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A method and system for delivering a molecule to a specific
area of a tissue by controlling temperature and impedance is
presented. The method is generally comprised of applying
heat to a biological structure, such as cells or tissues, to heat
the biological structure to a preset temperature after which
at least one electroporation pulse is administered to the
biological structure. Impedance is measured as a feedback
control mechanism after each pulse and pulse parameters are
adjusted accordingly until desired impedance is reached.
The system generally comprises an electroporation system
capable of generating at least one pulse, measuring imped-
ance and measuring temperature.
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TARGETED DELIVERY OF MOLECULES
USING IMPEDANCE-BASED MONITORING
AT ELEVATED TEMPERATURES

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a nonprovisional of and claims priority
to U.S. Provisional Application No. 62/815,708 entitled
“Targeted Delivery of Molecules Using Impedance-Based
Monitoring at Elevated Temperatures”, filed Mar. 8, 2019,
the contents of which are hereby incorporated by reference
into this disclosure

FIELD OF INVENTION

This invention relates to targeted delivery of molecules.
Specifically, the invention provides a method of targeted
delivery of molecules using impedance-based monitoring at
elevated temperatures.

BACKGROUND OF THE INVENTION

Of the methods of in vivo gene delivery today, electropo-
ration/electrotransfer has been accepted as having clinical
importance/relevance based upon the approximately 100
clinical trials that are in various stages of completion. The
majority of these trials were initiated in the past 15 years
following the first that was published in 2008.

The accepted mechanism for gene delivery by electropo-
ration (EP) is that direct current (DC) pulses temporarily
weaken the barrier properties of cell membranes which
ultimately initiates/mediates the entry of exogenous DNA
into cells. The method has been used in many tissue types
because it is physical in nature and can be tuned to any
particular tissue. However, identifying electrical parameters,
such as pulse width (micro- to millisecond), amplitude
(25-1500 Volts), pulse number (1-100), etc., that result in a
desired/optimal biological response, e.g. expression level,
immune response, etc., can be a complex process and is
analogous to determining the “right” dose of electricity.
Furthermore, electrical conditions for delivering DNA to
achieve desired expression vary with tissue type.

There are many variables that effect electroporation.
These include tissue type, electrode type, subject-to-subject
(human or animal) variation, as well as human factors
relating to the manual placement of electrodes and the
injection of therapeutic molecules. Differences in tissue
architecture and/or chemical composition may effectively
create unique biological environments from subject to sub-
ject that may respond differently to identical electroporation
parameters. In order to identify the required electroporation
parameters, painstakingly derived empirical electroporation
parameters have been the norm for the field since its
inception. The derivation of these parameters involves per-
forming multiple series of experiments to investigate the
most appropriate electrode to be used to deliver the electric
pulses to the subject and the proper applied electric field
strength, number of pulses, duration of each pulse, shape of
each pulse, and interval between pulses (for multiple pulse
protocols). These empirically derived electroporation
parameters are what yield the desired biological response for
a particular delivery situation, on average. Unfortunately,
empirically derived parameters cannot compensate for dif-
ferences that are encountered when applying the same
treatment to multiple different subjects (animals or patients).
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Historically, parameters have been determined empiri-
cally by first selecting/developing a set of electrodes and
subsequently performing multiple experiments that vary one
or more of the following parameters: number of pulses
applied, electric field intensity, and duration of each pulse.
Often, days to months are required before the resulting
biological response can be evaluated. Mean data are then
used to establish “optimal” electrical treatment parameters
for subsequent use in that particular tissue. From a transla-
tional perspective, this is concerning as it is critical that each
patient receive a correct dose of electricity even though
factors can change due to person to person and tissue to
tissue variation. Current methods for determining optimal
electrical parameters do not and cannot account for this
variation. Accordingly, what is needed is a system and
method of molecule delivery that accounts for the variability
between patients to increase both reliability and control.

SUMMARY OF INVENTION

The inventors have identified two additional physical
parameters that markedly increase the success of in vivo
gene delivery by electroporation. It was found that modest
localized temperature increases in skin (43° C.) during DNA
delivery resulted in an 8-fold increase in expression. Further,
the temperature increases allowed the magnitude of the
applied pulses (voltage/field intensity) to be reduced by
about 50% to achieve the same expression when compared
to optimal delivery performed at ambient temperature. Simi-
larly, adjusting pulse parameters during electrical treatment
based upon real-time tissue impedance measurements
resulted in between 6- to 15-fold increases in expression. It
was found that pulse magnitudes can be reduced by 50% and
still achieve increased expression relative to traditionally
optimized conditions. The benefits of manipulating either
physical parameter are compelling on their own. However,
the combination of localized temperature increases and
impedance-based feedback pulsing exhibit at least additive,
if not synergistic, effects. The combination treatment pro-
vides better control, reduces variation, and further reduces
the magnitude of pulses required for delivery.

Currently, delivery of molecules via electrotransfer is
done by predetermining the number of pulses, pulse width
and amplitude and then using that as a fixed set of param-
eters for each animal or patient treated. The problem with
this approach is that each individual has different tissue
properties even if the location between individuals is similar.
This is particularly true with respect to the conductance of
the tissue and the relative temperature. In addition, within a
particular tissue there may also be areas of higher conduc-
tance. Therefore, using a standardized approach to pulsing
would result in high variability from patient to patient and
would also cause uneven distribution of delivery within the
tissue.

Controlling process based upon the two physical param-
eters of temperature and impedance can reduce or virtually
eliminate this variability with the tissue and between sub-
jects thus increasing delivery and reproducibility of elec-
troporation-based drug/gene delivery methods thus moving
gene therapy closer to recombinant protein drug therapy. In
addition, by monitoring both temperature and impedance,
one can target the delivery to specific areas within the tissue.
Enhancing tissue targeting and controlling dosing by con-
trolling the amount and site of delivery also increases safety
and reliability. While the method is described herein as



US 10,814,129 B1

3

being used on the skin, the method is applicable to any tissue
or abnormal growth through the use of catheters, scopes or
surgery.

In an embodiment, a method of delivering a molecule to
a biological structure of a subject is presented comprising:
applying heat to the biological structure to heat the biologi-
cal structure to a preset temperature; applying at least one
electroporation pulse to deliver the molecule into the bio-
logical structure; measuring impedance of the biological
structure as a feedback control mechanism after each pulse;
and adjusting pulse parameters based on the measured
impedance of the biological structure until desired imped-
ance is reached indicating delivery of the molecule to the
biological structure.

The method may further comprise the steps of injecting a
molecule into the biological structure prior to applying heat
to the biological structure, measuring impedance prior to
applying any pulses to the biological structure, and moni-
toring the temperature of the biological structure using
impedance, thermal imaging, thermistors, thermocouples,
thermopiles or combinations thereof. The preset temperature
may be at least 35° C. or more specifically, between about
40° C. to about 46° C. In some embodiments, the tempera-
ture can be selected from the group consisting of 35° C., 36°
C.,37°C.,38°C.,39°C.,40°C.,41° C.,42° C.,43° C., 44°
C., 45° C. and 46° C., including all intervening tempera-
tures. The heat applied to the biological structure may be
transferred to the tissue by means of a convection, conduc-
tion, radiation or combinations thereof.

The pulse parameters may be selected from the group
consisting of electric field intensity, pulse duration, pulse
polarity, time interval between pulses, and number of pulses
administered to the tissue (pulse number). The electric field
intensity may be between about 5 V/cm to about 2000 V/cm,
including all intervening values. The pulse duration may be
between about 1 us to about 1 second, including all inter-
vening values. The time interval between pulses may be
between about 1 us to about 1 second, including all inter-
vening values. The desired impedance may be at least 10%
reduction in impedance as compared to pre-pulse imped-
ance. The impedance feedback may be measured in a range
of frequencies from 0 Hz to infinity, preferably between O
Hz to 4 kHz.

The molecule for delivery may be selected from the group
consisting of therapeutic drugs, genes, proteins, nucleic acid
sequences, and plasmid DNA.

In another embodiment, a system for the delivery of a
molecule into a biological structure is presented comprising:
an electroporation device; an electric field generator used to
apply pulses to a tissue and coupled to the at least one relay;
an impedance measurement system coupled to the at least
one relay; and a controller coupled to the at least one relay.
The electroporation device is comprised of a handle having
proximal and distal ends; an electrode array comprising a
plurality of individually addressable electrodes attached at
the distal end of the handle; at least one relay for addressing
each electrode individually or in combination; at least one
heating element disposed within the handle positioned
proximal to the electrode array; and a temperature measure-
ment system positioned to measure the temperature of the
tissue.

The at least one heating element may be at least one light
emitting diode (LED). The at least one heating element may
be at least one resistive heating element. The temperature
measurement system may be an infrared sensing camera.
The impedance measurement system may be a low voltage
impedance spectroscope.
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BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one drawing
executed in color. Copies of this patent or patent application
publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee.

For a fuller understanding of the invention, reference
should be made to the following detailed description, taken
in connection with the accompanying drawings, in which:

FIG. 1A-B is a diagram of an (A) open-loop control
system (prior art) and (B) closed-loop feedback control
system for electroporative DNA delivery.

