
International Journal of Pharmaceutics 315 (2006) 122–133

Plasmid DNA and siRNA transfection of intestinal epithelial
monolayers by electroporation

Esi B. Ghartey-Tagoe a, Brian A. Babbin b, Asma Nusrat b, Andrew S. Neish b,∗,
Mark R. Prausnitz a,c,∗∗

a The Wallace H. Coulter Department of Biomedical Engineering at Georgia Tech and Emory University,
Georgia Institute of Technology, Atlanta, GA 30332, USA

b Department of Pathology and Laboratory Medicine, Emory University School of Medicine, Atlanta, GA 30322, USA
c School of Chemical and Biomolecular Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA

Received 1 December 2005; received in revised form 1 December 2005; accepted 13 February 2006
Available online 6 March 2006

Abstract

This study was conducted to evaluate the ability of electroporation to efficiently transfect differentiated intestinal epithelial monolayers with
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lasmid DNA and to determine whether electroporation can transfect these monolayers with short-interfering RNA (siRNA) to cause gene silencing.
onfluent T84 monolayers were transfected with reporter plasmids expressing luciferase or green-fluorescent protein or with siRNA directed against

he nuclear envelope proteins lamin A/C using electroporation. Optimized electroporation conditions resulted in luciferase and GFP expression.
oth intracellular uptake of fluorescently labeled plasmid and expression of the reporter genes increased with increasing electroporation strength
nd DNA concentration. When monolayers were transfected by lipofection with the reporter plasmids, expression and DNA uptake were less
han for electroporation. Electroporation was also found to transfect monolayers with siRNA, which resulted in up to 90% inhibition of targeted
rotein production. Silencing occurred within 24 h of transfection and increased with increasing siRNA concentration. These results suggest that
lectroporation can provide a valuable research tool for transfection of intestinal epithelial monolayers and other differentiated cell systems, and
ay ultimately be useful for clinical gene therapy applications.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Laboratory study and clinical treatment of many intestinal
isorders could be facilitated by overcoming the difficulty to
ntroduce genetic material into intact intestinal epithelium to
ither express a protein of interest or affect cellular function.
he majority of in vitro gene transfection protocols for adher-
nt cells call for removal of cells from their substrate and/or the
se of subconfluent cells for increased expression (Ravid and
reshney, 1998). However, for laboratory study, most epithelial
ells must be cultured to full confluence and allowed to differen-
iate into mature epithelium to exhibit the characteristics of their

∗ Corresponding author.
∗∗ Corresponding author at: Georgia Institute of Technology, School of Chem-
cal and Biomolecular Engineering, Atlanta, GA 30332-0100, USA.

E-mail addresses: aneish@emory.edu (A.S. Neish),
rausnitz@gatech.edu (M.R. Prausnitz).

in vivo counterparts. Similarly, most clinical scenarios require
that epithelial tissues be left intact in situ.

Unfortunately, most methods of transfection work much
less efficiently on differentiated cells. For example, studies of
cationic lipid-mediated transfection in airway (Matsui et al.,
1997) and intestinal epithelial cells (Uduehi et al., 1999) found
increased resistance to transfection as the cells became polar-
ized and more differentiated, as indicated by the formation of
tight junctions and apical features such as cilia or microvilli.
This increased resistance was attributed to a decreased ability
of the lipid–DNA complexes to cross the plasma membrane of
differentiated cells.

We propose that electroporation, which involves the appli-
cation of short electric pulses to transiently permeabilize cel-
lular membranes (Chang et al., 1992), can more effectively
transfect differentiated epithelial monolayers. Since the first
demonstration of electroporation-mediated gene transfer and
expression over 20 years ago (Neumann et al., 1982), elec-
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troporation has become a common laboratory tool for in vitro
transfection of bacterial, plant, and mammalian cells with plas-
mid DNA (Neumann et al., 1989; Chang et al., 1992) and other
nuclear material such as oligonucleotides (Bergan et al., 1993).
Relatively few in vitro electroporation studies, however, have
involved transfection of adherent cells in situ (Yang et al., 1995;
Muller et al., 2003) and none have involved transfection of dif-
ferentiated intestinal epithelial monolayers.

While plasmid DNA has received the most interest for genetic
manipulation of cells, short interfering RNAs, or siRNAs, are
gaining significant attention as a new tool to affect cellular func-
tion. These small (21–23 bp) molecules mediate a process called
RNA interference, in which expression of a homologous gene
is inhibited, or silenced (Hannon, 2002). In contrast to plasmid
DNA, the site of action for siRNA molecules is in the cytoplasm,
not the nucleus, where they bind and target messenger RNA for
degradation. siRNAs have received growing attention in recent
years because of the specificity and efficiency with which they
target a gene for silencing (Elbashir et al., 2001a). They are being
investigated both as tools to study gene function (Harborth et al.,
2001; Elbashir et al., 2002) and as potential therapeutic agents
(Shuey et al., 2002; Check, 2003).

Given the importance and need to deliver genetic material
into epithelia, in this study we evaluated the ability of electro-
poration to transfect well-differentiated T84 intestinal epithelial
monolayers with plasmid DNA and siRNA. In initial exper-
i
T
g
e
m
l

t
n
s
c
i
(
O
m
c
b

2

2

t
(
1
v
w
T
A
T

ronment and allowed to remain in culture for up to 10 days for
the smaller inserts or up to 14 days for the larger ones. Growth
medium was replaced approximately every 48 h. To ensure
monolayer integrity, the transepithelial electrical resistances
(TEER) of the monolayers were measured before each experi-
ment using a Millicell ERS apparatus (Millipore Corp., Billerica,
MA). TEER values of 1500–2000 � cm2 (Dharmsathaphorn and
Madara, 1990) were considered acceptable.

