a sensitive and compli-
ated experimental process (Chang et al., 1991). Additionally, a
onventional electroporator has a transfection efficiency of less
han 50% in mammalian cell lines, and has far lower transfec-
ion efficiency in hard-to-transfect cells such as primary or stem
ells. Typically, cell viability is 20–50% (Baum et al., 1994;

luxen and Lübber, 1993; Patterson, 1979; Yang et al., 1995).
ince electroporation is affected by complex factors, the opti-
al electrical conditions for transfection of untested cells must

e empirically determined. Until recently, the electroporation
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echanism and its subsequent effects on cells have been par-
ially understood, and studies evaluating this mechanism have

ainly focused on the relationship between transfection rate and
lectrical energy (Chang et al., 1991; Čegovnik and Novaković,
004; Chu et al., 1987; Gabriel and Teissié, 1995; Pliquett et
l., 1996; Rols and Teissié, 1998). Although high levels of elec-
rical energy produce more permeable cells, excessive energy

ight result in cell death (Kim et al., 2007). Additionally, various
xtra- and intra-cellular factors affect cell viability; for example,
tem cells and primary cells are more sensitive to environmental
hanges induced by electroporation than are general cell lines.
ll of the factors, including electrical and physicochemical fac-

ors, make it rather difficult to determine the optimum conditions
or transfection.

Recently, a method using various reactions during elec-
rolysis, referred to as electrochemical treatment (EChT), has
een proposed to kill tumor cells (Samuelsson et al., 1980;
ordenström, 1994; Xin, 1994). This procedure utilizes toxic

lements induced by electrolysis when direct current (DC) is
pplied between two electrodes to destroy a tumor adjacent to the
lectrodes (Euler et al., 2004; Nilsson et al., 1998, 1999; Nilsson
nd Fonters, 2001; Vijh, 2004; Samaranayake and Sastry, 2005).
lthough an electrochemical treatment is somewhat different

rom an electroporation, it allows us to better understand the
ide effects of electroporation. It is possible to predict consider-
ble changes in near the electrodes, even during electroporation,
espite its short running time. Changes in the pH of the back-
round electrolytic buffer due to electrolysis have been reported
y Zhu et al. (1994). The initial pH of the electrolytic buffer
efore the reaction is neutral; however, the electrochemical reac-
ion at the anode decreases the pH, resulting in cell necrosis
Nordenström, 1994). On the other hand, a high pH value at the
athode directly destroys the cell membrane, as well as various
nzymes and structures, thus inactivating the cell function. Fur-
hermore, increasing voltage, ionic strength of the buffer, and
eaction time contributes to changes in the pH at the electrode.

Previously, we developed a microchannel-type electropora-
ion chip based on the presence of a relatively long distance
etween electrodes (Shin et al., 2004; Kim et al., 2007). This
evice provides a more symmetrical electric field as the dis-
ance between two electrodes increases (Nordenström, 1994).
his chip-based device allows high transfection; however, it is
ifficult to manipulate transfected cells for the following inves-
igations because the cells were fixed in the channel. On the
ther hand, many biological applications have demonstrated that
capillary system is quite feasible, even though it requires a

omplicated, highly sensitive liquid handling system.
Therefore, we created a tip-type capillary electroporator for

imple handling and high cell transfection by combining a capil-
ary tip with a pipette that was commonly used in the laboratory
etting. In this system, a capillary that integrated with the wire-
ype electrode acted as a substitute for a conventional cuvette as
n electroporation reaction chamber. This disposable capillary

odule with a wire-type electrode enabled rapid, simple, and

onvenient electroporation. The capillary electroporation min-
mized the effective surface area of the electrode so that the
ransfection rate was greatly enhanced compared to that of a
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onventional cuvette. These experiments demonstrated that the
ide effects, which occurred as a result of a change in pH during
lectroporation, were closely related to the geometry of the elec-
roporation chamber. The several pH indicators indicated a more
ramatic change in pH in conventional electroporation than in
apillary electroporation. Further, we compared the transfection
ate and viability of both capillary electroporation and conven-
ional cuvette. We demonstrated that many of the problems of
onventional electroporation, not only the change in the pH but
lso generation of metal ions, were remarkably eliminated in the
apillary electroporation system.

