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Optimal gene electrotransfer (GET) requires a compromise between maximum transgene expression and
minimal tissue damage. GET in skeletal muscle can be improved by pretreatment with hyaluronidase which
contributes to maximize transgene uptake and expression. Nevertheless, tissue damage remains severe close
to the electrodes, with a concomitant loss of GET efficiency. Here we analyze the role of pH in tissue damage in
GET protocols through in vivo modeling using a transparent chamber implanted into the dorsal skinfold of a
mouse (DSC) and intravital microscopy, and in silico modeling using the Poisson–Nernst–Planck equations for
ion transport. DSC intravital microscopy reveals the existence of pH fronts emerging from both electrodes and
that these fronts are immediate and substantial thus giving rise to tissue necrosis. Theoretical modeling confirms
experimental measurements and shows that in GET protocols whether with or without hyaluronidase pretreat-
ment, pH fronts are the principal cause of muscle damage near the electrodes. It also predicts that an optimal
efficiency in GET protocols, that is a compromise between obtainingmaximum electroporated area andminimal
tissue damage, is achieved when the electric field applied is near 183 V/cm in a GET protocol and 158 V/cm in a
hyaluronidase + GET protocol.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

During the last decade, pulsed electric fields were explored in
different scientific domains such as medicine, biotechnology and
environmental preservation [1]. In the medical field, treatments of
tumors based on electroporation or electropermeabilization (EP),
a technology in which cell membrane integrity is disturbed with
an electric field, are emerging. Different approaches are electro-
chemotherapy (ECT), irreversible electroporation (IRE) and gene
electrotransfer (GET). ECT, [2–4], combines reversible electroporation
with non-permeant anticancer drugs to potentiate their entry into the
cell. IRE, [5], is a technique that kills cells leaving intact extracellular
matrix, vessels and nerves. GET, [6,7], has great potential as a non-
viral gene-delivery system as it achieves the introduction of plasmids
or oligonucleotides into the cells. After the development of EP devices
this technique became widespread for delivering molecules inside the
cell. Although the mechanisms of GET have not been completely
clarified [8], it is supposed that a higher DNA uptake in vivo is possible
thanks to the enhancement of cell membrane permeabilization and
electrophoretic movement of DNA molecules into the target cells. The
effect of electrophoresis on GET efficiency was presented in [9] using
different combinations of high and low voltage pulses.
fax: +54 11 4576 3359.
.

Moreover, if GET is applied to muscle cells, it works in favoring the
antigenproductionwithin the skeletalmuscle [10], and in the activation
of pro-inflammatory pathways and in the recruitment of cells involved
in antigen presentation [11]. This mechanism turns GET into a useful
strategy in DNA vaccination protocols, and a promising approach for
the introduction of foreign antigens into the host for inducing an
immune response not only against infectious diseases but also against
malignant tumors [12].

Since GET is also associated with some tissue damage that must be
minimized, optimal GET requires a compromise between maximum
transgene expression and minimal tissue damage. In [13,14] it was
shown that GET in skeletal muscle can be improved by pretreatment
with hyaluronidase, an enzyme able to degrade hyaluronan, an ubiqui-
tous glycosaminoglycan molecule of the extracellular matrix surround-
ing muscular fibers and skin [15]. This treatment leads to a better
penetration and spread of DNA into the muscle tissue coupled with a
reduction of muscle damage.

Even if the use of pre-treatment by hyaluronidase reduces muscle
fiber damage, traces of necrosis still remain visible in the tissue with a
concomitant loss ofmuscle fibers and a reduction in transgenic gene ex-
pression. It has been suggested that both effects (uncontrolled necrosis
and loss of efficiency) may be strongly dependent on pH alterations
induced by electrolysis [16–19]. Significant pH changes of the medium
may induce deleterious effects on the plasmids used in GET, as DNA
denaturation is prominently affected by pH. Plasmids are usually dena-
tured when exposed to an alkaline medium above 8.4, and it takes less
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Fig. 1. A cross section in the x–y plane of themodel geometry for TAM (parallel-plate elec-
trodes) and DSC (parallel-needle electrodes). The x-axis is aligned with the direction of
the electric field.
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than 1 s to permanently denature them at pH = 12.5. In fact, results
presented in [20] show that extreme pH changes occur in tissues
when GET pulses are applied, in spite of the presence of natural buffers.
Thus, it seems relevant to quantify the extent and evolution of these pH
changes during GET. A way to reduce their effects could be the minimi-
zation of voltages and pulse number and the maximization of pulse
length as far as possible. Actually, this new low-current, low-voltage
and long-duration pulse procedure, was recently proved to be safer
and more efficient in GET [21].