2.2. Electroporation apparatus

Electroporation was carried out using a high-voltage pulser
(BTX ElectroCell Manipulator 600, Genetronics, San Diego,
CA), which supplied exponential-decay pulses and was capa-
ble of delivering peak voltages ranging from 10 V to 2.5 kV.
By adjusting the resistance and/or the capacitance of the sys-
tem, a wide range of pulse lengths could also be delivered.
Multiple pulses required an inter-pulse spacing of at least 15 s
to allow the pulser to recharge. An oscilloscope (HP54602B,
Hewlett Packard, Colorado Springs, CO) and a 10:1 voltage
probe (Hewlett Packard) were used to measure the applied volt-
ages and pulse lengths. The pulse length was measured as the
time constant, τ, of the exponential-decay pulse.

For the plasmid transfection experiments, confluent T84
monolayers were electroporated using adherent-cell cuvettes
with parallel, 4 mm gap, aluminum electrodes (InSitu Electro-
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ments, electroporation was employed to transfect confluent
84 monolayers with two reporter plasmids (luciferase and
reen fluorescent protein) and the resulting levels of protein
xpression and DNA uptake were assessed. For comparison,
onolayers were also transfected with the reporter plasmids by

ipofection.
Subsequent experiments involved using electroporation to

ransfect monolayers with siRNA to cause gene silencing. Two
uclear envelope proteins commonly used to demonstrate gene
ilencing – lamin A and lamin C (Elbashir et al., 2001a) – were
hosen as the targets. Although there have been several stud-
es using electroporation to deliver siRNA into cells and tissues
Dunne et al., 2003; Kishida et al., 2004; Akaneya et al., 2005;
vcharenko et al., 2005), to our knowledge electroporation-
ediated gene silencing in the transfection-resistant cells of a

onfluent, differentiated intestinal epithelial monolayer has not
een reported before.

. Materials and methods

.1. Cell and monolayer culture

The T84 colonic epithelial cell line (American Type Cul-
ure Collection, Manassas, VA) was cultured in DMEM/F12
1:1), 6% (v/v) newborn calf serum, 100 IU/ml penicillin,
00 �g/ml streptomycin, and 15 mM HEPES as described pre-
iously (Ghartey-Tagoe et al., 2004). To form monolayers, cells
ere harvested and seeded onto collagen-coated, microporous
ranswell cell culture inserts (0.4 �m pores; Corning Costar,
cton, MA) with growth areas of either 0.33 cm2 or 4.7 cm2.
84 monolayers were then incubated in a 5% CO2, 37 ◦C envi-
oration System, Thermo Hybaid, Middlesex, UK). The InSitu
ystem was developed especially for electroporating adherent
ells cultured on microporous membrane inserts with a growth
rea of 4.7 cm2.

Transfection with siRNA was carried out using custom made
uvettes designed for use with monolayers grown on the smaller
embrane inserts (0.33 cm2). These inserts required a much

maller apical electroporation volume (100 �l versus 1.5 ml for
he larger cuvettes) and permitted experiments to be carried out
ith much less reagent. The cuvettes were made using a stainless

teel bolt as the upper electrode (cathode) and an aluminum-
ined plastic sheet, cut to fit within a well of a 24-well plate, that
erved as the bottom electrode (anode).

.3. Electroporation conditions

Based on preliminary experiments and on results observed by
thers (Sukharev et al., 1992; Bureau et al., 2000; Satkauskas
t al., 2002), combinations of short, high-voltage pulses and
ong, low-voltage pulses were used to transfect the monolay-
rs. The high-voltage pulse had a peak voltage of 300 V and a
ecay time constant of 300 �s, while the low-voltage pulse was
5 V–20 ms. The high-voltage condition was chosen because
oltages greater than 300 V resulted in much slower recovery of
onolayer TEER (data not shown) and because ∼300 �s was

he shortest pulse length the pulser was capable of delivering.

.4. Quantification of molecular uptake and cell viability

To screen electroporation conditions suitable for transfection,
84 monolayers were incubated with a 10 �M solution of cal-
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cein (Molecular Probes, Eugene, OR), which is a small (623 Da,
0.6 nm radius), membrane-impermeant, fluorescent tracer, and
then electroporated with various combinations of the high- and
low-voltage pulses. Monolayers were analyzed for uptake of cal-
cein and cell viability by flow cytometry using procedures that
have been described in detail previously (Canatella et al., 2001;
Ghartey-Tagoe et al., 2004). Briefly, electroporated monolayers
were dissociated into single cells using a trypsin-EDTA solu-
tion (Mediatech, Herndon, VA). Cells were then washed, stained
with 10 �g/ml of the viability stain propidium iodide (Molecular
Probes), and individually analyzed for calcein fluorescence and
cellular viability using a BD LSR flow cytometer and FACS-
Diva software (Becton Dickinson, Franklin Lakes, NJ). Calcein
fluorescence was converted into the average number of calcein
molecules taken up by each cell using quantitative calibration
beads (Bangs Laboratories, Fishers, IN).

2.5. Reporter plasmid transfection

2.5.1. Reporter plasmids
Transfection of confluent, intestinal epithelial monolayers

was evaluated using two reporter plasmids that expressed either
luciferase or green fluorescent protein (GFP). The gWiz High
Expression Luciferase (gWiz-Luc; lot# 6591) and GFP (gWiz-
GFP; lots# 7018 and 7491) vectors, developed by Gene Ther-
apy Systems (San Diego, CA), have modified promoters for
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the experiment and the reporter plasmid used, monolayers were
treated with LipoTAXI concentrations ranging from 0.03 to
0.1 mM and reporter plasmid amounts ranging from 5 to 30 �g.
After addition of the lipid and DNA, monolayers were incu-
bated at 37 ◦C for either 24 h to express GFP or 48 h to express
luciferase. Negative control monolayers were treated with DNA,
but no lipid.

