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A B S T R A C T

In vivo gene electro transfer technology has been very successful both in animal models and in clinical tri-
als over the past 20 years. However, variable transfection efficiencies can produce inconsistent outcomes.
This can be due to differences in tissue architecture and/or chemical composition which may effectively
create unique biological environments from subject to subject that may respond differently to the identi-
cal electric pulses. This study investigates the integration of impedance spectroscopy into the gene electro
transfer process to measure murine skin impedance spectra before, during (after pulse delivery), and after
gene electro transfer pulse application to determine if changes in impedance correlate with reporter gene
expression. Both post-treatment impedance spectra and gene expression were dependent upon the applied
electric field strength. These results indicate that alterations in tissue impedance produced by the applied
electric field represent an excellent parameter to predict degrees of transfection and gene expression. These
results could ultimately be used to alter pulsing parameters in order to optimize delivery/expression.

© 2017 Published by Elsevier B.V.

1. Introduction

The origin of pathologies associated with aberrant genes has been
studied extensively [1–6]. It is now accepted that both inherited
and acquired genetic mutations are culpable for many chronic dis-
eases. Technologies with the ability to deliver correctly sequenced
genes encoding properly functioning proteins into cells provide an
excellent opportunity for the treatment of pathologies caused by
DNA mutations that produce absent or non-functioning proteins.
However, delivering nucleic acids through cell membranes poses a
challenge. Nucleic acid constructs, such as plasmid DNA (pDNA) and
small interfering RNA (siRNA), are orders of magnitude larger than
most drugs and possess copious negative charge making the translo-
cation of extracellular nucleic acids across the plasma membrane
unlikely under normal conditions [7,8]. To this point, a great demand
exists for technology to address this obstacle if medicine is to harness
the advantages of gene-based therapies.
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An electric field mediated gene delivery method referred to as
gene electro transfer (GET) has emerged as a formidable technique
allowing for the potential of gene-based therapies to be realized.
During GET, it is proposed that electric field pulses temporarily per-
meabilize the cell membrane facilitating exogenous DNA uptake [9].
Recently, impedance spectroscopy has been utilized the character-
ize the electrical properties of biological tissue [10–12]. Changes
in tissue and/or cell impedance may indicate changes in the mem-
brane permeability induced by GET [9,13-15]. This work supports the
integration of impedance spectroscopy into GET methods as a way
to significantly enhance the probability that gene delivery occurs
by optimizing the number of electric field pulses to target opti-
mum membrane permeability. Real time use of tissue impedance
measurements can be used to decide whether more electric field
pulses are required to maximize gene delivery. In order to it vali-
date the potential of this method it is necessary to juxtapose/assess
the efficacy of GET with other methods that have contributed to gene
delivery/therapy research.

An array of technologies exist for enhancing the intracellular
delivery of nucleic acids broadly classified as either viral or non-viral
methods. Viral methods employ live viruses to transfect host cells
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with a gene of interest. This is accomplished with great efficiency
but also with safety concerns. Many viral vectors randomly integrate
their genome into the host genome increasing the risk for inser-
tional mutagenesis and subsequent malignant transformation [16].
Other viral vectors target specific regions of the host genome for inte-
gration but with a limited payload capacity for exogenous nucleic
acids [17–19]. Although effective, viral vectors raise safety con-
cerns associated with their immunogenicity. Natural exposure to
viruses over time engenders immunity to their components. These
same viruses often induce immune responses when used to deliver
genes [20,21].

Non-viral methods utilize physical or chemical processes to
induce gene delivery. Chemical methods that use liposomes and
cationic surfactants that encapsulate pDNA exhibit relatively lower
transfection efficiencies and cell viability [22,23] compared to viral
methods. Chemical methods often involve a systemic distribution of
therapeutics that may lead to unwanted gene expression in untar-
geted cells [24]. There are a collection of different methods for
delivering pDNA including single cell laser cutting [25], mechanical
perturbation via ultrasonic treatment [26,27], biolistic transfection
(gene gun) [28], magnetic fields [29], and electric fields [30–32].
Unlike chemical methods, physical methods do not require expo-
sure to chemicals. Physical and chemical methods produce transient
transfection only with periodic treatments required to maintain high
expression levels of the encoded protein.

