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Intratumoral electroporation of plasmid DNA encoding the proinflammatory cytokine interleukin 12 promotes
innate and adaptive immune responses correlating with anti-tumor effects. Clinical electroporation conditions
are fixed parameters optimized in preclinical tumors, which consist of cells implanted into skin. These conditions
have little translatability to clinically relevant tumors, as implantedmodels cannot capture the heterogeneity en-
countered in genetically engineeredmouse models or clinical tumors. Variables affecting treatment outcome in-
clude tumor size, degree of vascularization, fibrosis, and necrosis, which can result in suboptimal gene transfer
and variable therapeutic outcomes. To address this, a feedback controlled electroporation generator was devel-
oped, which is capable of assessing the electrochemical properties of tissue in real time. Determination of
these properties is accomplished by impedance spectroscopy and equivalent circuitmodel parameter estimation.
Model parameters that estimate electrical properties of cell membranes are used to adjust electroporation pa-
rameters for each applied pulse. Studies performed in syngeneic colon carcinoma tumors (MC38) and spontane-
ous mammary tumors (MMTV-PyVT) demonstrated feedback-based electroporation is capable of achieving
maximum expression of reporter genes with significantly less variability and applied energy. These findings rep-
resent an advancement to the practice of gene electro-transfer, as reducing variability and retaining transfected
cell viability is paramount to treatment success.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Electroporation (EP) is a process used to deliver membrane-
impermeant molecules to cells through the application of pulsed elec-
tric fields. It is hypothesized that increased permeability is the result
of dielectric breakdown of cell membranes. This phenomenon is ob-
servedwhen the transmembrane voltage is raised above a threshold re-
ported between 200mVand 1V (Kinosita and [16,19]). Traditionally, EP
parameters are optimized through iterative experiments that investi-
gate the effects of electric field strength, pulse duration, and number
of applied pulses on the delivery of exogenous molecules
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[10,11,15,18]. As tissue heterogeneity affects the distribution of electric
fields [7], we hypothesize that fixed EP parameters, optimized in rela-
tively homogeneous tumors, can result in suboptimal gene transfer,
when treating tumors in the clinical setting.

A potential solution for suboptimal gene transfer caused by fixed EP
parameters is characterization of tissues using electrochemical imped-
ance spectroscopy (EIS). This technique measures electrical responses
of a tissue over a range of interrogation frequencies. Collected data is
then fit to equivalent circuitmodels to elucidate the electrical properties
of the tissue. Early EIS experiments focused on developing models for
single cell characterization. A model commonly used for this purpose
is shown in Fig. 1A. This circuit models the intra- and extracellular envi-
ronment as resistive elements, RI and RE respectively, and the cell mem-
brane as a capacitive element, CM [6].

Advances in EIS techniques have shown complexmulticellular envi-
ronments, such as tissues, can be effectively modeled with an array of
interconnected electrical circuits that correspond to individual cells.
These advanced models substitute the capacitive membrane element,
used in single cell models, with a constant phase element (CPE) that ac-
counts for the spatial distribution of electrical elements [12]. A CPE
model commonly used to represent tissue is shown in Fig. 1B. Parame-
ters associated with the CPE element are QM and α. The CPE parameter
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Fig. 1. Circuit models used to represent cells and tissues. (A) Equivalent circuit model for
representing a single cell in suspension, (B) CPEmodel used to represent tissue, and (C) a
simplified CPE model used to represent tissue.
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QM is the charge storage capacity of cellmembranes throughout the net-
work equivalent circuits and has units of (farads) × (sec)α−1, where the
parameterα is a dimensionless quantity that takes on a value between 0
and 1. The CPE circuit model can be represented in the time-domain as:

iM tð Þ ¼ QM
d∝

dt∝
vm tð Þ½ �; ð1Þ

where iM(t) is the CPE current in units of A, vm(t) is the CPE voltage in
units of V, t is time in units of s, and dα/dtα is the fractional-order deriv-
ative of order α.

The evolution of EIS-based parameters before and after the applica-
tion of EP pulses has been shown to improve both diagnostic and gene
delivery approaches. An EIS-based technique was first used as a diag-
nostic metric for monitoring irreversible EP in rat liver [8,14]. In addi-
tion, EIS has been used to distinguish between reversible and
irreversible EP in murine fibrosarcomas in vivo [13]. Studies performed
on ex vivo lung and tumor tissue showed impedance changes are
measureable following EP, indicating electrical changes may be used
as an indicator of successful EP [3,17]. Recently, changes in the magni-
tude of impedance have been used as a control parameter for stopping
the EP process to improve the delivery of plasmid DNA in skin [1].
These studies provide fundamental evidence that EIS can be used to
control and assess EP, but still rely on conditions optimized in homoge-
neous tissues.