The aim of this work was to study through in vivo and in silico
modeling the role of pH in tissue damage in hyaluronidase + GET
protocol applications, wewill show that it is mainly due to the presence
of strong pH effects. The final goal is to improve gene delivery protocols
by maximizing electroporated area and minimizing pH effects through
pulse parameters selection.

2. Materials and methods

2.1. In vivo modeling

2.1.1. Measurements in tibialis anterior muscle (TAM)
Part of the experimentalwork presented here for assessing the effect

of field strength on damage and expression, corresponds to data ex-
tracted from [13]. In those experiments, groups of four male F1 mice
were injected in TAMwith bovine hyaluronidase and plasmid followed
by a GET protocol (200, 175, 150, 125, 100 and 0 V/cmwith 8 pulses of
duration 20 ms, with a distance between electrodes of 0.003 m). Pulses
were appliedwith a BTX ECM830Harvard Apparatus, USA.More details
can be found in the paper mentioned above.

With the purpose of extending data from [13], a new set of experi-
ments was carried out in which a group of 10 female mice (6- to 8-
weeks-old BALB-c/J) was injected in the TAM with bovine hyaluroni-
dase (SIGMA, Catalog Number H4272) and plasmid DNA followed by a
GET protocol identical to that used in [13]. In this experiment, we
were not focused in the transfection efficiency (already evaluated and
reported in [13]). The aim of this experiment was to reproduce the
experiment reported in [13] for evaluating the electrical parameters
which were necessary for the calibration of the mathematical models
presented in this work. These parameters had not been measured in
[13]. During our GET-type protocol experiments, electric current and
voltage were measured with a digital oscilloscope (InfiniiVision DSO-X
2012A-SGM, Agilent Technologies, USA).

2.1.2. Measurements in dorsal skinfold chambers (DSC)
Due to the impossibility of observing and quantifying the extension

of pH fronts in TAM, a substitute in vivo model was introduced. This
consists in a transparent thin plastic chamber implanted into the dorsal
skinfold of the mouse in which pH fronts are visualized with intravital
microscopy. DSC is used in vivo studies and recent papers report
this methodology. Intravital microscopy at the single vessel level
brings new insights of vascular modification mechanisms induced by
electropermeabilization [22,23].

In this context, a new set of measurements with intravital micro-
scopy was carried out in DSC implanted in 10 female mice (6- to 8-
weeks-old BALB-c/J) under general anesthesia, Ketamin/Xilacin
(RICHMOND Argentina), Flumixin meglumine (analgesic, RICHMOND
Argentina) and Enrofloxacin (antibiotic, RICHMOND Argentina). Then,
25 μl fluorescein isothiocyanate-dextran (FITC-Dextran (250 mg/kg),
mass weight 70,000 Da SIGMA, Catalog Number 46945) in normal sa-
line, used as tissue pH indicator, was injected intravenously through
the tail. GET pulses (voltages of 100 and 300 V/cm and pulses with a
duration of 20 ms at 1 Hz) were applied using electrodes inserted
through the skin (thickness 0.6 mm). These electrodes consisted in
two 27-gauge needles (separated a distance of 2 mm). A video camera
was used to record pH front evolution in space and time during pulse
application.
For a better visualization of pH fronts in the image presented
in Fig. 3(a), Phenolphthalein (C20H14O4) as acid base indicator
(point transition at pH 8.3 approximately, SIGMA) and phenol red
(C19H14O5S) as acid base indicator (6.8–8.2, yellow to red, SIGMA),
were applied topically, prior to the application of the GET protocol.
Conductive gel was used on the electrode to ensure good electrical
contact as commonly performed in GET protocols to allow the electric
conductance. No plasmid vector neither hyaluronidase were injected
into the DSC, we only applied the same electrotransfer conditions
used in the in vivo pre clinical protocols carried out in the lab of one
of the authors.

Animals were maintained in accordance with current regulations
and standards of the NIH. Experimental protocols were designed
according to the regulations of the committee for the care and use of
laboratory animals of our institution (CICUAL).