Gene electro transfer, the application of electric fields to tissue,
represents a physical method that relies upon the membrane per-
meabilizing effect of electric pulses/fields [9,33-39]. When a specific
electric field is employed to deliver genes, extracellular nucleic acids
pass through the membrane via a mechanism that is not clearly
understood [40,41]. These genetic constructs translocate to the
nucleus where the gene expression process begins. Permeabilizing
electric fields are established by applicators containing electrodes
in direct contact with the target tissue. Typical electrode spacing
requires the delivery of electrical pulses on the order of tens of volts
for hundreds of milliseconds to attain field strengths between 100
V/cm and 200 V/cm [42,43]. These electric fields generated in the
skin cause ions in the local extracellular space and within cells to
collect on the inner and outer leaflets of cell membranes similar to
the charging of a capacitor [44]. As the ions accumulate, the trans-
membrane potential eventually reaches a breakdown voltage of the
insulating phospholipid bilayer resulting in current flow through
the membrane and permeabilization [45,46]. Rearrangements in
cell membrane structure following permeabilization provide new
pathways for current resulting in measurable changes in electrical
conductivity. Changes in conductivity can therefore be used to indi-
cate when changes in membrane permeability occur [47–50]. Such
changes in tissue conductivity and capacitance allow impedance
spectroscopy to be used as a tool for quantifying changes in the
electrical characteristics of cells/tissue as a result of gene electro
transfer [9,10,12-15,47,51-53].

Current in vivo electro transfer treatment protocols typically
apply a fixed set of pulses to the tissue to obtain gene delivery.
The pulse characteristics (field strength, pulse duration, number
of pulses, etc.) are typically empirically derived based upon mean
responses from preclinical studies. When determining these opti-
mal parameters, there is currently no method available to account
for differences between individuals with respect to chemical envi-
ronment and tissue architecture. Similarly, empirical approaches
do not permit the ability of real time alterations of pulse parame-
ters in response to any measured parameter (such as impedance or
conductivity changes in the tissue) during electrical treatment nor
do they provide any indication of successful gene delivery. Thus,
any differences in chemical environment and/or tissue architecture
will result in large variations in gene delivery thereby decreasing
the reliability and clinical relevance of this gene delivery method.

Although gene electro transfer has been successful and will likely
have many applications in the near future, it is likely that it can be
ultimately improved by measuring changes in electrical properties
during gene electro transfer. This paper reports on research efforts
to identify impedance spectra characteristics of tissue that correlate
with successful gene delivery.

2. Methods

2.1. Hardware

The electric field delivery instrumentation hardware includes
thirty-two (32) isolated solid state relays within a single National
Instruments (NI) SCXI-1163R module housed in a NI SCXI-1000
chassis. The module is controlled by an NI SCXI-1600 USB Data
Acquisition and Control Module (200 kS/s). Sixteen of the relays
were connected to the positive terminal while the other sixteen
relays were connected to the ground terminal of a high voltage
power supply (Glassman High Voltage Inc., PS/EW02R300-115).
Impedance spectroscope was created from a National Instruments
(NI) USB-6361 multifunction input/output card that generated a
multi-frequency sine analog voltage reference signal buffered by
a unity gain high-bandwidth amplifier (Linear Technology LT1358)
rated to drive capacitive loads. The differential voltage across and
current flowing through the tissue was buffered (LT1359) and
measured by a pair of instrumentation amplifiers (LT1995) before
being recorded by the analog input channels of the USB-6361.
The sampling rate for both the reference signal generation and
voltage/current measurements was 1 MHz. The electric field gen-
eration and impedance measurement instrumentation were com-
bined into a single composite instrument system that permitted
impedance spectra to be obtained before and/or after electric field
pulses were applied using the same electrode array. This arrange-
ment assured that the electric field and the impedance measurement
occurred in the same tissue region. This was achieved through the
use of a series of high-voltage reed relays (Cynergy3 DAT71210)
that were used to rapidly connect/disconnect the high voltage pulse
delivery instrument and the low voltage impedance measurement
portion of the instrument. All devices were connected to a laptop
computer and controlled via a custom NI Labview 2013 application.