. Materials and methods

.1. Capillary electroporation system

As shown in Fig. 1A, the capillary electroporation system
as a longer distance between electrodes than the conventional
uvette system. The inner diameter, length, and total volume of
he capillary are 0.65 mm, 30 mm, and 10 �l, respectively. The
lectrode was primarily made of copper and nickel (∼1 �m),
nd was coated with gold (thickness: 80 nm). A single, thin,
ire-type electrode was inserted into a hollow capillary. Fig. 1B
escribes how the electrode handled the sample in a quanti-
ative manner, in a manner similar to that of the piston of a
ommon disposable syringe. This electrode-integrated capillary
as useful for achieving both sample injection and ejection of

n accurately measured volume rapidly. The moving electrode
ithin the capillary, which was connected to the voltage pulse
enerator, acted as the anode as shown in Fig. 1C. The cath-
de was placed inside of the buffer container. Consequently,
here was an anode inside the capillary and a cathode outside
he capillary; the anode and cathode were separated, but were
lectrically connected through electrolytes in the buffer. This
iffers from the cuvette electroporation system, in which both
lectrodes are present in one electroporation chamber. Fig. 1D
llustrates a full schematic of the capillary electroporation sys-
em divided into two parts: a high-voltage square wave pulse
enerator (0–2500 V) and a pipette station.

.2. Cell preparation

In this study, experiments were conducted using many dif-
erent cell lines (Jurkat, HL-60, GH3, HiB5, Hs578T, MCF-7,
CT-15, SW480, Hep-3B, SK-Hep-1, BHK-21, COS-7, PC-
2, and HeLa), primary cells (human umbilical vein endothelial
ell, HUVEC), and stem cells (human mesenchymal stem cell,
MSC) to evaluate the feasibility of the capillary electropora-
ion system. Each cell type was cultured under recommended
ell-specific culture conditions. All cells were seeded in a
ulture flask 2 days prior to the experiments. Before electropora-
ion, cells were detached using trypsin–EDTA (Sigma–Aldrich,
SA), and were then washed with DPBS (1×) that did not con-
ain calcium or magnesium. The cells were then centrifuged
nd resuspended in DPBS-based Resuspension buffer (hereafter
eferred as R buffer, NanoEntek, Republic of Korea) at a final
oncentration of 5 × 106 to 1 × 107 cells ml−l. A reporter gene,
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Fig. 1. (A) Comparison of electrochemical side-effects due to the physical geometry of two parallel plate-type electrodes integrated in the cuvette system and a single
w iven c
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ire-type electrode used in the capillary system; (B) schematic of the piston-dr
nd cathode in the capillary electroporation system; (D) schematic of the overal
nd a pipette station.

nhanced green fluorescence protein plasmids (pEGFP-N1), was
sed to identify transfection and determine the expression lev-
ls in cells after electroporation. To accomplish this, pEGFP-N1
as purified using a midi-purification kit (QIAGEN, Germany),

nd was then added to the resuspended cells at a final concentra-
ion of 50 �g ml−l. The cell preparation procedure was the same
s that of conventional electroporation experiments.

.3. Electroporation procedure

For the capillary electroporation system, the capillary was
lled with the resuspended cells mixed with pEGFP-N1 using a
ipette. Three milliliters of Electrolytic buffer (hereafter referred
o as E buffer, NanoEntek, Republic of Korea) were added to
buffer container. The proposed capillary electroporation sys-

em was compared to a conventional electroporator (ECM 830,
TX, USA), which is a typical cuvette-type electroporation
evice. The cuvette in this device was integrated with two paral-
el plate-type aluminum electrodes. In general, an electric pulse
5–3000 V, 1 �s–999 ms) was applied between two aluminum
lectrodes embedded 2 or 4 mm apart.

The mechanical constructions of both systems were so
ifferent that the cell-specific electrical conditions for the
wo electroporation systems should be empirically optimized,
espectively. The electrical conditions ranged from 900 to
500 V and a duration of 1–50 ms, respectively. After electro-
oration, cells were rapidly dispensed into a 24-well culture
late containing media (5 × 104 to 1 × 105 cells per well) using
pipette, and were then cultured in a CO2 incubator at 37 ◦C.

fter 24 h, the gene expression level was observed using an

nverted fluorescence microscope (IX70, Olympus, USA) and
nalyzed with a conventional flow cytometer (FACSCalibur,
ecton Dickinson, USA). Cell viability was measured using

c
e
c
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apillary tip (diameter: 0.65 mm; length: 30 mm); (C) the position of the anode
llary electroporation system, which consisted of a high voltage pulse generator

ropidium iodide (PI) exclusion and analyzed similarly using
flow cytometer. The transfection rate and viability represent

he fraction (%) of the GFP-positive cells of the total viable
ells and PI-positive cells of the total cell counts, respectively.
ll experiments were performed in triplicate. All experimental
ata represent means and standard deviation (±S.D.).