Development of equivalent circuit models capable of accurately
fitting a range of tissues, irrespective of heterogeneity, is critical to the
development of a highly-controlled EP system. The ability to estimate
bulk tissue properties during treatment enables EP pulse durations to
be set in real time using a multiplier of the bulk tissue time constant.
As charge saturation from an applied electric field occurs in capacitive
elements when five or more multiples of the equivalent circuit time
constant is applied, it was assumed this would result in a higher degree
of transfection. For the CPE-based equivalent circuit model in Fig. 1B the
impedance, Z in units of ohms, has been shown to be

Z j2πfð Þ ¼ RIRE

RI þ RE
þ

RE−
RIRE

RI þ RE

1þ j2πf RI þ REð ÞQM½ �1α
h iα ð2Þ

where f is frequency in Hz and j ¼
ffiffiffiffiffiffiffiffi
−1

p
is a dimensionless constant

[12]. In tissues the observed resistance of the intracellular environment
is orders of magnitude less than the resistance of the extracellular envi-
ronment allowing for the approximation RE≫ RI of Eq. (2) and simplify-
ing to arrive at,

Z� j2πfð Þ ¼ lim
RI=RE→0

Z j2πfð Þ ¼ RI þ 1
QM j2πf½ �α : ð3Þ

The corresponding circuit representation for Z� can be realized as
the simplifiedmodel in Fig. 1C. The expression for Z� in Eq. 2 can be re-
written as,

Z� j2πfð Þ ¼
1þ j2πf RIQMð Þ1=α

h iα

QM j2πfð Þα : ð4Þ

The 3 dB cutoff frequency f3dB associatedwith the numerator of Eq. 4
can be computed by solving |[2πf3dB(RIQM)1/α]α| = 1. This allows the
bulk tissue time constant, τ, to be computed as,

τ ¼ RIQMð Þ1=α : ð5Þ

Comparison of impedancemagnitude for a CPEmodel and simplified
CPEmodel showing the relative locations of RE, RI, and f3dB is provided in
Fig. 2. This model was generated using RE = 20kΩ, RI = 500Ω, QM =
10−5 Fs−0.3, andα=0.7. The relative 3 dB frequency and corresponding
bulk tissue time constant can be computed as f3dB = 1.94 kHz and 516
μs, respectively. Finally, qM represents the total charge applied across
cell membranes, in units of C, when an EP pulse is applied for t N 0.
Then q∞ ¼ lim

t→∞
qM for the steady-state charge across the collection of

cell membranes, or

qM ¼ q∞ 1− exp −t=τð Þð Þ: ð6Þ

The percent of total charge applied across the cell membranes for t
= 1τ, 2τ, 3τ, 5τ, and 10τ corresponds to 63%, 86%, 95%, 99%, and
99.96%, respectively.

To overcome the issues presented by EP optimization routines and
tissue heterogeneity, a more fundamental method of developing pulse
parameters is required. To test the efficacy of time constant-based EP,
or adaptive EP, a custom generator was fabricated. This generator col-
lected real-time EIS data and fit these data to the CPE model shown in
Fig. 1C. Pulse durations were adapted based on the calculated time con-
stant and a pre-programmed multiplier. To ascertain the flexibility of
this system, two distinctly different tumor models were tested. The
first model was a syngeneic tumor consisting of immortalized murine
colon carcinoma cells (MC-38), representing a less heterogeneous
tumor. The second was a genetically engineered spontaneous mam-
mary tumor model (MMTV-PyVT), representing a more heterogeneous
tumor. As depicted in Fig. 3, the MMTV-PyVT tumors are comprised of
an admixture of cells with vasculature, focal necrosis, and stroma. In
contrast, syngeneic tumors, which are frequently used to determine op-
timum EP parameters, are more homogenous.



