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Electroporation (EP) is a physicalmethod for the delivery ofmolecules into cells and tissues, including the skin. In
this study, in order to control the degree of transdermal and topical drug delivery, EP at different amplitudes of
electric pulses was evaluated. A new in vivo real-time monitoring system based on fluorescently labeled mole-
cules was developed, for the quantification of transdermal and topical drug delivery. EP of the mouse skin was
performedwith newnon-invasivemulti-array electrodes, delivering different amplitudes of electric pulses rang-
ing from 70 to 570 V, between the electrode pin pairs. Patches, soaked with 4 kDa fluorescein-isothiocyanate
labeled dextran (FD), doxorubicin (DOX) or fentanyl (FEN), were applied to the skin before and after EP. The
newmonitoring systemwas developed based on the delivery of FD to and through the skin. FD relative quantity
was determined with fluorescence microscopy imaging, in the treated region of the skin for topical delivery and
in a segment of themouse tail for transdermal delivery. The application of electric pulses for FD delivery resulted
in enhanced transdermal delivery. Depending on the amplitude of electric pulses, it increased up to the ampli-
tude of 360 V, and decreased at higher amplitudes (460 and 570 V). Topical delivery steadily enhanced with
increasing the amplitude of the delivered electric pulses, being even higher than after tape stripping used as a
positive control. The non-invasivemonitoring of the delivery of DOX, a fluorescent chemotherapeutic drug, qual-
itatively and quantitatively confirmed the effects of EP at 360 and 570V pulse amplitudes on topical and trans-
dermal drug delivery. Delivery of FEN at 360 and 570 V pulse amplitudes verified the observed effects as
obtained with FD and DOX, by the measured physiological responses of the mice as well as FEN plasma concen-
tration. This study demonstrates that with the newly developed non-invasive multi-array electrodes and
with the varying electric pulse amplitude, the amount of topical and transdermal drug delivery to the skin can
be controlled. Furthermore, the newly developedmonitoring system provides a tool for rapid real-time determi-
nation of both, transdermal and topical delivery, when the delivered molecule is fluorescent.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Transdermal drug delivery offers an attractive non-invasive alterna-
tive to the conventional delivery methods, such as oral administration
and injection. The main advantage of the delivery through skin is the
possibility of molecules to enter the circulation, avoiding the metabolic
processing of the deliveredmolecules in the liver. However, the stratum
corneum acts as a limiting barrier, therefore only small lipophilic drugs
have the ability to penetrate the skin at therapeutic rates by passive
diffusion [1,2]. Conventional transdermal delivery systems, such as
transdermal patches, enable controlled transdermal drug delivery, but
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are applicable only to small, potent and lipophilic solutes and the trans-
port of drug across the skin is slow with lag times to reach steady-state
fluxes in hours [2,3]. Therefore, to deliver larger molecules with thera-
peutic drug levels, many chemical and physical delivery methods
were developed [4]. Many studies were focused on so-called active
strategies such as sonophoresis [5–9], iontophoresis [10–12] and elec-
troporation [1,13–17]. However, the existing monitoring systems lack
the real-time monitoring of topical and transdermal drug delivery, as
well as the ability of its quantification.

Electroporation (EP) is a physical method for the delivery of mole-
cules into the cells and tissues [18,19]. Currently its biomedical applica-
tions are the delivery of (i) chemotherapeutics (electrochemotherapy)
[20,21], (ii) naked plasmid DNA or RNA (gene electrotransfer) for
tumor treatment and DNA vaccine [15,22–24] or (iii) drugs/DNA deliv-
ery in or across the skin [25–31]. EPmediated delivery of drugs andDNA
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to the skin has already been successfully performed in rodent, porcine
and non-human primate skin models [16,29,32,33]. For the delivery to
the skin several different electrode types were used, from plate, needle,
needle free microelectrode array to multi-electrode array [13,34–39].
Depending on themolecules to be delivered, long (ms) pulses are need-
ed for naked DNA delivery, while short (μs) pulses can be used for the
smaller molecules like drugs. Depending on the electrode type, the
delivery of molecules can be controlled by the number, amplitude, and
duration of electric pulses [13,40–42]. Non-invasive electrodes are
particularly interesting to localize the electrical field in the skin [16].
However, EP using non-invasive multi-array electrodes with spring
loaded pins was not tested yet for the controlled transdermal and topi-
cal drug delivery.

Besides the delivery of molecules to target cells in tissues, the appli-
cation of electric pulses also has vascular effects on normal and tumor
blood vessels [43–46]. On the experimental tumors it was shown that
the vascular effects of EP, i.e. vasoconstriction and increased permeabil-
ity of blood vessels, are dependent on the number and especially the
amplitude of electric pulses. Namely, the vascular effects were observed
only after certain threshold amplitude was reached and its further in-
crease prolonged them [47]. Recently it was shown that EP can indeed
increase the permeability of tumor blood vessels and with the use of
intravital microscopy it was also confirmed on normal blood vessels in
skin [44], meaning that EP induces vasoconstriction of all exposed
blood vessels as well as increases their permeability [46,48]. Therefore,
when EP is used for the topical and transdermal drug delivery, the
vascular effects of EP should be taken into account.