FIG. 2 is an image of the electrode configuration of the 16
multi-electrode array (16 MEA). Sixteen individually
addressable electrodes (numbered 1-16) are shown a con-
figured into 9 sections (S1-S9), with each section compris-
ing 4 electrodes. Solid dots are representative of optical
fibers.

FIG. 3 is a graph depicting luciferase levels in guinea pig
skin after thermally assisted in vivo delivery by electropo-
ration using the modified 16 MEA to preheat tissue to 43° C.
N=8 individual treatment sites, bars are standard deviation.

FIG. 4 is a graph depicting an evaluation of volume and
plasmid concentration. The groups tested were as follows:
45V pulses in a 4x4 manner with no heat applied and 72
pulses; 45 V in a 2x2 with heat and 36 pulses applied; 35V
pulses in a 4x4 manner with heat and 72 pulses; and
injection only without pulses. For each delivery condition
(group), DNA was injected at 50 pl or 100 pl at a concen-
tration of 0.5, 1.0 or 2.0 mg/ml. The best results were
obtained utilizing a 100 pl injection volume at a concentra-
tion of 1.0 mg/ml.

FIG. 5 is a graph depicting delivery of Hep B vaccine with
combination of heat and GET. Plasmid encoding HepBSAg
was delivered to the skin using GET with or without heat.
GET conditions are shown in legend. N=5 for each group.

FIG. 6 is a graph depicting phFIX Delivery to skin and
muscle. Human factor IX in hGP plasma. Delivery groups,
IM: 50 ul. DNA at a concentration of 1 pl/ul, 12 pulses at 20
ms and 100 V/cm using a 4 needle electrode array and no
heat; ID 225 V/em 72 pulses: 100 ul. DNA at a concentration
of 1 pl/ul+GET with 150 ms pulses as described and no heat;
1D 225 V/em 36 pulses: 100 ul. DNA at a concentration of
1 ul/W+GET with 150 ms pulses as described+heat; ID 175
Viem 72 pulses: 100 pul. DNA at a concentration of 1
w/pl+GET with 150 ms pulses as described+heat. Bars
represent mean+SD. N=4 for each group.

FIG. 7 is a graph depicting impedance before and after EP
at 100, 150, 200, or 250 V/cm with a non-penetrating
multiple-electrode array on murine skin. This plot demon-
strates the effects of increasing electric field strength on
impedance measurements.

FIG. 8A-B are a series of images depicting radiance/
luciferase following delivery with a feedback controlled
system. Luciferase encoding plasmid was delivered by elec-
troporation using (A) 100 V/cm pulses standard 4x4 pulses
and by impedance feedback to reduce impedance by 80%
and 95%; (B) 150V/cm electric pulses for the same treat-
ment groups as in (A).

FIG. 8C-D are a series of images depicting radiance/
luciferase following delivery with a feedback controlled
system. Luciferase encoding plasmid was delivered by elec-
troporation using (C) 200 V/cm pulses for the same treat-
ment groups as in (A) and (B); (D) combination of data from
A, Band C.
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FIG. 9 is a cross-sectional image of a 16 MEA electropo-
ration device that includes infrared (IR) LED heating ele-
ments and thermal imaging.

FIG. 10 is a cross-sectional image of a 16 MEA elec-
troporation device that includes a fan positioned above a
heating element to blow warm air over the surface of the
target tissue to heat the target area. The arrows represent the
warm air being directed at the target tissue. In this embodi-
ment, the temperature measurement device is positioned on
the exterior of the handle as opposed to being within the
handle.

FIG. 11 is a cross-sectional image of a 16 MEA elec-
troporation device that includes the fan and heating element
of FIG. 10 but positions the temperature measurement
device within the handle as in FIG. 9.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

In the following detailed description of the preferred
embodiments, reference is made to the accompanying draw-
ings, which form a part hereof, and within which are shown
by way of illustration specific embodiments by which the
invention may be practiced. It is to be understood that other
embodiments may be utilized, and structural changes may
be made without departing from the scope of the invention.

Definitions

Unless otherwise defined, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. Although any methods and materials
similar or equivalent to those described herein can be used
in the practice or testing of the present invention, some
potential and preferred methods and materials are described
herein. All publications mentioned herein are incorporated
herein by reference in their entirety to disclose and describe
the methods and/or materials in connection with which the
publications are cited. It is understood that the present
disclosure supersedes any disclosure of an incorporated
publication to the extent there is a contradiction.

All numerical designations, such as temperature, time,
and concentration, including ranges, are approximations
which are varied up or down by increments of 1.0 or 0.1, as
appropriate. It is to be understood, even if it is not always
explicitly stated that all numerical designations are preceded
by the term “about™. It is also to be understood, even if it is
not always explicitly stated, that the reagents described
herein are merely exemplary and that equivalents of such are
known in the art and can be substituted for the reagents
explicitly stated herein.

Numerical data may be expressed or presented herein in
a range format. Where a range of values is provided, it is
understood that each intervening value, to the tenth of the
unit of the lower limit, unless the context clearly dictates
otherwise, between the upper and lower limits of that range
is also specifically disclosed. It is to be understood that such
a range format is used merely for convenience and brevity
and thus should be interpreted flexibly to include not only
the numerical values explicitly recited as the limits of the
range, but also to include all the individual numerical values
or sub-ranges encompassed within that range as if each
numerical value and sub-range is explicitly recited. As an
illustration, a numerical range of “about 1 to about 5 should
be interpreted to include not only the explicitly recited
values of about 1 to about 5, but also include the individual
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values and sub-ranges within the indicated range. Thus,
included in this numerical range are individual values such
as 2, 3, and 4 and sub-ranges such as from 1-3, from 2-4 and
from 3-5, etc. This same principle applies to ranges reciting
only one numerical value. Furthermore, such an interpreta-
tion should apply regardless of the range or the character-
istics being described.

The term “about” or “approximately” as used herein
refers to being within an acceptable error range for the
particular value as determined by one of ordinary skill in the
art, which will depend in part on how the value is measured
or determined, i.e. the limitations of the measurement sys-
tem, i.e. the degree of precision required for a particular
purpose, such as a pharmaceutical formulation. As used
herein the term “about” refers to +10% of the numerical.

As used in the specification and claims, the singular form
“a”, “an” and “the” include plural references unless the
context clearly dictates otherwise.

As used herein, the term “comprising” is intended to mean
that the products, compositions and methods include the
referenced components or steps, but not excluding others.
“Consisting essentially of” when used to define products,
compositions and methods, shall mean excluding other
components or steps of any essential significance. “Consist-
ing of” shall mean excluding more than trace elements of
other components or steps.

It may be appreciated by one of skill in the art that
biological cells exist in many forms and in many types. In
mammals, for example, there exist four basic types of cells:
cells of epithelial, connective, muscle, and nervous tissue.
The term “cell”, however, is to be broadly interpreted and
the devices and methods described herein apply to all types
of living cells including prokaryotes, eukaryotes and plant
cells. In addition, the term “cell” also includes artificial cells
such as liposomes and micelles. The term “cell” also has
additional meaning which encompasses a single cell, cells in
culture, cell aggregates, and a cell that is part of a tissue.
Moreover, the term “cell” can also include a cell structure
such as an inter-membrane space, organelle or sub-cellular
compartment. Cells may be in vivo or in vitro.

The term “tissue” refers to a complex material which may
include several types of cells. An illustrative tissue includes
skin, including the epidermis (including the stratum cor-
neum, lucidum, granulosum, spinosum and germinativum),
dermis and/or hypodermis. Other tissues to which this
method may be applied include, but are not intended to be
limited to, tumor, skeletal muscle, smooth muscle, blood,
blood vessel, brain, lymph, liver, pancreas, kidney, bone,
colon, small intestine, cardiac, lung, breast, testes, prostate,
and cornea. In a specific example, the present invention can
be used for the transdermal delivery of a target molecule.

The term “biological structure” refers to any cell, group of
cells, extracellular matrix, tissue, organ and/or tissue struc-
ture, whether in vivo or in vitro.

The term “molecule”, as used herein, refers to any type of
molecular species. The devices and methods described
herein are particularly applicable to therapeutic drugs,
genes, proteins, nucleic acid sequences, and plasmid DNA
but can be applied to any type of molecule. In addition, the
devices and methods are applicable for simultaneously
affecting more than one type of molecule. Furthermore, the
manipulation of these molecules and biological structures
can be for the purposes of the enhancement of therapeutic
molecule efficacy for the treatment of a disease or wound or
for the prevention of a disease as in a vaccine.

The term “skin” as used herein refers to each of the layers
of the skin including the epidermis, stratum corneum, stra-
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tum lucidium, stratum granulosum, stratum spinosum, and
stratum basale. Molecules delivered by the present invention
can be applied to the epidermis and travel through any or all
layers of the skin to be delivered into the systemic circula-
tion or delivered to one or more living cells in the skin or
deeper tissues in the body.

The devices and methods described herein can be applied
to any biological structure; either in vivo or in vitro. The
devices and methods described herein can be used for
diagnostic and/or molecular identification purposes;
research purposes; wound healing purposes; and treating or
preventing disease.