Fig. 2.Comparison of CPE and simplifiedCPEmodels. Impedancemagnitude for a CPEmodel (solid line) and simplified CPEmodel (dashed line) showing the relative locations of RE, RI, and
f3dB. Models were generated using RE = 20 kΩ, RI = 500 Ω, QM = 10−5 Fs−0.3, and α = 0.7.
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2. Materials and methods

2.1. EP generator

A custom rectangular-wave EP generator was fabricated (Fig. 4A),
that was capable of operating in either open-loop or closed-loop config-
urations. To determine the efficacy of adaptive EP, the device was oper-
ated using a closed-loop configuration, where the estimated time
constant of the tissuewas used as the control parameter. Time constants
were computed from best-fit vector models using frequency, magni-
tude, and phase data from EIS measurements. Operational constraints
were imposed to limit the pulse duration between 100 μs and 10 ms.

A combination of solid-state relays (SSRs) and fast-switching p-type
metal-oxide semiconductor field effect transistors (pMOSFET) were
used to switch between the pulse generator and EIS instrumentation.
SSRs are effective in isolating high-voltage pulses from sensitive instru-
mentation circuitry. However, SSRs have a response timeof 5ms. There-
fore, a pMOSFET was used to control waveform generation with a
response time of 500 ns. A 32-bit ARM microcontroller
Fig. 3.Heterogeneity of syngeneic and spontaneous tumor models. Histology of (A) MC38 and
formalin. Sections were then stained with hematoxylin and eosin Representative images are sh
(STM32F407VGT6, STMicroelectronics) was used to control the pulse
sequence and perform data acquisition.

2.2. EIS data acquisition

Impedance spectroscopymeasurementswere acquired using a set of
low-passfilters, a digital-to-analog converter (DAC), and two analog-to-
digital converters (ADC). A 16-bit DAC (LTC1668, Linear Technology)
converted the reference signal generated from the microcontroller
into a potential applied across the EP applicator. To eliminate
common-mode and high-frequency noise, the applied voltage and re-
sponse current was measured using a pair of differential instrumenta-
tion amplifiers (LT1801, Linear Technology) with a two-stage low-
pass filter having an 8th order pole at 2.5 MHz and 2nd order pole at
20 kHz (LT6600-2.5, Linear Technology). The filtered signals were
each sampled by a 14-bit successive approximation ADC (LTC1740, Lin-
ear Technology).

Measurements were collected for a logarithmically spaced range of
sinusoidal signals from 100 Hz to 10 kHz, f0, with a resolution of 15
(B) MMTV-PyVT tumor tissue. Tumor tissue was excised and fixed in 10% neutral buffered
own at 10× magnification.



Fig. 4. EP hardware fabricated for studies. (A) Feedback EP generator and (B) applicator
used throughout these studies.
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samples per decade. During spectra acquisition, an excitation signal was
produced by the generator and applied across the EP applicator elec-
trodes. Each excitation signal contained two periods, T0, of a 1Vpp sinu-
soidal waveform. Each waveform was generated using 70 discrete
samples with a period of Ts. To achieve this, the waveform sample fre-
quencywasdynamically set to fs=35f0 resulting in anoverall DAC sam-
pling range from 3.5 kHz to 350 kHz. The first period of the excitation
signal was used to precondition the charge across the tissue, and the
second period of the excitation was measured, as shown in Fig. 5. The
applied voltage and resulting current were over-sampled by a factor of
ten resulting in an ADC sample frequency of 10fs ranging from 35 kHz
to 3.5 MHz, or a factor of 175 times the Nyquist frequency. Data were
then averaged and decimated by a factor of 10 to further reduce mea-
surement noise. A set of 35 voltage and current samples corresponding
to each frequency were stored locally in the microcontroller's internal
random accessmemory for post-processing. Once data acquisition com-
pleted, the current and voltage measurements were used in an ex-
tended Kalman filter for optimal estimation and de-noising of the
magnitude and phase for a known applied excitation sinusoidal fre-
quency f0. This was repeated for all 30 frequency points. The resulting
spectra are used with a non-linear least-squares regression routine to
estimate the model parameters RI, QM, and α from Eq. (3) and compute
the time constant from Eq. (5). The final measured spectra and model-
ing parameters were then stored in non-volatile memory for later
analysis.

