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Electrochemical Therapy of In Vivo Rabbit Cutaneous Tissue

Ellen M. Hong, BA ©@; Tiffany T. Pham, MD
Kyle Hansen, BS; Sehwan Kim, PhD

; Soohong Seo, MD; Wesley J. Moy, PhD; Pamela Borden, BS;
; Ji-Hun Mo, MD, PhD; Brian J. F. Wong, MD, PhD

Objectives: To examine the acid-base and histological changes in in vivo rabbit cutaneous tissue after electrochemical
therapy.

Study Design: In vivo rabbit tissue study.

Methods: The shaved skin on the backs of female Oryctolagus cuniculi were assigned to treatments with or without
tumescence with normal saline. Two platinum-needle electrodes were inserted into each treatment area and connected to a
direct current (DC) power supply. Voltage (3-5 V) was varied and applied for 5 minutes. The wound-healing process was mon-
itored via digital photography and ultrasonography until euthanasia at day 29. Treatment areas were biopsied, and specimens
were sectioned through a sagittal midline across both electrode insertion sites. Samples were then evaluated utilizing light
microscopy (hematoxylin and eosin, Masson’s Trichrome, and Picrosirius red).

Results: Treatment sites developed mild inflammation that dissipated at lower voltages or became scabs at higher volt-
ages. Ultrasonography demonstrated acoustic shadowing with spatial spread that increased with increasing voltage application.
The 4- and 5-V sites treated with saline had localized areas of increased tissue density at day 29. Although specimens treated
with 3 V did not look significantly different from control tissue, 4- and 5-V samples with and without saline tumescence had
finer, less-organized collagen fibers and increased presence of fibrocytes and inflammatory infiltrates.

Conclusions: Electrochemical therapy caused localized injury to in vivo rabbit cutaneous tissue, prompting regenerative
wound repair. With future development, this technology may offer precise, low-cost rejuvenation to restore the functionality

and appearance of dermal scars and keloids.

Level of Evidence: NA

Key Words: Electrochemical therapy, skin, scar revision, skin rejuvenation.
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INTRODUCTION

As the first line of defense, skin is subjected to senes-
cent changes, photodamage, and injury among other chal-
lenges. The resultant scars and associated deformation may
necessitate intervention to correct them. Conventional treat-
ment for scars—including scar revision surgery, dermabra-
sion, steroid injections, pressure dressings, etc.—has highly
variable efficacy. Contemporary minimally invasive treat-
ments include pharmacologic agents, chemexfoliation, frac-
tional laser ablation, and microneedling with and without
radiofrequency.! However, these approaches can be difficult
to optimize or control,? are often expensive, and often
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require multiple treatments.® For example, the efficacy of
chemexfoliation is dependent on the depth of acid penetra-
tion, and the heterogeneous dermal landscape across the
face causes variable results. Because the risk of scarring
greatly increases with the depth of penetration, although
expensive, chemical peels have been supplanted by lasers.*
However, lasers have a superficial penetration of up to
900 microns, which is insufficient for treating the inherent
depth of scars.® Although there are currently numerous
treatments for dermal rejuvenation, there exists room for
improvement and innovation.

Electrochemical therapy (ECT) is a potentially novel,
low-cost alternative to treat scars. Initially, the effects of
ECT were studied extensively in cartilage where in situ
electrochemically generated pH gradients altered the static
stress-strain profiles in cartilage to reshape it.523 An inci-
dental finding in these in vivo studies was the lack of injury
to overlying skin despite contact with platinum electrodes
that hydrolyzed tissue water to form an acid and base.
Other than hair loss, there were no discernible visible skin
changes. This observation motivates the present investiga-
tion focused on the isolated effects of ECT on skin remo-
deling. The application of an electrical potential within
aqueous media (including skin) results in hydrolysis and
the production of H+ and OH-, creating in situ pH gradi-
ents. Moy et al. examined ECT in ex vivo porcine skin,
which produced localized pH gradients leading to collagen
denaturation.2 Hu et al. used nonlinear optical microscopy
to identify changes in collagen structure in ex vivo human
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skin following the controlled application of ECT.?* These
studies established that, with ECT, voltage and application
time are the principal components of dosimetry, and the
region of tissue effect can be specified.