“Impedance” as used herein refers to the opposition of an
electric current to the flow of an alternating or direct current
of a single frequency equal to the square root of the sum of
the squares of the resistance and the reactance, expressed in
ohms. Impedance may be measured at any frequency from
0 Hz to infinity. In some embodiments, impedance feedback
is measured at any frequency below 4 kHz. In another
embodiment, impedance feedback is measured between
about 0 Hz to about 4 kHz.

“Pulse” or “pulsation” as used herein refers to a change in
voltage or current intensity that lasts for a short duration of
time. The duration of the pulses used herein last between
about 1 us to about 1 second. Examples of pulse polarity
include unipolar and bipolar pulses. “4x4 pulsing” refers to
two sets of four pulses being applied normal (90 degrees) to
each other. For example, using 4 electrodes arranged in a
square geometry, a first set of four pulses may be applied
with electrodes 1 and 4 as positive and electrodes 2 and 3
negative. After a given time interval, a second set of four
pulses in which electrodes 1 and 2 are positive and 3 and 4
are negative is applied. 4x4 pulsing can also be applied to
multi-electrode arrays in which two sets of four pulses are
applied in each sector in series. “2x2 pulsing” is similar
except two pulses are applied in each direction. “Pulse
number” as used herein refers to the number of pulses
administered to the biological structure. The electric pulse
may be rectangular, exponentially decaying, of any shape or
combinations thereof. The pulse may be direct current,
alternating current or combinations thereof.

“Electroporation” as used herein refers to the application
of an electrical field to a biological structure, such as a cell
or tissue, to increase the permeability of the cell membrane
to allow molecules to be introduced to the cell.

“Electrotransfer” as used herein refers to the use of an
electric field, such as through electroporation, to transfer
molecules such as drugs or genetic material into cells,
tissues, or other biological structures.

“Heating” or “applying heat” as used herein refers to the
process in which the temperature of a biological structure is
increased. Heating may be accomplished by any convective,
conductive, or radiative means, including combinations
thereof, known to those of skill in the art. Exemplary heating
methods include, but are not limited to, application of warm
air, contact with a warm surface, infrared radiation (IR),
electromagnetic waves or emissions at any frequency,
microwave emissions, chemical means such as chemical
containing heat pads, and combinations thereof.

“Heating element” or “heat generation device” as used
herein refers to any device capable of converting energy to
heat. Exemplary heating elements include, but are not lim-
ited to, light emitting diodes (LEDs); chemical containing
heat pads; electromagnetic wave generators; optic fibers
connected to an infrared laser source; resistive heating
elements composed of metallic alloys, ceramic materials or
ceramic metals; and combinations thereof.
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“Temperature measurement device” as used herein refers
to any device capable of directly or indirectly measuring the
temperature of a biological structure. Examples of tempera-
ture measurement devices include, but are not limited to,
thermocouples, thermopiles, thermistors, infrared (IR) sen-
sors, heat sensing cameras including infrared (IR) sensing
cameras, impedance measurement devices, and combina-
tions thereof.

“Temperature monitoring” as used herein refers to the
process of directly or indirectly measuring the temperature
of a biological structure over a period of time. Exemplary
methods for temperature monitoring include, but are not
limited to, impedance measurement; thermal imaging; tem-
perature measurement devices such as thermistors, thermo-
couples, thermopiles, or any other temperature measurement
device that directly or indirectly measures temperature or
correlates temperature to a variable.

“Relay” as used herein refers to any device, switch, or
means that can be used to address an electrode. Generally,
the relay is activated by a current or signal in one circuit to
open or close another circuit.

The inventors have incorporated concepts that are prac-
ticed in controls engineering to modulate two new variables,
temperature and impedance, the monitoring and manipula-
tion of which have been shown to enhance delivery of
molecules such as DNA via electroporation in vivo. FIG. 1A
shows the open loop system of the current state of the art
which exemplifies the lack of control in the process of
applying electroporation in vivo. In the procedure, a fixed
set of pulses, having fixed pulse parameters, are applied at
ambient tissue temperature with no attempt being made to
control the temperature or customize pulsation. In contrast,
FIG. 1B illustrates the instantly claimed closed loop system
in which the temperature of the local tissue (skin) area is
increased and maintained at a constant preset temperature
with impedance spectroscopy being used to measure the
resulting tissue condition after every electroporation pulse.
Adjustments can be made after measurement of the tissue
condition by applying an additional pulse or stopping puls-
ing.

The hardware required for temperature control and
impedance measurement is capable of being adapted to
current electroporation systems as such systems all have
electrodes that are in contact with the target tissue during
treatment. While electrode arrangement can differ between
devices, current devices can be adapted to a preferred
electrode arrangement to allow for temperature increases
and impedance feedback. For example, the inventors have
found that an electrode arrangement of four electrodes may
be used in some applications. In some embodiments, a
multi-electrode array (MEA) may be used which may be
comprised of nine subsets of four electrodes with each set of
four electrodes comprising a sector within the overall array.
In some embodiments, an optical fiber located within each
sector for infrared emission to provide focused tissue heat-
ing. In other embodiments, heating elements and tempera-
ture measurement devices are disposed within the electropo-
ration device. While these eclectrode arrangements are
exemplary, any arrangement that allows for temperature
increases and impedance feedback may be used. Alterna-
tively, the heating and control systems may be added to
existing electrode and pulse generators with some adaptation
using electrically actuated switches or relays.

Example 1—Increasing Temperature Increases
Expression

Temperature increases have been shown to enhance deliv-
ery by affecting membrane permeability in vitro during
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electroporation; temperature reductions to 4° C. resulted in
reduced delivery [Kanducer, M, et al, Bioelectrochemistry
2008]. Hyperthermia has been shown to increase the deliv-
ery of chemotherapeutics. [Ponce A M, et al, In J Hyper-
therm, 2006, May, J P, et al Exp Opinion in Drug Delivery,
2013, Pace, M, et al, J. Exp Clin Cancer Res, 2005, Sarnaik,
A A, et al, Recent Results Cancer Research, 2007] Further-
more, local heating of tissues increases vasodilation with
maximum blood flow being achieved at 42° C. in skin. The
effects are maintained for up to an hour after heating [Taylor,
W F, et al, J. Appl Physol, Respir Environ, Exerc Physiol,
1984, Kellogg, D L, J Appl Physiol, 2006]. Temperature
should affect gene delivery by electroporation in vivo as the
accepted mechanism is that the DC pulses temporarily
weaken the barrier properties of cell membranes which
ultimately initiates/mediates the entry of plasmid DNA into
cells. The inventors show that influencing these barrier
properties before pulsation can improve delivery and/or
require lower energy DC pulses.

Experiments to determine if moderate temperature
increases could improve DNA delivery in vivo via elec-
troporation were previously conducted by the inventors in
Hartley guinea pig skin by delivering DNA encoding
luciferase using an electroporation device comprised of four
surface electrodes spaced 5 mm apart and arranged in a
square pattern. The electrodes protruded about 5 mm from
the distal end of the handle and an output from an infrared
laser, flush with the distal end of the handle, was positioned
between the electrodes to provide IR heat. (Donate A,
Bulysheva A, Edelblute C, Jung D, Malik M A, Guo S,
Burcus N, Schoenbach K, Heller R. Thermal Assisted In
Vivo Gene Electrotransfer. Curr Gene Ther. 2016; 16(2):83-
9)

Laser output was adjusted to heat the skin to an optimal
temperature of 43° C. in about 30 seconds. Timing was
predetermined using a thermocouple positioned under the
guinea pig skin. The guinea pig skin was injected intrader-
mally with 100 ug DNA in 50 pl of saline after which the
electrode was placed in contact with the guinea pig skin to
heat the tissue. A set of four 150 ms pulses were applied
using a commercial pulse generator with electrode numbers
1 and 4 used as positive and electrode numbers 2 and 3 used
as negative. There was a 150 ms time gap between pulses.
With the aid of a mechanical switch, another set of 4 pulses
was applied using electrodes 1 and 2 as positive and elec-
trodes 3 and 4 as negative. This type of pulsing has been
termed 4x4 due to the two sets of 4 pulses being applied
normal to each other. (Donate et al. 2016)

It was found that preheating the tissue at both voltages
increased the peak luciferase levels by about 4- to 8-fold
relative to electroporation without heat. Further, preheating
and subsequently pulsing with S0V yielded an almost iden-
tical expression profile as compared to 100V with no pre-
heating. Thus, it was found that heating increased expression
and allowed the use of 50% less voltage. (Donate et al. 2016)
Multi-Electrode Array

The inventors previously developed a multi-electrode
array (MEA) incorporating an IR heat source and having
more closely spaced electrodes than those by Donate et al.,
incorporated herein by reference. Closely spaced electrodes
allow for the application of lower voltages since the electric
field intensity is scaled by the distance between the elec-
trodes. The applicator array was comprised of 16 gold plated
electrodes that were 0.5 mm in diameter with rounded ends.
The electrodes were spaced 2.5 mm apart, center to center
and this configuration was termed a multi-electrode array
(MEA) with 16 electrodes (16 MEA). FIG. 2 illustrates an
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exemplary MEA having nine subsets of four electrodes with
each set of four electrodes comprising a sector (labeled
S1-S9) within the overall array. An optic fiber is located in
each sector for IR emission to provide tissue heating (shown
as the nine solid dots in FIG. 2). Heat was provided by an
infrared laser source that was channeled to each of the nine
optical fibers in order to uniformly heat the treatment area.
Method

The tissue was preheated for about 25 seconds until it
reached 43° C. prior to any pulses being administered.
Pulses were subsequently administered to the electrode in a
particular manner to uniformly treat the 8x8 mm area
covered by the electrode. For example, the first sector is
comprised of electrodes 1, 2, 5, and 6 (FIG. 2, upper left
corner, S1). Four pulses were applied using electrodes 1 and
2 as positive with 5 and 6 as negative. Afterward, four pulses
were applied normal (90 degrees) to the first four by making
1 and 5 positive with 2 and 6 negative which completed the
pulsing of the first sector. Pulses were then applied to the
second sector comprised of pins 2, 3, 6, and 7 in an
analogous manner. Pulses were applied to each sector in
series until the 9th and final sector. This is similar to the 4x4
pulsing described in Example 2 but applied 9 times in series.
2x2 pulsing has also been used. 2x2 pulsing is similar to 4x4
pulsing except that 2 pulses are applied in each direction for
each sector.