.4. Detection of pH change during electroporation

In order to estimate the approximate change in pH during
lectroporation, seven different pH indicators (Sigma–Aldrich,
SA) were used (10 ml R buffer): pH 0.2–1.8, red to yellow and
H 8.0–9.6, red to purple, cresol red (0.01 g dissolved in 10%
thanol); pH 3.1–4.4, red to orange, methyl orange (0.004 g dis-
olved in 20% ethanol); pH 3.8–5.4, yellow to blue, bromocresol
reen (0.01 g dissolved in 5% ethanol); pH 4.8–6.4, yellow
o violet, chlorophenol red (0.01 g dissolved in 5% ethanol);
H 6.4–8.0, yellow to red, phenol red (0.01 g dissolved in 5%
thanol); pH 8.0–9.6, colorless to red, phenolphthalein (0.1 g
issolved in 10% ethanol); pH 10.1–12.0, yellow to orange-
ed, alizarin yellow (0.004 g dissolved in 10% ethanol). Fifty
icroliters of these pH indicator stock solutions were mixed
ith 450 �l R buffer and then injected into a cuvette. In the

apillary electroporation system, the same concentration of the
ixture was used. An electric field of 45 kV m−1 was induced

or a duration of 35 ms. The color change was observed and
he photographs were taken with a commercial digital camera,
imultaneously. In order to microscopically observe the electro-
orated cells in the cuvette in real time, a custom-made shock

hamber was used. This chamber had a hole in the middle that
nabled us to observe the cells following high voltage shock. The
uvette was fixed to the shock chamber on the stage of a micro-
cope, and images of electroporated cells were photographed



1 Bioel

s
c

2

m
b
e
t
p
a
M
p
U

3

3
s

w
p
t
S
s
c
a
T
m
c
f
i
r
i
o

a
r
o
e
s
a
s
f
t
d
s

i
e
c
e
t
t
F

o
t
a
r
i
p
c
R
p
t
t
a

3

r
S
c
s
r
h
t
p
t
m
8
h
a

3

3

c
c
m
e
s
t
o

t
t
w
p
i
t
d
r
t
i
w

356 J.A. Kim et al. / Biosensors and

imultaneously as soon as a voltage was applied to the shock
hamber.

.5. Metal ion generation during electroporation

In the experiments, we observed additional generation of a
etal ions following electroporation. The R buffer was used in

oth the cuvette and the capillary electroporation systems. After
lectroporation, the buffer was gathered and pretreated with HCl
o remove the organic elements or precipitates. To identify the
recipitates, a metal complex was separated with a 0.2 �m filter,
nd dissolved ions in the sample were subsequently analyzed.
etal ions were then detected using an inductively coupled

lasma mass spectrometer (ICP-MS, ELAN 6100, PerkinElmer,
SA).

. Results and discussion

.1. The effect of the design of the capillary electroporation
ystem on transfection

In this study, we attempted to determine the mechanism by
hich the high electroporation efficiency of the capillary electro-
oration system was compared to that of the cuvette system, and
ried to examine the cause of enhanced transfection efficiency.
cheme S-1 (see Supplementary Material) shows the relation-
hip between the electric field and cell viability. In general, the
ell viability and the transfection rate are inversely correlated
ccording to the amount of electrical energy applied (Rols and
eissié, 1998). If high electrical energy is applied, more plas-
ids are delivered into the cells but more cells also died. The

ell death results not only from excessive electric shock, but also
rom complex intra- and extra-cellular changes such as changes
n temperature, pH, and buffer composition during electropo-
ation. It is important to increase the cell viability in order to
ncrease the transfection and expression rates of the cells because
nly healthy cells survive and function properly.

The electroporated cells in the capillary system maintained
healthier condition than those in the cuvette system. These

esults indicated that capillary electroporation could enhance not
nly the transfection rate but also the cell viability, since sev-
ral harmful factors were eliminated during electroporation. As
hown in Scheme S-1 (see Supplementary Material), a remark-
ble decrease in these side effects resulted in increased cell
urvival, which allowed an intersection point at which trans-
ection crossed viability to rise and finally extend the range of
he optimal condition. The influences of the side effects on cells
uring electroporation are described in detail in the following
ections.