Although we have studied how ECT changes the
matrix collagen structure in ex vivo skin, the dynamics of
acute injury and subsequent wound-healing process trig-
gered by ECT have not been investigated in vivo. This
study is the first to examine the in vivo cutaneous effect
of ECT in the New Zealand White rabbit model as a pre-
lude to future potential therapeutic application.

MATERIALS AND METHODS

The study was approved by the University of California Irvine
Institutional Animal Care and Use Committee (IACUC). Two female
New Zealand White rabbits (Oryctolagus cuniculus) weighing 3.8 to

4.0 kg were treated with a subcutaneous dose of prophylactic antibi-
otic (enrofloxacin 5 mg/kg) and anesthetized with subcutaneous injec-
tions of ketamine hydrochloride (2040 mg/kg) and xylazine
hydrochloride (3-5 mg/kg). The back was shaved hairless, and individ-
ual ECT sites were demarcated with an ink pen. A custom acrylic jig
was used to guide a single positive electrode (anode) and a single
negative electrode (cathode) separated by 2 mm to establish an
ECT site (Fig. 1). The first rabbit’s skin was not tumesced with
saline prior to ECT. The second rabbit underwent subcutaneous
injection with 1.5 to 2 cc of normal saline solution until tumes-
cence was achieved at each site immediately before performing
ECT (Fig. 2A) to ease needle insertion and enhance electrolysis.
Platinum-needle electrodes (0.3 mm in diameter; Grass Technol-
ogies) were used due to their high standard potential and mini-
mal risk of electrode oxidation.'*%2531 The electrode leads

were connected to a DC power supply, and electrical potentials
varying from 3 to 5 V were applied for 5 minutes to each site. A
MATLAB program controlled the voltage and application time
and monitored curren

t14

Matlab Program

Fig. 1. Electrochemical therapy (ECT) mechanism and setup. Needle electrodes connected to a DC power supply are inserted into the skin
2 mm apart using an acrylic jig. The power supply’s electrical potential and application time is controlled through a MATLAB program.

Fig. 2. Subcutaneous injection of saline. Rabbit dermal back tissue with (A) 2 cc subcutaneous saline injections and (B) tattooed registry

marks.
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Digital photography (Rebel XS; Canon) of the treatment sites
and surrounding untreated areas were acquired before and after
ECT. Ultrasound images (vertical resolution of 40 pm) were also
acquired before and after treatment using a clinical high-frequency
dermatologic ultrasonography system (Episcan 1-200; Longport Inc).
After ultrasonography, registry marks were tattooed, forming cross-
hairs at the electrode insertion site (Fig. 2B). Buprenorphine
(0.01-0.05 mg/kg, IM) was injected subcutaneously every 12 hours
for the first 24 hours for analgesia. Photography and ultrasound
were performed on days 1, 7, 14, and 29. Prophylactic antibiotics
were administered daily on days 1 to 3. Treatment sites were protec-
ted using an occlusal dressing (Tegaderm) after photography and
ultrasound. Following experimental procedures on day 29, the ani-
mal was euthanized with intravenous administration of Euthasol
(100 mg/kg). Immediately following euthanasia, ECT and control
skin sites were excised (1cm X 2cm) and fixed in formalin for
1 week. The samples were processed,®? and histological sections were
stained with retrograde hematoxylin and eosin (H&E), Masson’s
Trichrome (MT), or Picrosirius red (PSR). MT staining provides elec-
tive staining of collagen, depending on structure permeability. Ani-
line blue staining is apparent on healthy collagen. Depending on the
physical and physiochemical states of collagen fibers, denatured col-
lagen is not stained by the aniline blue but instead by Biebrich Scar-
let red.®® PSR, when visualized with optically polarized light,
differentiates between types I and III collagen.>* Type I collagen
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appears as a red hue, whereas type I1I takes on a yellow-green color.
Images of ECT and control sites were captured with visible light
microscopy at 10x magnification.

