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dressing on skin wound healing: a review
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Abstract

The variety of wound types has resulted in a wide range of wound dressings, with new products frequently being
introduced to target different aspects of the wound healing process. The ideal wound dressing should achieve
rapid healing at a reasonable cost, with minimal inconvenience to the patient. Microcurrent dressing, a novel
wound dressing with inherent electric activity, can generate low-level microcurrents at the device-wound contact
surface in the presence of moisture and can provide an advanced wound healing solution for managing wounds. This
article offers a review of the effects and mechanisms of the microcurrent dressing on the healing of skin wounds.
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Introduction
Skin, the natural protective barrier for the body, plays an
important part in defense against foreign bodies and
pathogens, helps retain water and electrolytes, and main-
tains homeostasis. It is essential to maintain skin integrity.
Surgical wounds, burns, and a variety of chronic skin ulcers
damage the skin and can compromise the skin’s protective
nature. Despite recent advances in the understanding of the
biology of healing, an unmet need remains in handling the
clinical problem of skin wounds, particularly persistent skin
ulcers. To reestablish the skin’s barrier function, it is neces-
sary to apply a proper wound dressing as a temporary sub-
stitute to damaged skin. In addition to defending against
foreign bodies and pathogens, wound dressings should
replicate skin characteristics to promote the proliferation
and migration of fibroblasts and keratinocytes and en-
hance re-epithelialization, leading to proper and rapid
healing with minimal scar formation.
Wound dressings have changed significantly over time.

The development started with the use of natural materials
to simply cover the wounds and has progressed to cutting-
edge materials that can be specially made to exhibit various
extraordinary functions. A microcurrent dressing (MCD) is
a unique wound dressing with wireless microcurrent tech-
nology that provides an advanced wound healing solution.
In the presence of moisture, low-level microcurrents are
generated at the device-wound contact surface. These
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reactions occur without an external power source or
other accessories; it is a wireless, conformable and
portable device.
Microcurrent dressing
The main function of MCD is to provide electric stimu-
lation (ES) therapy, which is broadly defined as the ap-
plication of an electric current through electrodes placed
on the skin, near or directly within the wound. It has
been established that the human epidermis acts as a
battery, and when its integrity is broken, it generates an
electric field on the immediate wound edge [1,2]. Based
on the observed endogenous electrical properties, it has
been hypothesized that the external application of elec-
trical current can be employed to assist in the healing of
skin wounds [3]. ES offers an external wound treatment
that has been shown to have a positive effect on wound
healing in many clinical studies [4-7].
ES therapy has been reported for decades as a therapeutic

method to aid and promote wound healing. As early as
1969, in vivo preclinical studies on ES therapy were
conducted, followed by numerous animal and clinical
studies to support its application. Studies on cutaneous
wound healing in animal models became more prevalent
in the 1990s. In 2002, the American Food and Drug
Administration granted premarket approval for the
clinical use of ES devices to treat certain chronic
wounds (e.g., diabetic, pressure (stage III or IV), stasis,
and arterial ulcers) that had failed standard wound
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therapies [8]. Recent advances in research of the elec-
trical phenomena in the skin have aroused an interest
in this modality [2,9].
There are several types of ES devices have been used to

treat wounds. One example is a portable electric dressing
device that integrates low-level ES into wound dressings
[10]. Generally, electric dressing devices can be divided into
two types: the wired electric dressing and the latest wireless
MCD (Figure 1). The former delivers microcurrent stimula-
tion by connecting to an exogenous power source [11], and
the wireless MCD does not need any accessories and
just looks like a common woven dressing. The inherent
electrical properties of the wireless MCD are activated by
moisture from the wound through a pattern of alternately
printed metallic dots, which employ the endogenous elec-
tric potential. The wireless MCD is commercially referred
to as a bioelectric dressing (BED).

Effects of microcurrent stimulation on wound healing
There have been many studies on the effects of microcur-
rent in both human and animal wound healing models
[12-14] and on the cells involved in wound healing [15-17].
The application of the MCD, which transmits a low-level
electric current to wounds, has been shown to facilitate
different stages of wound repair process.