FIG. 3 shows the influence of heating the skin prior to
delivery using a 16 pin multi-electrode array (MEA) that
contained 9 optical fibers for IR heating. Basic testing
showed that it provided more uniform heating and allowed
lower absolute voltages to be utilized as compared to the
previous electrode described above. This latter point makes
treatment more comfortable for patients and may be low
enough that local/general anesthesia is not required. The
figure shows data from animals that were treated using 45V
pulses in a 4x4 manner which were optimized parameters
(for max expression) with no heat applied. Transient and
mild superficial burns (resolved in 48-72 hours) resulted
from these optimal conditions. Applying pulses with the
same voltage (45 V) in a 2x2 (half the number of pulses as
4x4) manner after preheating resulted in an identical
luciferase profile with no adverse tissue effects, thus, pre-
heating can reduce the number of pulses required. Further-
more, preheating and then applying lower voltage pulses
(35V) in a 4x4 manner again resulted in a gene expression
profile that was identical to the unheated 45V pulsed group.
Thus, preheating allowed a ~25% reduction in applied
voltage with no adverse tissue effects. In addition, compar-
ing like treated groups except for the use of heat revealed
that peak luciferase levels were increased about 8-fold due
to heating. Thus, it is becoming clear that preheating the
tissue is one physical parameter that can be used to increase
delivery/expression, reduce the applied voltage, reduce the
number of applied pulses, and avoid adverse tissue effects.

A modified 16 MEA containing 9 optical fibers for IR
heating and temperature control was tested to evaluate the
influence of injection volume and concentration of plasmid
DNA. Previous experiments demonstrated that the MEA
with 9 fibers provided more uniform heating and allowed
lower absolute voltages to be utilized as compared to the
previously designed electrodes. This led to a question related
to distribution of the plasmid and area being treated. Since
the heating is more uniform and the electric field better
distributed, it enhances delivery further by distributing the
agent more uniformly. The groups tested were as follows:
45V pulses in a 4x4 manner with no heat applied and 72
pulses; 45 V in a 2x2 with heat and 36 pulses applied; 35V
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pulses in a 4x4 manner with heat and 72 pulses; and
injection only without pulses. For each delivery condition
(group), DNA was injected at 50 pl or 100 pl at a concen-
tration of 0.5, 1.0 or 2.0 mg/ml. The best results were
obtained utilizing a 100 pl injection volume at a concentra-
tion of 1.0 mg/ml. (FIG. 4)

As shown in FIG. 5, plasmid encoding HepBSAg was
delivered to the skin using GET with or without heat. The
inventors evaluated the MEA with incorporated heating
source for its potential to deliver a vaccine for Hepatitis B.
We use the same plasmid for HepBSAg as described above.
As shown in FIG. 5, Ab production is significantly elevated
when delivery is performed with moderate heat. There was
over a 10-fold increase in the level of antibodies produced.
These results clearly demonstrate the utility of this approach
to enhance delivery with reduced or no impact on the treated
tissue.

As shown in FIG. 6, the inventors evaluated enhancement
of plasma levels of hFIX utilizing the heat+GET delivery
approach. An intradermal injection of 100 pl of phFIX at a
concentration of 1 pg/ul was administered followed by
application of GET (single application) at various condi-
tions. GET plus heat was accomplished utilizing the MEA-9
fiber device (FIG. 2). Comparison was made between injec-
tion only, GET without heat, GET delivery to muscle and
GET with heat at two conditions. GET with heat delivered
to the skin with a reduced number of pulses resulted in the
highest plasma levels of FIX. Levels reached a peak of 9.74
ng/ml with these delivery conditions (FIG. 6). It also lasted
a full week longer than GET without heat. The longest
expression was achieved with delivery to the muscle,
although the levels were not higher than with skin delivery
with a peak level of 8.43 ng/ml.

While manipulating temperature has led to improvements,
preheating still employs a fixed set of pulses and thus cannot
compensate for differences in tissue treatment site between
individuals, differences in the amount of electrical energy
delivered caused by errors by the person applying the
electrodes to the tissue; or differences within each segment
of tissue covered by the electrodes. Compensating for these
differences requires a customized method of applying pulses
that can be changed for each individual treatment site or
sector in the MEA.

Example 2—Impedance Feedback Pulsing Increases
Expression

Data showing the use of impedance as a feedback control
mechanism for applying pulses in vivo for electroporation
mediated delivery has not previously been published. There
are some relevant studies that used impedance spectroscopy
as a means to characterize the electro-physiological condi-
tion of tissue after pulsation, but these studies did not
suggest using the information to modify or control the
electrical treatment. Impedance measurements can be per-
formed using the same electrodes that are used to apply
electroporative pulses without negatively impacting tissue
characteristics [Connolly, R, et al, IEEE Transactions on
Dielectrics and Electrical Insulation, 2009, Ivorra, A, et al,
Bioelectrochemistry, 2007]. Impedance measurements
require very low power compared to higher power pulses for
EP. Dual use of the electrodes is ideal as it reduces the
number of required electrodes and measures tissue responses
directly at the electrodes used to apply EP pulses.

Impedance spectroscopy was first used to monitor irre-
versible electroporation in rat liver [Ivorra, A, et al, Bio-
electrochemistry, 2007, Granot, Y, et al, Phys Med Biol,
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2009]. The technique showed that it was possible to distin-
guish between reversible and irreversible electroporation in
murine fibrosarcomas in vivo [Ivorra A, Phys Med Biol,
2009] Studies performed ex vivo on rat lungs and cadaver
skin [Pliquett, U and Prausnitz, M, Methods Mol Med,
2003] showed that impedance changes are measurable fol-
lowing EP, indicating that these electrical changes could be
used as an indicator of successful electroporation [Dean, D
A, ] Electrostat, 2008, Mossop, B I, Ann Biomed Eng,
2006]. Impedance changes in tissues have been related to the
delivery of macromolecules. Persson et al. showed changes
in impedance could be correlated to delivery of diethylene
triamine pentetic acid (DTPA). In this study, technetium
labeled DTPA was delivered to rat muscle, while impedance
was measured over the frequency range of 1 kHz-10 kHz
[Grafstrom, G, et al, Cancer Biother Radiopharm, 2006]. In
another study pDNA was delivered to mouse muscle with
multiple EP pulses. Impedance changes were observed fol-
lowing each pulse. However, these investigations did not
relate impedance change to expression of delivered pDNA
[Zampaglione, I, et al, ] Gene Med, 2005]. Impedance
changes have the potential to be implemented as a means of
assessing EP and controlling the pulse application process in
real-time. However, to date a system using a closed-loop
feedback control system for EP has not been demonstrated
in the scientific literature.
System for Impedance Measurement and Pulse Generation
The inventors developed a custom electroporation pulse
generator and impedance spectrometer, both of which were
integrated into a computer control system. A version of the
16 MEA that did not apply heat was used as the electropo-
ration device to deliver pDNA to the tissue. The integrated
device comprises both a system for applying the electrical
pulses necessary to achieve electroporation within the cells/
tissue and a system for measuring impedance of the cells/
tissue. The measured impedance was used as a feedback
control for the electroporation protocol that can be imple-
mented during and/or after the application of each electrical
pulse to customize the electrical treatment for a particular
cells/tissue. The system to measure the impedance of the
tissue utilizes many of the same components of the system
required for performing electroporation, thereby allowing
for the design of an integrated device effective for perform-
ing both impedance measurement and electroporation deliv-
ery. The electric field generation and impedance measure-
ment instrumentation are combined into a single composite
instrument that permits impedance spectra to be obtained
before and/or after electric field pulses have been applied,
using the same electrode array. This arrangement assures
that the electric field and the impedance measurement occur
in the same tissue region. The high voltage pulse delivery
system and the low voltage impedance measurement system
of the hardware are coupled to a computer processing
system running associated software for controlling the
instrument and for processing the measured impedance data.
The software can control the creation of, and distribution of,
electroporation pulses through the electrode array. The soft-
ware can also control the measurement of the impedance of
the tissue, both before and after the electroporation pulses
have been applied. Comparison of impedance values after
each successive electroporation pulse was used as criteria
for either continuing the electroporation pulsing or discon-
tinuing the pulsing, depending upon how much the imped-
ance had dropped. All work was done at ambient tempera-
ture.
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Delivery of pDNA to Skin of BALB/c Mice Using a 4x4
Pulsing Process