2.6. Analysis of reporter plasmid expression

2.6.1. GFP expression
Expression of GFP was assayed by fluorescence microscopy

using an Olympus IX-70 inverted microscope (Olympus Amer-
ica, Lake Success, NY) with a fluorescence attachment (IX-
FLA; Olympus). T84 monolayers were washed and the growth
medium replaced with phenol red-free Hanks’ balanced salts
solution (HBSS; Sigma Chemical, St. Louis, MO). Monolay-
ers were then imaged in situ to track expression of the protein
after transfection of the plasmid. GFP-positive cells were iden-
tified and images collected using a Spot RT Digital Camera
(Diagnostics Instruments, Sterling Heights, MI) controlled by
ImagePro Plus acquisition software (version 4.5, Media Cyber-
netics, Carlsbad, CA).

2.6.2. Luciferase expression
Activity of luciferase was measured using Promega’s

L
a
a
P
l
w
B
P
S
f
w
w

t
c
fi
o
H
(
t
d
t
r
t
C
b

2

m

ncreased protein expression. Large quantities (milligrams) of
oth plasmids were available from Aldevron (Fargo, ND). To
inimize variation in the results, a single lot of plasmid was

sed for each series of experiments.

.5.2. Electroporation-mediated transfection
During electroporation experiments, the amount of plasmid

NA used was varied from 5 to 60 �g. In all cases, the desired
mount of plasmid was diluted in 1.5 ml of 25 mM HEPES-
uffered DMEM and then added apically to washed T84 mono-
ayers. Monolayers were incubated with the plasmid at room
emperature for ∼20 min because it has been shown that pre-
ncubation with DNA before electroporation increases transfec-
ion efficiency in cells (Klenchin et al., 1991). The TEER for
ach monolayer was measured prior to electroporation to ensure
onolayer integrity.
Immediately after electroporation, monolayers were trans-

erred to a six-well plate containing a 2 ml basal volume of
arm T84 growth medium in each well. T84 medium with 24%

alf serum (0.5 ml) was added to the plasmid solution of each
onolayer for a final apical volume of 2 ml with 6% serum.
he monolayers were then placed in a 37 ◦C incubator for either
4 h (for GFP transfections) or 48 h (for luciferase transfections)
o allow expression of the protein of interest. Negative control

onolayers were treated with DNA and no electroporation.

.5.3. Lipid-mediated transfection
As the positive control, confluent T84 monolayers were trans-

ected with the LipoTAXI Mammalian Transfection Kit (Strata-
ene, La Jolla, CA). The transfection protocol supplied by the
anufacturer was used with little modification. Depending on
uciferase Assay System. After T84 monolayers were treated
nd allowed to express luciferase, they were washed with PBS
nd lysed in 200 �l of Cell Culture Lysis Reagent (CCLR;
romega) according to the manufacturer’s instructions. The cell

ysate was assayed for luciferase expression in opaque, white 96-
ell plates (OptiPlate-96, Packard Biosciences, Perkin-Elmer,
oston, MA) using a plate reading luminometer (LumiCount,
ackard Biosciences). Each well was read for 2 s in triplicate.
ince luminescence assayed with Promega’s kit was constant
or only 1 min (manufacturer’s instructions), no more than six
ells were read at a time. The readings were averaged for each
ell and reported in relative light units (RLU).
Luciferase expression was normalized to the amount of pro-

ein present in the cell lysate, an indication of the number of
ells present. Protein content was determined using the modi-
ed Bradford assay. Either Bradford Reagent (Sigma Aldrich)
r 5× Bio-Rad Protein Assay Reagent (Bio-Rad Laboratories,
ercules, CA) was mixed with the cell lysates in 96-well plates

Fisher Scientific). Protein standards were made from serial dilu-
ions of bovine serum albumin in CCLR. Cell lysates and stan-
ards were diluted 1:10 in water to avoid interference between
he dye solution and detergent present in CCLR. The plate was
ead at a wavelength of 595 nm using a plate reading spec-
rophotometer (SpectraMAX, Molecular Devices, Sunnyvale,
A). The protein concentration in each sample was calculated
ased on the BSA standard curve.

.7. Analysis of reporter plasmid uptake

To evaluate intracellular uptake (i.e., not expression) of plas-
id DNA in the monolayers after lipofection and electropo-
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ration, gWiz-GFP plasmid was stained with the high-affinity
nucleic acid stain YOYO-1 iodide (Molecular Probes). This flu-
orescent dye, which is excited at 488 nm and detected at 509 nm,
was mixed with plasmid DNA at a molar ratio of 100:1 (DNA
bp:dye molecule). The mixture was incubated at room tem-
perature for 60 min in an opaque microcentrifuge tube, then
stored long-term at ≤4 ◦C. Pre-stained DNA was transfected
into monolayers by electroporation and lipofection as described
above. Transfected monolayers were incubated at 37 ◦C for
3–4 h, washed with HBSS, and visually inspected by fluores-
cence microscopy.

2.8. siRNA-mediated gene silencing

2.8.1. siRNA molecules
siRNA directed against lamin A (70 kDa) and lamin

C (65 kDa) and a non-silencing, fluorescein-labeled siRNA
were obtained from Qiagen-Xeragon (Germantown, MD). The
siRNA sense strand sequences were CUGGACUUCCAGAA-
GAACAdTdT for lamin A/C and UUCUCCGAACGUGU-
CACGUdTdT for the non-silencing siRNA.

2.8.2. siRNA transfection by electroporation
Prior to transfection, T84 monolayers cultured on 0.33 cm2

inserts in 24-well plates were washed twice with DMEM. An
appropriate amount of siRNA suspended in 100 �l of 25 mM
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cals, now Valeant Pharmaceuticals, Costa Mesa, CA). Proteins
were detected using an enhanced chemiluminescence kit (ECL,
Amersham Biosciences, Piscataway, NJ).