Anti-inflammation effects
The three phases of healing are inflammation, proliferation,
and remodeling; they determine physiological wound heal-
ing. The normal process of healing in chronic wounds is
interrupted by a prolonged inflammation phase [18,19].
Both animal and human studies suggest that ES may aid in
decreasing the duration of the inflammatory phase, thereby
increasing the rate of healing, by reducing edema formation
[20,21] or reducing the pathogens in the wound area and
decreasing their motility [22].
Using a rat ear skin model, Kaur et al. [20] studied the

effects of microcurrent stimulation on the inflammation
Figure 1 The sketch of a microcurrent dressing. (A) The dots of differen
oxidizing agents, and the other includes reducing agents. (B) One of the c
reactions will occur, and currents will thus be produced. Accordingly, a fiel
responses in intact skin. Tetradecanoyl phorbol acetate
(TPA)-induced ear edema was performed, and the electric
current was provided by galvanic zinc-copper (Zn-Cu)
particles producing an electric current in the range of
70-90 μА (a current similar in magnitude to the en-
dogenous wound current). By comparing the difference
in ear weight and the levels of macrophage inflammatory
protein 2 (MIP-2) between the control and Zn-Cu-treated
mice, they found that Zn-Cu significantly reduced the
TPA-induced edema response, thus inhibiting excessive
inflammatory response.
In a rat hind limb model, Cook and colleagues [21]

found that an applied microcurrent stimulated the
movement of blue-dye-labeled albumin into the lymphatic
vessels, increased oncotic pressure, and drew fluid into
the vessels, thus reducing edema formation in the limb.
Additionally, another study in rats that compared the
therapeutic effects of microcurrent therapy and laser
therapy in the process of wound healing reported that a
microcurrent was effective in reducing the inflamma-
tory reaction [23].
Similar to animal studies, anti-inflammation effects

have been observed for electrical stimulation applied to
human wounds. Lee et al. [24] used ultraviolet irradiation
to induce inflammatory reactions in two areas in the
lumbar region of 22 subjects. A microcurrent was applied
to one region at an intensity of 50 μA. Measurements of
the changes in chromatic red and luminance were taken
over time, and a comparison of wound contraction in
the two regions indicated that the applied-microcurrent
region healed faster.
The antibacterial effects of ES also assist in reducing

inflammation. All Gram-negative and Gram-positive
microbes in the wound area carry a negative charge [25].
The positive polarity of the electric field attracts mi-
crobes and decreases their motility, thereby reducing
the bacteria-caused inflammation response. In a study by
Daeschlein et al. [22], the application of positive polarity
t color stand for dissimilar reservoirs. One type of reservoir includes
oupled dissimilar reservoirs. In the presence of moisture, redox
d of multiple currents will be produced across a surface of a substrate.
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had greater antibacterial effects than did negative polarity,
regardless of whether the bacteria were Gram-negative
or Gram-positive. In general, an applied microcurrent
fosters an anti-inflammatory response and enhances
wound recovery.

Effects of electrical stimulation on angiogenesis and
blood circulation
The wound healing process consists of complex phases
that begin right after injury, and there is an interaction
between several tissues and cells [26]. The most crucial
steps occur during the proliferative phase, ensuring the
successful closure of the wound. In this phase, the forma-
tion of new blood vessels occurs through the bifurcation
and extension of existing capillaries, an indispensable
process for successful wound healing [27,28]. ES has been
demonstrated to induce important pre-angiogenic responses
in in vitro mature endothelial cells.
Using an image analyzer, Zhao et al. [29] quantified

the behavior of in vitro vascular endothelial cells before
electric field (EF) exposure and after 8, 12 and 24 hours
of EF (100 mV/mm) exposure. It showed that cells cul-
tured without exposure to an EF had typical cobblestone
morphology, with the long axis of each cell body oriented
randomly. By contrast, endothelial cells cultured in an
EF performed a dramatic reorientation, with their long
axis lying perpendicular to the vector of the applied
EF. This remarkable elongation and alignment in an
applied EF resembles the angiogenic responses of endothe-
lial cells. Additionally, angiogenesis is governed by endothe-
lial migration. Zhao and colleagues [17] found that a small
EF could also induce angiogenic responses in endothelial
progenitor cells by causing significant directional migration
and orientation. This was solely a response of the endothe-
lial progenitor cells and did not require any other cell types.
In addition to promoting angiogenesis, microcurrent

