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Abstract

Local pulsed electric field application is a method for improving non-viral gene delivery.Mechanisms of the improvement include electroporation
and electrophoresis. To understand how electrophoresis affects pDNA delivery in vivo, we quantified the magnitude of electric field-induced
interstitial transport of pDNA in 4T1 andB16.F10 tumors implanted inmouse dorsal skin-fold chambers. Four different electric pulse sequences were
used in this study, each consisted of 10 identical pulses that were 100 or 400 V/cm in strength and 20 or 50 ms in duration. The interval between
consecutive pulses was 1 s. The largest distance of transport was obtained with the 400 V/cm and 50ms pulse, and was 0.23 and 0.22 μm/pulse in 4T1
and B16.F10 tumors, respectively. There were no significant differences in transport distances between 4T1 and B16.F10 tumors. Results from in
vivo mapping and numerical simulations revealed an approximately uniform intratumoral electric field that was predominantly in the direction of the
applied field. The data in the study suggested that interstitial transport of pDNA induced by a sequence of ten electric pulses was ineffective for
macroscopic delivery of genes in tumors. However, the induced transport was more efficient than passive diffusion.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The efficacy of non-viral gene therapy is limited by poor
delivery of therapeutic genes into the nucleus of target cells. A
rate-limiting physiological barrier to gene delivery is the
interstitial space. In tumor interstitium, convection is negligible
due to a uniformly elevated interstitial fluid pressure [1], leaving
gene delivery through the extracellular matrix (ECM) to rely on
passive diffusion [2]. Unfortunately, diffusion is also inefficient
for larger therapeutics in tumors [3], and can be considered as a
negligible transport mechanism for therapeutics the size of a
typical plasmid DNA (pDNA). The limited interstitial transport
implies that only the pDNA molecules localized within a very
thin layer outside the cell membrane have the potential to enter
the cell and elicit successful transgene expression. Increasing
pDNA interstitial transport may significantly increase the
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thickness of this layer in vivo, and therefore the transfection
efficiency of pDNA. One strategy to improve the interstitial
transport is to locally apply a pulsed electric field to push
exogenous genes in tumors.

Electric field-mediated gene delivery has been investigated
extensively both in vitro [4–7] and in vivo [8–21].Mechanisms of
the delivery include cell membrane electroporation and DNA
electrophoresis. Electroporation has been studied extensively in
vitro [22–30]. The process is characterized by an increased
permeability of the cell membrane to traditionally non-permeant
molecules, caused by the presence of an external, pulsed electric
field. The permeability increase is thought to occur due to the
formation of transient, hydrophilic pores in the cell membrane in
response to an above threshold transmembrane potential [31].
These pores allow cellular uptake of small molecules primarily by
passive diffusion. For larger molecules such as pDNA, mechan-
isms of the uptake remain unclear [32], however studies have
shown that the process involves DNA absorption to the cell
envelope prior to transport across the membrane [33]. Regardless
of the uptake mechanisms, the pDNA must be within a critical
distance from the cell membrane in order to be taken up by the
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permeabilized cell. This distancemay be increased through in vivo
electrophoresis in the presence of an external, pulsed electric field.

Despite its potential significance, the in vivo electrophoresis
component of electric field-mediated gene delivery is only the
focus of a few studies in the literature [34–38]. The significance of
the electrophoretic component has been demonstrated in vivo in
muscle by studying the transfection levels obtained using a
combination of low voltage, non-porating pulses with long
duration (LV), and high voltage, porating pulses with short
duration (HV). Bureau et al. reported high levels of transgene
expression following a pulse sequence consisting of a single HV
(800 V/cm, 0.1 ms), followed by four LVs (80 V/cm, 83 ms) [34].
Satkauskas et al. later demonstrated that the HV resulted in
electropermeabilization and the LVs resulted in pDNA electro-
phoresis [35]. A recent study by Satkauskas et al. revealed that the
LVs played an important role in determining the levels of transgene
expression following a prerequisite HV [36]. These studies
demonstrate the significant effects the electrophoretic component
has on in vivo cell transfection following the initial pore formation.
However, these studies fail to distinguish between the potential
roles of electrophoresis in increasing interstitial transport versus
facilitating cellular uptake. Furthermore, it is still unclear how far
and how fast the pDNA can move during electrophoresis.