To ensure that any decrease in the amount of lamin A/C
observed in the Western blot was due to silencing and not to a
decrease in the number of cells after electroporation, endogenous
I�B� protein was used as an internal standard. The membrane
blot was washed and stripped with 0.2 M NaOH to remove the
lamin A/C primary and secondary antibodies and re-probed with
a 1:1000 dilution of rabbit polyclonal IgG antibody to I�B�
(Santa Cruz Biotechnology) followed by a 1:1000 dilution of
peroxidase-conjugated donkey antibody to rabbit immunoglob-
ulins (Amersham). The presence of bands of similar intensity
for all samples indicated that there was little cell loss after elec-
troporation.

2.9. Statistical analysis

For all graphs presented in this study, each data point repre-
sents the mean of at least three replicates. Either the standard
deviation of the mean (S.D.) or the standard error of the mean
(S.E.M.) was calculated and used to make the error bars. Stu-
dent’s t-tests were applied for comparisons between two means.
For more than two means, a one-way or two-way analysis of
variance with a 95% level of confidence (ANOVA, α = 0.05) was
used. Unless otherwise stated, a p-value <0.05 was considered
t
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EPES-buffered DMEM was added apically, while 1 ml of
EPES-buffered DMEM was placed basally in the well. Using

he modified cuvette design, monolayers were electroporated
ith a single 50 V–20 ms pulse, because this condition has been

ffective at delivering other macromolecules into these cells
Ghartey-Tagoe et al., 2004). The amount of lamin A/C siRNA
10–1000 nM) and the amount of time allowed for turnover of
he protein (24–72 h) were varied to identify conditions that
ielded the greatest silencing effect. Non-electroporated mono-
ayers, monolayers electroporated with no siRNA present, and

onolayers electroporated with non-silencing siRNA served as
egative controls. Immediately after electroporation, the mono-
ayers were transferred to a 24-well plate containing 1 ml of
arm T84 growth medium in the wells. Growth medium with
2% calf serum (100 �l) was added apically to yield a total api-
al volume of 200 �l with 6% serum. The monolayers were then
laced in a 37 ◦C incubator for 24–72 h to allow silencing of the
argeted proteins.

.8.3. Western blotting
Standard SDS-PAGE and Western blotting techniques were

sed to confirm whether the siRNA inhibited production of lamin
/C (Ghartey-Tagoe, 2004). T84 monolayers were lysed in cold

odium dodecyl sulfate lysis buffer 24, 48, or 72 h after transfec-
ion. Lysates were resolved on a 7.5% polyacrylamide gel and the
roteins transferred to a nitrocellulose membrane (Trans-Blot
ransfer Medium; Bio-Rad). To detect lamin A/C, blots were
robed with a 1:500 dilution of mouse monoclonal IgG antibody
o lamin A/C (type 636; Santa Cruz Biotechnology, Santa Cruz,
A) followed by a 1:1000 dilution of peroxidase-conjugated
oat antibody to mouse immunoglobulins (ICN Pharmaceuti-
o indicate statistical significance.

. Results

.1. Electroporation-mediated transfection of confluent
ntestinal epithelial monolayers

To evaluate electroporation’s ability to transfect confluent,
ifferentiated monolayers with plasmid DNA, intestinal epithe-
ial monolayers were transfected with reporter plasmids that
xpressed either luciferase or green fluorescent protein (GFP).
ransfection was performed using a range of conditions and
lasmid doses to determine the maximum expression that could
e achieved.

.1.1. Effect of electroporation pulsing protocols on calcein
ptake

To determine if electroporation could efficiently transfect
onfluent T84 monolayers, we carried out an initial optimization
f the electroporation protocol by measuring intracellular uptake
f calcein, a small fluorescent tracer, and cell viability. For
his optimization, combinations of a short, high-voltage pulse
300 V–300 �s) and long, low-voltage pulses (25 V–20 ms) were
pplied to the monolayers and the resulting uptake of calcein was
easured using flow cytometry.
Consistent with our previous findings (Ghartey-Tagoe et al.,

004), calcein uptake was significantly increased in electropo-
ated monolayers compared to unelectroporated control mono-
ayers (Fig. 1A; Student’s t-test, p ≤ 0.02). Uptake increased as
he number and length of the electroporation pulses increased
ANOVA, p < 0.001). At the conditions tested, pulse length was
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Fig. 1. Determining optimal electroporation conditions for transfection experiments. (A) Calcein uptake by confluent, intestinal epithelial monolayers after electropo-
ration with combinations of short, high-voltage (HV) pulses and long, low-voltage (LV) pulses increased with the number and duration of pulses applied (p < 0.001).
(B) Cell viability dropped after electroporation, but did not show a statistically significant dependence on electroporation conditions (p = 0.85). (C) The product of
calcein uptake (N, from part A) and percent cell viability (V, from part B) increased with increasing number and duration of electroporation pulses. NV has previously
been shown to scale with transfection level (Canatella and Prausnitz, 2001). (D) As predicted, luciferase expression also increased as the number and/or duration
of electroporation pulses increased (p = 0.0003), where the HV + 3LV and 3LV conditions yielded the most luciferase expression. The extracellular concentration of
calcein was 10 �M. DNA dose was held constant at 30 �g of gWiz-Luc expression plasmid (n = 3; HV = 300 V–300 �s; LV = 25 V–20 ms).

more important than pulse voltage, as shown by the long, low-
voltage pulse (LV), which produced uptake six times greater than
the short, high-voltage pulse (HV) (Student’s t-test, p = 0.03).
For the conditions where a single high-voltage pulse was fol-
lowed by one or more low-voltage pulses, calcein uptake increa-
sed as additional pulses were applied (ANOVA, p = 0.002).