In this study we investigated the relationship between the transder-
mal and topical drug delivery, controlled by EP of the skin. For this
purpose we used a new non-invasive multi-array electrodes and differ-
ent high-voltage EP parameters. In order to monitor the topical and
transdermal delivery we developed a real-time monitoring system,
based on fluorescently labeled molecules, that can qualitatively and
quantitatively follow the extent of topical and transdermal delivery.
Additionally, the established monitoring systemwas, as a proof of prin-
ciple, also used for the topical and transdermal doxorubicin delivery. In
order to verify the effect of pulse amplitude on transdermal and topical
delivery as well as to verify the monitoring system, standard fentanyl
assays [49] were also performed.

2. Materials and methods

2.1. Reagents and drugs

The 4 kDa fluorescein-isothyocianate (FITC) labeled dextran (FD)
(Sigma-Aldrich, St. Louis,MO,USA)was resuspended inphosphate buff-
ered saline (PBS). In order, to remove any free FITC or low-molecular
weight contaminants, the FD was washed two times for 2 h through
2 kDa ultrafiltration spin column (Vivaspin, Sartorius Stedim Biotech,
Goettingen, Germany). The component with high molecular weight
was afterwards resuspended in PBS to a final concentration of
37.5 mg/mL. In addition, Doxorubicin hydrochloride (DOX) obtained
from Teva (Teva Pharmaceutical Industries Ltd, Pharmachemie B.W.,
Haarlem, Netherlands) and Fentanyl (FEN) purchased from Chiesi
PharmaceuticalGmbH (Torrex; Chiesi Pharmaceutical GmbH, Wien,
Austria) were used as model drugs to study the extent of transport
into and through mouse skin into systemic circulation. The concentra-
tion of stock FD solution was 37.5mg/mL [46,48] and concentration of
stock FEN solution was 50 μg/mL. Epirubicin hydrochloride, which was
used as an internal standard for chemical analysis, was purchased at
Actavis (Episinidan; Actavis, Hafnarfjordur, Iceland). LC–MS grade ace-
tonitrile and water used as mobile phases were purchased at J.T. Baker
(Phillipsburg, NJ, USA), whereas the mobile phase additive formic
acid (50%)was obtained fromSigma-Aldrich. All solvents and chemicals
employed in sample preparation (methanol, water and sodium acetate)
were of analytical grade purity.
2.2. Animals and skin preparation

In the experiments 10–12-week old female BALB/c mice (Harlan
Laboratories, Udine, Italy) weighing between 20 to 25 g were used.
Mice were kept under specific pathogen-free condition at a constant
room temperature and humidity and at 12h light/dark cycle. Food and
water were provided ad libitum. All experiments were conducted in ac-
cordancewith the guidelines for animal experiments of the EU directive
and permission from theMinistry of Agriculture and theEnvironment of
the Republic of Slovenia (permission 34401-1/2012/4). For each exper-
imental condition 3–6micewere randomly assigned. Micewere shaved
on the flank region and any remaining hair was removedwith depilato-
ry cream (Vitaskin; Krka, Novo mesto, Slovenia). Moreover, to reduce
the autofluorescence, the tail of mice was also depilated before the ex-
periments with FD and DOX where fluorescence microscopy imaging
was employed.

2.3. Drug application

In all experiments a circular patch with the diameter of ~1 cm
(Tosama d.o.o., Domzale, Slovenia) served as a reservoir for molecules
or drug application. In case of EP the patch soaked with FD (110 μL of
37.5 mg/mL), DOX (100 μL in dose of 10 mg/kg) or FEN (~120 μL in
dose of 0.3 mg/kg) was applied on the depilated mouse flank region
for 5min, which was first rinsed with a piece of wet cotton. The patch
was removed during the EP and afterwards it was reapplied and left
on the skin for 1 h. Subcutaneous injection of the equal quantity of FD,
DOX or FEN, as applied on the patches, was referred as 100% transder-
mal delivery. The tape stripping method [50] served as a positive
control. An adhesive tape-strip was placed and gently pressured onto
the depilated area of mouse skin, by which a good contact with skin
was ensured. Subsequently, the tape was removed with sharp upward
movement. These two steps were repeated 15–20 times, which enabled
the removal of the stratum corneum layer.

2.4. Electrodes and EP parameters

The non-invasivemulti-array electrodes, consisting of 7 spring load-
ed pins arranged on hexagonal mesh and spaced 3.5mm between each
other, were provided by IskraMedical (Podnart, Slovenia) (specifics are
provided in the Supplementarymaterial andmethods). Electrodeswere
connected to the CLINIPORATOR™ (IGEA s.r.l., Carpi, Italy). Different
short high voltage square wave pulses (amplitude between 70 and
570V) with duration of 100 μs were used for the transdermal delivery
of FD. A total of 24 electric pulses (2 electric pulses between each
electrode pair) were delivered during the treatment. For transdermal
delivery of DOX and FEN only the amplitudes 360 V and 570 V were
applied.