2.2. In silico modeling

In silico modeling aimed at predicting the effect of the electric field
on electroporated and damaged areas, in particular, the role of pH, in
the application of a hyaluronidase + GET protocol to TAM and DSC. It
is based on a macroscopic description of TAM and DSC experimental
results. The damaged area is computed via the Poisson and Nernst–
Planck (PNP) equations governing the electric field and the ion
transport, respectively, in a four-component electrolyte (proton,
hydroxide, chloride and sodium) and its numerical solution by
deterministic finite differences. A change in the medium describes the
presence or absence of hyaluronidase. Ion diffusion coefficients were
adequately reduced following experimental data. The electroporated
area is computed neglecting ion transport, assuming ohmic behavior
and using the nonlinear Laplace equation governing the electric field,
and its numerical solution by finite elements.

2.2.1. Governing equations
In the followingwe address the computation of the damaged area. A

geometric definition of the problem is presented in Fig. 1. The x-axis
aligns with the direction of the applied electric field. Assuming the
validity of ion transport equations in an electrolyte, the flow density
vector is defined as:

j ji x; tð Þj ¼ 1
A
∂ni

∂t ð1Þ

where j [mol/(cm2 ⋅ s)] is the total ionic flux density through the area A
[cm] normal to the direction of the electric field, ni [mol] is themole flux
of the ionic species i (H+, OH−, Cl− and Na+), x [mm] and t [s] are the
space and time coordinates, respectively. Assuming that ion transport
is solely governed by diffusion and migration, the molar concentration
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Fig. 2. (a) Normalized electroporated area (NEPA) in TAM(without hyaluronidase: hollow
squares, with hyaluronidase: solid squares) vs. electric field E (V/cm). (b) Normalized
damaged area (NDA) in TAM (without hyaluronidase) vs. electric field E (V/cm). (c) Elec-
tric current I(A) in TAM (without hyaluronidase: hollow squares, with hyaluronidase:
solid squares) vs. voltage U (V).
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Ci = ni/V [mol/dm3] where V is the volume, can be expressed via the
Nernst–Planck (NP) equation as:

JiNP x; tð Þ ¼ −DiNP
∇CiNP

−
ziNP
ziNP

��� ���uiNP
CiNP

∇ϕ ð2Þ

where CiNP
[mol/dm3], DiNP

[cm2/s], ziNP and uiNP
[cm2/(V ⋅ s)] are the

concentration, diffusion coefficient, charge number (with sign) and
mobility of the species iNP, respectively (iNP = H+, OH− and Cl−).

The concentration of the fourth specie, (Na+) is obtained via the
electroneutrality condition:

X4
i ¼ Hþ

;OH−
;

Cl−;Naþ

ziCi ¼ 0: ð3Þ

The material balance for species i is given by

∂Ci

∂t þ∇ � JiNP x; tð Þ ¼ Rir
ð4Þ

where Rir
represents the production of species ir through chemical

reactions in the electrolyte.

2.2.2. Electrochemical reactions
Water proteolysis reaction is the only homogeneous chemical reac-

tion considered:

Hþ þ OH− ⇌
kw;b

kw; f

H2O

where kw,b and kw,f are the backward and forward dissociation constants
of water, respectively. Input data and constants used in the numerical
model can be found in [19].

This reaction is described by

∂ Hþ� �
∂t ¼ ∇ � −DHþ∇ Hþh i

− zHþ

zHþj juHþ Hþh i
∇ϕ

� �

−kw;b Hþh i
OH−½ � þ kw; f H2O½ �;

ð5Þ

∂ OH−½ �
∂t ¼ ∇ � −DOH−∇ OH−½ �− zOH−

zOH−j juOH− OH−½ �∇ϕ
� �

−kw;b Hþh i
OH−½ � þ kw; f H2O½ �

ð6Þ

∂ Cl−½ �
∂t ¼ ∇ � −DCl−∇ Cl−½ � þ zCl−

zCl−j j FuCl− Cl−½ �∇ϕ
� �

: ð7Þ

In addition, the current density, J, is calculated from the flux of the
sum of charged species (Faradays Law). The electrostatic potential is
computed via the equation of charge conservation ∇ ⋅ J = 0. Further
details can be found in [19].