3.1.2. Effect of electroporation pulsing protocols on cell
viability

Because transfection levels are influenced by cell viability,
the viabilities of the monolayers were also measured by flow
cytometry using the same cells studied for uptake. Analysis
shows that cell viability decreased after electroporation to lev-
els around 60% (Fig. 1B), but the decrease was not statistically
significant (ANOVA, p = 0.06). Among the different electropo-
ration protocols studied, cell viability did not depend on electro-
poration conditions (ANOVA, p = 0.85), so that calcein uptake
became the determining factor for optimizing transfection con-
ditions. Although the uptake at the HV + 4LV condition was
slightly better than the HV + 3LV condition and the viabilities at
these two conditions were indistinguishable from each other,
we nonetheless selected HV + 3LV as the optimal condition,
because additional transepithelial resistance (TEER) recovery
experiments showed that the monolayers electroporated at the
HV + 3LV condition recovered their original resistance more
rapidly (12 h versus 24 h; data not shown).

These results are further supported by analysis suggested
by a previous study, which showed that gene expression levels
after electroporation scale directly with the product of intracel-
lular calcein uptake (N) and percent cell viability (V) (Canatella
and Prausnitz, 2001). Replotting the data in Fig. 1A and B as
the product NV shows an increase in value as the number and
length of electroporation pulses increased (Fig. 1C; p = 0.006),
which again suggests that plasmid expression should be opti-
mized using multiple LV pulses.

3.1.3. Effect of electroporation pulsing protocols on
luciferase expression

Guided by results from the calcein study, the luciferase
reporter plasmid, gWiz-Luc, was transfected into epithelial
monolayers using electroporation. Consistent with predictions
from the calcein study, luciferase expression increased with
increasing number and length of pulses (Fig. 1D; ANOVA,
p = 0.0003). The number of long, low-voltage pulses was the
most important parameter. Expression levels increased when a
single, high-voltage pulse was followed by progressively more
long, low-voltage pulses (p = 0.01). Statistical analysis showed
no significant difference between the LV and the HV, 3HV, or
HV + LV conditions (p ≥ 0.10).

When expression at the strongest condition, HV + 3LV, was
compared to expression at the 3LV condition, the difference
between the two was not statistically significant (p = 0.85). This
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suggests that the single, short, high-voltage pulse may not be
necessary. This contrasts with in vivo studies of electroporation-
mediated gene transfer to skeletal muscle in which expression
was highest when a high-voltage pulse preceded the low-voltage
pulse(s) (Bureau et al., 2000; Satkauskas et al., 2002). Since the
additional short, high-voltage pulse did not appear to affect cell
viability (Fig. 1B), HV + 3LV was used as the electroporation
pulse protocol for subsequent transfections.

3.1.4. Effect of DNA dose on electroporation-mediated
luciferase expression

To determine whether still more luciferase could be
expressed, the dependence of expression on plasmid DNA dose
during electroporation was evaluated. Fig. 2 shows that when
confluent T84 monolayers were electroporated with a range
of gWiz-Luc plasmid amounts (5–60 �g), luciferase expression
depended strongly on the quantity of plasmid present (ANOVA;
p < 0.001). Expression increased steadily and reached a level
of 3.2 ± 1.4 × 10−6 RLU/mg protein. This means that increased
expression can be achieved after electroporation by increasing
the DNA dose, with the limitation that DNA itself could become
toxic at high concentrations (Li et al., 1999; Shimokawa et al.,
2000).

3.1.5. GFP expression in epithelial monolayers after
e

i
fl

Fig. 2. Luciferase expression after electroporation increases with DNA dose.
The amount of DNA present during electroporation was increased from 5 to
60 �g. Confluent, intestinal epithelial monolayers were electroporated with the
HV + 3LV condition using the specified amounts of gWiz-Luc expression plas-
mid (n = 3; HV = 300 V–300 �s; LV = 25 V–20 ms).

orescence microscopy. Fig. 3 shows that GFP expression in
the monolayers increased as DNA dose was increased from
20 to 30 �g (Fig. 3A and B) and as the electroporation con-
dition strength increased from HV + 2LV to HV + 3LV (Fig. 3C
and D). Negative control monolayers, which were exposed to
DNA without electroporation, showed little to no expression of
GFP (images not shown). Although the total fraction of cells
transfected was relatively small under the conditions used, GFP
expression in these monolayers exhibited the same trend as that
seen for luciferase.

F and
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lectroporation
To validate the findings with luciferase, we carried out sim-

lar experiments using a reporter plasmid that expressed green
uorescent protein (GFP) and imaged transfected cells by flu-

ig. 3. GFP expression in confluent T84 monolayers increases with DNA dose (A
ith 20 �g of a GFP reporter plasmid (A) using the HV + 3LV condition had few

0 �g of plasmid (B). Additionally, when DNA dose was held constant at 20 �g, GFP
s. the HV + 3LV condition (D) (HV = 300 V–300 �s; LV = 25 V–20 ms; magnificatio
B) and electroporation condition strength (C and D). Monolayers electroporated
P positive cells than monolayers electroporated under the same condition with

expression was lower in monolayers treated with the HV + 2LV condition (C)

n: 4× (A and B) and 10× (C and D)).
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Fig. 4. (A) Luciferase expression over a range of DNA doses and lipid con-
centrations after transfection of confluent, intestinal epithelial monolayers with
the cationic lipid LipoTAXI. Transfection with 5 �g of DNA (gWiz-Luc) and
either 0.08 or 0.1 mM of lipid yielded the highest levels of expression. Although
expression appears to vary with lipid concentration and DNA dose, statistical
analysis by two-way ANOVA showed no dependence of luciferase expression
on the two variables (p = 0.09 and 0.42, respectively) (n = 3). (B) GFP expression
in confluent, intestinal, epithelial monolayers after lipofection was essentially
nonexistent. Monolayer was transfected with 0.08 mM of LipoTAXI and 5 �g
of gWiz-GFP expression plasmid.