In this study, we investigated the ability of an applied pulsed
electric field to overcome the interstitial barrier by quantifying the
magnitude of in vivo electric field-induced transport of pDNA in
tumor interstitium. Zaharoff et al. have previously reported pDNA
electromobility ex vivo in tumor interstitium [37], as well as
pDNA electromobility in agarose tissue phantoms [38]. Here, we
used a similar technique to quantify interstitial transport of pDNA
in vivo in two types of tumors (4T1 andB16.F10) grown inmouse
dorsal skin-fold chambers (DSCs), and correlated the observed
electrophoretic movement with the tissue collagen content as has
been observed in previous studies [37,39]. Furthermore, we
experimentally mapped and numerically simulated the in vivo
distribution of electric potential in tumors. The potential
distribution determines the local field strength that is the driving
force for electrophoresis in tumor interstitium.

2. Materials and methods

2.1. Tumor model

4T1 (amurinemammary carcinoma) andB16.F10 (ametastatic
subline of B16 murine melanoma) cells were cultured in DMEM
supplemented with 10% fetal bovine serum, 100 U/ml streptomy-
cin, and 100 U/ml penicillin at 37 °C, 95% air and 5% carbon
dioxide. Cells were harvested from flasks with 0.25% trypsin/
EDTA and rinsed with DMEM then PBS. Cells were centrifuged
for 2min at 176 g and re-suspended in PBS to a final concentration
of 5×107 cells/ml. Fluorescently labeled, electrically neutral,
yellow-green latex microspheres with a diameter of 1.0 μm (YG-
MS, Polysciences, Inc., Warrington, PA, USA) were added to the
cell suspension to be used as a tissuemarker during image analysis.

Female BALB/C and C57BL/6 mice (18–24 g, Charles River,
Raleigh, NC, USA) were used as hosts for 4T1 and B16.F10
tumors, respectively. DSCs were implanted in mice anesthetized
with an i.p. injection of 80 mg ketamine and 10 mg xylazine per
kg body weight. 10 μl of cell suspension (∼5×105 cells) were
injected into the fascia layer at the center of the DSC, and then the
DSC was sealed with a glass coverslip. Tumors were allowed to
grow 5–6 days and 7–10 days for 4T1 and B16.F10, respectively.

2.2. pDNA administration

Once the tumors had reached 3–4 mm in diameter, the mice
were anesthetized and the coverslip was removed from the
DSC. Approximately 1 μg of rhodamine-labeled plasmid DNA
(Rho-pDNA, 5.1 kb, Gene Therapy Systems, San Diego, CA,
USA) was injected into the center of the tumor using a
microinjection system consisting of a TransferMan NK
micromanipulator and a CellTram Vario oil pump (Eppendorf,
Westbury, NY, USA) mounted on an Axioskop 2 Plus upright
microscope (Zeiss, Thornwood, NY, USA). This method
allowed precise control over the location and amount of
pDNA delivered while limiting damages to tumor tissue and
vasculature. The tissue was washed thoroughly with PBS, and
then the DSC was resealed with a sterile glass coverslip.

2.3. Electric field application

Anesthetized mice were secured on a custom designed
microscope stage on a Model 510 confocal microscope (Zeiss).
A localized electric field was applied using two stainless steel,
parallel plate electrodes on the skin side of theDSC (see Fig. 1). An
electric potential difference was supplied by an ECM 830 electro
square porator (BTX, San Diego, CA, USA). Pulsed electric fields
examined in this study consisted of 10 identical square voltage
pulseswith amagnitude of 100 or 400V/cm and a duration of 20 or
50 ms. The interval between consecutive pulses was 1 s.

2.4. Image acquisition

Fluorescence images of the Rho-pDNA and YG-MS were
acquired using a 40× objective before and immediately fol-
lowing the application of an entire 10-pulse sequence. The area
of the image was away from the needle track to ensure the area of
the tissue imaged was not damaged during plasmid administra-
tion. The one-dimensional resolution of the acquired images was
0.44 μm/pixel. Images for control groups were taken with a 10 s
delay between image acquisitions during which no electric field
was applied.

2.5. Image analysis

A cross-correlation analysis was performed on the fluores-
cence images taken before and following application of the pulsed
electric field. The analysis was performed independently on
channel 1 and channel 2 to determine the linear drift displacement,
averaged over a field of view, of Rho-pDNA (D

t
pDNA) and YG-

MS (D
t
MS ) respectively. Details of the analysis are as follows.