2.5. Fluorescence microscopy and image acquisition

Fluorescence microscopy was carried out with a Zeiss SteREO
Lumar.V12 (Zeiss, Jena, Germany) fluorescence stereomicroscope
equipped with an MRc.5 digital camera (Zeiss). Animals were initially
anesthetized with inhalation anesthesia in the induction chamber
(Isofluoran; Nicholas Piramal India, London, UK) and placed under the
microscope, with their snout in the inhalation tube to remain anesthe-
tized during the experiment. Furthermore, the tail was fixedwith adhe-
sive tape (Micropore, 3M Health Care, Neuss, Germany) on each side
outside the field of view of the microscope to prevent its movement
during the observation. To obtain 48-bit RGB images of emitted fluores-
cence light the appropriate filters (FD (excitation: 470/40nm; emission:
525/50nm), DOX (excitation: 470/40nm; emission: LP 515nm)) were
used. A time series of imageswere acquiredwith the following timeline;
firstly, one image was acquired before the application of the patch and
another 5 min later, when the patch was removed for EP; afterwards,
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an image was acquired immediately after EP and every 5 min for 1 h.
Furthermore, after removal of the patch, the images of electroporated
region of the skin were acquired. The first image was taken 1 h post-
treatment and the rest of them followed at 2, 3, 4, 7, 24 and 48h post-
treatment. The files were stored and analyzed off-line with image
analysis software AxioVision (Zeiss). Further details of experimental
procedure are given in Supplementary materials and methods.

2.6. Image and data analysis

The increase influorescence intensity in the tail and in the area of the
electroporated skin was determined by means of AxioVision (Zeiss). To
determine the increase of fluorescence intensity in the tail, the images
were combined into a logical time series and then a binary mask of
the fluorescent part of the tail in every time pointwas created by apply-
ing a suitable threshold, whichwas kept constant for the entire time se-
ries. Subsequently the mean fluorescence intensity within the masked
region was determined on the original images. The increase of fluores-
cence intensity was normalized to the value determined on the image
acquired 5min post-treatment (when linear increase of FD fluorescence
intensity in the tail regionwas achieved) and expressed as a percentage
of the fluorescence intensity increase of the subcutaneous injection at
the same time point. To determine the extent of topical delivery of
molecules, the acquired images of the electroporated region of the
skin were analyzed. Similar to the above described analysis, the images
were combined in a logical time series and then a threshold was deter-
mined on every image to create a binarymask of the area exhibiting in-
creased fluorescence intensity in comparison to the non-electroporated
skin. These binary masks were used to measure the area of the success-
ful topical delivery and themeanfluorescence intensitywithin this area.
The data was then normalized to the first acquired image at 1 h post-
treatment and expressed as a percentage of fluorescent area or fluores-
cence intensity change.

2.7. Fentanyl delivery by EP

The pharmacodynamics of anesthetic FEN was performed as previ-
ously described [49]. Briefly, mice were tested for nociceptive response
with the tail withdrawal assay (TWA) with slight modifications, where
the tail was exposed to hot plate instead to hot water. Animals were
placed in a cylindrical mice holders (Harvard Apparatus, Massachusetts,
USA) with their tail hanging freely outside the holder. The distal 3cm of
the tail was exposed to a hot plate with 60±0.5°C and the time needed
for tail withdrawal (latency) was measured to the nearest 0.01 s. In
order to minimize the tissue damage and burns a cut-off time of 15 s
was used. Furthermore, additional supraspinal side effects were evalu-
ated, where the decrease of responsiveness, testing pinna, cornea and
muscle reflexes, was determined by scoring the induced level of analge-
sia. Reflexes were scored as 0 (normal reflex), 1–2 (slightly or marked
attenuated reflex) or 3 (absence of reflex) [49]. Measurements of all
physiological responses (nociceptive response, cornea reflex, pinna
reflex and muscle reflex) described above were performed before the
application of the drug and then every 15min for 5h.

To select an appropriate dose of FEN for the experiments with EP the
calibration curves of the assayswere performed. Several doses of freshly
prepared FEN solutions in 0.9% NaCl (0.01, 0.025, 0.05, 0.1, 0.2 and
0.3mg/kg) or 0.9% NaCl alone were injected subcutaneously, to define
the response of the mice at a certain dose of the drug. On the basis of
the calibration curves (Supplementary Fig. S8) a dose of 0.3 mg/kg of
FEN was selected for experiments with EP.

The results of cornea, pinna and muscle reflexes are presented as
meanvalues of thedetermined scorewithin the test. The determined la-
tencywith TWAwas expressed as percentage ofmaximal possible effect
(%MPE), whichwas calculated according to Eq. 1 [49]. To determine the
efficiency of EP mediated transdermal delivery of FEN, the results
obtained in the physiological response tests were normalized to the
response induced by subcutaneous injection in the same test, and
expressed as a % of the response of the subcutaneous injection in that
test. Subsequently, these results were then pooled to give a single
value representing the mean effect of the delivered FEN in all four
tests in comparison to the subcutaneous injection.

% MPE ¼ post−treatment latency sð Þ−pre−treatment latency sð Þ
cut−off time 15 sð Þ−pre−treatment latency sð Þ � 100 ð1Þ

2.8. Blood collection and plasma preparation

To confirm the transdermal delivery of DOX obtained by measure-
ment of fluorescence in the tail region, the DOX concentration in plasma
was determined 15min post-treatment. Furthermore, FEN concentra-
tion in blood plasmawas determined as well. Initially, in the calibration
curve experiments with FEN, the bloodwas collected 15 or 60min post-
treatment and in the experiments with EP the blood was collected
15min post-treatment.

