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Abstract

The Achilles heel of gene-based therapy is gene delivery into the target cells efficiently with minimal toxic effects. Viral vectors for gene/DN;
vaccine delivery are limited by the safety and immunological problems. Recently, nonviral gene delivery mediated by electroporation has be
shown to be efficient in different tissues including skin. There are no detailed reports about the effects of electroporation on skin tissue, when u
for gene/DNA vaccine delivery. In a previous study we demonstrated the efficacy of skin targeted DNA vaccine delivery using electroporatit
in rabbits [Medi, B.M., Hoselton, S., Marepalli, B.R., Singh, J., 2005. Skin targeted DNA vaccine delivery using electroporation in rabbits. |
Efficacy. Int. J. Pharm. 294, 53—-63]. In the present study, we investigated the safety aspects of the electroporation technique in vivo in rabl
Different electroporation parameters (100-300V) were tested for their effects on skin viability, macroscopic barrier property, irritation an
microscopic changes in the skin. Skin viability was not affected by the electroporation protocols tested. The electroporation pulses induced <
barrier perturbation and irritation as indicated by elevated transepidermal water loss (TEWL) and erythema/edema, respectively. Microscc
studies revealed inflammatory responses in the epidermis following electroporation using 200 and 300V pulses. However, these changes di
electroporation were reversible within a week. The results suggest that the electroporation does not induce any irreversible changes in the skir
can be a useful technique for skin targeted DNA vaccine delivery.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ods. Recent setbacks in gene therapy with viral vectors further
accelerated the search for efficient nonviral gene delivery sys-
Cutaneous gene delivery is attractive, as skin is the mogems {/erma, 2000. The nonviral gene delivery methods have
accessible somatic tissuléHavari, 1997. Skin also represents significant clinical potential. However, the efficiency of transfec-
a potential target for DNA vaccine delivery due to the presencéion using plasmid/naked DNA as such is low due to extracellular
of functional bone marrow derived epidermal Langerhan’s celland intracellular barriersMa and Diamond, 2001; Herweijer
and dermal dendritic cells, which are specialized for inductiorand Wolff, 2003. Following the report of gene expression after
of immune responsediting et al., 1998 The possibility of  direct plasmid DNA injection\(Volff et al., 1990, several stud-
using viral vectors for gene/DNA vaccine delivery is limited by ies examined the possibility of vaccination using plasmid DNA
the safety and immunological problems associated with the usending antigens (DNA vaccines) in vivd[mer et al., 1993; Raz
of viral vectors in humansdfrma and Somia, 1997; Abdallah et et al., 1994; Lagging et al., 199%Although direct injections of
al., 1995. The viral vectors are antigenic by themselves and camNA vaccine do induce immune response in smaller animals, the
cause severe inflammatory responses. An alternative approachdelivery of the DNA to target cells is not optimal, especially in
genetic immunization is the gene transfer using nonviral methhigher animals\(Vhalen, 1996; Srivastava and Margaret, 2003
Several chemical and physical methods have been reported to
enhance the immunogenicity of DNA vaccines, primarily by
* Corresponding author. Tel.: +1 701 231 7943; fax: +1 701 231 8333. increasing the transfection efficiency and thereby the antigen
E-mail address: jagdish.singh@ndsu.edu (J. Singh). expressioniflerweijer and Wolff, 2008 Most of these methods
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are not suitable for routine use due to the inefficiency, in vivoused in the study. The animals were housed in North Dakota
clearance, toxicity and formulation/manufacturing complexi-State University (NDSU), Department of Veterinary Technol-
ties involved. Furthermore, large amount of genetic material i®gy Animal Care Facilities and cared for in accordance with the
needed to induce the response with injections. Recently, gerf&uide for the Care and Use of Laboratory Animals” (National
delivery mediated by electroporation has been shown to be effAcademy Press, 1996). All the animal experiments were per-
cient (Aihara and Miyazaki, 1998; Glasspool-Malone et al.,formed according to the protocols approved by Institutional
2000; Medi and Singh, 2003; Zhang et al., 202 Animal Care and Use Committee of NDSU.