Pre- and post-pulse sequence images are represented by p(x, y)
and q(x, y), respectively, where x and y are the indices of pixels in
each image. If image p(x, y) is fixed and image q(x, y) is shifted



Fig. 1. Diagram of the experimental setup used in this study. A DSC with tumor
is shown in Panel A. Panel B shows how a DSC was secured to a stage of
confocal microscope. The electric field was applied to the tumor through the
parallel-plate electrodes in contact with the skin side of the DSC while the
objective of microscope had access to the tumor on the window side of the DSC.
An illustration of a mouse implanted with a DSC can be found in [59].
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by i and j pixels in x and y directions, respectively, the normalized
cross-correlation coefficient of the two images is given by

rij ¼
P
x

P
y
½ pðx; yÞ � pmean�½qðxþ i; yþ jÞ � qmean�

rprq
ð1Þ

where pmean and qmean are the mean intensities in the images p(x, y)
and q(x+ i, y+ j) respectively, andσp andσq are defined as follows.

rp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
x

X
y

½ pðx; yÞ � pmean�2
s

ð2Þ

rq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
x

X
y

½qðxþ i; yþ jÞ � qmean�2:
s

ð3Þ

The summations above include only overlapping pixels
between p and q. D

t
pDNA and D

t
MS were then determined by

the vector (im, jm),

D
Y ¼ aðim; jmÞ ð4Þ

where im and jm were the indices at which the correlation
coefficient, rij, reached a maximal value, and α is a conversion
factor between distance in pixels and distance in microns
(α=0.44 μm/pixel).
Due to their size and neutral charge, YG-MSs were assumed
to have remained locked in place with respect to surrounding
tissue and were therefore used as markers for tissue movement.
The electric field-induced pDNA movement, defined as the
pDNA displacement relative to the tumor tissue, was deter-
mined on a per pulse basis by,

dp ¼
jDtpDNA � D

t
MSj

N
ð5Þ

where dp is the electric field-induced pDNA movement per
pulse and N is the number pulses for the applied field (N=10 for
all pulsing conditions used in this study).

The in vivo electric field-induced pDNA movement was
determined in seven 4T1 and seven B16.F10 tumors for each of
the four pulsing conditions examined in this study. The average
pDNAmovement for each pulse condition is reported with error
bars representing the standard deviations of the data.

2.6. In vivo pDNA electromobility

The efficiencies of the different electric fields used in this
study to induce pDNA movement were compared by calculat-
ing the pDNA electromobility for each of the pulse conditions.
The pDNA electromobility, μ, was determined from Eq. (6),

m ¼ lEt ¼ dp
tp

ð6Þ

where ν is the magnitude of the drift velocity of pDNA, Et is the
magnitude of the intratumoral electric field determined by the
linear regression analysis of the experimentally mapped electric
potential distribution (see the Materials and method section on
intratumoral potential distribution), and tp is the pulse duration.

2.7. Collagen assay

A hydroxyproline assay was performed to determine the
average collagen content in tumors grown in DSCs. 4T1 and B16.
F10 tumors (3–4 mm in diameter) were excised from animals and
incubated in 1.0 ml digesting buffer (126 μg/ml papain in 0.1 M
NaHPO4, 5.0 mM EDTA, and 5.0 mM L-cysteine-HCL, pH 6.0)
for 20 h at 60 °C. 100μl of each papain digestwere then hydrolysed
in 900 μl 6 N HCl for 20 h at 115 °C. Samples were brought to
room temperature and two drops of 0.02% methyl red indicator
were added. Sample solutions were neutralized with 2.5 MNaOH,
followed by 0.5 M HCl and, finally, 0.5 M NaOH. The final
volume, following titration, of each sample was determined. 1.0ml
chloramines T solution (705 mg chloramine T in 40 ml pH 6.0
buffer and 5 ml isopropanol) was then added to 1.0 ml of each
sample and allowed to stand for 20 min at room temperature. The
pH 6.0 buffer consisted of 5.0 g citric acid monohydrate, 12.0 g
sodium acetate trihydrate, 3.4 g NaOH, and 1.2 ml glacial acetic
acid, which were brought to 100 ml with distilled water. 1.0 ml
pDAB solution (4.0 g p-dimethylaminobenzaldehyde (pDAB) in
16.0 ml isopropanol and 7.0 ml perchloric acid (60%)) was added
and samples were incubated for 20 min at 60 °C. Samples were
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cooled in a room temperature water bath for 5min. The absorbance
of the solutions at 557 nm was recorded within 1 h following
cooling. A standard hydroxyproline curve was established by
dissolving 0–5 μg hydroxyproline in 1 ml deionized water and
repeating the above procedure from the step of chloramines T
addition. Hydroxyproline is an amino acid derivative exclusive to
collagen and accounts for approximately 12.5% of the total
collagen mass [40]. The average collagen content was determined
for three 4T1 and three B16.F10 tumors.