The computation of the electroporated area is treated via the
solution of the nonlinear Laplace equation governing the electrostatic
potential

∇ � J ¼ ∇ � σ j∇ϕj;Hyaluð Þ;ϕð Þ ¼ 0 ð8Þ

where J is the Ohmic current density, σ is the electric conductivity, ϕ is
the electrostatic potential. σ is a function of the electric field and the
presence or absence of hyaluronidase in the medium.
2.2.3. Numerical implementation
The damaged zone is determined by the pH variation which in

turn is obtained by solving the PNP equations with the assumption of
electroneutrality, following [18]. In this case, the PNP system of partial
differential equations can be approximated by a split model describing
ion transport in a two-step procedure. During the ON-time step, electric
current is present and transport is governed bymigration and diffusion;
during the OFF-time step electric current is absent and transport is
governed solely by diffusion. This splitting mechanism results in a
multi-time step model in which the ON-time steps are several orders
of magnitude smaller than the OFF-time step.

The split system of partial differential equations is solved, succes-
sively in time, in a two-step procedure (ON-time and OFF-time steps),
in a fixed domain on a two-dimensional space-time uniform grid
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using strongly implicit finite differences (details can be found in [24]).
During the ON-time step, the time step is diminished several orders
of magnitude to account for the migration in the microsecond scale,
yielding a remarkable robust numerical algorithm. The computational
model was written in the C++ language and implemented on an
Intel(R) Core(TM) i5 class computer under Ubuntu Linux OS. The
nonlinear equation resulting from the approximation of the boundary
conditions is solved by the Newton's method, using Multidimensional
Root-Finding routines from the GNU Scientific Library (GSL). Details of
the whole procedure can be found in [18].

Simulation starts with the ON-time step system. At t=0, there are no
concentration gradients throughout the electrolyte. Input parameters for
the computational model are taken from Table 1, presented in [19]. Initial
salt concentration is set to be 0.16 M, which is close to that found in
plasma and interstitial fluids [25]. Initial pH is set to be 7 (neutral).
During the OFF-time step the system is solved using as initial conditions
the solution obtained from the ON-time step.
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Fig. 3. (a) Anodic and cathodic pH fronts induced byGET inmice observed by intravitalmicrosc
area), and cathodic basic front (right electrode)markedwith phenolphthalein (pink–red area),
pulse number, for different electric fields E (100 (hollow squares), 200 (circles) and 300 (trian
The electroporated zone is computed solving the nonlinear Laplace
equation with variable conductivity in a sequential way following [26,
27]. In silico modeling is validated with measurements as discussed
below.

3. Results and discussion

3.1. In vivo modeling

3.1.1. TAM
Fig. 2(a) presents measurements of the normalized electroporated

area (NEPA) in TAM (without hyaluronidase: hollow squares, with
hyaluronidase: solid squares) vs. electric field E (V/cm). Here, the area
(AE) is normalized by NEPA = (AE − A0E)/(AT − A0E) where AE is the
electroporated area, A0E is the initial electroporated area and AT is the
total area. The figure shows that, as expected, the electroporated area
increases with electric field. Fig. 2(b) presents measurements of the
6 8 10

ber

60

opy through a DSC: anodic acid front (left electrode)markedwith Phenol (red, light yellow
during a GET at 200 V/cm. (b) Anodic acid pH fronts in DSC (normalized distance (ND)) vs.
gles) (V/cm)). (c) Measurements in DSC of the electric current, I (A) vs. voltage U (V).
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normalized damaged area (NDA) in TAM (without hyaluronidase) vs.
electric field E (V/cm). Here, the area (AD) is normalized by NDA =
(AD − A0D)/(AT − A0D) where AD is the damaged area and A0D is the
initial damaged area. The figure shows that the damaged area, as
expected, increases with electric field.

Fig. 2(c) presents electric current in TAM (without hyaluronidase:
hollow squares, with hyaluronidase: solid squares) vs. voltage (U/V).
The graph shows that electric current increases with voltage and this
effect is larger with hyaluronidase; the increase in conductivity due
to cell electroporation results in a nonlinear behavior of the current
vs. voltage. For the same voltage, the electric current is larger with
hyaluronidase than without it, this is caused by a reduction of the
electric resistance of the extracellular matrix.

3.1.2. DSC
Fig. 3(a) presents an image of DSC intravital microscopy, showing

anodic and cathodic pH fronts induced by GET. The anodic acid front
(left electrode) is marked with Phenol (red, light yellow area), and the
cathodic basic front (right electrode) with phenolphthalein (pink–red
area), during a GET at 200 V/cm. This striking picture is an undeniable
evidence of strong pH fronts.