2.2. Applicator and pulsing sequences

Pulsed electric fields were applied and impedance measurements
were made using a direct contact multielectrode array (MEA) appli-
cator, shown in Fig. 1A, constructed with sixteen gold-plated 0.54
mm diameter flat bottom electrodes (100039-025-958, Interconnect
Devices). The electrodes were spaced 2.5 mm apart center to cen-
ter creating a square geometry with a side length of 8.0 mm. This
array created nine 2.5 mm by 2.5 mm square spaces between elec-
trodes with each spacing referred to a sector of treated tissue. Each
electrode in this MEA applicator was spring loaded which allowed
the tips to conform to differences in animal skin topology ensuring
electrodes were in good contact with tissue [21,42,43].

Treated animals received DC pulses 150 ms in duration with a
500 ms interval between pulses. Fig. 1B shows a schematic of elec-
trode placement on the skin of the animal and also numerically
identifies each electrode (1–16) and sector (S1–S9). Electric pulsing
and post-pulse impedance measurements were conducted in each
sector sequentially (S1 through S9). For example, the first pulsing
sequence was executed in sector 1 (S1) with the following pattern:
four pulses with electrodes 1 and 5 positive potential and electrodes
2 and 6 ground. Next, four pulses were applied with electrodes 1
and 2 positive and electrodes 5 and 6 ground. Immediately after
pulsing S1, impedance measurements were made in this sector using
the same horizontal then vertical sequence as was used for pulsing.
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Fig. 1. (A) Image of multielectrode array, (B) schematic of electrodes (1–16) with sector labels (S1–S9) numbering sets of 4 electrodes. Dashed line is an indicator of the
approximate relative size of the intradermally injected bolus of DNA centered around electrodes 6, 7, 10, and 11.

Then, the system moved to sector 2 (S2) to start the eight pulses in
this sector followed by impedance measurements. Each subsequent
sector, S3–S9, was treated in the same manner. Impedance was mea-
sured for all sectors (both horizontally and vertically) immediately
before the first voltage pulse in S1 to provide prepulsed values for
comparison.

2.3. Impedance measurement

As indicated above, the MEA applicator was used for both
the application of electric fields for gene electro transfer and for
impedance measurements. The impedance spectroscope generated
a 1 V amplitude continuous sine wave excitation signal contain-
ing linearly spaced frequencies from 10 Hz to 100 kHz with a total
duration of 25 ms. This 25 ms duration signal began 50 ms after
the eighth (last) pulse in each sector. Once the voltage and current
waveforms were collected, the Fourier transform of both waveforms
was calculated using the Fast Fourier Transform (FFT) algorithm with
a rectangle window implemented in NI Labview 2013 expressed as
frequency dependent complex numbers (FV (y) and FI (y) respec-
tively). The magnitude of the impedance |Z(y)| was calculated as
the ratio of magnitudes of FV (y) relative to FI (y) while the phase
of the impedance (0Z) was calculated as the phase of FV (y) (0V)
relative to FI (y) (0I). Prior to any animal impedance spectroscopy
measurements, the impedance spectrum of the MEA applicator elec-
trodes were shorted and impedance measurements acquired for all
sectors. The contribution to the instrumentation spectra for each sec-
tor was then subtracted from all subsequent spectra obtained from
tissue.

2.4. Treatment

Mixed sex BALB/c mice (Charles Rivers) 8–10 weeks of age were
used for this study. The right flank of each animal was shaved 48 h
prior to DNA delivery using standard animal clippers. Immediately
before treatment, animals were anesthetized in an induction cham-
ber that was continuously supplied with a 2.5% isofluorane/97.5%
oxygen mixture (Caliper Life Sciences). Once anesthetized, individual
animals were removed from the induction chamber and kept anes-
thetized under the same 2.5% isofluorane in oxygen mixture attached
to a standard scavanged rodent nose cone. Also, animals rested
on a warming pad to maintain body temperature during delivery
procedures.