2.8. Collagen histology

Histological analysis was performed on tumor sections to
visualize the collagen content and distribution. 4T1 and B16.F10
tumors were excised from the DSCs in BALB/C and C57BL/6
mice, respectively, and fixed in 10% formalin for 24 h. Tumors
were then embedded in paraffin, sectioned at 5 μm, and stained
with a Masson trichrome solution.

2.9. Intratumoral potential distribution

The intratumoral electric potential distribution determines the
electric field, which is the driving force for in vivo electrophoresis.
The local electric fields within 4T1 and B16.F10 tumors were
mapped with a microelectrode array. The DSC coverslip was
removed from anesthetized mice secured on the custom micro-
scope stage. A 5×5 array of microelectrodes (Bionic Technologies
Inc., Salt Lake City, UT, USA) was placed at the center of the
tumor, depressed slightly into the tissue, and held in placewith clay.
This placement coincided with the approximate location at which
pDNA images were taken. The electrode array consisted of 25
glass enclosed, platinum electrodes. Total electrode length was
1 mm, with a 50 μm bare platinum tip, 2.0 μm in diameter. Inter-
electrode spacing was 400 μm. The potential at each electrode was
recorded during the application of a 100 or 400 V/cm, 20 ms pulse
using an Enhancer 400 oscilloscope (BTX). Readings at each
electrodewere taken in triplicate and averaged. A linear decrease in
potential as a function of pulse number was observed during the
course of these measurements. To compensate for this decrease in
potential, linear regression analysis was performed on the three
readings at each potential and the resulting slopes of these plots
were averaged over the 25 electrodes. This correction factor was
then applied to each potential reading as a function of pulse
number. The potential data at each location used in the isopotential
plots was the average of the three corrected readings. The potential
distribution was determined in three 4T1 and three B16.F10
tumors.

The magnitude of the electric field within a tumor was deter-
mined by linear regression analysis of the potential distribution
recorded by the array of microelectrodes. If the distribution is
uniform and unidirectional, the potential, Φ, can be fit by the
function,

U ¼ axþ by ð7Þ

where x and y are the known coordinates of the recording electrodes
and a and b are constants. Once the values of a and b were
determined numerically through linear regression analysis, the
magnitude of the electric field was calculated as the magnitude of
the potential gradient.

2.10. Numerically simulated potential distribution

A commercially available finite element software (Comsol
Multiphysics 3.2, COMSOL, Inc., Burlington, MA) was used to
determine the electric potential distribution as a function of depth
within the tumor. The concern here was possible variation in the
field strength in the experimental setup used in this study. A two-
dimensional volume conductor model of the cross-section of the
DSC was used, based on the assumed symmetry of the setup. The
geometry of the model was determined through experimental
measurements of a representative DSC model used in this study.
Since current sources existed only at the skin-electrode interfaces,
the potential distribution in the DSC was governed by the Laplace
equation,

jd J
Y ¼ �rj2U ¼ 0 ð8Þ

where J
Y

is the current density, σ is the conductivity of the
conducting medium through which the current is flowing, andΦ is
the electric potential. There were no currents across external
surfaces, i.e., the no-flux boundary condition was satisfied on these
boundaries,

n
Y
d J
Y ¼ 0 ð9Þ

where nY is the unit vector in the normal direction of the boundary.
Across all internal interfaces in the DSC, the current was
continuous, i.e., the continuous boundary condition was satisfied,

n
Y
d ðJY1 � JY2Þ ¼ 0 ð10Þ

except at the skin-anode and skin-cathode interfaces where the
potentials were set at 50 Vand 0 V, respectively. JY1 and J

Y
2 are the

current vectors on different sides of the interface that was in the
direction of nY. The conductivities of the glass coverslip and
electrodes were assumed to be 10−12 and 109 S/m respectively.
The conductivities used for the skin, connective tissue, and tumor
tissue were 0.2, 0.04, and 0.4 S/m, respectively [41].

2.11. Statistical analysis

The magnitudes of pDNA movement in all experimental
groups were tested against zero, using a 1-sample sign test with
a test mean of zero. Differences in data between any two
experimental groups were compared using the Mann–Whitney
test. All statistical calculations were performed using Minitab
statistical software (Minitab Inc, State College, PA, USA).