We compared the transfection rate and cell viability of cap-
llary electroporation (Fig. 2D–F) with those of conventional
lectroporation (Fig. 2A–C) using HeLa, COS-7, and HL-60
ells. Although the experimental ranges were slightly differ-

nt because of mechanical differences between both systems,
he overall viability in capillary electroporation was higher than
hat of the conventional system in a wide range as shown in
ig. 2. Moreover, when capillary electroporation was used, the
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ptimal conditions of each cell line were so widely applicable
hat the transfection rate was uniformly high within the range of
pproximately 100 V and the viability was over 80% within the
ange although the higher electric field dropped the cell viabil-
ty. When capillary electroporation was carried out, the overall
rocessing time from setting to dispensing with 24 different
ells, exclusive of the cell preparation time, was only 10–15 min.
apid and effective cell delivery by pipette following electro-
oration allowed a short processing time and, thus, improved
he electroporation efficiency. These results demonstrated that
he capillary electroporation system provided high performance
nd convenience compared to conventional electroporation.

.2. Transfection rate and cell viability

We performed electroporation using the capillary electropo-
ator on different kinds of cells. Table S-1 (see Table S-1 in
upplementary Material) summarizes the optimal conditions of
ells. We tested approximately 70 different cell types (data not
hown) and obtained high transfection rates. Fig. 3 shows the
esults of transfection of 16 representative cells, all of which
ad a high transfection rate and high cell viability. Successful
ransfection was observed even in hard-to-transfect cells such as
rimary cells and stem cells. The transfection rate was greater
han 80% in general cell lines, and was greater than 50% in pri-

ary cells and stem cells. The cell viability ranged from 70 to
0% for the entire group of cells. These superior percentages
ave rarely been observed using conventional electroporation
nd other transfection methods that have been studied.

.3. Characteristics of capillary electroporation

.3.1. Physical geometry and electric resistance
In order to find out the reason for the strong performance of

apillary electroporation, we examined the differences between
apillary- and cuvette-type electroporation in a multilateral
anner. The biggest difference between two systems was the

ffective surface area of the electrode being in contact with the
ample. The electrode area of the capillary was much smaller
han that of the cuvette, which resulted in the elimination of many
f the fundamental problems associated with electroporation.

The capillary system has several unique characteristics. Due
o its geometry, the capillary system has a high electrical resis-
ance. The electrical resistance of the electroporation chamber
as determined using the following equation. For two parallel
late-type electrodes, R = rdA−1, where r is the buffer resistiv-
ty (r = 568 � m, R buffer), d is the electrode distance, and A is
he electrode area (Nickoloff, 1995). The capillary had a large
(30 mm) and a small A (0.33 mm2), which resulted in electric

esistance being approximately 200-fold higher in the capillary
han in the cuvette (d = 2 mm, A = 5 mm2; effective surface area
n 10 �l). High electrical resistance usually causes a low current,
hich subsequently induces fewer chemical reactions. Because

arious harmful effects are induced by these chemical reactions,
small electrode area is necessary in order to minimize damage

o the cells. In addition to having high electrical resistance, the
apillary system was also unique in that it did not produce vio-
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Fig. 2. Comparison of the transfection efficiency of HeLa, COS-7, and HL-60 cells by conventional (A–C) and the capillary electroporation (D–F). The three cell
lines were transfected in a broad range of electric fields. Other electrical conditions such as pulse width, pulse number, and pulse repetition frequency were fixed
when the two types of electroporation were evaluated. The pulse width and repetition was 35 ms and twice, in HeLa cells, 30 ms and twice, in COS-7 cells, and
35 ms and once, in HL-60 cells, respectively. The transfection rate and viability were measured using a flow cytometer 24 h after transfection. The transfection
rate and cell viability of the HeLa, COS-7 and HL-60 cells when the capillary electroporation system was used were superior to those obtained using conventional
electroporation, in terms of the efficiency and the stability in a wide range of electric fields. Data shown represent the mean ± S.D. of results obtained from three
independent transfection experiments.