Nine different animal treatment groups were established to eval-
uate both the utility of impedance data for predicting the enhanced
delivery of luciferase plasmid to murine skin and the impact the
low voltage impedance measurement process had on delivery. One

treatment group was an untreated control group which received
neither an applied electric field treatment nor a pDNA injection.
A second group received pDNA only (DO). Five treatment groups
received pDNA followed by electric pulses and also had impedance
measurements taken before, during and after electrical treatment
(DEI). These 5 groups varied only in the applied electric fields which
were 50 V/cm, 100 V/cm, 150 V/cm, 200 V/cm and 250 V/cm.
The remaining two groups received pDNA and electric pulses (DE)
and did not have impedance measurements taken. These received
electric fields of 150 V/cm and 200 V/cm. DNA was administered
intradermally as a bolus injection by a 1 cm3 syringe and 30 gauge
needle (BD). Each injection contained 50 lL of gWiz Luciferase pDNA
(Aldevron) at a concentration of 2 mg/mL, resulting in a total of
100 lg/injection.

2.5. Biological response, quantification, and statistical analysis

Expression was quantified from luminescence produced by the
oxidation of luciferin by the expressed reporter gene luciferase. Each
animal was anaesthetized, as describe above, and given a 200 lL
intraperitoneal injection of D-luciferin at 15 mg/mL (Gold Biotech-
nology Inc.). Animals, remained anaesthetized for 15 min to allow
luciferin to diffuse to the treatment site and provide enough time
for luciferin luminescence to reach a maximum. Animals were then
placed into a Xenogen IVIS 200 series imaging system (Caliper Life
Sciences) and radiance (photons/s) was measured over a 10 second
exposure time. This procedure was used to collect luminescence data
at 2, 4, 7, 10, 14 and 30 days post-treatment. Once all data was col-
lected, the mean radiance and standard error of the means for each
group at all time points were calculated. Comparison of radiance
between groups to determine statistical significance was performed
using a single-tailed Student’s t-test at a 95% confidence level.

3. Results and discussion

3.1. Gene expression

Fig. 2 shows luciferase luminescence data for a representative
animal for all DO (pDNA only) and DEI (pDNA, electric field pulses,
and impedance measurements) groups 14 days post-treatment.
Radiance of the control group that did not receive plasmid injections
or exposure to electric fields was taken to determine background
luminescence. As expected, pDNA expression increased with increas-
ing field strength for fields below 250 V/cm in which the amount
of expression was less than that of 100 V/cm but still greater than
the DNA only animals. Measurable expression of luciferase in the DO
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Fig. 2. Xenogen images showing luciferase luminescence at day 14 for one representative animal from each of the following groups: (A) DO group, (B) DEI-100V/cm group, (C)
DEI-150V/cm group, (D) DEI-200V/cm group, and (E) DEI-250V/cm group.

group was expected as there is typically some uptake of plasmid by
cells at the injection site.

Fig. 3 shows mean luciferase luminescence data for all DO and DEI
groups at 2, 4, 7, 10, 14, and 30 days post-treatment. As expected,
these levels remained constant throughout the duration of the exper-
iment. Luciferase expression levels of the DO, DE (not shown), and
DEI groups reached a maximum on day 14 and decayed to back-
ground levels by day 30. However, expression levels were near
maximum at day 2 for all groups. Biological response (luciferase
levels) generally increased as field strength increased, suggesting a
greater degree of membrane permeabilization and/or DNA uptake
as field strength was increased. A field of 200 V/cm produced the
highest expression levels. However, skin treated with a 250 V/cm
field (highest field) produced the lowest luciferase expression lev-
els. These were above the levels of the DO group which may have
indicated that a portion of cells were irreversibly permeabilized

Fig. 3. Mean luciferin luminescence for all groups at 2, 4, 7, 10, 14, and 30 days post-
treatment with representative error bars showing the standard error of the mean for
DO groups (�) and DEI groups exposed to 100 V/cm ( ), 150 V/cm (�), 200 V/cm (�),
250 V/cm (�).

resulting in cell death. Further evidence of this was based upon
macroscopically observable damage to skin including small lesions
which ultimately formed scabs. Lower field strength groups had no
observance tissue damage.