Electroporation involves application of controlled, short and
high voltage electric pulses to permeabilize the target celltissug 3. Effect of electroporation on skin viability
reversibly for macromolecules such as genes/proteins. Electro-
poration has been evaluated in animals and humans for the The hair on the back of the rabbits was closely clipped using
delivery of chemotherapeutic agents with high efficierMiret  an electric clipper carefully without any damage to the skin,
al., 1998; Sersa et al., 200G urthermore, it has been employed 24 h prior to the beginning of the study. At the beginning of the
in studies involving delivery of plasmid DNA in vivo to different  experiment, the rabbits were anesthetized using 30 mg/kg pento-
types of tissues with improved transfection efficiency. Most ofbarbital sodium (Nembut8) given intraperitoneally. An area of
these studies involve insertion of electrode needles into the tishe skin was swabbed with 70% (v/v) isopropyl alcohol. Electro-
sue after plasmid DNA injection, which may not be feasible forporation site corresponding to cathode and anode was marked.
use in humans. To be therapeutically useful, the DNA vaccing’he marked site was pinched and clamped with stainless steel
must be delivered inside the cells before it can express antigaweezer electrode (10 mm5 mm, CUY 663B, NEPA Gene Co,
moleculesDoria-Rose and Haigwood, 20pJ hisrequires effi- ~ Chiba, Japan) and electric pulses were applied using a square-
cient membrane permeabilization to allow the DNA vaccines tavave electroporator (CUY21 EDIT Version, NEPA Gene Co,
enter the cells. Cutaneous gene delivery using topical electraghiba, Japan). The treatment conditions tested were control (no
poration needs no specialized procedures as the pulses woyldises), five pulses of 100 V and 10 ms, five pulses of 100V and
be applied topically with tweezer type of electrodes, following30 ms, five pulses of 200V and 10 ms, five pulses of 300V and
the injection of plasmid DNA. In a previous study (part I), we 10 ms. The interval between each pulse was 1's. The electropo-
demonstrated the efficacy of skin targeted DNA vaccine delivration treatment conditions tested were based upon the previous
ery using electroporation in rabbitelédi et al., 2005 However,  study on DNA vaccine deliveryMedi et al., 2005 The effect
the major factor in the clinical acceptability of electroporation of electroporation pulses on the skin viability was investigated
mediated gene/DNA delivery is its effect on the target tissueby taking skin samples from rabbits by punch biopsy imme-
The electropermeabilization may leave the target tissue damtiately (O h) and 24 h after electroporation along with control
aged depending upon the electrical parameters associated wiiBing MTT assay. The viability of the skin samples was assessed
the electroporationLiefesvre et al., 2002 The technique to be at both cathodal and anodal sites. The samples were weighed
clinically acceptable for use in gene/DNA delivery, there shouldmmediately and incubated with 2 mg/ml of MTT prepared in
be no permanent damage to the skin. The detailed report on tfBBMEM containing 5% FBS for 3h at 3T under 5% CQin
effects of electroporation on skin safety is lacking. In the preseré 24-well plate. The water-insoluble formazan was extracted
study, we address the issues of skin safety from different eleaising DMSO for 1 h under shaking and the absorbance of the
troporation parameters in vivo in New Zealand White (NZW) samples was measured by spectrophotometer at 540 nm. The
rabbits. results were expressed as percent viability calculated using the

following equation:

2. Materials and methods

R absorbance of the test samplel00
% skin viability =
2.1. Materials absorbance of the control

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 2.4. Effect of electroporation on macroscopic skin barrier
bromide] and dimethyl sulfoxide (DMSQO) were obtained from function and skin irritation
Sigma Chemical Company (St. Louis, MO, USA). Dulbecco’s
modified eagle medium (DMEM) and fetal bovine serum (FBS) The electroporation pulses were applied to the skin as
were purchased from Invitrogen Corporation (Carlsbad, CAdescribed in the previous sectiolffect of electroporation
USA). Deionized water obtained with a Barnstead Nanopuren skin viability). The effect of electroporation on macro-
Infinity® ultrapure water system (Barnstead, Boston, MA), hav-scopic skin barrier function was studied by measuring the
ing resistivity of>18 MQ cm was used to prepare all solutions transepidermal water loss (TEWL). TEWL can be considered a

and buffers. determinant indicative of the functional state of the cutaneous
barrier (Maibach et al.,, 1984 and provides a method for
2.2. Animals assessing macroscopic changes in the barrier properties of