Fig. 3(b) presents a graph of tracked anodic acid pH fronts in a DSC
vs. pulse number, for different electric fields E (100 (hollow squares),
200 (circles) and 300 (triangles) V/cm). FITC-Dextran was used
as a pH indicator. Here, the distance (D) is normalized by f(D) =
(D − D0)/(DT − D0) where D is the sum of the distances covered by
pH fronts from their respective electrodes, D0 is the sum of the initial
distance covered by pH fronts from their respective electrodes and DT

is the distance between electrodes. The figure shows that pH front
speeds increase with electric field. This is somehow expected since it
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175 V/cm (figure (a)). Figure (a) (left) is without hyaluronidase, figure (a) (right) with hyalur
dotted line and without depicted with a solid line) vs. electric field E (V/cm).
is well known that pH fronts are proportional to the ion mobility
times the electric field.

Fig. 3(c) presents a graph of the electric current I (A) vs. voltage U
(V) recorded in a DSC. This graph shows similar trends as those in
Fig. 2(c), electric current increases nonlinearly with voltage, due to the
increase in the conductivity produced by the electroporation process.

In summary, we have experimentally unveiled the presence of pH
fronts emerging from both electrodes and that these fronts can be
defined as immediate and substantial due to the qualitative and quanti-
tative evidence presented in Fig. 3(a) and (b). Thermal effects can be
discarded according to the experimental work presented in [28–30].
These authors performed a series of in vitro studies with rat biceps
femoris muscle. They applied several 0.1 to 10 ms electricfield pulses
between 30 V/cm and 150 V/cm to rat muscle held at 10 °C. They
found that the maximum temperature rise for the largest combination
of pulse width and electric field amplitude was 8 °C, a clearly
nonpathologic temperature peak (≤20 °C). It has been suggested that
IRE damage could be observed due to strong electric fields in a zone
very near the electrodes. We used a GET protocol which in theory
cannot produce IRE damage, however, if a tissue inhomogeneity exists
in a very small region near the electrodes, GET conditions might not
be satisfied and minimal IRE damage could arise. If this damage exists,
it is negligible compared to the total damage produced in the tissue by
pH and could be disregarded. This is because in a GET protocol the elec-
tricfield applied is always below the electricfield producing IREdamage
(more about this in Section 3.2.2).

Accordingly, since thermal effects can be discarded, pH fronts
presented in Fig. 3(a) and quantified in Fig. 3(b) appear to be the main
cause of muscle damage observed in TAM using hyaluronidase + GET
protocols.
150 200
-1

own contouring) at a cross section through electrode centers for an applied electric field of
onidase. (b) Normalized electroporated area (NEPA) (with hyaluronidase depicted with a
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3.2. In silico modeling

3.2.1. TAM
Fig. 4a presents predicted electroporated area (black contouring

lines) and electric field variation (red brown contouring) at a cross sec-
tion through electrode centers for an applied electric field of 175 V/cm.
Fig. 4(a) (left) is without hyaluronidase and Fig. 4(a) (right) is with
hyaluronidase. Comparing left and right images shows that without
hyaluronidase the electric field variation is much larger near the
electrodes, the effect of hyaluronidase being a smoothing of the electric
field as seen in the right image. Contrarily, with hyaluronidase the
electroporated area is larger.

Fig. 4(b) presents predictedNEPA (with andwithout hyaluronidase)
vs. electric field E (V/cm). Without hyaluronidase trends are similar to
measurements presented in Fig. 2(a). As expected, electroporated area
is larger with hyaluronidase.
dase (dashed black line) and without (solid black line) vs. electric field E (V/cm).
3.2.2. DSC
Fig. 5(a) and (b) presents predicted anodic acid pH fronts vs. dis-