Fig. 3. Electroporation of 16 different cell types with pEGFP-N1 (50 �g ml−1) using the capillary electroporation system. (A) Fluorescence images and (B) average
transfection rate and cell viability at 24 h after capillary electroporation.
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ent bubble generation and turbulence within the capillary. In the
uvette system, however, bubble generation and turbulent flow
ccurred in the buffer during electroporation, which promoted
he spread of the hydroxyl and hydrogen ions from the area near
he electrode to the cells. As a result, cells were more likely to be
amaged. In contrast, the buffer solution throughout the capillary
ould be assumed to be neutral, with the exception of a very thin
ayer adjacent to the anode. The geometry of the capillary also
imits the diffusion and the mixing of the hydroxyl and hydrogen
ons during electroporation. These results are experimentally
upported in the following sections.

Finally, the simple liquid handling procedure of the capillary
ystem reduced unnecessary cell death. In the capillary system, it
ook only a few seconds to transfer electroporated cells into fresh

edia for culture following electroporation by using a pipette,
hereas the transfer took a few minutes in the conventional

lectroporation system. Consequently, the capillary and pipette
inimized the time for which the cells were exposed to the

armful environment, which might have increased cell viability.
ven slightly damaged cells could be safely transferred for the
ext step on account of their delicate handling.

.3.2. Local pH change during electroporation
Several recent studies have been conducted regarding

hanges in pH and buffer composition due to electrolysis that
ccurs during electroporation (Nilsson et al., 1998; Fredrich
t al., 1998; Murthy et al., 2003; Saulis et al., 2005). Kinetic
xpression of the electrochemical reactions at each electrode
as introduced as follows (Fredrich et al., 1998; Murthy et al.,

003; Saulis et al., 2005). In the cuvette system, the main reac-
ions at the anode consist of the dissolution of aluminum in Eq.
1) and the evolution of chlorine in Eq. (2) because the anode
aterial is soluble when aluminum is used as an electrode in an

l
c
c
t

ig. 4. Detection of the pH change that occurred due to electrolysis during electropo
sing 7 different pH indicators. (1) pH 0.2–1.8, red to yellow and pH 8.0–9.6, red
.8–5.4, yellow to blue, bromocresol green; (4) pH 4.8–6.4, yellow to violet, chloroph
ed, phenolphthalein; (7) pH 10.1–12.0, yellow to orange-red, alizarin yellow. The im
etween electrodes within the cuvette was 4 mm. The R buffer used as the electropor
he pulse duration was 35 ms.
ectronics 23 (2008) 1353–1360

queous sodium chloride solution.

→ Mn+ + ne− (1)

Cl− ↔ Cl2 + 2e− (2)

H2O ↔ O2 + 4H+ + 4e− (3)

onversely, in the capillary system, the electrode is coated with
nsoluble gold so that the dissolution of gold is negligible. The
node reaction mainly produces chlorine in Eq. (2) and oxygen
ases in Eq. (3). At the cathode, the main reaction that occurs
n both the capillary and cuvette consists of the evolution of
ydrogen.

H2O + 2e− ↔ H2 + 2OH− (4)

The change in pH that occurred near the electrodes was
nfluenced by the concentrations of hydroxyl and hydrogen
ons generated during this electrolysis. In the cuvette, bub-
les and turbulent flow were generated violently, and promoted
he spreading of these ions throughout whole solution. It can
lso potentially hinder the uniform electric field (Pliquett et al.,
996). We investigated the changes in the pH during electropora-
ion using the pH indicators described in the Section 2.4. Fig. 4
hows the approximate changes in the pH of the cuvette and
apillary systems after electroporation. We approximated the
H values based on the changes in the color of buffer solution.
n the cuvette system, after electroporation, the pH changed to
pproximately 11 at the cathode and 3 at the anode, respectively
Fig. 4A). Conversely, in the capillary system, only a very thin

ayer adjacent to the end of the electrode (i.e., anode) changed
olor, as shown in Fig. 4B. Additionally, there was almost no
olor change observed within the capillary, which was due to
he fact that the cathode was not present inside the capillary.

ration in the cuvette (A) and in the capillary (B) systems, which was obtained
to purple, cresol red; (2) pH 3.1–4.4, red to orange, methyl orange; (3) pH

enol red; (5) pH 6.4–8.0, yellow to red, phenol red; (6) pH 8.0–9.6, colorless to
ages were immediately captured after applying electric voltage. The distance

ation buffer had a resistivity of 568 � m. The electric field was 45 kV m−1 and



J.A. Kim et al. / Biosensors and Bioelectronics 23 (2008) 1353–1360 1359

Fig. 5. The effect of the pH change on cell death. (A) HeLa cells were treated with the acidic (pH 3) and alkaline R buffer (pH 11) for 5 min (as a control). These
cells were severely damaged by the pH change. (B) The damage of HL-60 cells near the electrodes of the cuvette (4 mm distance) during electroporation. The image
was captured within 5 min. The electric field was 45 kV m−1 and the pulse duration was 35 ms. At the anode, cells were ruptured by osmotic lysis, whereas cells
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ere dehydrated at the cathode.