2.3. EP applicator

To reduce variability associated with co-locating the electric field
and plasmid DNA injectate, a custom applicator, shown in Fig. 4B, was
Fig. 5. Excitation signal generated by the DAC. Plot showing the excitation signal generated b
compute EIS spectra.
developed. The body of this applicator wasmanufacturedwith injection
molded parts and housed the electrodes, hypodermic needle, and a luer
fitting to interface with a standard syringe. Electrodes were trocars hav-
ing an exposed length of 7 mm and diameter of 0.44 mm. Parallel elec-
trodes were separated by a 5mm gap. These electrodes were composed
of 304 stainless steel and had 2.5 μm of gold electrodeposited onto the
surface. This gold coating reduced the effects of electrochemical degra-
dation caused by high voltage EP pulses. A 30-gauge stainless steel hy-
podermic needle with an exposed length of 5 mm was centered
between the trocar electrodes. A luer fitting was placed on the opposite
side of these elements to allow a syringe to be paired with the device.
Electrical interfacing was performed with a twisted pair of shielded
wires built into the applicator. This wire terminated to a circular high
density connector that housed an electrically erasable programmable
read-only memory (EEPROM) chip. The EEPROM stored information
pertaining to the applicator model, serial number, number of uses, and
operating parameters for the EP process.

2.4. Syngeneic tumor model

To generate homogeneous tumors for initial device testing, immor-
talized mouse murine colon adenocarcinoma cells (MC38, gift from Dr.
H. Kohrt) were used. These cells were cultured in Dulbecco's Modified
Eagle medium containing 10% fetal bovine serum, 2 mM L-glutamine,
0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 10 mM
HEPES, 100 U/ml penicillin, 100 μg/ml streptomycin, and 50 μg/ml
gentamycin sulfate (Gibco) and incubated at 37 °C in 5% CO2 and
subcultured at 80% confluency.

Six-week-old female B6-albino mice were obtained for implanting
syngeneic tumors (Strain: 000058, The Jackson Laboratory). Following
a 72-h acclimation period, mice were anesthetized with 2% isoflurane
in 500 ml/min oxygen. After induction, 106 MC38 cells suspended in
50 μl of Dulbecco's phosphate buffered saline (D-PBS, Gibco) were
injected into the subcutaneous tissue on the left and right flanks with
a 27-gauge syringe. Tumor volumes were monitored by two-
dimensional caliper measurements [4] until the volume reached ap-
proximately 100 mm3, which coincided with 10 days post injection.

2.4.1. Syngeneic tumor experimental design
MC38 tumor were treated when volumes reached 100 mm3 ± 20%.

Treatment was performed by placing the integrated applicator perpen-
dicularly into the longer tumor axis. Each elementwas inserted until the
injection lumen reached the center of the tumor. After insertion tumors
were injected with 50 μl of a 1 mg/ml solution of plasmid DNA
suspended in physiological saline. The plasmid used in these experi-
ments encoded luciferase and mCherry proteins linked by a P2A ribo-
somal skipping motif (Luc2P-P2A-mCherry) and under control of a
CMV promoter. After injection, adaptive EP was initiated, where EIS
y the digital-to-analog controller. This plot illustrates the sampling rate and data used to
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data was acquired and fit to the CPE model prior to each pulse. An esti-
mate of the bulk tissue time constant was determined by Eq. (5). The
duration of each EP pulse was defined by a multiple of the tissue time
constant, where multiples of 0.1, 0.2, 0.5, 2.0, 5.0, 10.0, and 20.0 were
used for these experiments. A total of eight pulses were delivered
with a nominal electric field magnitude of 400 V/cm. A delay of
300 ms between successive pulses allowed for the collection and com-
putation of EIS, as well as augmentation of pulse parameters. An injec-
tion only group served as the control group for this experiment. Ten
tumors were treated with each condition in this experiment.
2.5. Spontaneous tumor model

Female transgenic mice expressing the mouse mammary tumor
virus (MMTV) long terminal repeat upstream of a cDNA sequence
encoding the Polyoma Virus middle T (PyVT) antigen (Strain: 002374,
The Jackson Laboratory) were obtained for testing in a heterogeneous
tumor. These mice developed palpable mammary tumors at five
weeks of age, which were monitored by two-dimensional caliper mea-
surements [5] until their tumor volumes reached approximately
100 mm3. This occurred at approximately eight weeks of age [2,9].
2.5.1. Spontaneous tumor experimental design
MMTV-PyVT tumor were treated when volumes reached 100 mm3