Blood was collected from the mouse retro-orbital sinus, with a fine-
walled glass Pasteur pipettes (BRAND GMBH + CO KG, Wertheim,
Germany), containing anticoagulant sodium citrate (3.2%, 0.109 M,
pH7.4). Not more than 200 μL of blood per mouse was collected into a
plastic tube containing sodium citrate in a ratio 9:1, from which the
blood plasma was prepared by centrifugation for 10 min at 3000 × g
at room temperature. Afterwards, plasma was re-pipetted into fresh
plastic tubes and stored at −20 °C until further analysis. Blood was
taken only once from each animal.

2.8.1. Determination of FEN plasma levels by gas chromatography/mass
spectroscopy (GC/MS)

Premeasured volumes of 30–100 μL plasma were diluted in 3 mL
100mM sodium acetate and internal standard citalopram (10 ng/mL)
was added. Samples were sonicated (30min), vortexed and loaded on
Strata X-CW 60 mg/3 mL cartridges (Phenomenex, CA, USA), which
were preconditioned with 3 mL of acetone and methanol, deionized
water and 100 mM sodium acetate. Subsequently, the sorbent was
washed with 100mM sodium acetate and acetic acid, and 50% metha-
nol, dried and eluted with 2 × 0.6 mL triethylamine/methanol (5/95)
and 0.6 mL triethylamine/acetone (5/95). The eluant was dried and
reconstituted in 100 μL toluene. Gas chromatograph coupled to 240-
MS (Agilent Technologies, CA, USA) was employed for GC–MS/MS anal-
yses using DB-5 MS (Agilent Technologies) capillary column. The GC
oven was programmed at 100 °C for 2 min, ramped at 20 °C/min to
300°C, and held for 3min. FEN eluted at 13.8min andwas quantitatively
determined based on the transition 245→146. Limit of quantification
(LOQ)was determined as the lowest calibration point where the coeffi-
cient of variability (CV) did not exceed 20% and was 1ng/mL.

2.8.2. Determination of DOX plasma levels by liquid chromatography/mass
spectroscopy (LC/MS)

Premeasured volumes of 50–100μL plasma were diluted in 1ml so-
dium acetate (100mM) and internal standard epirubicin (250 ng/mL)
was added. Samples were sonicated (30min), vortexed and loaded on
Oasis HLB 30mg/mL cartridges (Waters Corp., MA, USA), which were
preconditionedwith 1mLmethanol, deionizedwater and 100mMsodi-
um acetate. After sample loading cartridges were dried and eluted with
3 × 0.6 mL of formic acid/methanol (2/98). The eluant was dried and
reconstituted with 100μL of 0.1% formic acid/acetonitrile (8/2). Quanti-
tative analysis was performed using Waters Acquity ultra-performance
liquid chromatograph (Waters Corp.) coupled to a Waters Premier
quadrupole time-of-flight mass spectrometer. Separation was achieved
at a flow rate of 0.3mL/min by using Acquity UPLC™ BEH Shield C-18
(1.7 μm×2.1mm×50mm, Waters Corp.) column with mobile phases
0.1% formic acid and acetonitrile. For doxorubicin and epirubicin their
protonated molecules at 544.1819±5ppm were followed, at 1.19min
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and 1.31 min, respectively. The LOQ for DOX analytical method was
2ng/mL with a predefined CV of less than 20%.

2.9. Histology

The region of the skin exposed to the treatmentwas excised at 1, 12,
24 and 48h post-treatment. The excised skin was fixed in formalin for
24h and then stored in 70% ethanol until embedding in paraffin. Subse-
quently, 5 μm thick sections were cut in the direction perpendicular to
skin layers and stained with hematoxylin and eosin. To determine the
depth of penetration of the molecules after different treatments, the
treated region of the skin was excised 1h post-treatment, immediately
fixed in Zn fixative (BD Pharmingen™, BD Bioscience, San Diego, CA))
for 24 h and then stored in 70% ethanol until embedding in paraffin.
Subsequently, 5 μm thick sections were cut. The prepared slides were
observed with BX-51 microscope (Olympus, Hamburg, Germany)
equipped with a digital camera DP72 (Olympus).

2.10. Statistical analysis

For statistical analysis Sigma Plot software (Systat software, London,
UK) was used. Comparison between groups was done by using Student
t-test or one-way analysis of variance (ANOVA) followed by a Holm–

Sidak test. A value of P b0.05 was considered statistically significant.

3. Results

3.1. In vivo real-time monitoring system: EP mediated transdermal and
topical FD delivery

The developed system based on in vivo fluorescence imaging was
used to evaluate the topical and transdermal drug delivery mediated
Fig. 1. Images of topical and transdermal FD delivery. (A) Representative images of the observe
delivery by EP on the flank of the mice, tape stripping method (positive control) or subcutaneo
sentative images of the observed regions of the skin showing the successful topical delivery of FD
the skin. Thepredetermined area for the treatmentwasmarkedwith permanentmarker (black d
460, 570V— EPwith selected amplitude; negative control— non-treated group; positive contro
the images were processed with Fiji software [51].
by EP. EP of the dorsolateral mouse skin was performed with multi-
array electrodes (Supplementary Fig. S1), which were firmly placed on
the skin and 24 square wave electric pulses (2 between each electrode
pair) of varying amplitudes (70–570) and duration 100 μs were deliv-
ered. Subcutaneous injection served as reference value for 100%
transdermal delivery, while skin tape stripping was used as a positive
control. The skin areawhere thedeliverywas performedwasmonitored
by fluorescence stereo-microscope for the topical delivery whereas the
segment of tail was monitored for the transdermal delivery. Fluores-
cence images that were captured were analyzed off-line for the fluores-
cence intensity and fluorescent area, which enabled quantification of
the delivered FD (Fig. 1A, B). The system is extensively described in
Supplementary materials and methods (Supplementary Figs. S2, S3).