stimulation has been proven to increase the blood flow
rate and promote local blood circulation. Park et al. [30]
investigated the effect of microcurrent electrical stimulation,
which was provided through a shoe, on blood circulation
and pain in the feet of diabetes patients. The microcurrent
delivered by the shoes was a pulsed microcurrent of no
more than 300 μА. The subjects assumed a supine position
before the measurement. The stable blood flow rate was
then measured in that position, and a second measurement
was taken after 1 h of walking exercise. The results showed
that the increased blood flow rate of the experimental group
was 1.19 mv/V, whereas that of the control group was 0.52
mv/V (P < 0.05). In this study, blood circulation in the feet
of diabetes patients was significantly improved by applying
microcurrent stimulation therapy. Similarly, Clarke et al.
[31] reported that the lower extremity blood flow rate in-
creased with applied of microcurrent stimulation in patients
with chronic venous insufficiency.
Effects of electrical stimulation on granulation
During the proliferation phase of wound healing, granula-
tion begins through increased collagen production [32].
Fibroblasts, which synthesize and secrete collagen protein,
are the major component of granulation tissue and play
an important role in the wound healing process. During
the course of normal wound healing, fibroblasts at the
wound edge are exposed to an electric field ranging from
40 to 200 mV/mm [2]. Various electric field conditions
influence fibroblast migration, proliferation, and protein
synthesis. Jennings et al. [33] explored the role of electric
fields during the normal progression of healing, comparing
gene expression in normal adult dermal fibroblasts exposed
to a 100 mV/mm electric field for 1 h to non-stimulated
controls. Significantly increased expression of 162 transcripts
and decreased expression of 302 transcripts were detected
using microarrays. Further, in a porcine model with 0.3 mm
excisional wounds, direct current (50-300 μА) led to an
increase in collagen synthesis from days 5 to 7, which
was attributed to an augmentation of the number of
collagen-producing cells. This increased number of
cells could be due to proliferation or chemoattraction
within the wound [34]. Electric fields appear to play an
important role in controlling fibroblast activity in the
process of wound healing.
Fibroblasts, the major cells of the dermis, show sig-

nificant migration in the electric field, which is known
as galvanotaxis. Sugimoto and colleagues [35] developed
methods to measure galvanotaxis of fibroblasts and deter-
mined the optimal conditions for electrical stimulation.
The results suggested that a low-intensity direct current
promoted migration to the negative pole of human dermal
fibroblasts. Tandon et al. [36] designed a wound-healing
model in vitro for studying the effects of microcurrents
generated by galvanic microparticles on cultured dermal fi-
broblasts. Single vertical scratches were made through the
center of monolayers of human adult dermal fibroblasts.
The imaging results suggested that the presence of galvanic
microparticles significantly increased the speed of wound
closing compared with the control. Taken together, the
granulation phase is promoted by electrical stimulation
through enhanced activity and migration of fibroblasts.

Effects of electrical stimulation on re-epithelialization
One key aspect of wound closure is re-epithelialization,
namely the healing of the epidermis. Keratinocytes are
the main cell population of the epidermis, and the mi-
gration and proliferation of keratinocytes are critical to
re-epithelialization. Studies have found that keratinocytes
migrated toward the negative pole and that applying
direct-current electric field of as low as 10 mV/mm was
enough to induce directional keratinocytes [37]. Banerjee
et al. [38] studied the influence of BEDs on human
keratinocyte cell migration. A scratch assay was performed,
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and cell migration was observed at 6 h and 9 h following
the scratches. The results demonstrated with statistical
significance that the gap closed faster in the presence
of the BED than when treated with the placebo.
In addition, more findings from human and animal

studies indicate accelerated wound healing rates and
enhanced healing outcomes with the use of the BED
[25,39,40]. In vivo porcine studies showed partial and
full-thickness wounds treated with BED epithelialized
significantly faster (up to 3 times at Day 5) compared
to controls [40]. The interleukin-1α (IL-1α) response
was reduced at Day 8, and the collagen markers, type-1
collagen (COL-1) and COL-3, evolved to perform a
better long-term recovery in terms of remodeling and
wound strength. The findings from a prospective case-
series of skin graft harvest sites demonstrated the same
results [25]. Thirteen patients who underwent skin
grafting were enrolled. Half of the skin graft donor
sites were treated with the BED and a semi-occlusive
dressing (SOD), and the other half used only an SOD. The
final results showed promise of faster healing, improved
scarring, and improved patient subjective outcome with
the use of the BED on acute wounds.