3. Results

3.1. In vivo Imaging of pDNA and tissue marker

Mouse DSC tumor models allowed noninvasive access to
tumor interstitium with fluorescence confocal microscopy. The



Fig. 3. Mean values of net pDNA movement per pulse, dp, in 4T1 (A) and B16.
F10 (B) tumor interstitium with an applied electric field that consisted of 10
identical pulses with 100 or 400 V/cm in magnitude and 20 or 50 ms in duration.
The interval between consecutive pulses was 1 s. The symbols represent
individual data points and the error bars represent the standard deviations of the
data (n=7).
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DSC was secured on a confocal microscope stage that allowed
simultaneous electric field application and image acquisition. A
diagram of the experimental setup is shown in Fig. 1. Images of
microinjected Rho-pDNA and YG-MS within tumor interstitium
in the DSCs were obtained using a 40× water immersion
objective. The microscope was set to a multichannel configura-
tion, with channel 1 capturing the Rho-pDNA signal, and channel
2 capturing the YG-MS signal. The images were taken in a line-
switching mode to prevent cross talk between the channels. A
representative image is shown in Fig. 2.

3.2. In vivo electric field-induced pDNA movement

The electrophoretic movement of pDNA in pulsed electric
fields was determined by comparing confocal images taken
immediately before and immediately after pulse application.
The distance of electric field-induced pDNA movement per
pulse, dp, was determined for a set of four pulsing conditions in
both 4T1 and B16.F10 tumors (Fig. 3). Under each condition,
10 identical square wave pulses were applied sequentially to
tumors, with the time interval between pulses being 1 s. The
strength and duration of pulses were 100 or 400 V/cm and 20 or
50 ms, respectively.

The magnitude of pDNA movement observed without the
application of a pulsed electric field was not significantly
different from zero in both 4T1 and B16.F10 tumors (P=0.50 for
both tumors). The magnitude of pDNA movement was
significantly greater than zero for each applied field in both
tumor types (Pb0.05 for all groups). The distances of pDNA
movement in 4T1 tumors subjected to a 100 V/cm pulsed field
were 2.4×10−2 μm and 3.3×10−2 μm for pulse duration of 20
and 50 ms, respectively. The distances were increased to
9.51×10−2 μm and 2.27×10−1 μm, respectively, when the field
strength was increased to 400 V/cm. In B16.F10 tumors, the
distances of pDNA movement subjected to a 100 V/cm pulsed
field were 4.52×10−2 and 5.05×10−2 μm for pulse duration of
Fig. 2. A representative confocal image of Rho-pDNA (red) and YG-MS (green)
in tumor tissues in the DSC in vivo. The image was acquired in a multichannel
configuration of the confocal microscope, using a 40× water immersion
objective. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
20 and 50 ms, respectively. The distances were increased to
9.93×10−2 μm and 2.23×10−1 μm, respectively, when the field
strength was increased to 400 V/cm.

The differences between the data from different groups were
compared statistically and the P-values are shown in Table 1.
With a 100 V/cm field, increasing the pulse duration from 20 to
50 ms did not result in a significant increase in electrophoretic
movement of pDNA in either 4T1 or B16.F10 tumor. However,
with a 400 V/cm field, the electrophoretic movement was
significantly increased when increasing the pulse duration from
20 to 50 ms in both tumor types. If the pulse duration was fixed
at 20 ms, increasing the field strength from 100 to 400 V/cm
resulted in a significant increase in pDNA electrophoretic
movement in 4T1 tumors, but not in B16.F10 tumors. With the
50 ms pulses, increasing the field strength from 100 to 400 V/cm
did result in a significant increase in pDNA electrophoretic
movement in both 4T1 and B16.F10 tumors. Finally, the
distances of pDNA movement were not statistically different
between 4T1 and B16.F10 tumors under any pulsing conditions
investigated.