The first experiment conducted after constructing the
instrumentation and calibrating/validating was to deliver
pDNA encoding luciferase (gWiz-Luc, Aldevron, Fargo, N.
Dak.) to the skin of BALB/c mice. The experimental scheme
consisted of eight experimental groups (n=12). Six of these
were injected with pDNA (100 pg in 50 pl saline, intrader-
mally) followed by either 100, 150, 200, and 250 V/cm
pulses that had a duration of 150 ms per pulse. Pulses were
applied with the 16 MEA, and successive pulses were
applied with 500 ms between them. Impedance data ranging
from 10 Hz to 100 kHz were taken after injection and before
any pulses were delivered from each sector. Post-pulse
impedance spectra were taken immediately after 4x4 pulsing
of each sector. The remaining two groups received either no
treatment or pDNA injections only. The resulting luciferase
expression was quantitated using standard Xenogen analysis
on days 2, 4, 7, 10 and 14 post treatment. Mean expression
was the highest for animals that received 200 V/cm pulses
for 4 of the 5 timepoints. This field strength was deemed
optimal for this experiment. 250 V/cm pulses resulted in
significant necrosis therefore, this field was eliminated from
future use.

The inventors found that the biggest changes in imped-
ance due to electroporation were in the low frequency range.
Post-pulse spectra showed very large decreases in the 10 Hz
to 4 kHz range as compared to injected but unpulsed skin.
(FIG. 7) These decreases made this range a suitable candi-
date to use for feedback control. Examination of many
spectra revealed that there tended to be noise and/or varia-
tions in the data at frequencies below 1 kHz. Similarly,
impedance reductions appeared to be less above about 4
kHz. The range of interest was further refined to be from 1
kHz to 3 kHz. The mean reduction in resistance over this
range was subsequently used as a feedback control param-
eter to adjust pulsation and expressed as a percentage
reduction of the pre-pulse impedance value over this same
frequency range.

The inventors also found that animals with the highest
biological responses (highest luciferase levels) had the high-
est percentage reduction in mean impedances in the 1 kHz-3
kHz range relative to their corresponding pre-pulse imped-
ance values. High responders, regardless of the electric field
strength used for electroporative delivery, had final mean
impedance values that were reduced by 80% or more
relative to pre-pulsed values. The identified 1 kHz to 3 kHz
range and 80% or more mean reduction in this range were
used as a feedback parameter and to establish minimum
impedance reduction for use in the next set of experiments.
Delivery of Luciferase Encoding DNA to Tissue Using a
Variable Pulsing Process

The potential benefits of feedback control were investi-
gated by delivering luciferase encoding DNA using the 16
MEA and applying pulses sequentially in sectors 1 through
9 just as in the previous experiment. However, pulsation was
not fixed to a 4x4 process. Instead, one pulse was applied to
each sector followed by another pulse normal to the first
pulse. Impedance was then measured and compared to the
pre-pulse impedance of that sector. If the impedance (mean
of 1 kHz-3 kHz range) was reduced by a prescribed per-
centage, then the pulse generator was programmed to move
on and begin pulsing the next sector. If the impedance was
not reduced by the prescribed percentage, then another series
of two pulses were applied to the sector and impedance was
measured again to determine if the mean 1 kHz-3 kHz
impedance was reduced to the prescribed level. Pulsing,
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measuring, and comparing impedance was continued until
mean impedance was reduced to the prescribed level or until
a maximum of 20 sets of two pulses were applied to a sector.
The minimum number of pulses that a sector could receive
was 1 set of two pulses. Delivery was performed using 150,
200, and 250 V/cm pulses that were 150 ms in duration (500
ms apart). For each of these fields, delivery was performed
in three different groups. For the first group, pulsing was
continued until impedance dropped to 80% of the pre-pulse
value in each sector. The second group has each sector
pulsed until an impedance reduction of 95% was achieved.
The third group received standard 4x4 pulsing for compari-
son. The 80% impedance reduction value was selected as it
was the minimum mean reduction that resulted in high
expression regardless of field strength. The 95% impedance
reduction value was selected because it was close to a
complete reduction of impedance. It was established that the
low 1V signal used to measure impedance did not affect
delivery.

Results are shown in FIG. 8 with 8A through 8C showing
plots of mean radiance of animals (n=12, proportional to
luciferase levels) versus time for each individual field
strength. Plot D shows all data together for perspective. In
view of the data, the inventors found that feedback based
pulsing to 80% and 95% reductions in impedance produced
higher peak and total expression than standard pulsing for all
electric fields (FIG. 8A-8C). The 100 V/cm and 150 V/em
feedback control groups had data that were statistically
different (@=0.05) when compared to respective 4x4 pulsed
groups at about half of the time points. Both the 80% and
95% feedback data were statistically different than the 4x4
pulsed group at 200 V/cm for days 7, 10 and 14. The data
also showed that every feedback condition resulted in higher
expression than 100, 150, 200 V/cm standard pulses. Thus,
feedback resulted in an improvement every time at every
field strength. (FIG. 8D).

The inventors also found that peak expression from
feedback pulsing scenarios were 6-15 fold higher than their
respective standard pulsing. The data showed that feedback
pulsing with 100 V/cm suboptimal pulses (based on tradi-
tional optimization) resulted in higher peak and total expres-
sion that traditionally optimized pulsing at 200 V/cm. The
number of pulses applied varied even within like-treated
feedback animals which indicates that the device and algo-
rithm was working and could compensate for differences in
individual treatment sites. These data support that a feed-
back strategy based upon achieving a prescribed decrease in
pre-pulse impedance in the 1 kHz to 3 kHz range was
successful. This type of control strategy can drive the system
to higher delivery/expression regardless of the starting point
(i.e. suboptimal field).

Given the success of the feedback method, impedance
data and electrical current data from many animals were
examined to look for other characteristics that could indicate
successful delivery. The inventors found differences
between those with high biological responses and those with
low responses. When impedance data was examined as its
real part vs. reactance part as Nyquist plots, it became clear
that high responders had distinguishable reactance changes.
(data not shown) These changes could be attributed to
capacitive changes, likely due to cell membrane breakdown,
after fitting to a standard mathematical circuit model. In
addition, the quantity of electric current flow was measured
during every pulse. These data showed that generally higher
current yielded higher expression levels. The changes in
reactance and strength of electric current can be used as
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additional impedance feedback parameters. These two dif-
ferences both relate to property changes of the tissue due to
the electroporation pulses.

Example 3—System for Monitoring Both
Impedance and Temperature

Gene therapy is a maturing field with increasing successes
in clinical applications. Even with these successes there is
still a major distinction between a gene based therapy and a
protein based therapy with the distinction being control of
the therapeutic dose. Protein based drugs allow for defined
dose based on pharmacodynamics, pharmacokinetics and
defined levels needed to obtain a therapeutic dose. With a
gene based approach the delivered molecule is the transgene,
in a carrier, and not the actual therapeutic protein. One must
rely on reproducible expression with respect to levels and
kinetics to achieve the appropriate dose. Being able to come
closer to controlling those aspects with a delivered gene
would move gene based therapy closer to protein based
therapy and potentially improved therapeutic outcomes and
reduced adverse effects.

It is evident from previous work that significantly higher
levels of plasmid expression can be obtained by injecting
plasmid DNA followed by electric pulses than by plasmid
injection alone. It is also clear that by understanding the
electrical properties of the delivery site before, during, and
after electric pulses are administered could allow for a high
level of control and reproducibility achieved by monitoring
impedance changes at the delivery site. Temperature modu-
lation can also be used to better control and direct delivery.
Thus, control and enhanced reproducibility are the major
achievements of this system.

The exemplary system is comprised of an electroporation
device capable of heating the skin and monitoring tempera-
ture coupled to a computer controlled impedance analyzer/
pulse generator capable of integrating feedback control for
pulsing based upon impedance data and controlling tem-
perature based upon temperature measurement.

Prophetic Electroporation Device

In an exemplary embodiment, a 16 MEA is manufactured
in order to incorporate both heating and temperature mea-
surement components along with the application of electric
fields to induce electroporation and gene electrotransfer.
Sixteen electrodes 105 are arranged in a 4x4 array on
removable circuit board 110. The exemplary 4x4 array is
comprised of sixteen electrodes 105 configured into 9 sec-
tions with each section comprising four electrodes, similar
to the array shown in FIG. 2. The optic fibers (solid dots)
shown in FIG. 2 may be replaced with at least one alternative
heating element in some embodiments. In such embodi-
ments, instead of optic fibers positioned in the center of each
sector of electrodes, a plurality of light emitting diodes
(LEDs) may be disposed within handle 130 of device 100
proximal to electrodes 105. While a 16 MEA is described,
any configuration of at least two electrodes may be used.