Compared to the subcutaneous injection of FD, EP induced transder-
mal delivery of FD up to 16%. When the tape stripping method (positive
control) was used, the achieved transdermal delivery was higher (23%),
but there was no statistically significant difference compared to EPmedi-
ated deliverywhen electric pulseswith the amplitude of 360Vwere used.
The transdermal FD delivery was controllable by electrical parameters of
the pulses; namelywith increasing the amplitude of the delivered pulses,
a steady increase of transdermal FD delivery was determined up to 360V
where a peak of the transdermal delivery was observed. With further in-
crease of the amplitude of the electric pulses, the extent of transdermal
delivery decreased (Figs. 1A, 2A; Supplementary Fig. S4).

Topical delivery was determined even with the lowest amplitude of
electric pulses, and steadily increased with increasing the amplitude up
to 570 V (Fig. 1B). Compared to the tape stripping method (positive
control), EP proved to be statistically significantly more effective at the
highest amplitude at 48 h post-treatment. As demonstrated in Fig. 2
(B, C), with increasing the amplitude, the area of permeabilized region
of the skin as well as fluorescence intensity (quantity of FD uptake
into the cells)was increasing. Theuptake processwas fastwithmaximal
d part of mice tails showing the increase of fluorescence intensity due to the transdermal
us injection of FD. Images were acquired at designated times. Scale bar: 5mm. (B) Repre-
by EP or tape strippingmethod (positive control) and its retention in the treated region of
ottedmarks). Imageswere taken at designated times. Scale bar: 5mm. 0, 70, 140, 250, 360,
l— removal of stratum corneumwith tape strippingmethod. For graphical representation



Fig. 2. Fluorescence intensity changes in the tails and in the skin of the mice after topical
and transdermal delivery of FD mediated by EP. (A) Transdermal FD delivery— % of fluo-
rescence intensity change 50 min after EP normalized to subcutaneous administration.
Subcutaneous administration stands for a reference value 100% of transdermal delivery.
(B) Topical FD delivery — fluorescence intensity change of topically delivered FD 48 h
post-treatment and (C) change in the area of permeabilized region of the skin 48 h post-
treatment, normalized to fluorescence intensity or permeabilized area 1 h after EP. 0, 70,
140, 250, 360, 460, 570 V — EP with selected amplitude; negative control — non-treated
group; positive control — removal of stratum corneum with tape stripping method. n=
3–6 mice per group. * P value b0.05 vs. negative control, 0 V (transdermal delivery) and
vs. 70V (topical delivery), ** P value b0.05betweenmarked groups, NS=nostatistical sig-
nificant difference. Error bars indicate SEM.
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elution of FD in the first hours, and afterwards the elution process
slowed down during the 48 h observation time. The elution of FD in
the first hours was probably due to the wash out from the extracellular
matrix and the level of the remaining fluorescent area represents
intracellular FD presence as an indicator of successful permeabilization
of cells (Supplementary Fig. S5). As shown in Fig. 1B the delivery of FD
to skin was evident particularly underneath the electrodes, indicating
on higher cell permeabilization and FD uptake in the area underneath
the electrode pins.
3.2. Doxorubicin delivery as proof of principle

EP, with two selected amplitudes (360 and 570 V), which were se-
lected to verify the differences between the transdermal deliveries as
observed with FD, was also used for transdermal and topical delivery
of DOX monitored by monitoring system (Fig. 3A, B). The results corre-
latedwith FD and confirmed that the amount of transdermal DOXdeliv-
ery was lower when delivery was mediated with the higher amplitude
applied (570 V). Besides measuring the DOX fluorescence intensity in
the observed tail region (Fig. 4A; Supplementary Fig. S6), the amount
of DOX was also quantified in blood plasma (Fig. 4B; Supplementary
Table S1). Topical delivery was again depended on the amplitude of
electric pulse; higher amplitude provided larger permeabilized area
and also higher quantity of DOX in the skin (Fig. 5, Supplementary
Fig. S7). Besides the dotted fluorescent skin area underneath the elec-
trode pins after EP (Fig. 3B), another evidence of EP mediated topical
DOX delivery was also observed in the treated region of the skin,
where DOX caused destruction of hair follicle cells leading to temporary
alopecia (lasting ~4 days) (Fig. 6A). The damage to the skin was more
pronouncedwith tape strippingmethod, sinceDOXwas applied directly
to the epidermis, due to the removed stratum corneum. Therefore,
the formation of the crust was observed within 48 h (Fig. 6B). With
subcutaneous injection of DOX minimal skin damage was observed
only at the site of DOX injection (data not shown).
3.3. Verification of the model with fentanyl assays