the stratum corneum (SCRAbrams et al., 1993 TEWL was
New Zealand White (NZW) rabbitsOgyctolagus cunicu-  measured quantitatively with a Tewamétér(Courage and
lus), 10 weeks old and about 2.0-3.0kg body weight, wereKhazaka, Cologne, FRG), before electroporation (baseline) and
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after electroporation at different time points, using the method 200 OC MOhO24h
of vapor pressure gradient at both cathodal and anodal sites. £ 5
The probe was held on the skin until a stable TEWL value was £
established 1 min). The data was analyzed by generalized & '*
linear model using SAS. ® 50
The visual scoring system, to evaluate primary skin irri- 04
tation, described byDraize et al. (1944was used to grade 100V, 10w 100V.30ms 200V, 1oms 300V, 10ms
(A) Treatment

erythema: very slight erythema barely perceptible # 1; well
defined erythema # 2; moderate to severe erythema # 3; severe 200 OC WOhDO24h

erythema, beet redness to slight eschar formation, injuries in 3. 150

depth # 4; and edema: very slight edema, barely perceptible # % 100

1; slight edema, edges of area well defined by definite raising# = X

2; moderate edema, area raised approximately 1 mm # 3; severe % 0

edema, raised more than 1 mm, and extending beyond area of o4

100V, I()ms 100 V,30ms 200V, I()mﬂ. 300V, 10 ms
exposure # 4.
(B) Treatment

2.5. Microscopic changes in the skin structure due to Fig. 1. Effect of different electroporation parameters on skin viability in vivo
electroporation in NZW rabbits: (A) cathode; (B) anode. Key: C, control; 0 h, immediately

following electroporation; 24 h, 24 h after electroporation. Percent viability was

: : : Iculated by taking the value of control as 100%. All the values are shown as
The electroporation pulses were applied to the skin a$§? ytaKing
P P PP meant S.D. (2= 3). (*) Skin viability is not significantly different from that of

described in the previous sectiofffect of electroporation on .0 control.
skin viability). The microscopic changes in the skin structure at

both cathode and anode sites, following electroporation, were
studied up to 7 days. Skin samples were excised immediately, 1,

2, and 3 days following electroporation and were fixed immedi-

ately in 10% neutrally buffered formalin solution (Accusf)n 0 Control
Sections of 1wm were cut by a rotary microtome and stained 107 T I 0100V, 10ms
with hemotoxylin and counter stained with eosin. The stained oy o
sections were observed under light microscope (Olympus) and 801 = 100 V. 30 ms
photographed using an attached digital camera (SPOT RT, Diag- E_
nostic Instruments, Sterling Heights, MI). A stage micrometer B 604
was used to calibrate the object and the scale bar was inserted i"
on to the micrograph. E 40 4

-
3. Results 204
3.1. Effect of electroporation on skin viability ol

Before Smin 30min 12 hr 1 day 3 days 5days 7 days
The changes in the viability of skin, following topical electro- (A) Time

poration were investigated to assess the safety of the technique. 4 Control
Fig. 1A and B shows the percent viability of the skin samples 120+ o100V, 10 ms

after electroporation compared with the control at cathodal and X0V, 10 ms

anodal sites, respectively. The viability of the skin was tested
immediately and 24 h following electroporation. Percent viabil-

2
100+ |:|3E)() V. 10 ms
204 m 100V, 30 ms
ity was calculated by taking the value of control as 100%. Any of
the electroporation pulses tested did not affect the viability of the 01
skin at both cathodal and anodal sites. The results of the viability 404
studies indicate that the electroporation parameters tested in this
study can be used for DNA vaccine delivery without affecting 201
the skin viability 0 ]

Before Smin 30 min 12 hI 1 day 3da}s Sda)s 7 days

TEWL (g/m’/hr)

3.2. Effect of electroporation on macroscopic skin barrier (B) Time

Sfunction and skin irritation

Fig. 2. Effect of different electroporation parameters on TEWL in vivo in NZW

rabbits: (A) cathode; (B) anode. Key: five pulses of the specified voltage and
. The measurement of TEWL shows the effect of eIeCtr(-"porapulse length were applied with 1 s interval between each pulse. All the values are

tion on macroscopic skin barrier properEyg. 2A and B Shows  shown as meait S.D. 1= 3). () TEWL values were not significantly different