Mechanisms of accelerated wound healing by ES
The exogenous application of microcurrent stimulation
can direct cell migration and proliferation, stimulate
angiogenesis, reduce the inflammatory response and im-
prove wound healing. However, clinical application of
the therapy remains elusive due to lack of a suitable de-
vice; hence, limitations in understanding the definite
molecular mechanisms exist despite numerous com-
pleted studies. The main potential mechanisms to date
are summarized below.

Increased expression of the BMP/SMAD signaling pathway
The expression of bone morphogenetic protein 6 (BMP6)
has been proven in various tissues, including bone, skin
and liver [41]. In skin, BMP6 signaling has been found to
(1) regulate the developing and postnatal skin; (2) control
cellular proliferation, differentiation, and tissue remodel-
ing; and (3) govern a variety of pathological processes,
including wound healing [42]. BMP6 is mainly produced
by fibroblasts during wound healing, and it is found in the
regenerating epidermis at the edge of the wound, as well
as in fibroblasts of the granulation tissue. It is possible that
the BMP6 is involved in the process of skin wound healing
induced by microcurrent stimulation [36].
Tandon et al. [36] analyzed the response of fibroblast

gene expression of BMP6 in response to the continuous
application of microcurrent generated by galvanic mi-
croparticles. On days 1 and 3, significant increases in
expression of the genes for BMP6, drosophila mothers
against decapentaplegic protein 7 (SMAD7), and inhibitor
of differentiation-1 (ID1) mRNA were observed. The
up-regulation of BMP6, SMAD7, and ID1 is in accordance
with the typical BMP signaling pathway (Figure 2). In the
BMP/SMAD pathway, the interaction of BMP6 dimers with
their receptors leads to the activation of the receptor kinase,
followed by the phosphorylation of SMAD1/5/8 and the
formation of the SMAD1/5/8-SMAD4 complex. The com-
plex translocates to the nucleus, activating the promoters of
the target genes [43] and then regulating SMAD7 and ID1
[44,45]. A proposed representation of the BMP6 signaling
pathway could be either via ID1, stimulating proliferation
and cell motility after skin injury [46], or via SMAD7,
which stimulates wound healing [47]. The potential mech-
anism to stimulate BMP6 into action may relate to the elec-
trons produced by microcurrent stimulation. Studies have
shown that the electrons from iron in the liver may influ-
ence the BMP6 signaling pathway [43], although this effect
has not been reported in the skin. Thus, it is possible
that microcurrent stimulation mimics these effects in
skin by producing free electrons, thereby activating the
BMP/SMAD signaling pathway.

Suppression of NF-κB activity
Nuclear factor-κB (NF-κB) is a nuclear transcription
factor and a key molecular target because it modulates
many types of genes governing immune and inflamma-
tory responses [48]. In most cells, NF-κB proteins are
separated in the cytoplasm, bound by a member of the
NF-κB (IκB)-inhibitor family, which include IκBα, IκBβ,
and IκBε [49]. The exposure of cells to extracellular stim-
uli, such as tumor necrosis factors (TNF), leads to the ac-
tivation of the IκB kinase (IKK) complex, which includes
two catalytic subunits, IKKα and IKKβ, and results in
the phosphorylation and ubiquitination of the IκB pro-
teins and their proteasome mediated degradation [50].
When IκB is degraded, NF-κB subunits, including P65,
P50 and relA, are free to transfer to the nucleus and turn
on genetic transcription of downstream targets. Expres-
sion of the pro-inflammatory cytokines, such as IL-1α,
IL-2, nitric oxide (NO) and TNF-α, is transcriptionally
regulated by NF-κB [51].
In an attempt to clarify the potential mechanism of anti-