3.2. Lipid-mediated transfection of confluent intestinal
epithelial monolayers

For comparison, intestinal epithelial monolayers were also
transfected by lipofection, a common method of laboratory
transfection. Lipofection was carried out using the cationic
lipid formulation LipoTAXI at concentrations ranging from 0.03
to 0.1 mM and either gWiz-Luc or gWiz-GFP plasmid doses
between 5 and 30 �g.

3.2.1. Effect of lipid concentration and DNA dose on
luciferase expression

Fig. 4A shows a dose–response relationship of luciferase
expression versus lipid concentration and DNA dose. The
best transfection results for luciferase were seen using the
smallest DNA dose (5 �g) at the highest lipid concentrations
(0.08–0.1 mM), suggesting that a large lipid-to-DNA ratio is
favorable. Increasing the DNA dose, i.e., smaller lipid-to-DNA

ratios, reduced luciferase expression levels as much as an order
of magnitude lower. To maintain a large lipid-to-DNA ratio
at higher DNA doses would require transfection with more
lipid. However, this approach might be constrained by cyto-
toxicity caused by high lipid concentrations (manufacturer’s
instructions, Felgner et al., 1987). Despite the apparent trends,
statistical analysis by two-way ANOVA showed no significant
difference in luciferase expression as a function of lipid concen-
tration (p = 0.09) or DNA dose (p = 0.42).

3.2.2. GFP expression in epithelial monolayers after
lipofection

T84 monolayers transfected with 5 �g of the GFP expression
plasmid and 0.08 mM of lipid resulted in very low numbers of
GFP positive cells (Fig. 4B). In this representative field of view
only one cell was positive for GFP expression, even though this
condition yielded the most luciferase expression in the previ-
ous experiment (Fig. 4A). These results illustrate the difficulty
experienced when transfecting confluent intestinal epithelial
monolayers with cationic lipids.

3.3. DNA uptake in intestinal epithelial monolayers

Increased reporter gene expression is expected to be due to
increased intracellular uptake of plasmid DNA. To correlate gene
expression with DNA uptake, plasmid DNA was stained with
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reen-fluorescent YOYO-1, delivered to confluent monolayers
y electroporation and lipofection, and then imaged by fluores-
ence microscopy. Delivery of the stained DNA by electropora-
ion into confluent monolayers appeared to result in higher levels
f uptake than by lipofection (Fig. 5). During electroporation,
ptake increased with increasing DNA dose from 5 to 30 �g
Fig. 5A–D). This directly correlates with the expression results
bserved after transfection with the luciferase reporter plasmid
Fig. 2).

Lipofection at a condition that previously yielded maximal
uciferase expression likewise corresponded to significant DNA
ptake into cells (Fig. 5E; 5 �g gWiz-GFP DNA, 0.08 mM
ipoTAXI). However, also consistent with the luciferase trans-

ection results, increasing DNA dose from 5 to 30 �g, at constant
ipid concentration, caused plasmid DNA uptake to steadily drop
Fig. 5F–H). Thus, the reduced expression observed at higher
NA doses during lipofection could be explained by reduced

ntracellular delivery of plasmid DNA. Control monolayers for
oth the lipofection and electroporation experiments had very
ittle green fluorescence, which indicated little to no uptake (not
hown).

Another difference between lipofection and electroporation
as observed while analyzing the DNA uptake images. After

ipofection, uptake of the labeled DNA appeared as punctate
pots of intracellular fluorescence, which is consistent with
he expected mechanism involving uptake of the lipid–DNA
omplexes by endocytosis (Bichko, 1998). Intracellular uptake
fter electroporation, on the other hand, appeared more diffuse,
hich is consistent with electropores made in the cell membrane

hrough which DNA was transported directly into the cytosol
Xie et al., 1990; Klenchin et al., 1991; Sukharev et al., 1992).
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Fig. 5. Uptake of fluorescently labeled DNA by confluent, intestinal epithelial monolayers after electroporation and lipofection. Electroporation-mediated uptake
of DNA increased with increasing DNA concentration (A–D). Lipid-mediated uptake of DNA decreased with increasing DNA concentration (E–H). gWiz-GFP
expression plasmid was labeled with the DNA intercalating dye YOYO-1 at a molar ratio of 100:1 base pairs to dye molecules. Control monolayers incubated with
20 �g of DNA had no uptake (images not shown). Electroporated monolayers were transfected using the HV + 3LV pulsing protocol and 5, 10, 20, and 30 �g of DNA.
Lipid treated monolayers were transfected with 0.08 mM LipoTAXI and 5, 10, 20, and 30 �g of DNA. Fluorescence imaging was performed 3–4 h after transfection.
All image exposure times are the same (40 s) (HV = 300 V–300 �s; LV = 25 V–20 ms).

Altogether, these results suggest that transfection was facili-
tated by increased intracellular delivery of plasmid DNA. How-
ever, DNA delivery does not appear to be the only factor lim-
iting transfection levels. Electroporation and, for small DNA
doses, lipofection caused a considerable fraction of cells to take
up DNA. However, when the extent and distribution of DNA

uptake in the monolayers (Fig. 5) are compared to the result-
ing GFP expression (Figs. 3 and 4), it is evident that a much
larger fraction of cells had been loaded with plasmid DNA than
those expressing the GFP reporter gene. As discussed further
below, this may be due to difficulty transporting plasmid DNA
into the nucleus, which is a process that neither electropora-
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tion nor lipofection is believed to directly influence (Pouton,
1998).