The radiance levels of the DEI groups where highest at day two
relative to the DO group. Animals exposed to 200 V/cm had the
greatest increase in expression levels as indicated by the means and
associated single-tail t-test p-value presented in Table 1. The great-
est relative expression levels were produced with a field strength
of 200 V/cm which exhibited a 5 fold increase in mean radiance
relative to DO group at day two and dropped to 2.36 fold by day
14. The relative expression levels for 100 V/cm and 150 V/cm field
strengths produced relative radiance levels on day two that were
3.13 and 2.9 folds higher than DO group respectively. The 200 V/cm
group had statistically higher expression levels over the DO group for
14 days post-treatment (p=0.0113). The 200 V/cm group demon-
strates the highest level of DNA transfection as seen in both the
magnitude and duration of radiance values relative to the DO group.
Impedance pulses where shown to have no statistically significant
effect (p values greater than 0.1 at all time points in a two-tailed
t-test) on radiance levels. This was expected as the electric fields
(0.25 V/cm) generated from low voltage impedance measurements

Table 1
Mean luciferin luminescence for all groups at 2, 4, 7, 10, 14, and 30days post-
treatment.

Mean luciferin luminescence/×108Us−1

Group Day 2 Day 4 Day 7 Day 10 Day 14 Day 30

Injection only 0.89 0.98 1.16 1.91 2.3 1.5
DEI-100 V/cm 3.13∗∗∗ 2.81∗∗ 3.73∗∗ 3.39* 4.05 1.57
DEI-150 V/cm 2.88∗∗∗ 2.83∗∗∗ 3.57∗∗ 3.85∗∗ 4.41∗∗ 2.31
DEI-200 V/cm 4.54∗∗∗ 2.94∗∗∗ 5.03∗∗ 4.51∗∗ 5.42* 1.39
DEI-250 V/cm 1.71* 1.65* 2.53* 2.54 3.17 1.21
DE-100 V/cm 2.17∗∗ 2.44∗∗ 2.69∗∗ 3.26* 3.58* 1.78
DE-200 V/cm 3.29∗∗∗ 3.37∗∗∗ 3.03∗∗∗ 3.3* 3.91* 1.37

n = 12 animals for all groups.
∗ sig. at p ¡ 0.05.

∗∗ sig. at p ¡ 0.01.
∗∗∗ sig. at p ¡ 0.001.
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Fig. 4. Nyquist plot for a single representative animal in the 200 V/cm (A) before and (B and C) after electric field for sectors S1, S4, S5, and S9. See Fig. 1 for sector locations.

were not likely to contribute to DNA uptake. The non-intrusive, label-
free nature of low voltage impedance pulses are ideal for real time
electrical characterization without interfering with the biological
process(es) being studied.

3.2. Impedance spectroscopy

A Nyquist plot for representative impedance measurements for
several representative sectors (S1, S4, S5, and S9 of the 16 pin
array, see Fig. 1) both before and after electric fields (EF) for a sin-
gle animal in the 200 V/cm group is shown in Fig. 4. The before
EF Nyquist curves shown in Fig. 4A exhibit the same characteristic
semicircular shape indicative of a parallel RC circuit model for cell
membranes [54] and only differ by minor changes in tissue electri-
cal properties and measurement noise. The after EF Nyquist curves
shown in Fig. 4B show a dramatic decrease in the magnitude and
shape of impedance relative to skin that had not yet been treated
with electric pulses. In addition, the after EF Nyquist curves shown
in Fig. 4C are dramatically different between each sector with sector

S1 showing the smallest change in impedance and sectors S5 and
S9 showing the largest changes in impedance behavior. The Nyquist
curves for sectors S1 (top-left sector, first to be receive EF) and S4
(top-middle sector) shown in Fig. 4C also exhibit the semicircular
shape predicted from the parallel RC circuit model (as seen in the
before EF curves for all sectors) but with decreased resistance and
capacitance. However, the Nyquist curves for sectors S5 (central sec-
tor) and S9 (bottom-right sector, last to receive EP) show a marked
deviation from the semicircular shape of a parallel RC circuit.