± 20% by two-dimensional caliper measurements. Similarly, treatment
was performed by placing the integrated applicator perpendicularly
into the larger tumor axis, and the injection lumen was placed in the
center of the tumor. Tumors were then injected with 50 μl of a
1 mg/ml solution of plasmid DNA encoding for luciferase and mCherry
proteins. After injection, feedback controlled EP was performed, where
EIS data was acquired and fit to the CPE model prior to each pulse.
Based on results from the MC38 experiments, a multiplier of ten esti-
mated tissue time constants was selected for the EP pulse duration.
Again a total of eight pulses were delivered with a nominal electric
field magnitude of 400 V/cm and 300 ms delay between successive
pulses. This was compared to tumors treatedwith conditions optimized
for these tumors, where eight 10 ms pulses were applied at 400 V/cm.
Additionally, an injection only control was performed. A total of 18 tu-
mors were treated with each condition in this experiment.
2.6. Tumor histology

Spontaneous and syngeneic tumors were excised and immediately
fixed in 10% neutral buffered formalin. Fixed tissues were processed
and sections were stained with hematoxylin and eosin to visualize cel-
lular features. Images were captured on an Aperio ImageScope system
(Leica Biosystems).
2.7. In vivo imaging

An in vivo imaging system (Lago, Spectral Instruments) was used to
quantify luminescence of tumors 48 h after treatment. To perform imag-
ing, animals were placed in an induction chamber and exposed to 2%
isoflurane in 500 ml/min of oxygen. Once anesthetized, 200 μl of a
15 mg/ml solution of D-luciferin (Gold Bio) prepared in D-PBS was ad-
ministered by intraperitoneal injection with a 27-gauge syringe. Ani-
mals were then transferred to an anesthesia manifold on a 37 °C
heated stage, where they continued to receive 2% isoflurane in
500 ml/min of oxygen. Luminescent images were acquired 20 min
after injection using a 5 s exposure to a CCD camera cooled to -90 °C.
Total photons emitted from each tumor was determined by post-
processing using a region of interest with a 0.5 cm radius (AmiView,
Spectral Instruments).
2.8. Statistical methods

Electrical data collected from EIS and EP procedures was stored on
internal memory in the generator. After downloading, this data was
processed using MATLAB to determine generator performance and tis-
sue properties, such as time constant distribution. Luminescence data
gathered from these experiments and analyzed using GraphPad Prism
software. Statistical significance was analyzed using a Kruskal-Wallis
one-way analysis of variance test with a post-hoc Dunn's test. A signifi-
cance level of 0.05 was selected for all statistical data analysis.

2.9. Ethics statement

All experimentswere performed in accordancewith an approved In-
stitutional Care and Use Committee protocol in a vivarium facility
(Explora BioLabs) approved by the Association for the Assessment and
Accreditation of Laboratory Animal Care International.

3. Results

An intelligent EP system required building a generator with inte-
grated tissue sensing capabilities. Tissue sensing was accomplished
with a 32-bit ARM Cortex microcontroller using low-noise amplifiers
with instrumentation containing analog-to-digital and digital-to-
analog converts with a sampling rate of 2.5 MHz. Prior to each EP
pulse, EIS data was automatically collected by actuating a bank of
solid-state relays that separated the pulsing circuit and tissue sensing
circuit. Data were collected from 100 Hz to 10 kHz at a resolution of
15 points per decadeusing a 1V excitation signal andmeasuring current
responses.

Capturing electrochemical responses over the defined frequency
range and adjusting EP parameters required a total of 300 ms. This in-
cluded 100 ms for raw signal generation and sampling, 75 ms for on-
board data processing, and 125 ms to ensure proper actuation of solid-
state relays between each EP pulse. Once collected, raw data were
preprocessed to remove signal offsets before beingpassed through a lin-
ear quadratic estimation algorithm, specifically an extended Kalman fil-
ter, to estimate the magnitude and phase response at each frequency.
After filtering, data were fit to one of four models (resistive, capacitive,
CPE, and unknown) using a model selection routine based on the coef-
ficient of determination computed for each respective model. The resis-
tive model was used to identify short circuit conditions before applying
each EP sequence. The capacitivemodel was used to identifywhen elec-
trodes were not in contact with tissue prior to EP. The CPE model veri-
fied the presence of tissue before and after EP and was used to
compute the optimumEP pulsewidth. Finally, if any of the threemodels
did not have a coefficient of determination N0.98, themodelwas consid-
ered unknown and open-loop or traditional EP conditions were applied
by default. Fig. 6 demonstrates a sample set of EIS data and the correlat-
ingfit to the CPE equivalent circuitmodel. During the course of these ex-
periments, the modeling routine did not select the CPE model in 0.35%
of all EP pulses. Tumor EIS data not fitting the CPEmodel were removed
from the study.