3.4. siRNA-mediated gene silencing in confluent intestinal
epithelial monolayers

Because electroporation was able to deliver plasmid DNA
into the cytosol much more easily than it was able to achieve
the downstream effect of reporter gene expression, we hypothe-
sized that electroporation can transfect confluent, differentiated
monolayers with siRNA molecules, which have a site of action
in the cytoplasm, to cause gene silencing. To test this hypothesis,
electroporation using a single, long, low-voltage pulse was used
based on previous experiments which indicated that this proto-
col was strong enough to deliver macromolecules into cells, but
gentle enough that transepithelial resistance returned to initial
values within 24 h after pulsing (data not shown). Gene silencing
was assessed by delivering siRNA known to inhibit production
of the nuclear envelope proteins, lamin A and lamin C, which
is commonly used as a model system to demonstrate siRNA-
mediated gene silencing in mammalian cells (Elbashir et al.,
2001a).

3.4.1. Dependence of gene silencing on time
To determine how long after transfection maximum knock-

down of the lamins occurred, monolayers were electroporated
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Fig. 6. Short-interfering RNA (siRNA) directed against lamin A and lamin C
(lamin A/C) temporarily knocks down production of these nuclear envelope
proteins. Confluent, intestinal epithelial monolayers were electroporated with
100 nM lamin A/C siRNA using a single 50 V–20 ms pulse. Monolayers were
lysed at the specified times after transfection and analyzed by SDS-PAGE and
Western blotting. After detection of the lamins with their respective antibod-
ies, the blot was stripped and re-probed for the I�B� protein, which served as
an internal control, and confirmed equal loading of protein in the gels. Blots
were exposed for 30 s (molecular weights: lamin A = 70 kDa; lamin C = 65 kDa;
I�B� = 37 kDa).

electroporation in the presence of a non-silencing siRNA had an
effect on lamin A/C (Fig. 7B).

It was not clear why no effect was observed at the 100 and
200 nM siRNA concentrations, especially since the 100 nM con-
centration was previously successful (Fig. 6). It is possible that
variations in the basal levels of lamin A/C or in the cuvette
design, which would affect electroporation efficiency, could
have played a role. As a precaution, a replicate experiment was
performed using 100 nM lamin A/C siRNA. In this experiment,
levels of lamin A and lamin C were knocked down by about 40%
(data not shown), which is consistent with the rest of the data at
the other concentrations.

4. Discussion

4.1. Reporter plasmid transfection and expression

Confluent, differentiated T84 intestinal epithelial monolayers
were treated with electroporation to evaluate the transfection and
resulting expression of two reporter plasmids. Electroporation
resulted in significant levels of luciferase and GFP expression in
confluent T84 monolayers, which is important, because differen-
tiated tissue cultures are notoriously difficult to transfect. While
cationic lipid methods are widely successful to transfect simpler
cell cultures, and a few formulations have shown some success in
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n the presence of lamin A/C siRNA and lysed at 24, 48, and
2 h. Western blot analysis showed that there was a 50% and
2% decrease in the amount of lamin A and lamin C, respec-
ively, 24 h after transfection relative to the non-electroporated
ontrol. This result validated the hypothesis that electroporation
an transfect confluent monolayers with siRNA to cause gene
ilencing.

At later times, lamin production recovered to within 10–15%
f the control. Changes in lamin levels were not due to cell loss
fter electroporation, because the similarity among bands from
companion blot of the I�B� protein – an endogenous protein

ound in our epithelial monolayer cell line – confirmed equal
oading of protein in the gel.

.4.2. Dependence of gene silencing on siRNA
oncentration

To determine if still greater gene silencing could be achieved,
onfluent monolayers were electroporated using concentrations
f lamin siRNA ranging from 10 nM to 1 �M. Inhibition of
amin A/C generally increased as the concentration of lamin
iRNA increased, where electroporation at the highest siRNA
oncentration caused a 90% reduction in lamin A/C (Fig. 7A).
t 500 nM, lamin A/C was reduced by 50%; at 20–50 nM, there
as a 15–20% reduction; and at 10 nM there was no difference

rom the non-electroporated control. At 100 and 200 nM there
as also no effect, but, as discussed below, this may be an arti-

act. The I�B� band for the 1 �M siRNA condition was ∼50%
maller than the other bands, which could indicate some loss of
ellular material, but the decrease was not enough to account
or the almost complete loss of lamin. As additional negative
ontrols, neither electroporation in the absence of siRNA nor
olarized epithelium (Tucker et al., 2003), the lipofection proto-
ol used in this study generally produced low transfection levels
Fig. 4). Under a specific set of lipofection conditions (5 �g
NA and 0.08–0.1 mM lipid), luciferase expression reached lev-

ls comparable to that achieved with electroporation. However,
FP expression under these same conditions was very low, so it

s possible that only a few cells that expressed large amounts of
uciferase were successfully transfected.

Increased expression levels, such as that seen in Fig. 2, may
e explained by increased intracellular delivery of DNA by elec-
roporation. Comparisons of the overall fluorescence intensities
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of the DNA uptake images indicate that electroporation deliv-
ered much more DNA into the monolayer cells than lipofection
(Fig. 5). The key to this success appears to be the increase in
DNA uptake with increasing DNA dose. In contrast, increasing
DNA dose during lipofection did not lead to increased expres-
sion, perhaps because the lipid–DNA ratio became too small for
efficient transfection. To maintain an optimal ratio, increasing
amounts of lipid would be required, which might be detrimen-
tal because of the well-known cytotoxic effects of many lipid
formulations (Felgner et al., 1987).