Fig. 5 shows the magnitude of impedance as a function of fre-
quency for representative impedance measurements for all sectors
both before and after EF for a representative animal in the 200 V/cm
group. Similar to the Nyquist plots in Fig. 4, the before EF curves all
follow the same shape. However, the variations in tissue impedance
are more apparent such that the magnitude of impedance for sector
S1 is higher than that of all other sectors for all frequencies while
the impedance of all other sectors are relatively close to each other
for the before EF curves. Fig. 5 shows the after EF magnitude of
impedance for all sectors with sectors S1, S4, and S7 having similar

Fig. 5. Impedance magnitude versus frequency before (circles) and after (triangles) electric field for all sectors for a representative animal exposed to 200 V/cm pulses in the DEI
group. See Fig. 1 for sector locations.
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shape while all other sectors follow a different shape. A probable
explanation for this is that effect previous electric fields generated
in earlier sectors have on initiating the membrane permeabilization
mechanism in cells in adjacent sectors. This may explain why sec-
tor S5 has the lowest impedance magnitude for all frequencies as
sector S5 experiences the highest number of previous electric field
exposures.

Comparing changes in impedance for each sector is complicated
by the spatial differences in tissue impedance as seen in the before
EF Nyquist curves in Fig. 4A and impedance magnitude curves in
Fig. 5. To compare changes in impedance in different sectors before
and after EF, the mean ratio of impedance magnitude after EF rela-
tive to before EF for DEI groups with field strengths of (A) 100 V/cm,
(B) 150 V/cm, (C) 200 V/cm, and (D) 250 V/cm is shown in Fig. 6.
For all field strengths shown in Fig. 6, the mean ratio of impedance
after EF relative to before EF is well below 1.0 for many frequencies.
The range of frequencies corresponding to mean impedance magni-
tude ratios less than or equal to 1.0 increased with field strength. This
mean ratio being below 1.0 can be easily explained by impedance
being dominated by resistance at low frequencies with the after EF
resistance expected to be lower than that before EF due to new cur-
rent pathways through cell membranes [47,52]. However, the mean
ratio of impedance magnitude after EF relative to before EF is greater
than 1.0 at high frequencies in all sectors for both 100 V/cm and
150 V/cm and several sectors in 200 V/cm and 250 V/cm. Since
impedance is inversely proportional to capacitance, a mean ratio of
greater than 1.0 at high frequencies may be due to the capacitance
after EF being lower than the capacitance before EF.

The shape and value of the mean ratio of impedance magnitude
after EF relative to before EF shown in Fig. 6 are extremely different
both qualitatively and quantitatively. First, the 100 V/cm samples
(Fig. 6A) had a much smaller range of frequencies in which the mean
ratio was less than 1.0 than the 250 V/cm group (Fig. 6D). Second,
the general shapes of the 100 V/cm curves (Fig. 6A) for each sector
were overtly different than those of the 250 V/cm curves (Fig. 6D)
with the exception of sectors S4 and S7. These differences may be
explained by the presence of cell death in the 250 V/cm group as
indicated by the reduced luciferase expression levels shown in Figs. 2
and 3 as well as observed tissue damage in these animals. However,

the mean ratio curves for sectors S4 and S7 for the 250 V/cm group
were similar in shape and value to those at the lower field strengths.

Fig. 6B shows the mean ratio of impedance magnitude for all fre-
quencies after EF relative to before EF for all animals in the 150 V/cm
group while Fig. 6C shows analogous data for the animals treated
with 200 V/cm. The shape of the mean ratio of impedance magni-
tude after EF relative to before EF is similar for the 150 V/cm and
200 V/cm groups while the values for the 200 V/cm group are gener-
ally less than those of the 150 V/cm group. In addition, the range of
frequencies in which the mean ratio is less than 1.0 is greater for the
200 V/cm group relative to the 150 V/cm group. These differences
may be explained by increased luciferase expression levels in the
200 V/cm group relative to the 150 V/cm group indicating more suc-
cessful DNA uptake as shown in Figs. 2 and 3. Differences in the shape
and the range of frequencies corresponding to a mean impedance
magnitude ratio less than 1.0 between sectors may be due to unequal
exposure of sectors to electric fields, a result of sector spacing, pulse
timing, and/or pulse sequence.