Table 1
P-values in statistical comparisons of electric field-induced interstitial transport distances

4T1 B16.F10

100 V/cm 400 V/cm 100 V/cm 400 V/cm

20 ms 50 ms 20 ms 50 ms 20 ms 50 ms 20 ms 50 ms

4T1 100 V/cm 20 ms 1.000
50 ms 0.655 1.000

400 V/cm 20 ms 0.002 0.015 1.000
50 ms 0.002 0.002 0.002 1.000

B16.F10 100 V/cm 20 ms 0.655 0.748 0.097 0.002 1.000
50 ms 0.225 0.443 0.097 0.002 0.749 1.000

400 V/cm 20 ms 0.005 0.041 0.609 0.007 0.160 0.160 1.000
50 ms 0.002 0.002 0.007 0.798 0.003 0.003 0.015 1.000

The P-values were determined by Mann–Whitney test. The difference for each comparison of the data shown in Fig. 2 was statistically significant if Pb0.050.
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3.3. In vivo pDNA electromobility

To further compare themagnitudes of pDNAmovement within
the tumor under different pulsing conditions, the electromobility
Fig. 4. Mean values of electromobility, μ, of pDNA in 4T1 (A) and B16.F10 (B
tumor interstitium with an applied electric field that consisted of 10 identical pulses
that were 100 or 400 V/cm in magnitude, Eapp, and 20 or 50 ms in duration. The
interval between consecutive pulses was 1 s. Electromobility was calculated using
the measured pDNA movement shown in Fig. 3 and intratumoral electric field
determined in a separate experiment. Differences in the electromobility between any
two groupswere not statistically significant (PN0.05). Symbols represent individua
data points and error bars represent the standard deviations of the data (n=7).

Fig. 5. Masson trichrome staining of 4T1 (A) and B16.F10 (B) tumor sections
(5 μm in thickness). Cytoplasm and nuclei are stained pink and collagen is
stained blue. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
)

l

of the pDNAwas calculated and the results are shown in Fig. 4.
The difference in electromobility between any two groups was
statistically insignificant (PN0.05).

3.4. Collagen content

Zaharoff et al. have previously demonstrated that pDNA
electrophoretic movement in excised tumor tissues correlates
with the collagen content of the tissue [37]. To determine if this
was also the case in vivo, a hydroxyproline assay was
performed to quantify the collagen content in 4T1 and B16.
F10 tumors. The collagen contents observed in three 4T1
tumors were 4.63 μg, 4.32 μg, and 4.98 μg (mean 4.64 μg) per



Fig. 6. (A) A schematic of electrode array placement for recording of
intratumoral potential distribution. Other panels in the figure show isopotential
plots in 4T1 (B, D) and B16.F10 (C, E) tumors during the application of a 100 V/
cm (B, C) or 400 V/cm (D, E) pulse with 20 ms in duration. The label on each
isopotential plot indicates the value of electric potential. The labels of the
horizontal and vertical axes represent the coordinates of the recording electrodes
on the 5×5 electrode array. Center-to-center spacing of adjacent recording
electrodes was 400 μm.
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mg of wet tissue, respectively. The data in three B16.F10 tumors
were 3.35 μg, 3.44 μg, and 5.98 μg (mean=4.26 μg) per mg of
wet tissue, respectively. The difference in the collagen content
Fig. 7. Isopotential plot in a DSC cross-section using the data from the numerical simu
between adjacent plots is 0.5 V.
between 4T1 and B16.F10 tumors grown in DSCs was not
statistically significant (P=0.705).

Histological analysis was also performed on 4T1 and B16.
F10 tumor sections excised from DSCs. Masson trichrome
staining of the 5-μm sections revealed similar levels of collagen
content in 4T1 and B16.F10 tumors (Fig. 5). In addition, the
histological images showed a heterogeneous distribution of
collagen within individual sections. The heterogeneity might
contribute to the variations in the magnitude of electric field-
induced pDNA movement indicated by the scattering of data
points shown in Fig. 3.

3.5. In vivo electric potential distribution

The intratumoral electric potential distribution, and the
resulting electric field, were mapped in vivo using a 5×5
microelectrode array (see Fig. 6). The array, commonly referred to
as a Utah array, was depressed slightly into the center of a tumor.
The potentials at each of the 25 electrodes were recorded
sequentially when 25 identical pulses with the strength of 100 or
400 V/cm and duration of 20mswere applied. Themeasurements
were performed three times at each electrode and the average
results are reported here. Representative potential distributions
within both 4T1 and B16.F10 tumors are shown as isopotential
plots in Fig. 6. The intratumoral electric fieldswere approximately
uniform in both tumor types. The slight nonlinearities in the
isopotential plots should not drastically affect the magnitude of
driving force, i.e., the magnitude of electric field, for the
electrophoretic movement observed in this study.