Although electroporation resulted in large amounts of DNA
uptake (Fig. 5), the number of cells with intracellular DNA was
much less than the number of cells with measurable expres-
sion (Fig. 3). Even when confluent monolayers electroporated
with 30 �g of DNA were visually inspected for GFP expression,
less than 5% of cells in the entire monolayer were positive for
GFP. This suggests that there is an additional barrier to gene
expression that is not affected by electroporation. Unlike lipo-
fection, electroporation does not require additional steps before
the plasmid DNA is released and available for transcriptional
processing, i.e., DNA is deposited directly into the cytosol.
This means the nuclear membrane is the most likely barrier
against achieving expression in cells with DNA uptake by elec-
troporation (Pouton, 1998). Susceptibility of the naked DNA to
degradation by cytoplasmic nucleases could also be a potential
problem (Lechardeur et al., 1999).
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Fig. 7. (A) Western blots showing the dependence of gene silencing on lamin
A/C siRNA concentration. Confluent, intestinal epithelial monolayers were elec-
troporated with a 50 V–20 ms pulse using siRNA amounts ranging from 10 nM
to 1 �M. Monolayers were harvested 24 h after transfection. (B) Included for
comparison were a non-electroporated monolayer with no siRNA, a mono-
layer electroporated with no siRNA, and two monolayers electroporated with
200 nM or 2 �M of non-silencing siRNA (ns-siRNA). The two ns-siRNA con-
trols demonstrate the specificity of the lamin A/C siRNA. All blots were stripped
and reprobed for I�B� to confirm equal loading of protein (molecular weights:
lamin A = 70 kDa; lamin C = 65 kDa; I�B� = 37 kDa).

published reports of siRNA transfection into confluent, differ-
entiated intestinal epithelial monolayers using electroporation.

The fact that gene silencing, as well as the return of mono-
layer integrity, both occurred within 24 h (Fig. 6) could prove
to be useful for laboratory protocols where monolayers can be
treated, allowed to recover, and ready for use the next day. The
trend of increasing lamin A/C silencing as the siRNA concentra-
tion increased (Fig. 7) is consistent with trends reported by others
(Elbashir et al., 2002; Jiang et al., 2003), although the minimum
siRNA concentration required to detect silencing in our exper-
iments is higher (20 nM versus 2 pM). This difference could
be explained by the many differences between the two experi-
ments, such as cell type, cell confluence, transfection method,
etc.

4.3. Laboratory and clinical applications

Intestinal epithelial monolayers are widely used to study
intestinal absorption and other aspects of epithelial biology
(Dharmsathaphorn and Madara, 1990; Artursson et al., 2001).
The ability to genetically manipulate these tissue culture mod-
els is critically important to assess gene function, identify or
modify biochemical pathways, and evaluate potential therapeu-
tics. However, in a slowly dividing, differentiated tissue, gene
transfection is notoriously difficult (Uduehi et al., 1999). Thus,
improved methods to deliver genes or otherwise control protein
e
t
u
t
t

.2. siRNA transfection and gene silencing

Interest in using siRNA to modify cellular function as an alter-
ative to plasmid DNA has grown rapidly over the past few years
Shi, 2003). However, intracellular delivery of siRNA to con-
uent, differentiated monolayers can be difficult. In this study
e posed the hypothesis that electroporation can transfect these
onolayers with siRNA to cause gene silencing. The resulting

ata show that gene expression can be efficiently inhibited using
iRNA delivered by electroporation.

Electroporation should be a promising candidate for siRNA
elivery to differentiated epithelium because the site of action
f these molecules is the cytoplasm, where they bind and target
essenger RNA for degradation (Elbashir et al., 2001b; Zamore,

002). This means that transport into the nucleus, where tran-
cription takes place in order for protein expression to occur after
lasmid transfection, is not necessary. In addition, the size of
iRNA (∼22 bp) is significantly smaller than the size of standard
lasmids (e.g., ∼5000 bp). These characteristics further favor
lectroporation, which is already well established as a method
o efficiently deliver large macromolecules (e.g., proteins) into
he cytosol (Chang et al., 1992).

Previous siRNA studies have used Oligofectamine or cationic
ipid formulations to transfect subconfluent adherent cells
Elbashir et al., 2001a; Yu et al., 2002) including subconflu-
nt Caco-2 intestinal epithelial monolayers (Balamurugan et al.,
003). Some have used electroporation to transfect stem cells,
epatocytes, and other cell lines in suspension (Oliveira and
oodell, 2003; Wilson et al., 2003; Ovcharenko et al., 2005).
o the best of our knowledge, there have been no previously
xpression are sorely needed. The large increase in plasmid DNA
ransfection and the highly efficient gene silencing with siRNA
sing electroporation should serve as valuable tools for labora-
ory studies with epithelial and possibly other hard-to-transfect
issue culture models.
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Although electroporation may indirectly benefit clinical
medicine by facilitating laboratory studies, there may also be a
role for direct applications of tissue electroporation in humans.
Gene therapy has offered great promise to medicine, but its
potential for success has been limited by various technical chal-
lenges, most notably gene delivery (Crystal, 1995). Virus-based
delivery has been associated with safety concerns, naked DNA
delivery is often too inefficient, and delivery using lipids or poly-
mers may not be well suited to in vivo use. As suggested by this
study, electroporation may offer an attractive alternative that
may provide the safety and efficacy needed.

The safety and efficacy of electroporation in humans has been
shown in a variety of contexts, mostly notably as a means to
target and enhance intracellular delivery of chemotherapeutic
agents for treatment of malignant cutaneous or subcutaneous
lesions (Gothelf et al., 2003). Animal studies further support
human studies and have additionally demonstrated delivery of a
number of different genes into various animal models (Trezise,
2002). Development of appropriate devices for in vivo elec-
troporation of the intestine, as well as other technical chal-
lenges, needs to be overcome before possible clinical use. How-
ever, there is strong precedent for minimally invasive, electrical
devices already developed for a variety of clinical procedures,
including gastric electrical stimulation (Buckles et al., 2003).

5. Conclusions
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