RESULTS

Digital Photography

Photographs of ECT treatment sites were acquired
on days 0,1, 7, 14, and 29 (Fig. 3). Control tissue was
imaged on day 0 (Fig. 3A). Immediately after ECT appli-
cation, procedure sites developed mild and localized
inflammation—erythema and swelling—lingering for a
week. The extent of inflammation increased with voltage.
Tumescent regions where ECT was performed had more
inflammation than those without saline. Neither bleeding
nor infection was observed at any site at any time. The
electrode insertion sites treated with 4 and 5V without
saline showed blanched, yellow-white discoloration on
days 0 and 1 (Fig. 3B,C,G,H). On day 7, the discoloration
was replaced with redness (Fig. 3D,I), which largely
resolved by day 14 (Fig. 3E,J). By day 29, redness dis-
appeared for both the 4 and 5 V samples (Fig. 3F,K). On

A C A C

Fig. 3. Visible light photography of skin following electrochemical therapy (ECT). Following application of ECT, the surface of the dermal tissue
was imaged with light photography over 29 days. Anodes and cathodes were placed 2 mm apart and denoted with A and C, respectively. The
following treatments were applied: (A) control, (B-F) 4 V for 5 minutes without saline, (G-K) 5V for 5 minutes without saline, (L-P) 3V for
5 minutes with saline, (Q-U) 4 V for 5 minutes with saline, and (V-2) 5V for 5 minutes with saline. Vertical and horizontal tattoo lines were

drawn to indicate electrode insertion sites. Scale bar indicates 5 mm.

Laryngoscope 131: July 2021
E2198

Hong et al.: A Novel Method for Skin Rejuvenation



days 0 and 1, tumescent tissue specimens treated with
3V showed no discernible sign of superficial tissue
change (Fig. 3L,M). By day 7, small areas of erythema
became visible directly adjacent to the electrode insertion
site (Fig. 3N). Erythema resolved by day 14 (Fig. 30),
and the skin appeared pristine at day 29 (Fig. 3P).
Tumesced sites treated with 4 and 5V developed a
blanched, yellow-white hue on days 0 and 1, with the
spatial area of this discoloration increasing with larger
voltage (Fig. 3Q,V,R,W). By day 7, scabs appeared, sur-
rounded by a region of erythema (Fig. 3S,X). By day
14, the erythema resolved (Fig. 3T,Y). Scabbing

Post

Without Saline
A

PEE0iiiiimBERD

\

2 CC Saline

—

persisted through day 29 and fell off with removal of the
occlusal dressing (Fig. 3U,Z). The skin previously cov-
ered by scabs was depressed and hypopigmented rela-
tive to the surrounding skin.

Ultrasound

High-frequency ultrasound images were acquired
before and immediately after ECT and on postoperative
days 1, 2, 3, 7, 14, and 29 (Fig. 4). The images were cap-
tured with a gel interface, and the image plane was paral-
lel to the long axes of both anode and cathode needle

Day 1

EREEREEETTTTT] IIBNEEE

40033 1 PMMERD NN i PET il i IRBERE
i

Fig. 4. High-frequency ultrasonography of skin following ECT. Following application of electrochemical therapy, the surface of the dermal tis-
sue was imaged with high-frequency ultrasonography. The following treatment parameters were imaged: (A-F) 4 V for 5 minutes without
saline, (G-L) 5V for 5 minutes without saline, (M-R) 3 V for 5 minutes with saline, (S-X) 4 V for 5 minutes with saline, and (Y-AD) 5V for
5 minutes with saline. The ultrasound images identify ultrasound gel (UG), epidermis (ED), dermis (DE), and subcutaneous tissue (SQ).
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electrodes. Control imaging displayed clear demarcations
between the layers of native rabbit skin, with the epider-
mis, dermis, and subcutaneous tissue readily identified
(Fig. 4A,G,M,S,Y). In the images acquired immediately fol-
lowing ECT application, acoustic shadows were observed.
This disruption increased in the dermis as the voltage
increased (Fig. 4). In tissue treated without a saline injec-
tion, acoustic shadows were absent at 4 V but present at
5V (Fig. 4B,H). In tumesced tissues, shadows were
observed at all voltages (Fig. 4N,T,Z). The sites without
saline injection imaged on days 1, 7, 14, and 29 (Fig. 4C,D,
E,F,IJ K,L) looked similar to controls (Fig. 4A,G). This was
also observed with specimens treated with saline at 3V
(Fig. 40,P,Q,R vs Fig. 4M). However, the 4 and 5 V sites
with saline treatment showed swelling immediately post-
treatment. Swelling for these conditions persisted on days
1, 7, and 14 along with a low-intensity acoustic signal
under those regions (Fig. 4U,V,W,AA/AB,AC). On day
29, the swelling was absent, and a high-intensity signal
was identified within the dermis (Fig. 4X,AD). This was
not previously observed in controls (Fig. 4S,Y).