the TEWL values measured at different time points at cathodap > 0.05) from those of TEWL values obtained before treatment.
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Table 1 Table 2
Draize scores for erythema at different time points following electroporation inDraize scores for edema at different time points following electroporation in
vivo in NZW rabbits vivo in NZW rabbits
Erythema (Draize scores) Edema (Draize scores)
30min 1 day 3 days 5 days 7 days 30min 1 day 3 days 5 days 7 days
Cathode Cathode
200V, 10ms 200V, 10ms
Rabbit 1 1 1 1 1 0 Rabbit 1 1 1 1 1 0
Rabbit 2 1 1 1 1 0 Rabbit 2 1 1 1 1 0
Rabbit 3 0 1 0 0 0 Rabbit 3 0 1 0 0 0
300V, 10ms 300V, 10ms
Rabbit 1 1 1 1 1 0 Rabbit 1 0 1 1 1 0
Rabbit 2 0 1 1 1 0 Rabbit 2 1 2 1 1 0
Rabbit 3 1 2 1 1 0 Rabbit 3 1 1 1 1 0
Anode Anode
200V, 10ms 200V, 10ms
Rabbit 1 1 1 1 0 0 Rabbit 1 1 1 1 1 0
Rabbit 2 1 1 1 0 0 Rabbit 2 0 1 1 0 0
Rabbit 3 1 1 0 0 0 Rabbit 3 1 1 2 1 0
300V, 10ms 300V, 10ms
Rabbit 1 1 1 1 1 0 Rabbit 1 0 1 1 1 0
Rabbit 2 1 2 1 1 0 Rabbit 2 1 2 2 1 0
Rabbit 3 1 2 1 1 0 Rabbit 3 1 1 2 1 0

and anodal sites, respectively. The corresponding baseline value®ll to a normal state, and the microscopic structure was com-
were measured before electroporation at the same site. Immparable to control skin at the end of 1 wedKd. 3E). When
diately following electroporation, we found significantly higher the pulse amplitude was increased to 200 and 300V at 10 ms
(p<0.05) TEWL values in comparison to the control with all pulse lengthFigs. 4 and } epidermal thickness was increased
the electroporation treatments tested. However, the TEWL valat 24 h Figs. 4C and 5fand 48 h Figs. 4D and 5pfollowing
uesrecovered almostto control levels within a week and were n@&lectroporation. These changes were observed in addition to the
significantly different > 0.05). Higher TEWL values observed changes seenwiththe 100V electroporation pulses. The changes
following the electroporation pulses indicate the perturbation ofn the histology were more obvious at 24 and 48&ig( 3C

skin barrier property. The recovery of TEWL values indicateand D) with inflammation in the epidermis. However, by 7 days
that the skin barrier perturbation associated with the electropd¥ig. 3E) the SC recovered well to a normal state and the micro-
rationis reversible. No erythema or edema was observed with trecopic structure was comparable to control skin.

100V electroporation pulses. However, erytheffable ) and

edemaTable 9 was observed with 200 and 300V electropora-4, Discussion

tion pulses that disappeared by 7 days following electroporation.

This shows thatthe mild skin irritation caused by electroporation The gene therapy works by expressing the encoded protein

pulses is reversible. in vivo. Hence, the viability of the target tissue is important
in the case of gene/DNA vaccine delivery in order to express

3.3. Microscopic changes in the skin structure due to the transgene in vivo. If the gene transfer method is detrimen-

electroporation tal to the tissue, the technique is not useful for gene transfer.

The electropermeabilization may leave the target tissue dam-

Light microscopy provides visual evidences of the micro-aged depending on the electrical parameters associated with the
scopic changes in the skiRig. 3shows the light micrographs electroporation l(efesvre et al., 2002 The skin is the largest
of skin samples treated with electroporation pulses of 100\organ of the human body functioning as a barrier to exoge-
amplitude and 10 ms length, along with the control. The differ-nous harmful influences besides maintaining the homeostasis.
ent layers of epidermis and dermis were clearly visible in theHence, it is important to understand the skin barrier function,
control skin with SC tightly attached to the epiderntigy. 3A). irritation and microscopic changes following the application
We found detachment of the SC layers immediately followingof electroporation pulses. There is not yet an adequately val-
electroporation pulsingH{g. 3B), which indicates perturbation idated in vitro model available to predict skin irritation of
of SC barrier properties. Degeneration of the basal layer antbpical chemicals and drug delivery systems. Details of the
the breakdown of collagen fibers were observed at 24 and 48¢urrent state of development of these assays are summarized
following electroporationKig. 3C and D) with an amorphous by Rougier et al. (1994)The standard way to forecast skin
appearance in the dermis region. However, the SC recovereditation is by so called predictive tests on man or animals.
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(E)

Fig. 3. Light micrographs of skin showing histological changes at different time points following electroporation using five pulses of 100V, hdmsniétval
between each pulse. Key: (A) control; (B) immediately following electroporation; (C) 24 h following electroporation; (D) 48 h following eletioop@E) 7 days
following electroporation (scale bar 3.2n).