Electrodes 105 may be gold plated 0.5 mm diameter rods
that are affixed to through apertures by solder. Each elec-
trode in the application may be spring loaded, which allows
the tips to conform to differences in animal skin topology,
ensuring that the electrodes maintain good contact with the
tissue of interest. Electrodes 105 may be flat bottom, non-
penetrating electrodes that are spaced between 2.0 to 2.5 mm
apart, center to center, thus creating a square geometry. The
array created nine 2.0 mm by 2.0 mm or 2.5 mm by 2.5 mm
square spaces between electrodes, with each spacing
referred to as a sector of treated tissue.
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As shown in the embodiment of FIG. 9, electrodes 105
extend from first side of circuit board 110 by about 5 mm to
contact tissue 120. Electrodes 105 are flush with second side
of circuit board 110 which faces interior of handle 130.
Through apertures are connected to edge connector via
metal traces in circuit board 110 to provide independent
electrical connection for each electrode 105. Circuit board
110 is connected to machined handle 130 which can be
tubular in shape comprising an interior and an exterior.
Interior of handle 130 contains heating elements 140 as well
as a temperature measurement system 150 such as a small IR
sensing camera. In some embodiments, circuit board 110
may be made of glass or a polymer that is transmissive of IR.

Heating elements (heat generation device) 140 can be any
device capable of producing heat by any means known in the
art. Heating elements 140 are preferably capable of being
contained within interior of handle 130. In some embodi-
ments, an array of far infrared light emitting diodes (LEDs,
such as LED36-SMDS5R, Roithner LaserTechnik) are used
as heating elements 140. Far infrared (wavelengths of 3 um
to 1 mm) is preferably used for heating in an embodiment
because far infrared transmits deeper into the tissue. There
is evidence that far infrared is absorbed better by water
which comprises the bulk of living tissues. [Soyun Cho, Mi
Hee Shin, Yeon Kyung Kim, Jo-Eun Seo, Young Mee Lee,
Chi-Hyun Park and Jin Ho Chung, Effects of Infrared
Radiation and Heat on Human Skin Aging in vivo, Journal
of Investigative Dermatology Symposium Proceedings
(2009) 14, 15-19]. Device 100 can contain multiple arrange-
ments of LEDs as long as they are capable of efficiently
heating tissue 120 surface to a preset temperature in about a
minute or less. The arrangement and direction of emission
can vary according to the distribution of temperature. In
some embodiments, the capacity to turn heating elements
140 on individually or in clusters can be implemented to
allow better control of heating. For example, “cooler” sec-
tors or larger areas can be exposed a little longer or possibly
with more LED’s directly emitting toward them.

Temperature of tissue 120 is determined by a temperature
measurement system 150 such as thermal images from a
small IR sensing camera that can be located on small circuit
boards capable of fitting into hollow handle 130. An
example of such a camera is a forward looking infrared
radiometer (FLIR), however any small IR sensing camera
may be used. In this embodiment, camera is positioned a few
cm above the proximal end of electrodes 105 which are flush
with circuit board 110. Tissue 120 surface is the focal plane
of camera. Heating elements 140 are arranged to emit heat
toward tissue 120 surface. Orifices 160 are positioned in
circuit board 110 at the center of each sector, which is
located between each set of 4 electrodes 105. Orifices 160
allow for free passage of the IR even though it may pass
through circuit board 110, with some attenuation, if there
were no orifices 160.
Method of Use

Device 100 is used to uniformly increase skin surface
temperature to a maximum of 50° C. in about 60 seconds.
The number and arrangement of the LED’s is empirically
determined by heating guinea pig skin and monitoring the
process with the FLIR camera. Three animals are utilized for
this testing. Temperature measurements are made with the
LEDs off momentarily to determine this time using a com-
puter control system. Images of the skin surface appearing
through orifices 160 in circuit board 110 (i.e. of the skin
between each set of 4 electrodes/sector) are used. Thermal
image 170 is processed to isolate the temperature of the skin
surface in each sector with the aid of a superimposed white
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light image. “Subtracting” these two images yields the
temperature of the skin surface in each sector. The control
system algorithm allows the user to input a set temperature,
allow the skin to increase to that temperature, turn the LED’s
off, and then periodically check the temperature to provide
a brief period of heating to maintain the temperature when
necessary.

Alternative Electroporation Device (Non-Prophetic)

In an alternative embodiment, device 200 shown in FIG.
10, heating element 240 was positioned distal to fan 280,
both of which were contained within handle 230. Tempera-
ture measurement system 250 was positioned outside of
handle 230 to measure temperature of tissue 220. The arrows
in the figure represent warm air (heat) generating from
heating element 240 and being blown toward tissue 220 by
fan 280 to heat tissue 220.

The method of use of this embodiment of the electropo-
ration device is similar to that discussed above in which
electrodes 205, which are attached to circuit board 210, are
in contact with tissue 220 to deliver electrical pulse(s) to
tissue 220. Fan 280 is used to direct warm air from heating
element 240 towards tissue 220 surface to heat tissue 220
surface. Minor differences as to measuring temperature are
made to account for the placement of temperature measure-
ment system 250 outside of handle 230 however, generally
the thermal image is processed to isolate the temperature of
the skin surface in each sector with the aid of a superim-
posed white light image. “Subtracting” these two images
yields the temperature of the skin surface in each sector. The
control system algorithm allows the user to input a set
temperature, allow the skin to increase to that temperature,
turn the heating element off, and then periodically check the
temperature to provide a brief period of heating to maintain
the temperature when necessary.

Alternative Electroporation Device (Non Prophetic)

In a further embodiment, device 300 shown in FIG. 11,
both heating element 340 and temperature measurement
system 350 were contained within handle 330. Heating
element 340 was positioned distal to fan 380 (similar to FIG.
10) to allow warm air to be directed towards tissue 320.
Temperature measurement system 350 was positioned
within handle 330 between heating element 340 and tissue
320 so that thermal image 370 is capable of being processed
by temperature measurement system 350.

The method of use of this embodiment of the electropo-
ration device is similar to that discussed above with respect
to FIG. 9. Fan 380 is used to direct warm air from heating
element 340 towards tissue 320 surface to heat tissue 320
surface. Electrodes 305, attached to circuit board 310, are in
contact with tissue 320 to allow for delivery of the electrical
pulse(s). Thermal image 370 is processed to isolate the
temperature of the skin surface in each sector with the aid of
a superimposed white light image. “Subtracting” these two
images yields the temperature of the skin surface in each
sector. The control system algorithm allows the user to input
a set temperature, allow the skin to increase to that tem-
perature, turn the heating element off, and then periodically
check the temperature to provide a brief period of heating to
maintain the temperature when necessary.

Impedance Spectrometer/Pulse Generator System

The impedance spectrometer/pulse generator is com-
prised of a custom relay board, computer used as a control-
ler, software, and impedance spectrometer. Relays, or simi-
lar switching devices, are used to direct electric pulses to the
individually addressable electrodes 105, 205 and 305. In
some embodiments, in which there are sixteen electrodes in
the MEA, there are thirty-two isolated solid state relays that

10

15

20

25

30

35

40

45

50

55

60

65

18

are controlled by a data acquisition and control module. In
this embodiment, sixteen of the relay are connected to a
positive terminal while the remaining sixteen relays are
connected to a ground terminal of a high voltage power
supply. An impedance spectroscope and an electric field
generator are coupled to the solid state relays. The imped-
ance spectroscope may include an /O card for generating a
multi-frequency sine analog voltage reference signal buff-
ered by a unity gain high-bandwidth amplifier rated to drive
capacitive loads. A pair of instrumentation amplifiers may be
coupled to the I/O card of the impedance spectroscope to
measure a differential voltage across, and current flowing
through, a tissue sample and to buffer the measured results.
In some embodiments, the impedance spectroscope operates
at a low frequency. In a particular embodiment, the sampling
rate for both the reference signal generation and the voltage/
current measurements may be about 1 MHz. The electric
field generation and impedance measurement instrumenta-
tion are combined into a single composite instrument that
permits impedance spectra to be obtained before and/or after
electric field pulses have been applied, using the same
electrode array. This arrangement assures that the electric
field and the impedance measurement occur in the same
tissue region. In this embodiment, the solid state relays are
used to rapidly connect and disconnect the high voltage
pulse delivery instrument and the low voltage impedance
measurement portion of the instrument. The solid state
relays, the high voltage pulse delivery system and the low
voltage impedance measurement system of the hardware are
coupled to a computer processing system running associated
software for controlling the instrument and for processing
the measured impedance data. The software may control the
creation of, and distribution of, electroporation pulses
through the electrode array. The software may also control
the measurement of the impedance of the tissue, both before
and after the electroporation pulses have been applied. The
software may also control the use of the heat generating
device, such as IR LEDs, and temperature measurement
device, such as an FLIR camera, with temperature control
and image processing software being integrated into the
main software for pulsing and impedance. Comparison of
impedance values after each successive electroporation
pulse may be used as criteria for either continuing the
electroporation pulsing or discontinuing the pulsing,
depending upon how much the impedance had dropped.