Histology

Histological analysis was performed on tissue samples
after euthanasia on day 29 using H&E, MT, and PSR
staining (Fig. 5). In controls, H&E stains indicated well-orga-
nized, thick, mature collagen and the presence of hair folli-
cles, glandular structures, and blood vessels throughout
(Fig. 5A,N). In the samples that were not injected with saline
(Fig. 5B,C,H,I), an increased fibroblast density, along with
inflammatory infiltrates, was observed, staining with a more
intense blue hue due to increased hematoxylin uptake. Fine

H&E
Anode Cathode

5V 5 min

Without Saline

4V 5 min

2 CC Saline

5V 5 min

collagen fibers were observed as well. Collagen fibers were
better visualized with MT staining (Fig. 5D,E,J,K). Collagen
fibers in treated areas appeared thinner and less organized
compared to the coarse, dark blue staining of more mature
control tissue collagen. Increased cellularity and vascularity
were also observed with the red Biebrich Scarlet component
of the MT stain. A voltage of 4V showed comparable
changes in both electrodes, but at 5 V, these differences were
more evident in the anode than in the cathode (Fig. 5H,I).
Tissue changes at the 5 V anode were more intense than
those seen at 4 V, and there was also an absence of hair folli-
cles. The 5 V cathode sites showed discrete foci of fine colla-
gen fibers with increased fibroblasts (Fig. 5J,K). Collagen
fibers were further visualized with PSR staining to indicate
the type of collagen present (Fig. 5F,G,L,M). At 4V, treat-
ment areas at both the anode and the cathode did not show
a significant difference in the size of the collagen fibers
(Figs. 5F,G). However, at 5V, the treatment areas showed
thinner collagen fibers at the treatment site as opposed to
the intense red of the thicker, mature normal tissue
(Figs. 5L,M). At both 4 and 5V, the treatment sites showed
similar ratios of red to green color as the surrounding
untreated dermal tissue. Hair appeared as green.
Saline-injected samples at 3 V do not demonstrate
any changes in collagen structure or adnexal composition,
and both epidermal and dermal layers appeared similar
to controls (Fig. 50-T). For 4 V with saline, finer collagen
fibers were observed at treatment sites (Fig. 5U,V), along
with absent hair follicles and increased fibroblasts and
small vessels. These findings were similar at both the
anode and cathode, although the features were more dif-
fuse with a larger footprint at the cathode. At 5V with
saline, this change was clearly evident and more

MT PSR

Anode Cathode Anode Cathode

Fig. 5. Histological images of skin following electrochemical therapy. Histological Images of skin following ECT. Hematoxylin and Eosin (H&E)-, Mas-
son’s Trichrome (MT)-, and Picrosirius red (PSR)-stained histological images (10x) of skin samples at sites of control, anode, and cathode. The follow-
ing treatment parameters were imaged: (A) control without saline, (B-G) 4 V for 5 minutes without saline, (H-M) 5V for 5 minutes without saline,
(N) control with saline, (O-T) 3 V for 5 minutes with saline, (U-2) 4 V for 5 min with saline, and (AA-AF) 5 V for 5 minutes with saline. Scale bar indicates
200 pm. Arrows indicate electrode insertion site.
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pronounced than at 4 V (Fig. 5AA,AB). The extent of tis-
sue changes at the anode and cathode regions appear
similar in size. Follicles were again absent. All of these
changes were evidenced by the vibrant blue stain in MT
staining (Fig. 5W X,AC,AD). At 4 and 5V, the treated
areas showed thinner collagen fibers with the PSR stain,
but the red to green color ratios appeared similar to that
of the surrounding normal tissue (Fig. 5Y,Z,AE AF).