In order to confirm the effect of pulse amplitude and to validate the
in vivo non-invasive monitoring system, the FEN was also delivered by
EP at two selected amplitudes – 360 and 570V. The FEN analgesic activ-
ity measured by measuring cornea reflex, pinna reflex, muscle reflex,
tail withdrawal latency and FEN plasma levels was less pronounced at
the electric pulses with the amplitude of 570V than at 360V (Supple-
mentary Fig. S9). Furthermore, the degree of physiological responses
between the EP, subcutaneous injection and tape stripping method
(positive control) was in the same relationship as demonstrated with
the FD and DOX, monitored by monitoring system (Fig. 7A). The data
were confirmed by the quantitative measurements of FEN in the blood
plasma (Fig. 7B). Analgesic responses data and the FEN plasma concen-
tration including the data obtained in the FEN calibration curves exper-
iments are provided in Supplementary information (Supplementary
Figs. S8, S9; Supplementary Tables S2, S3).
3.4. Histological evaluation of the skin after EP

Possible skin damage due to the application of EP was evaluated in
the exposed region of the skin at 1, 12, 24, and 48 h post-treatment
(Fig. 8A). Macroscopically, no skin damage was observed; neither skin
burns, erythema or edema. Furthermore, microscopically hair follicles
damage or severe damage of vasculature was not observed. Though,
small presence of edema was observed at 1 and 12 h after EP with
amplitudes of electric pulses of 360 and 570 V. Parakeratosis was also
observed at these time point and 24 h post-treatment. Hyperplasia of
epidermiswas visible at 24 and 48h post-treatmentwith EP at both am-
plitudes, but was more pronounced at the higher amplitude. According
to the size of the skin damage, we assume that the damage was under-
neath the placed electrodes (Fig. 8B).



Fig. 3. Images of topical and transdermal DOX delivery. (A) Representative images of the observed part of mice tails showing the increase of fluorescence intensity due to the transdermal
delivery by EP on the flank of the mice, tape stripping method (positive control) or subcutaneous injection of DOX. Images were acquired at designated times. Scale bar: 5mm. (B) Repre-
sentative images of the observed regions of the skin showing the successful topical delivery of DOX by EP or tape strippingmethod (positive control) and its retention in the treated region of
the skin. The predetermined area for the treatment was marked with permanentmarker (black dotted marks). Images were taken at designated times. Scale bar: 5mm. 0, 360, 570V— EP
with selected amplitude; negative control— non-treated group; positive control – removal of stratum corneum with tape stripping method. For graphical representation the images were
processed with Fiji software [51].
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3.5. Histology; depth of penetration

One hour post-treatment the skin treated with DOX or FD was
excised, embedded in paraffin and skin slides without staining were
prepared. By imaging thefluorescence of the skin, penetration of the ex-
perimentalmolecule in and through the skin,mediated by electric pulse
application ormolecule alone, was evaluated. The DOX and FD penetra-
tion through skin was observed after removing the stratum corneum
with tape stripping method, where FD and DOX penetrated through
the skin. The penetration of FD and DOX was also observed after EP
with both amplitudes, 360 and 570 V, but was less pronounced than
after removal of stratum corneum (Fig 9).

4. Discussion

In this study we demonstrate that transdermal and topical drug
delivery can be controlled by varying the amplitude of the electric
pulses applied via novel multi-array spring loaded pin electrodes. Fur-
thermore, we present a newly developed in vivo non-invasive monitor-
ing system to visualize and quantitate transdermal and topical drug
delivery, based onmeasurements offluorescence intensity. Using differ-
ent molecules to study transdermal delivery, we show the feasibility of
ourmonitoring system. In addition, the suitability formonitoring topical
delivery was also confirmed by imaging of DOX, a fluorescent chemo-
therapeutic molecule.

Several studies have dealt with the EPmediated delivery of different
molecules to skin, using plate electrodes, invasive needle electrodes,
non-invasive needle-free electrodes, needle free microelectrode or
multi-electrode array [13,16,35–39,52]. The design of the electrodes,
i.e. their tips in the case of needle electrodes varies substantially, howev-
er this is also reflected on the efficiency of delivery and also on the
degree of the skin damage. It was demonstrated that by application of
appropriate electric pulses, molecules such as fentanyl, insulin, metho-
trexate, calcein and fluorescently labeled dextrans, can be delivered
transdermally, mostly quantified by blood analysis, and topically, by
employing different microscopy techniques and skin sample chemical
analysis [36,38,41,53–56]. Besides for drugs, EP following intradermal
injection was shown to be effective also for plasmid DNA delivery into
the skin cells, for the purpose of vaccination or therapeutic effects,
aimed at various diseases, especially for cancer treatment, wound
healing, ischemia and protein deficiency disorders [57–60]. For all
these purposes, the advantage would be the use of non-invasive elec-
trodes, by which the delivery of electric pulses does not damage the
skin but can successfully permeabilize the stratum corneum, and also
permeabilize the cells in epidermis to deliver the desired molecules
into them. Such electrodes, the multi-electrode array (MEA), were
designed by Heller et al. and have proved to be suitable for the delivery
of plasmid DNA to skin when an intradermal injection of plasmid DNA
was combined with EP [16,61–63]. With the application of several ms
long, high voltage pulses they demonstrated the transfection of
cells in the skin. In addition, electrodes with two parallel rows of four
2-mm pins and 4 × 4 minimally invasive electrode array were also
designed and proved to be suitable for plasmid DNA delivery into the
skin [64,65]. Our electrodes with similar design, with a larger gap be-
tween the pins, could probably be used also for plasmid DNA delivery
to skin, however this topic was beyond the scope of this paper. In our
study, we used these non-invasive multi-array electrodes with short
(μs) high voltage electric pulses for delivery of different small mole-
cules. We demonstrated that they can be delivered topically as well as
transdermally. As evident from the images of the skin treatedwith fluo-
rescent molecules (FD, DOX), the delivery was restricted to the area of
the skin in contact with the electrodes. Specifically, with the increasing
amplitudes of electric pulses the area of the skin where the fluorescent
molecules were detected increased. However, controlled delivery of the
molecules, as in our case FD, DOX and FEN, can be obtained by varying
the amplitude of the electric pulses, without skin damage.