Following assembly of the system, it is bench-top tested
to ensure functionality and accuracy with the system being
tested to ensure that the temperature maintenance routine is
comparable to results obtained with other temperature mea-
suring devices. To determine accuracy of the impedance
portion of the system, a potentiostat meeting NIST calibra-
tion standards (Gamry, Warminster, Pa.) is used along with
other precision electronic components to create circuits with
known impedance characteristics. For the pulse creation
circuitry, high voltage pulses are captured with an oscillo-
scope to ensure the system is outputting the proper pulse
width and voltage, and can sustain the power required to
produce square wave pulses in tissues. The very low voltage
output of the impedance circuitry is captured with an oscil-
loscope to verify the excitation signal voltage and duration.
Oscilloscope measurements are used to ensure the system
switches properly between pulsing and impedance measure-
ment mode. The capacity to use impedance measurements to
alter pulsation is built into the software.

The present invention may be embodied on various com-
puting platforms that perform actions responsive to soft-
ware-based instructions. Instructions stored on a computer
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readable medium may be utilized to enable the invention. A
computer readable storage medium may be, for example, but
not limited to, an electronic, magnetic, optical, electromag-
netic, infrared, or semiconductor system, apparatus, or
device, or any suitable combination of the foregoing. More
specific examples (a non-exhaustive list) of the computer
readable storage medium would include the following: an
electrical connection having one or more wires, a portable
computer diskette, a hard disk, a random access memory
(RAM), a read-only memory (ROM), an erasable program-
mable read-only memory (EPROM or Flash memory), an
optical fiber, a portable compact disc read-only memory
(CD-ROM), an optical storage device, a magnetic storage
device, or any suitable combination of the foregoing. In the
context of this document, a computer readable storage
medium may be any tangible medium that can contain, or
store a program for use by or in connection with an instruc-
tion execution system, apparatus, or device.

A computer readable signal medium may include a propa-
gated data signal with computer readable program code
embodied therein, for example, in baseband or as part of a
carrier wave. Such a propagated signal may take any of a
variety of forms, including, but not limited to, electro-
magnetic, optical, or any suitable combination thereof. A
computer readable signal medium may be any computer
readable medium that is not a computer readable storage
medium and that can communicate, propagate, or transport
a program for use by or in connection with an instruction
execution system, apparatus, or device.

Program code embodied on a computer readable medium
may be transmitted using any appropriate medium, includ-
ing but not limited to wireless, wire-line, optical fiber cable,
radio frequency, etc., or any suitable combination of the
foregoing. Computer program code for carrying out opera-
tions for aspects of the present invention may be written in
any combination of one or more programming languages,
including an object oriented programming language such as
Java, C #, C++ or the like and conventional procedural
programming languages, such as the “C” programming
language or similar programming languages.

These computer program instructions may also be stored
in a computer readable medium that can direct a computer,
other programmable data processing apparatus, or other
devices to function in a particular manner, such that the
instructions stored in the computer readable medium pro-
duce an article of manufacture including instructions which
implement the function/act specified in the flowchart and/or
block diagram block or blocks.

The computer program instructions may also be loaded
onto a computer, other programmable data processing appa-
ratus, or other devices to cause a series of operational steps
to be performed on the computer, other programmable
apparatus or other devices to produce a computer imple-
mented process such that the instructions which execute on
the computer or other programmable apparatus provide
processes for implementing the functions/acts specified in
the flowchart and/or block diagram block or blocks.

Example 4—Delivery of DNA while Monitoring
Temperature and Impedance (Prophetic)

The inventors use the system described in Example 4 to
determine if the combined use of elevated temperature and
customized pulsing can improve the control and reliability
of the electotransfer process. Based on preliminary data it is
clear that skin impedance changes result from electropulsa-
tion at ambient temperature (~35° C.). Impedance changes
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likely occur at elevated treatment temperatures however, it
is unknown if these changes are the same at ambient
temperatures. Impedance-feedback based pulsing relies on
identifying and quantitating these changes during pulsation,
thus these changes must be identified at elevated tempera-
tures. After identification, system programming is modified
to use these changes as a parameter for feedback control.
Feedback control is then used to deliver reporter plasmids to
determine if controlling delivery can result in higher/longer
expression, require fewer pulses, and/or be achieved using
lower voltages as compared to existing optimized delivery
parameters at ambient temperature. It is thought that this
approach results in reproducible delivery between animals.
Prophetic Example to Deliver Plasmid DNA to a Tissue

The flank skin of mixed sex Hartley Guinea pigs and
luciferase encoding plasmid DNA (gWizluc, Aldevron,
Fargo, N. Dak.) are used for the experiments. Each animal
has 4 treatment sites, two on each flank, treated. Post-
treatment impedance spectra from animals treated at 4
temperatures using 4 different electric fields (pulse voltage/
distance between electrodes) is collected. Analysis of the
spectra from animals with high luciferase levels enables
identification of impedance and other changes that correlate
with higher expression/delivery. In particular, spectra are
examined to determine what changes in low frequency,
capacitive, and current changes (electrical flow) are used as
parameters for feedback control. Software is modified to
employ feedback control based on the three identified
parameters with each parameter used to deliver plasmid
DNA. Any histologic effects and the location of the
expressed DNA using delivery conditions that resulted in the
highest expression is examined.

Impedance changes due to temperature and pulsation are
determined by delivering gWizL.uc to the flank skin of
bilaterally shaved guinea pigs. DNA is introduced into the
skin of each treatment site by intradermal injection of 50 ul
saline containing 100 pug DNA. A set of 6 treatment groups
have DNA delivered at 4 different temperatures. The treat-
ment groups include no treatment (no DNA or pulses), DNA
injection only (no pulses), and DNA delivered with 45V,
35V, 25V, or 15V in a 4x4 manner. These voltages corre-
spond to 225 V/em, 175 V/em, 125 V/em, and 75 V/em
(voltage divided by 0.2 cm distance between electrodes=V/
cm). This set of six treatment groups is treated at ambient
skin temperature (measured) and also at 40° C., 43° C., and
46° C. Each of these conditions is used to treat 8 sites per
group. [Heller R, Cruz Y, Heller L. C, Gilbert R A, Jaroszeski
M J. Electrically mediated delivery of plasmid DNA to the
skin, using a multielectrode array. Hum Gene Ther. 2010;
21(3):357-62; Ferraro B., Heller L. C., Cruz Y. L., Guo S.,
Donate A., Heller R., Evaluation of delivery conditions for
cutaneous plasmid electrotransfer using a multielectrode
array. Gene Ther. 2011 May; 18(5): 496-500; Guo S., Donate
A., Basu G., Lundbert C., Heller L., Heller R., Electro-gene
transfer to skin using a noninvasive multielectrode array. J
Control Release. 2011, May 10: 151(3): 256-262; Guo S,
Israel A L, Basu G, Donate A, Heller R Topical Gene
Electrotransfer to the Epidermis of Hairless Guinea Pig by
Non-Invasive Multielectrode Array. PL.oS ONE 2013, 8(8):
e73423]. All pulses are 150 ms in duration with 150 ms
between successive pulses. Impedance spectra is taken from
each animal before treatment, after injection, and again after
4x4 electroporation pulses. Each spectra is taken from 10 Hz
to 100 kHz. Electrical current data during EP pulsation is
recorded. Luciferase expression levels are evaluated on 2, 4,
7, 10, 14, 21, and 28 days post-treatment. Based upon
experience and the literature, this schedule will capture peak
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expression and by day 21 expression is close to animals that
only received DNA injection. Peak and total expression (for
28 days) is considered when analyzing the data with respect
to impedance changes. In general, mean luciferase levels are
analyzed to look for trends with respect to temperature and
applied field.

Post-EP impedance spectra are examined from the highest
responders regardless of field strength used for treatment or
temperature. The spectra are analyzed for characteristics that
correlate to high luciferase levels as measured using a
Xenogen instrument. From the preliminary data it is likely
that a reduction in impedance data (IZl) under 40 kHz is a
strong correlate to luciferase levels. Data is examined to
determine if spectra from high expressers can be correlated
with some feature or change in capacitance (using Nyquist
plots) and if a relationship between current change and high
expression is identified. Current generally increases with
each successive pulse, thus a current threshold for high
responses may be identified. These changes/features are
each used as feedback parameters. The three parameters are
an impedance drop of X relative to pre-pulse impedance in
a small range of frequencies, a capacitance change of Y
(likely a decrease) relative to pre-pulse values, or a mini-
mum threshold current of Z during electropulsation.

Luciferase encoding plasmid is delivered to skin as
described above. However, a feedback style of pulsing is
used to treat groups of animals (N=8 treatment sites). The
impedance drop parameter (X) identified previously is used
along with two of the highest performing electric fields.
Fields are selected based upon highest mean and integrated
Iuciferase levels. These are used to apply feedback pulsing
using all of the temperatures. As described above, feedback
pulsing involves pulsing until the predetermined impedance
drop (X) has been achieved in each treatment sector while
maintaining the temperature. Standard 4x4 pulsing (at both
voltages) is applied for comparison along with no treatment
and DNA injection only groups. The same experiment is
conducted but feedback is based upon the capacitive change
(Y) identified previously or the experiment uses threshold
current (7) as the feedback parameter.