The most widely used test for predicting potential skin irritantscator of skin barrier function as high TEWL generally indicates
to man, using animal models, was publishedDnaize et al.  barrier perturbationSingh et al., 2001; Sekkat et al., 2002
(1944) The rabbit Draize test, properly performed, is highly TEWL has been used in relation to the assessment of either
valuable. the effects of penetration enhancerarfojo et al., 199Bor the

The outermost layer of skin, SC, is regarded as the primaryrritation (Loffler et al., 200} on the skin. Higher TEWL val-
barrier to the external environment. The SC also acts as a banes observed following the electroporation pulses indicate the
rier to avoid the loss of internal body components, particularlyperturbation of skin barrier property. The recovery of TEWL
water Roberts and Walters, 199 EWL isregarded as anindi- values indicate that the skin barrier perturbation associated with



66 B.M. Medi, J. Singh / International Journal of Pharmaceutics 308 (2006) 61-68

©€)

Fig. 4. Light micrographs of skin showing histological changes at different time points following electroporation using five pulses of 200 V, hAssnetval
between each pulse. Key: (A) immediately following electroporation; (B) 24 h following electroporation; (C) 48 h following electroporationay®)fa@lldwing
electroporation (scale bar 3.2n).

the electroporation is reversible. Transient skin irritation wagier perturbation, which is mainly attributed to changes in dead
also observed with 200 and 300V pulses, which is in accoreell layers of SC, may not affect the skin viability.
dance with the TEWL results. Irritation tends to reduce the With the higher voltages (i.e. 200 and 300V), the epider-
efficiency of stratum corneum barrier function and results inmis assumed amorphous nature. The increased epidermal thick-
an increase in TEWL. The skin irritation mechanism involvesness indicates an inflammatory response. These inflammatory
the release of inflammatory mediators and their migration to theesponses may be due to the physical stimulation of skin cells by
exposed area. When the inflammatory mediators enter extracedectroporation and the secretion of proinflammatory cytokines.
lular fluids, vasodilation results and cause visible erythema antihe disruption of skin barrier can initiate the production of a
increased vascular permeability that leads to edema. host of cytokines by keratinocyteédf{lliams and Kupper, 1996

With all the electroporation pulses tested, the SC wadhe types of cytokines produced due to the barrier disruption
detached immediately following electroporation. An increaseddy electroporation are not known to date. Keratinocyte activa-
detachmentinthe SC layers with increasing electroporation voltion may also induce the release of proinflammatory cytokines
ages from 100 to 300V was observed. The detachment of thieom other cell types. This could be useful in the case of DNA
SC layers following electroporation pulsing shows the skin barvaccine delivery as some of the cytokines help in accelerat-
rier perturbation. This is in accordance with the TEWL resultsing/potentiating the immune respons€ééttergoon etal., 2004;
discussed previously. The degeneration of basal layer and breakhow et al., 199¥. The inflammatory responses as a result
down of collagen fibers were seen in microscopic studies at 24f electroporation are unlikely to cause long-term histologi-
and 48 h following electroporation. However, the skin viability cal changes or pain, since systematic studies on skin did not
was not affected at 0 and 24 h following electroporation. Theshow any long lasting side effects. Previous studies using bupi-
degeneration of basal layer and collagen fibers breakdown masacaine to enhance immune responses to DNA vacchagg
not lead to cell death, and therefore the mitochondrial dehydroet al., 199% suggested that muscle damage/inflammation was
genase activity (by MTT assay) was not affected. The affecteémportant for enhancing immune responses. Thus, the mech-
basal layer and collagen fibers have recovered to normal by &isms by which electroporation enhance immune responses
days as seen in microscopic studies. Furthermore, the skin bae DNA vaccines may be a combination of increased gene
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(€ (D)

Fig. 5. Light micrographs of skin showing histological changes at different time points following electroporation using five pulses of 300V, hAmsniétval
between each pulse. Key: (A) immediately following electroporation; (B) 24 h following electroporation; (C) 48 h following electroporationa{®)falidwing
electroporation (scale bar an).

expression, inflammation (possibly by cytokine) and cellularhelp in skin viability studies, Sibao Chen and Khaled Al-Tahami
infiltration. for their help during in vivo experimentation.
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