Usually skin diseases, such as psoriasis, contact dermatitis and skin
cancer, require treatment which will ensure the delivery of drugs into
the target cells. Our results demonstrate that the use of high voltage,
μs pulses andmulti-array electrodeswhere two pulses are delivered be-
tween each electrode pair (24 electric pulses in total), resulted in the
delivery of drugs into the skin. The topical drug delivery was prolonged
and visible for at least 48h. Furthermore, with increasing the amplitude
of delivered electric pulses, we could demonstrate the increase in the
area of the permeabilized skin, as well as the increased uptake of mole-
cules. Besides topical also transdermal delivery of molecules was dem-
onstrated. The measurements of the systemically delivered molecules
showed that transdermal delivery parallels the topical delivery up to
the amplitude of electric pulses of 360 V. The transdermal delivery
was presumably due to the intravasation of the molecules into the
blood vessels, facilitated by effects of the electric pulses on the endothe-
lial cells. In our previous studies we have demonstrated the vascular



Fig. 4. Fluorescence intensity changes in the tails of mice and the quantity of DOX in the
blood plasma after topical and transdermal delivery of DOXmediated by EP. (A) Transder-
mal DOX delivery— % of fluorescence intensity change 50min after EP normalized to sub-
cutaneous administration. Subcutaneous administration stands for a reference value 100%
of transdermal delivery. (B) Quantity of DOX in blood plasma collected 15 min post-
treatment expressed as a % of the quantity of DOX in the blood plasma after its subcutane-
ous injection. 0, 360, 570V— EP with selected amplitude; negative control— non-treated
group; positive control — removal of stratum corneum with tape stripping method.
n= 3–6 mice per group. * P value b0.05 vs. negative control and 0V, ** P value b0.05 be-
tween marked groups, NS = no statistical significant difference; # P value b0.05 (t-test)
vs. negative control. Error bars indicate SEM.

Fig. 5. Topical delivery of DOX. (A) The fluorescence intensity change 48h post-treatment
and (B) change in fluorescent area of permeabilized skin 48 h post-treatment. All data
were normalized to the value 1 h after EP. 0, 360, 570 V — EP with selected amplitude;
negative control — non-treated group; positive control — removal of stratum corneum
with tape stripping method. n = 3–6 mice per group. ** P value b0.05 between marked
groups, NS = no statistical significant difference. Error bars indicate SEM.
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effects of EP, inducing increased permeability of the endothelial lining
in vitro and in vivo and the extravasation of molecules in micro-vessels
in vivo [46,48,66]. By these effects, also in the normal vessels in sub-
cutis, the endothelial lining would be permeable and prone for
intravasation of molecules. Furthermore, we have demonstrated that
the vascular effects are threshold dependent and are also dependent
on the amplitude of electric pulses, namely in tumors we have demon-
strated that with low amplitudes of electric pulses the blood flow was
increased and with the higher ones it was reduced or stopped [47].
Therefore, when the amplitude of electric pulses exceeds certain level,
as in this study 360 V, the vasoconstricting effects of electric pulses
would increase as well as the vessels permeability and consequently
perfusion delay would be prolonged. Likewise, with increasing the
pulse amplitude, the cell permeability and cellular drug uptake would
be increased. Considering all mentioned effects of high voltage pulses
the transdermal drug deliverywould be hampered. The study thus dem-
onstrates that with varying the amplitude of electric pulses we can con-
trol the topical and transdermal delivery of molecules, as shown with
FD, DOX and FEN.
The mouse skin is not an ideal model to study topical and transder-
mal drug delivery. However it provides a good starting model that can
be elaborated on pig and human skin models [67]. In our study we de-
veloped fluorescence based monitoring system that provides in vivo in
real time, qualitative and quantitative information about topical and
transdermal drug delivery. The system was developed with FD, which
was applied on the skin before and after the application of electric
pulses. The images of the trapped FD in the treated region of the skin
were taken, from which the fluorescent area was measured, providing
evidence for skin permeabilization, particularly underneath the elec-
trode pins. The intensity of the fluorescence was the measure of the
quantity of the molecules delivered topically to the skin. Furthermore,
imaging the fluorescence intensity of a segment of the mouse tail pro-
vided indication on the quantity of the circulating FD and also provided
information of the quantity of the molecule delivered transdermally in
comparison to the positive control – the tape strippingmethod and sub-
cutaneous injection of the molecules. Such non-invasive real-time
method, for qualitative and quantitative monitoring of topical and
transdermal drug delivery, has not been described yet. By using this
monitoring system, EP proved to be effective also for the skin delivery
of DOX, a fluorescent cytotoxic drug used in cancer treatment. We
used two amplitudes (360 V and 570 V) that have proved to differ in
the quantity of transdermally delivered FD. The demonstrated differ-
ence of quantified DOX bymonitoring system aswell as by biochemical
quantification in the blood plasma corroborated the observation with
FD. In addition, to verify new monitoring system, we compared the