A change in pH resulted in a subsequent destructive effect on
ells near the electrodes because of the significant production
f hydrogen and hydroxyl ions, which in turn created strongly
cidic or basic conditions around the cells. The microscopic
mages of damaged cells as a result of the change in pH in
he cuvette system are displayed in Fig. 5. In healthy cells
e.g., HeLa), the progression of damage to the cells caused
y rapid changes in pH occurred relatively slowly (Fig. 5A).
eanwhile, as soon as the electric pulse (45 kV m−1 and 35 ms)
as applied to the HL-60 cells, electroporated cells near the

lectrode were dramatically damaged, swollen, and eventually
uptured (Fig. 5B). The sudden increase in temperature of the
uffer solution as a result of the high level of electric shock might
ocally accelerate this phenomenon. These results supported the
dea that changes in pH that occur during electroporation might
e a strong factor in cell death.
.3.3. Metal ion generation during electroporation
When aluminum electrodes are used in conventional elec-

roporation, many secondary chemical reactions with ions can

m
p
w
e

ccur (Nickoloff, 1995). One of the reactions can be expressed
y the following reaction form:

l3+ + 3OH− ↔ Al(OH)3 (5)

A considerable amount of Al(OH)3 was produced after the
lectroporation process was completed. Because a precipitate
as observed in the cuvette using the naked eye, we attempted to

nalyze the spent R buffer containing the precipitate, as well as,
ltered R buffer using ICP-MS, as shown in Table 1. As a result,

he precipitate that was produced after electroporation revealed
n aluminum complex. It was possible for ionized aluminum
roduced at the anode to be transported to the porous membrane
f the electroporated cells by diffusion or migration, which may
ave toxic effects (Pliquett et al., 1996). Although it remains
omewhat debatable that aluminum ions are toxic, aluminum
omplex can conglomerate with cell debris or other elements in

edia, which may hinder cell attachment and growth on culture

lates. In the capillary electroporation system, the electrodes
ere coated with passive material (gold) and the surface area of

ach electrode was very small. Therefore the metal dissolution
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Table 1
Detection of metal ion after electroporation in the cuvette (aluminum electrode)
and the capillary electroporation system (gold electrode) (ppb = �g/l) using ICP-
MS

Sample Al Au

1 12,231.88 NDa

2 10.8 ND
3 ND ND
4 ND ND

Sample 1: after electroporation by BTX electroporator, the R buffer was ana-
lyzed. Sample 2: sample 1 was filtered and then analyzed. Sample 3: deionized
w
t

i
o
T

4

r
e
a
a
c
i
a
t
p
a
p
a
t
c
l
p

A

N
d
a
t
B
v
s
b

A

i

R

A
B

C
C

C
E

F

G
G
J
K

K
L
M

N

N

N

N
N
N
O

P
P

R
S
S
S

S

T

V
Xin, Y.L., 1994. Eur. J. Surg. Suppl. 574, 31–36.
ater (control). Sample 4: after electroporation by the capillary electroporation,
he R buffer was analyzed.

a ND = non-detected. Al < 5 ppb, Au < 0.5 ppb.

n this system was negligible. A small amount of metal ion was
bserved in the capillary electroporation system, as indicated in
able 1.

. Conclusions

In this study, we demonstrated that our capillary electropo-
ation system considerably reduced many of the harmful side
ffects that occur when conventional electroporation methods
re used. We also achieved an excellent transfection rate in
wide range of mammalian cells, including hard-to-transfect

ells and high and reproducible viability of 70–80%. The cap-
llary electroporation system provided a uniform electric field
nd diminished the various side effects of electrolysis due to
he small surface area of the electrode. Additionally, the sim-
licity of the integrative capillary and pipette station produced
very high efficacy compared to that of conventional electro-

oration. The capillary method was also rapid, reproducible,
nd free of cell loss, and therefore, was applicable to high-
hroughput experiments. Furthermore, the unique design of the
apillary electroporation system can be expanded to other bio-
ogical application tools in which the reaction and handling
rocess need to be unified.
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