The magnitudes of the electric field were determined through
a linear regression analysis of the isopotential plots obtained
with the Utah array. They were 17.9 V/cm and 200 V/cm in 4T1
tumors for the 100 V/cm and 400 V/cm applied fields,
respectively. The magnitudes in the B16.F10 tumors for the
same applied fields were 23.0 and 237 V/cm, respectively.

The electric potential distribution in the tumor implanted in a
DSC was also simulated numerically using a finite element
method. The isopotential plot in a cross section of the DSC,
which was a plane perpendicular to the skin and the parallel-
plate electrodes, is shown in Fig. 7. The plot suggested that the
electric field near the center of the tumor, where the pDNA
electrophoretic movement was measured, was approximately
uniform and predominantly in the direction of applied field.
lations. The strength of the applied field was 100 V/cm. The potential difference
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4. Discussion

We successfully adapted the experimental technique, developed
previously for ex vivo pDNAmobilitymeasurement, to quantify in
vivo electrophoresis of pDNA in electric field-mediated gene
delivery in tumor interstitium. The technique was based on the
DSCmousemodel that allowed noninvasive access to living tumor
interstitium with fluorescence confocal microscopy, and the cross-
correlation analysis that allowed quantification of average pDNA
displacement within a field of view.

Electrical parameters for in vivo DNA electrotransfer have yet
to be homogenized in the literature. In particular, pulse duration
may vary from less than 100 μs up to 50 ms and pulse strength
may vary from 10V/cm to up to 2.0 kV/cm. Both the strength and
the duration of electric pulses can affect the scale of electropho-
retic movement of pDNA. It is plausible that increasing these
parameters can enhance pDNA electrophoretic movement.
Unfortunately, increasing the energy of the applied pulses also
increases their adverse effects on tissues. Therefore, the higher
energy pulses, which may result in an irreversible cell membrane
modification [42,43], are unlikely to be suitable for clinical use.

The pulse durations of 20 and 50 ms used in this study, which
represent the longer duration pulses used in the literature, were
considered to result in the greatest degree of electric field-induced
pDNAmobility [35]. On the other hand, the in vivo mobility data
reported in this study showed that electric fields applied
transcutaneously with parallel-plate electrodes were only effec-
tive in driving pDNA over distances less than 0.25 μm per pulse,
or 2.5 μm per 10-pulse sequence. The magnitude of this
movement is insignificant in terms of macroscopic transport
within a tumor since it accounts for only one quarter of the
diameter of a single cell (∼10μm). This observation suggests that
electric fields are not a viable option for enhancing the
macroscopic distribution of pDNA within solid tumors. Other
techniques, such as intratumoral infusion [44–46], are likely to be
better choices for improving pDNA distribution within a tumor.

While the electrophoretic component of electric field-mediated
gene delivery may not play a significant role in macroscopic
pDNA movement, it may still have significant contributions to
enhancing gene delivery in vivo. Results from this study showed
that in the absence of an applied field, there was no detectable
interstitial transport of pDNA. The distance of pDNA movement
was statistically greater than zero only if a pulsed field was applied
to tumors. This observation confirmed a notion that DNA
electrophoresis was several orders ofmagnitude faster than passive
diffusion [37,38]. As a result, the interstitial electrophoresis could
effectively push more pDNA molecules towards the transient
pores in the plasma membrane of cells. While mechanisms of
cellular uptake of pDNA are still not fully understood [47–50], the
increase in extracellular transport of pDNA towards the pores
could contribute to the increased levels of transgene expression
observed in previous studies [34–36].

Previous reports have shown that electric fields are effective in
driving the movement of pDNA over a greater distance in tissue
phantoms composed of agarose gels [38]. Agarose gels are consi-
dered as accurate phantoms for tissue interstitium, as the fibrous
network formed by agarose during solidification is structurally
similar to the extracellularmatrix (ECM) in tissue interstitium. The
discrepancies between the magnitudes of electrophoretic move-
ment reported in the Ref. [38] and those reported here may be
attributed to differences in fiber spacings and local electric fields
between the phantoms and tumor tissues. We have demonstrated
that electric fields in the phantoms are significantly higher than
those in tumor tissues when exposed to the same pulsed electric
fields [51]. Furthermore, the spacings in agarose gels are likely to
be significantly larger than those in tumor ECM [3,38].

Zaharoff et al. have previously demonstrated that the
electrophoretic mobility of pDNA in 4T1 tumors, when
determined ex vivo, is significantly different from that in B16.
F10 tumors [37]. The in vivo results obtained in this study
showed no significant difference between the two tumors.
Nevertheless, the levels of electrophoretic mobility in both
studies correlated with the collagen content of the tumor. These
observations were consistent with that of the diffusion
coefficient of macromolecules in tumors, which also correlates
with the collagen content [39,52], suggesting that collagen is one
of the main barriers for interstitial transport of macromolecules.