Fig. 7. Pharmacodynamics assays of FEN and quantity of FEN in the blood plasma after EP
mediated transdermal delivery. (A) The determined physiological responses (cornea
reflex, pinna reflex, muscle reflex, tail withdrawal latency) to FEN expressed as a % of
the responses induced with the subcutaneous injection of FEN. (B) Quantity of FEN in
blood plasma collected 15min post-treatment expressed as a % of the quantity of FEN in
the blood plasma after its subcutaneous injection. 0, 360, 570V— EP with selected ampli-
tude; negative control — non-treated group; positive control — removal of stratum
corneumwith tape strippingmethod. n=3–6mice per group. * P value b0.05 vs. negative
control and 0 V, ** P value b0.05 between marked groups, NS = no statistical significant
difference. Error bars indicate SEM.

Fig. 6.Alopecia induced byDOXdelivery. (A)Alopecia temporarily inducedwith the topical
DOXdeliverymediatedby EPwith amplitudeof 570V.DOXwas topically deliveredwith EP
and then images were acquired at designated times. Arrows mark the position of elec-
trodes and subsequent development of alopecia underneath the electrodes. Regrowth of
hair is observed 96 h after EP. (B) The damage to the skin with tape stripping method
was substantial; leading to crust formation within 48 h. The predetermined area for the
treatment was marked with permanent marker (black dotted marks). Scale bar: 5mm.
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results obtained with FD and DOX, by performing already established
fentanyl assays, where physiological responses of mice to FEN are mea-
sured. The results with FEN delivery by EP at 360 and 570V amplitudes
matched those with FD and DOX and were further supported by bio-
chemical quantification of FEN in the blood plasma of mice.

The use of novel non-invasive multi-array electrodes as used in our
studywas demonstrated to beminimally damaging,without skin burns,
edema or erythema, with onlymicroscopically visible parakeratosis and
hyperplasia. Similar observation, but observed on macroscopic level,
was also demonstrated by Heller's group with MEA, where longer elec-
tric pulses were used [35]. This study also reports on the occurrence of
ulceration and necrosis after EP. Some studies resulted in severe skin
damage, after application of low voltage electric pulses, such as redness
of the skin, burnings, scars and skin lesions [63,68,69]. Therefore, for
drug or gene electrotransfer to skin, the amplitude and duration of
electric pulses are important. However, in order to minimize the pain
the amplitude should be as low as possible; that can be obtained by re-
ducing the distance between the electrode pins as much as possible. In
our study, the tested electric pulse amplitudes have not caused skin
damage, but were effective for topical and transdermal drug delivery
in the range of molecules up to 4kDa. The effectiveness of DOX delivery
to the skin has also been demonstrated by the skin damage of the treat-
ed areas where temporary alopecia underneath the electrode surface
was induced. The use of this delivery system might be effective also
for the delivery of other larger molecules, such as plasmid DNA, with
longer electric pulses and the cut-off size and yet to be determined.
5. Conclusion

In conclusion, our study provides first in vivo non-invasive fluores-
cence based monitoring system which is suitable for the determination
of transdermal and topical delivery with qualitative and quantitative
support. The transdermal and topical delivery depends on the ampli-
tude of electric pulses applied and this can be a prominent variable
in controlling drug delivery through skin. We are the first to describe
and use non-invasive multi-array electrodes with spring loaded pins
for the controlled topical and transdermal drug delivery to and through
the skin.
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Fig. 8. Skin damage induced by EP after 1, 12, 24 and 48h. Hematoxylin and eosin stained
section of skin excised at indicated times after EP. (A) Negative control (E = epidermis;
D = dermis; H = hypodermis; M = muscle; S = stratum corneum); in 1 h after EP
edema (thin arrow) and parakeratosis (thick arrow) occurred. Hyperplasia (arrowhead)
occurred after 24 and 48 h when skin was exposed to both tested amplitudes — 360 and
570 V pulses. (B) At 48 h post-treatment skin damage was observed only underneath
the electrode surface. Scale bar indicates the position as well as the diameter of the
electrode pin (2r=1.3mm).
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Fig 9. Depth of penetration of fluorescent molecules into the skin after EP. Penetration of (A) F
in paraffin and cut in orientation perpendicular to the skin layers. 5 μm thick unstained skin sl
(c) positive control (tape strip), (d) skin subjected to 360 V electric pulses and (e) skin subje
the presence of FD and in (B) the orange/red color and arrows indicate on presence of DOX in
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