The mean ratio of impedance magnitude after electric field (EF)
relative to before EF data presented in Fig. 6 cannot be directly cor-
related with the luciferase luminescence biological response data
presented in Figs. 2 and 3 as the biological response of each sector
cannot be extracted from the overall biological response due to the
spatial resolution limitations of the Xenogen measurement. How-
ever, the mean overall ratio of impedance magnitude for all nine
sectors and frequencies for all DEI groups (twelve animals per group)
presented in Fig. 7 allows for direct comparison to the biological
response data in Figs. 2 and 3. Both sets of data are measures of over-
all/average response throughout the entire regions of tissue affected
by the gene electro transfer protocols tested. Similar to the results
discussed in Fig. 6, Fig. 7 shows both the mean ratio of impedance
magnitude and number of frequencies in which the ratio less than
1.0 increases with increasing field strength. Although the mechanism
of DNA uptake in gene electro transfer processes and its effect on
the impedance spectra of tissue after experiencing an electric field is
not well understood, the mean overall ratio of impedance magnitude
presented in Fig. 7 can be used as a template to generate a desired
level of gene delivery when combined with the gene expression data
presented in Figs. 2 and 3. For example, since the 200 V/cm group

Fig. 6. Mean ratio of impedance magnitude at all frequencies after electric field relative to before electric field for DEI groups with field strengths of (A) 100 V/cm, (B) 150 V/cm,
(C) 200 V/cm, and (D) 250 V/cm (twelve animals per group). See Fig. 1 for sector locations.
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Fig. 7. Mean overall ratio of impedance magnitude over all nine sectors at all frequen-
cies after electric field relative to before electric field for all DEI groups (twelve animals
per group).

demonstrated the maximum level of gene expression in this study,
the 200 V/cm mean overall impedance magnitude ratio curve pre-
sented in Fig. 7 may be used as a target to generate optimum gene
expression in a four by four pulsing gene electro transfer protocol.

4. Conclusion

The current state-of-the-art for optimizing in vivo gene elec-
tro transfer through membrane permeabilization in different tissues
has historically employed a trial and error approach. The goal of
this study was to determine whether changes in tissue impedance
correlate with biological responses and thus indicate successful
membrane permeabilization and subsequent gene transfer. Exper-
imental results showed a strong relationship between the change
in impedance magnitude with both field strength and biological
response indicating that tissue impedance is an excellent indica-
tor of membrane permeabilization and subsequent transfection. The
effect of low voltage impedance measurements before and after the
application of an electric field was also evaluated to identify any
significant contribution to membrane permeabilization. Considering
that a 200 V/cm field strength was required to produce peak expres-
sion, it was not expected that a 0.25 V/cm impedance field would
significantly increase or improve DNA uptake. Experimental results
showed this to be true as there was no statistically significant dif-
ference in the biological response between DE and DEI groups of the
same field strength. Results also revealed differences in the mean
ratio of after electric field relative to before electric field impedance
magnitudes with respect to frequency between sectors. This may be
due to an unequal stimulation of sectors by electric fields from adja-
cent sectors and the timing in which this occurs. The distribution of
impedance magnitude after EF relative to before EF versus frequency
revealed interesting differences between impedance changes in dif-
ferent sectors underscoring the significance of pulse timing and how
this relates to membrane permeabilization kinetics. A deeper exam-
ination of pore kinetics may provide insight into the pulse timing
and sequence necessary for producing controlled DNA uptake in all
sectors.

This research correlated identified tissue response impedance to
membrane permeabilization via gene expression. Future work will
identify changes in dynamic electrical parameters to be used in opti-
mizing gene electro transfer algorithms in an attempt to target and
maintain the distribution of the ratio of impedance magnitudes after
EF relative to before EF versus frequency within a desired range sim-
ilar to the 200 V/cm group shown in Fig. 6C. Parameters such as field

strength, pulse number, frequency, and duration will be considered.
This may obviate protracted trial and error methods and allow for the
desired level of gene delivery obtained per application. Future efforts
will also attempt to identify the impedance change that correlates
with irreversible permeabilization and subsequent cell death.
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