tance to the anode D (mm) for different electric fields E (50 (solid
line), 150 (dashed line), 175 (dashed-dashed line) and 200 (dotted
line) V/cm), without and with hyaluronidase, respectively (we note
that results with hyaluronidase are presented here for a comparison
purpose, however, they are intended to simulate a TAM experiment).
By computing the pH distribution in a given region the damaged area
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Fig. 5. (a) and (b) Anodic acid pH fronts vs. distance D (mm) (distance to the anode) for
various electric fields E (50 (solid line), 150 (dashed line), 175 (dashed-dashed line) and
200 (dotted line) V/cm), without and with hyaluronidase, respectively (we note that re-
sults with hyaluronidase are presented here for a comparison purpose, however, they
are intended to simulate a TAM experiment. (c) Anodic acid pH front normalized distance
(ND) vs. pulse numbers, for different electric fields (100 (solid line), 200 (dash line) and
300 (dot line) V/cm).
in that region is obtained, thus the healthy region area (herewe assume
that the healthy area is the complement of the damaged area). The
damaged area is defined as the area in which pH values are above 8.5
or below, 5.5. The healthy area falls within the interval 5.5 and 8.5.
Fig. 5(a) and (b) shows that larger electric fields determine larger acidic
areas. Moreover, with hyaluronidase, the damaged area is slightly
extended, this is because electric current is increased, thus pH effects.
Fig. 5(c) presents predicted anodic acid pH front normalized distance
(ND) vs. pulse numbers for different electric fields E (100 (solid line),
200 (dashed line) and 300 (dotted line) V/cm). As shown in the figure,
predictions come close to measurements (see Fig. 3(b)).

In summary, we have theoretically demonstrated the existence of
pH fronts emerging from both electrodes and that these fronts are im-
mediate and substantial as observed in Fig. 5. Thermal effects can also
be discarded because GET pulses are below IRE pulseswhich, as demon-
strated by [31] have no thermal effects. As previously mentioned, in an
in vivo GET modeling, IRE damage near the electrodes was disregarded
as compared to the total pH damage. In an in silico GETmodeling, if IRE
damage exists due to a tissue inhomogeneity near the electrodes, it is
consideredminimum. This is because the electric field applied is always
below that producing IRE damage. In an in silico hyaluronidase + GET
modeling, the electric field is smaller but the damage is greater, this
can only be attributed to pH damage. Therefore, if IRE damage exists it
can be disregarded as compared to the total pH damage. In summary,
theoretical predictions show that in a GET protocol, whether with
or without hyaluronidase, electric fields produced are below those
inducing IRE, therefore pH fronts are the principal cause of tissue dam-
age. From this we can infer that pH fronts are the main cause of muscle
damage observed in the TAM hyaluronidase + GET experiments.

Finally, with the goal of determining an optimal GET protocol, Fig. 6
presents normalized healthy tissue (NHTA)withhyaluronidase (dashed
gray line) and without (continuous gray line) vs. electric field E (V/cm),
and normalized electroporated area with hyaluronidase (dashed black
line) andwithout (solid black line) vs. electric field E (V/cm). This figure
shows two competing sides of the addition of hyaluronidase in the
GET protocol. On one side, with hyaluronidase, electroporated area is
larger than without. In other terms, with hyaluronidase the same
electroporated area is obtained with less intense electric fields. On the
other side, with hyaluronidase, electric current is higher, thus pH effects
are higher with the associated tissue damage. These competing sides
are reflected in Fig. 6 that suggests that optimum GET protocols are
obtained with electric field values of 158 V/cm and 183 V/cm with
and without hyaluronidase, respectively. Consequently, although in
hyaluronidase + GET protocols transgene uptake and expression are
greatly maximized, the use of hyaluronidase induces greater damage
near the electrodes.
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4. Conclusions

In this work we presented in vivo and in silico modeling evidence
proving the role of pH in the tissue damage observed during the appli-
cation of a GET protocol with or without hyaluronidase pretreatment.
Experiments unveil the presence of pH fronts and that these fronts are
immediate and substantial thus giving rise to tissue necrosis. Theory
confirms experiments and shows that in GET protocols whether with
or without hyaluronidase pretreatment, pH fronts are the principal
cause of muscle damage near the electrodes. It also demonstrates that
at constant voltage, the presence of hyaluronidase renders the tissue
more conductive, in turn increasing electric current, thus pH effects.
Consequently, although in hyaluronidase + GET protocols transgene
uptake and expression are greatly maximized, the use of hyaluronidase
induces greater damage near the electrodes. A theoretical framework is
presented in which it is possible to select electric field parameters
optimizing GET protocols by taking into account pH effects.

GET is emerging as a promising approach for its application in
human patients. Currently, many clinical trials are under investigation:
phase I and some phase II protocols, based on DNA vaccination mediat-
ed by electrotransfer, are being applied against not only in infectious
diseases but also in cancer. They are designed to test safety and efficacy
of GET in order to make this strategy useful and applicable in the future
[32]. For this reason, the study of the mechanisms and strategies to
improve these protocols is a crucial step in the biomedical-engineering
research field.
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