Preliminary data indicated that feedback and a tempera-
ture increase from ambient to 43° C. independently increase
expression. The inventors anticipate a synergistic effect
because feedback optimizes/customizes pulsing in each
individual sector of the 16 MEA treatment area and creates
a uniform temperature distribution. The inventors expect
some degree of reduced variability as was noticed in murine
preliminary data which in itself is a positive as decreased
variation certainly means better delivery control and thus
more subjects ultimately have expression above threshold to
produce a response (i.e. vaccine).

Example 5—Delivery of Plasmids Encoding
Therapeutic Proteins (Prophetic)

Demonstrating the delivery system process using DNA
encoding molecules that have therapeutic potential is criti-
cally important. Use of plasmid DNA for these therapeutic
approaches has distinct advantages over the use of recom-
binant protein. The system’s potential for administering two
types of therapies is examined by using delivery parameters
that resulted in the highest expression with negligible his-
tologic effects. The first therapy tests the potential of a
secreted protein as an example of delivering DNA that
encodes a molecule that has a direct therapeutic effect.
Successful delivery of a plasmid for protein replacement
therapy minimizes the number of treatments. With recom-

5

10

15

20

25

30

40

45

50

55

60

65

22

binant protein, due to the half-life, patients may require
frequent injections while DNA could make the interval
between doses much longer. The second therapy examines
delivering an encoded antigen to determine if indirect effects
are possible. DNA delivery is an appealing approach to
infectious disease vaccines and this has been a major area of
growth for electroporation. Conventional infectious disease
vaccines involve pathogen cultivation and vaccine delivery
may create the potential for infection in immunosuppressed
and immunocompromised individuals. DNA vaccines can be
produced quickly to manage outbreaks or genetically chang-
ing organisms. These represent two commonly envisioned
uses for gene therapy. Kinetics of expression is examined
because long-term or short-term expression may be desir-
able. Long-term expression may require multiple deliveries,
so the effects on the tissue integrity must be established.
Prophetic Example of Delivery of Plasmid Encoding hFIX
(phFIX)

The two combinations of feedback-based parameters that
lead to the highest expression levels and lowest variation
above are used to deliver plasmid encoding human Factor IX
(phFIX). One corresponds to the highest mean peak expres-
sion and the other corresponds to the highest mean inte-
grated expression. Two criterion used include minimal dis-
persion and negligible histologic effects. If two sets of
parameters have statistically indistinguishable data, the set
that used the lowest voltage is chosen for use as it leads to
increased patient comfort. The parameter sets include feed-
back parameter, voltage (field) and temperature. Optimized
4x4 pulses (45 V, 225 V/cm) at ambient temperature are
used as a standard for comparison along with DNA injection
at ambient temperature. Each group is comprised of 8
animals with 1 treatment site per animal. On days 0, 2, 4, 7,
10, 14, 21 and 28, blood is collected from each group. Serum
is evaluated for factor IX by ELISA. Animals are followed
beyond day 28 if there is still increased expression.

The experiment is repeated to determine if delivering
DNA three times can maintain expression over a longer
period. The repeat procedure is administered at time points
coinciding with decreases in expression following a single
application, likely at about 10 days. For example, treatments
are performed on days 0, 10 and 20. Duration of expression
is monitored, and the treated animals are observed to deter-
mine how they tolerate multiple applications. Serum is
collected twice/week until levels return to background.
Prophetic Example of Delivery of Plasmid Encoding Hepa-
titis B Surface Antigen (pHBSAg)

Plasmid encoding Hepatitis B surface antigen (pHBSAg)
is administered to guinea pigs using the same 5 treatment
groups as described above. Animals are treated twice, once
on day 0 and again on day 14. Blood is collected from the
animals at baseline (Day 0) and then at 7, 14, 21, 28, 35 and
42 days following the first treatment. Serum is evaluated for
levels of anti-HBSAg antibodies by ELISA.

Peak and integrated levels of FIX are statistically higher
than with standard EP and with less variation (i.e. lower
coeflicients of variation and or standard deviations). The
same increased efficiency and better control is shown in the
anti-HBSAg antibody data. At least one condition used for
feedback pulsing uses a significantly lower electric field that
the standard method for pulsing at ambient temperature. If
data from this lower field does result in higher FIX levels or
antibody titers (peak or integrated, or both), along with
lower variability, then the utility of the hardware, software,
and methods are a significant advantage for delivery.

CONCLUSION

The inventors showed that preheating tissue reduced
applied voltage by about 25% (45V to 35V) with no adverse
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side effects. Preheating also was found to reduce the number
of pulses required when using a standard voltage of 45V. The
inventors also found that the largest change in impedance
due to electroporation was in the low frequency range, less
than 4 kHz in murine skin. Other types of tissues, such as
human skin, may yield different results. In addition, animals
having the highest biological responses, regardless of elec-
tric field strength used for electroporation, had final mean
impedance values that were reduced by 80% or more in
murine skin as compared to pre-pulsed values. Other tissues
and skin from other animals, such as humans, may yield
different values. These results taken together indicate that
preheating tissue prior to delivering electroporation pulses in
conjunction with monitoring impedance values after deliv-
ery of each pulse and adjusting temperature and/or pulse
parameters accordingly, allows for targeted delivery within
a tissue.

It will be seen that the advantages set forth above, and
those made apparent from the foregoing description, are
efficiently attained and since certain changes may be made
in the above construction without departing from the scope
of the invention, it is intended that all matters contained in
the foregoing description or shown in the accompanying
drawings shall be interpreted as illustrative and not in a
limiting sense.

The disclosures of all publications cited above are
expressly incorporated herein by reference, each in its
entirety, to the same extent as if each were incorporated by
reference individually.

It is also to be understood that the following claims are
intended to cover all of the generic and specific features of
the invention herein described, and all statements of the
scope of the invention which, as a matter of language, might
be said to fall there between. Now that the invention has
been described,

What is claimed is:
1. A method of delivering a molecule to a biological
structure of a subject comprising:
heating the biological structure to a preset temperature
wherein the biological structure is heated by an element
that is separate from electrodes used to apply at least
one electroporation pulse;
measuring impedance of the biological structure to estab-
lish a preset impedance value;
applying the at least one electroporation pulse to deliver
the molecule into the biological structure;
measuring the impedance of the biological structure as a
feedback control mechanism after each pulse to deter-
mine permeability of cell membranes; and
adjusting pulse parameters based on the measured imped-
ance of the biological structure until desired impedance
is reached indicating delivery of the molecule to the
biological structure;
wherein the desired impedance is at least a 10% reduction
as compared to the preset impedance value.
2. The method of claim 1, further comprising injecting a
molecule into the biological structure prior to applying heat
to the biological structure.
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3. The method of claim 1, further comprising monitoring
temperature of the biological structure.

4. The method of claim 3, wherein the temperature is
monitored using impedance, thermal imaging, thermistors,
thermocouples, thermopiles or combinations thereof.

5. The method of claim 1, wherein the preset temperature
is at least 35° C.

6. The method of claim 5, wherein the preset temperature
is between about 40° C. to about 46° C.

7. The method of claim 1, wherein the heat applied to the
biological structure is convective, conductive, radiative or
combinations thereof.

8. The method of claim 1, wherein the impedance feed-
back is measured in a frequency range of about 0 Hz to about
4 kHz.

9. The method of claim 1, wherein the pulse parameters
are selected from the group consisting of electric field
intensity, pulse duration, pulse polarity, time interval
between pulses, number of applied pulses, and combinations
thereof.

10. The method of claim 9, wherein the electric field
intensity is between about 5 V/ecm to about 2000 V/em.

11. The method of claim 9, wherein the pulse duration is
between about 1 ps to about 1 second.

12. The method of claim 9, wherein the time interval
between pulses is between about 1 pus to about 1 second.

13. The method of claim 1, wherein the molecule is
selected from the group consisting of therapeutic drugs,
genes, proteins, nucleic acid sequences, and plasmid DNA.

14. A method of delivering a molecule to a biological
structure of a subject comprising:

injecting a molecule into the biological structure;

heating the biological structure to a preset temperature

wherein the biological structure is heated by an element
that is separate from electrodes used to apply at least
one electroporation pulse;

measuring impedance of the biological structure to estab-

lish a preset impedance value;

applying the at least one electroporation pulse to deliver

the molecule into the biological structure;

monitoring the temperature of the biological structure;

measuring impedance of the biological structure as a

feedback control mechanism after each pulse to deter-
mine permeability of cell membranes; and

adjusting pulse parameters based on the measured imped-

ance of the biological structure until desired impedance
is reached indicating delivery of the molecule to the
biological structure;

wherein the desired impedance is at least a 10% reduction

as compared to the preset impedance value;

wherein the molecule is selected from the group consist-

ing of therapeutic drugs, genes, proteins, nucleic acid
sequences, and plasmid DNA;

wherein the pulse parameters are selected from the group

consisting of electric field intensity, pulse duration,
pulse polarity, time interval between pulses, number of
applied pulses, and combinations thereof.
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