By fitting EIS data to the CPE equivalent circuit model, using Eq. (5)
and depicted in Fig. 6, a time constant could be quantified prior to deliv-
ery of each EP pulse. Time constants computed for MC38 tumors
followed a normal distributionwith an average computed time constant
of 161 μs and a standard deviation of 54 μs (Fig. 7A). Computed time
constants for MMTV-PyVT tumors followed a log-normal distribution
with an average of 279 μs and a standard deviation of 164 μs (Fig. 7B).
The difference in distribution of time constants observed for MC38
and MMTV-PyVT tumors indicates that EIS and CPE modeling are able
to distinguish between two types of tumor heterogeneity.

To determine the efficacy of adaptive EP on delivery of plasmid DNA
in homogeneous tumor tissues, MC38 tumors were injected with 50 μg
of a plasmid encoding luciferase. After injection, the EP process was



Fig. 6. Fit of EIS data to simplified CPE model. EIS magnitude (A) and phase data
(B) collected by tissue sensing circuitry in the adaptive EP generator. Raw magnitude
and phase data (circles) is shown with a corresponding simplified CPE equivalent circuit
model fit (solid line).

Fig. 8. Reporter expression at tested adaptive EP pulse widths. Mean luminescence
observed in MC-38 tumors 48 h after EP applied with a predefined multiple of the
computed time constant. Error bars indicate standard error of the mean. Significant
increases in mean were observed for pulse widths greater than 5τ, where ⁎ indicates p b

0.05, ⁎⁎ indicates p b 0.01, and ⁎⁎⁎ indicates p b 0.001.
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initiated on the generator using the integrated applicator. Each pulse in
a series of eight was performed using pre-programmedmultiples of the
time constant computed from the CPE model fit. Specifically, EP se-
quences were applied at 0.1, 0.2, 0.5, 2.0, 5.0, 10.0, and 20.0 multiples
of the computed time constant. Luminescence data was acquired at
48 h with an in vivo imaging system following intraperitoneal injection
of 3 mg D-luciferin. A rise in mean luminescence of 1.5-fold over injec-
tion alone was found for 0.1, 1.3-fold for 0.2, 11.0-fold for 0.5, 18.6-fold
for 2.0, 47.3-fold for 5.0, 102.6-fold for 10.0, and 72.8-fold for 20.0 mul-
tiples of the computed time constant. Only EP conditions performed at
5.0 multiples of the computed time constant and higher resulted in sta-
tistically significant rises in mean luminescence compared to injection
of plasmid DNA only. These higher time constant groups, however,
were not significantly different from each other at a significance level
of 0.05. Fig. 8 shows the observed 48-h luminescence at each EP condi-
tion tested.

To ascertain the ability of adaptive EP to deliver plasmid DNA to het-
erogeneous tumor tissue, spontaneous MMTV-PyVT tumors were
treated. These tumors were first injected with 50 μg of a plasmid
Fig. 7. Distribution of time constants in syngeneic and spontaneous tumor models. (A) Probab
(B) Time constant probability density of MMTV-PyVT tumors with an overlay of a log-normal
encoding luciferase and then treatedwith either adaptive or fixed dura-
tion EP. Based on the performance observed in MC-38 tissue and the
proposed mechanism requiring complete charge saturation of mem-
branes, 10 multiples of the computed time constant was selected as
the optimum adaptive EP pulse duration. This was compared to fixed
duration EP conditions that had been optimized through an iterative
process for MMTV-PyVT tumors. Peak luminescence data is presented
using a box-and-whisker plot in Fig. 9. A rise in mean luminescence of
376-fold for fixed conditions and 913-fold for adaptive conditions was
observed when these groups were compared to injection only control.
Analysis of these data show a statistically significant rise in lumines-
cence when adaptive and fixed EP groups are compared to injection
only control (p b 0.001). However, direct comparison of mean lumines-
cence in the adaptive and fixed EP groups showed no statistical differ-
ence when analyzed at a significance level of 0.05. An F-test
comparing the variance in luminescence of the two EP groups in Fig. 9
shows the group treated with adaptive EP have significantly smaller
variance than traditional EP (p b 0.01). A post-hoc analysis of generator
performance data was carried out in MATLAB to determine the total
ility density of time constants observed for MC-38 tumors with an overlay of a normal fit.
fit.