DISCUSSION

Current minimally invasive technologies to treat
scar, age-related changes, and sun damage may be expen-
sive and require advanced training or skill. There exists
an opportunity for a simple, low-cost method to remodel
dermal collagen to potentially address these problems,
particularly for hypertrophic scars and keloids. Here, we
examined the effects of ECT in in vivo skin. Prior work by
our group has shown that the effect is pH dependent and
controllable with dosimetry.>?* We have further identi-
fied that tumescence can amplify the effect, and as most
percutaneous procedures require some degree of local
anesthetic, this finding is significant.

Although interstitial water content in the dermis is
70%,%% saline injection was used to examine whether
increased tissue water content and electrolytes could
facilitate the ECT effect as water is the principal reagent
undergoing electrolysis. Here, tumescence potentiated the
ECT effect spatially. Without saline, hydrolysis might be
limited by the diffusion of water as local concentrations
are consumed during ECT. Saline may also increase the
uniformity of the ECT effect and provide a more turgid
structure through which to insert platinum-needle
electrodes.

Photography of the surface showed that skin injury
may occur during ECT, but the effect is localized, varying
with dosimetry and the presence of injected saline. In the
absence of tumescence, the visible effects of ECT on nor-
mal tissue were minimal, with no discernable changes
observed at procedure sites on day 29 for both 4 and 5V
(Fig. 3F,K). This is of interest as the needles were not
insulated and were in contact with the epidermis. The
relatively low water content of the stratum corneum
(15-40%) may be protective in this case, with little water
to conduct current flow and undergo hydrolyis.?® With
saline, the visible area of effect increased with voltage. A
voltage of 3V showed no visible difference in treatment
sites compared to control (Fig. 3P), suggesting that 3V is
the near-threshold value for ECT in skin. At 4 and 5V,
induction of electrolysis was evident by acute changes in
tissue appearance and subsequent scab formation
(Fig. 3Q,V,S,X). A voltage of 4 V created a smaller area of
effect than 5V, indicating dose dependence and the
potential for precision therapy that would be necessary
for skin rejuvenation procedures where damage must be
spatially controlled. Scab formation at the surface may be
prevented by insulating the electrode to the length of the
epidermis, isolating ECT to the dermis, scar tissue, or
keloid.

Ultrasonography demonstrated the subepidermal
localization of the ECT effect (Fig. 4X,AD), confirmed by
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identification of new collagen on histologic sections. Elec-
trodes penetrate tissue at a user-defined depth, allowing
more spatial control than a chemical peel and with
greater penetration depth into the dermis than lasers.®®
Ultrasonography identified acoustic shadowing after ECT
application (Fig. 4H,N,T,Z) likely due to Hy, and O, gas
formation—byproducts of hydrolysis.? This was not
observed in specimens at 4V in the absence of tumes-
cence, indicating less gas evolution and, therefore, less
hydrolysis (Fig. 4B). This suggests that 4 V without saline
is a subtherapeutic parameter, unlike 5 V without saline,
where acoustic shadows were observed (Fig. 4H). Ultraso-
nography of the skin over time did not identify significant
change in tissue structure at either voltage (Fig. 4C,D,E,
I,J,K), and on day 29, the structure of the skin resembled
that of normal tissue. Tumesced tissue treated at 3V
appeared similar to the control immediately after ECT
application, again suggesting subtherapeutic dosimetry
(Fig. 4N), and no other changes were observed at later
timepoints (Fig. 40,P,Q). Acoustic shadows were evident
in tumesced specimens at 4 and 5V, with the extent
increasing with voltage (Fig. 4T,Z). Inflammation was evi-
dent on days 1 to 14, indicated by the presence of swelling
at treatment sites (Fig. 4U,V,W,AA AB,AC). However,
these sites also were affected by scabbing. A scab is dense
tissue, and ultrasound images of these specimens pro-
vided limited information. By day 29, the scabs had fallen
off, and ultrasonography was better able to penetrate
deeper tissue composition (Fig. 4X,AD). The images on
day 29 of saline-treated sites at 4 and 5V revealed that
higher-intensity signals followed the vertical path of the
two electrodes. At 4V (Fig. 4X), the signal was less
intense and less spread out than at 5V (Fig. 4AD).
Christiansen et al. observed increased dermal density
after laser skin rejuvenation treatment due to
neocollagenesis.?” As higher-intensity signals indicate
denser tissue, this is suggestive of increased collagen
deposition at treatment sites. Furthermore, the acoustic
intensity increased with voltage, indicating a dose-
dependent effect. Ultrasonography suggests that ECT
induces localized and effective neocollagenesis.