The differences in the collagen content between the ex vivo and
the in vivo studies mentioned above might be attributed to the
different locations of tumor growth. Tumors used in the ex vivo
experimentswere harvested from the hind leg, while tumors in this
studywere from theDSC. Previous studies have shown that tumor
composition can vary with the site of implantation [53]. In
addition, the differences in the collagen content might be due to
different stages of tumor growth. In the ex vivo study, tumors were
excised when they reached ∼10 mm in diameter. In this study,
tumors were used when they were 3–4 mm in diameter.

The local electric field was mapped in vivo in mouse DSCs in
this study. The results demonstrated that the electric fields, which
were the driving force for pDNA movement, were approximately
uniform in the central region of tumors where the electrophoretic
mobility was measured. The slight nonlinearity observed in the
isopotential plots in both tumors shown in Fig. 6might be attributed
to inhomogeneities in tissue structures, as shown in histological
examinations (see Fig. 5). A common trend observed in the
isopotential plots shown in Fig. 6 was that the nonlinearity was a
function of the tissue structure but not the magnitude of the applied
field. Results from the numerical simulations also demonstrated
little variation in the electric field as a function of depth in the
central region of the tumor (see Fig. 7). The intratumoral electric
field will not be uniform if the external electric field is applied
through needle electrodes [54,55].

The intratumoral electric fields mapped in the central region
were approximately 20% of the applied field at 100 V/cm in both
tumors and increased to approximately 55% of the applied field at
400 V/cm. The increase was mainly due to electric field-induced
reduction in the total electrical resistance of skin and electrode-
tissue interface [51]. To further increase the electric field in tumors,
one can improve the connection between tissue and electrodes to
reduce the interface resistance and treat the skin to reduce its
electric resistance [56,57] or use internal electrodes to bypass the
skin.

Previous studies using agarose gel as a interstitium phantom
showed an increase in electromobility with increasing either pulse
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duration or pulse magnitude [38,58]. These dependences were
attributed to the sievingmechanism of the agarose fibermatrix and
the necessity of the DNA molecule to be deformed to an extent
before it was able to reptate through the matrix. It was expected
that the collagen fibers of the ECMwould have a similar effect on
DNA transport in vivo. However, the in vivo findings reported
here appeared to contradict these previous findings as they showed
that the dependences of electromobility on pulse magnitude and
pulse duration of the applied field were statistically insignificant.
The pulse duration and pulse magnitude only affected the ranges
of data within the same experimental groups (see Fig. 4).

As a possible explanation for the above observations, the
magnitude of pDNAmovement observed in the 100 V/cm applied
field may represent the initial movement of the molecule from its
post injection site to its first encounter with a physical obstacle
(i.e., cell or ECM) in tissues. The applied field of 100V/cm, which
yielded intratumoral electric fields of 17.9 and 23.0 V/cm in 4T1
andB16.F10, respectively, may not have been sufficient to deform
the pDNA to the extent necessary to pass through the pores in the
interstitium. This mechanism of DNA transport has been
demonstrated in an agarose gel [58], suggesting that pDNA
electrophoresis is relatively unhindered over approximately 250
and 500 nm distances in 4T1 and B16.F10 tumors, respectively.
When the magnitude of electric field was increased to 400 V/cm,
the intratumoral fields were increased to 200 and 237V/cm in 4T1
and B16.F10, respectively, which were likely to be sufficient to
allow pDNA to pass through the pores in the interstitium. As a
result, the distances of pDNA movement increased significantly
with increasing the pulse duration in both tumors.

In summary, this study provides the first known, direct
quantification of electric field-induced interstitial transport of
pDNA in vivo in tumors. The results showed that the magnitude
of the transport, induced by a sequence of ten electrophoretic
pulses commonly used in electric field-mediated gene delivery,
was insufficient for DNA to move macroscopically through
tissues. However, the magnitude of the movement was
significantly greater than that observed in the absence of an
applied electric field. Induced transport at this magnitude may be
critical for local movement of pDNA from the interstitial space
to the transient pores in the plasma membrane of electro-
permeabilized cells. To induce greater macroscopic movement
of pDNA, additional methods must be developed to overcome
transport barriers in tumor interstitium.
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