Fig. 9. Reduction in expression variance with adaptive EP. Box-and-whisker plot showing
the variance of luminescence data obtained by injection only, optimized EP, and adaptive
EP. The line represents the median luminescence, a cross represents the mean of each
group, and upper and lower quartiles represent the 95th and 5th percentile,
respectively. Adaptive and optimized EP were found to be significant over injection only
controls, where ⁎⁎⁎ indicates p b 0.001.
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energy delivered forwith each EP condition. This analysis foundfixedEP
conditions delivered an average of 1.197 J with a standard deviation of
0.489 J, while the adaptive conditions delivered an average of 0.179 J
with a standard deviation of 0.060 J, a difference of approximately 10-
fold. These data indicate adaptive conditions deliver significantly less
energy than fixed conditions.

4. Discussion

Results obtained in this study provide evidence that equivalent cir-
cuit models can be used to control the application of EP. Data gathered
in experiments with homogeneous and heterogeneous tumors were
fit to the simplified CPE model to adjust parameters when performing
adaptive EP. Performing EPwith adaptive parameters resulted in similar
levels of peak expression as fixed EP, but with significantly less variabil-
ity and less energy delivered to the tissue. These findings suggest EP pa-
rameters can be adjusted in real time for the tissue being treated, while
reducing site-to-site variability. Additionally, the application of less en-
ergy will likely result in less collateral tissue damage and a longer dura-
tion of plasmid DNA expression.

In the course of these experiments, a total of three simplified CPE fit
failures resulted in the application offixed duration pulses. These events
occurred in one tumor EP sequence where pulses were delivered at 20
multiples of the computed time constant. The failure to fit the simplified
CPEmodelwas likely the result of gold coatingdegradation on the appli-
cator electrodes. Analysis of data from this EP sequence was removed
from the study. Thus, any EIS data that does not fit the CPE model will
result in the application of fixed duration pulses that are currently
used in the clinic. Therefore, under this worst-case scenario, clinical pa-
rameters would be delivered to the tissue.

Delivery of plasmid DNA in homogenous tissues followed the pre-
dicted dose-response curve, where significance was achieved at and
above five multiples of the computed time constant. This observation
provides further evidence to the theory of EP being a dielectric break-
down phenomena. While significant rises in expression over control
were observed in this experiment at 5, 10, and 20 multiples of the
time constant, it is reasonable to assume extending pulse durations be-
yond the tested range would result in the irreversible EP and reduce
plasmid DNA expression. Each applied pulse duration resulting inmem-
brane charge saturation had a significant rise in expression when com-
pared to control, but were not significantly different from one another.
Therefore, a multiple of 10 time constants was selected as the optimum
closed-loop condition, as this corresponded to 99.96% charge saturation
and had the highest overall mean expression. Delivery of plasmid DNA
using adaptive EP was tested in a heterogeneous tumor environment
using a spontaneous breast cancer tumormodel (MMTV-PyVT). Expres-
sion data was compared to injection only and fixed optimized EP condi-
tions.While the overallmean expression levels for EP groups showedno
significant difference, the variability associated with tumors treated
with adaptive EP was significantly smaller than the observed variability
in tumors treatedwith fixed EP conditions. This is likely the result of the
adaptive conditions applying the electric field for a sufficient amount of
time to result in delivery, but not over applying the field to result in ir-
reversible tissue damage. This is further supported by the adaptive con-
dition delivering an order of magnitude less energy than traditional or
fixed EP conditions.

The implications of basing EP parameters on equivalent circuit
models provides a more controllable route of administration than the
current state of the art platforms being used clinically. This is observed
by the ability to maximize plasmid DNA expression levels and reduce
the amount of variability associatedwith the delivery irrespective of tis-
sue heterogeneity. This improves the likelihood of observing clinically
relevant responses when delivering plasmid DNA to tissue, which
should progress adoption of this technology as a localized delivery plat-
form. Delivering less energy than fixed duration pulses should result in
reduced transient pain and muscle stimulation. Additionally, the appli-
cation of less energy will likely lead to less collateral tissue damage
and should extend the duration of expression. Ultimately the goal of
these advancements are to automate the EP process, and therefore not
be reliant on optimization routines and user inputs.
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