Histology consistently identified localized dermal
remodeling around electrode insertion sites. This sug-
gests that tissue injury created by acid and base genera-
tion adjacent to the electrodes is followed by repair and
wound healing. Increased fibroblast numbers and fine col-
lagen fiber deposition indicate active neocollagenesis. The
noticeably thinner collagen structures are characteristic
of new collagen, in contrast to coarse, mature collagen
bundles observed in the adjacent normal tissue. When
examined for the presence of collagen type I versus type
III, PSR indicated ratios similar to that of normal tissue.
In rodent skin, collagen type I levels were shown to peak
at 10 hours after injury and decrease to normal levels after
24 hours.®® Furthermore, prolonged presence of increased
levels of type III collagen is indicative of white or keloid
scarring.®® The similarity in color ratios in both treatment
and normal areas, along with the evident thinner collagen
fibers, indicate that neocollagenesis, as opposed to scar-
ring, is occurring. Increased vascularity with inflammatory
infiltrates suggests active neovascularization. Tumescent
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samples showed an obvious difference between normal and
ECT-treated tissues. Although 3V continued to appear
subtherapeutic (Fig. 50-T), new collagen deposition was
clearly observed at both 4 and 5V (Fig. 5U-AF). These
findings demonstrate that the ECT effect is localized based
on needle geometry and dosimetry: as the voltage parame-
ter increases, a subsequent increase in the area of effect is
evident. This clearly underscores the importance of saline
as it simultaneously serves as media for current flow and
the principal reagent for hydrolysis. With the addition of
saline, the histological effects of ECT are enhanced at both
4 and 5V compared to native samples with the same volt-
age. Collectively, histology demonstrates that ECT focally
injures tissue, followed by wound healing. This repair pro-
cess is similar to that of deep chemical peels,* but the pro-
cess is localized, allowing for possible precision in
treatment. Spatial selectivity is, in turn, controlled by
dosimetry, namely, voltage and application time and elec-
trode design, which dictate the electric field geometry.

In chemexfoliation, acids are directly applied to skin,
diffusing through the epidermis to denature proteins in
the dermis, causing neocollagenesis.® The effect depends
upon local tissue-diffusive properties, which vary consid-
erably; operator skill and experience; and application
time. In ECT, water is hydrolyzed, in situ acid and base
evolve, and there is no need for drug injection or the costs
of a laser or radiofrequency (RF) device. In contrast to a
peel, penetration depth and lateral extent of the ECT pro-
cess is controlled by dosimetry and needle geometry. Nee-
dle geometry controls the electric field, and this process
can be feedback-controlled as well. No significant compli-
cations, such as gross tissue slough, muscle injury, etc.,
were observed during the 1-month duration of the study.
However, in future studies, extending the evaluation
period to 90 days would allow long-term observation of
skin injury and repair. Furthermore, the current study
examines the rejuvenation of normal tissue. Atrophic,
hypertrophic, and keloid scarring is complex, and they
can react varyingly to resurfacing treatments.**° Finally,
as a limited number of animals was studied, the results
lack statistical power. Although ECT may demonstrate
rejuvenation effects in normal tissue, its efficacy in scar
tissue needs to be explored further.

CONCLUSION

Through light photography, ultrasound, and histo-
logical analyses, we have demonstrated that the electro-
lytic reaction of ECT induces localized regenerative
dermal tissue. We have shown that the effect of ECT is
dependent upon saline and the amount of water needed
to produce localized acid/base. Although 3 V appears to
have little effect, the application of 4 and 5 V dosages for
a duration of 5 minutes reveal a parameter-dependent
treatment with user-controlled depth penetration and lat-
eral extent. Furthermore, ECT can prove to be a low-cost
alternative to conventional treatments: the simplest con-
struction of platinum-plated electrodes and a DC battery
can cost approximately $10.2 ECT can potentially offer
precise, low-cost rejuvenation to restore the functionality
and appearance of dermal scars and keloids.
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