inflammation reaction by low-level ES, Kaur and colleagues
[20] treated the cultured primary keratinocytes with Zn-Cu
galvanic particles, followed by treatment with TNF-α for
24 h, and then examined the activity of NF-κB. The activity
of TNF-α induced NF-κB was almost entirely inhibited.
They followed the degradation of IκBα in the untreated and
Zn-Cu treated keratinocytes. TNF-α treatment caused the
degradation of IκBα and P65 phosphorylation [52], while
Zn-Cu treatment inhibited this effect. And further, the re-
sult was confirmed by visualizing the nuclear localization
of the NF-κB P65 subunit. The P65 subunit translocated
to the nucleus with the treatment of TNF-α, whereas cells



Figure 2 The BMP/SMAD signaling pathway. In the pathway, the interaction of BMP6 dimers with their receptors leads to the activation of the
receptor kinase, followed by the phosphorylation of SMAD1/5/8 and the formation of the SMAD1/5/8-SMAD4 complex, which, when translocated
to the nucleus, activates the promoters of the target genes and then regulates SMAD7 and ID1.
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pretreated with Zn-Cu for 2 h followed by TNF-α stopped
NF-κB from translocating. In summary, suppression of
NF-κB activity is one of the potential pathways through
which microcurrent exerts its anti-inflammatory effects.

Activation of PI3K signaling pathway
Under the effect of chemoattraction, cells polarize and mi-
grate directionally, and the activation of phosphoinositide3-
kinases (PI3K) is evident on the leading edge; meanwhile,
phosphatase and tensin homolog (PTEN), the negatively
regulating PI3K factor, collect at the opposite pole of the
cells [53]. Thus PI3 kinase and PTEN are called ‘compass
molecules’ for directional sensing and polarization in
chemotactic cells [54].
Studies have found that the physiological electric field

activated the PI3K-signaling pathway in neutrophils and
keratinocytes cultured in a serum-free medium [55]. When
the cells that expressed green fluorescent protein-marked
Akt (Akt-GFP) were exposed to an electric field, Akt-GFP
dispersed and polarized in the cell migration direction; this
indicated that PI3K was activated in a polarized manner at
the cathode-facing side and that cells extended to form the
leading edge [56]. Once the polarity of the electric field
changed, Akt-GFP oriented to the new cathode-facing side;
this outcome shows that the electric field can initiate the
directional activation of PI3K in the cells. At the side of the
cell where PI3K was activated, the cell membrane stretched
out, and the cell showed migration in that direction [55,57].
Moreover, using mutant mice whose PI3K was genetic-
ally knocked down, the important function of PI3K in
modulating the electric field-induced directional cell
migration was proven [55]. This characteristic abated
electrotactic migration in wound healing in cell and
tissue cultures. In cellular experiments, tissue-specific
removal of the PTEN gene in keratinocytes intensified
Akt phosphorylation; this mutation in turn enhanced
electrotaxis. Thus, PI3K and PTEN represent a class of
molecules modulating electrotaxis that have been con-
firmed at gene levels.
In addition, electric fields of physiological magnitude also

activate other signaling pathways, such as the epidermal
growth factor receptor (EGFR) and mitogen-activated pro-
tein kinases (MAPK) [58]; the activation of these signaling
pathways is associated with a direction of cell migration.

Enhancement of VEGF release
Angiogenesis is an important event that is involved in
the healing of various types of wounds and is primarily
modulated by the release of vascular endothelial growth
factor (VEGF) from endothelial cells, platelets, kerati-
nocytes, and fibroblasts [59]. VEGF regulates the mul-
tiple biological functions of endothelial cells, thereby
enhancing the production of vasodilatory mediators,
increasing vascular permeability, and stimulating their
migration, proliferation, and formation [27]. As the basic
angiogenesis regulator, the VEGF improves angiogenesis
and plays a crucial role in the healing of wounds. Micro-
current stimulation has been demonstrated to promote
angiogenesis, a mechanism related to the enhancement of
VEGF release.
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Experimental studies on endothelial cells have shown
that ES significantly increases the levels of VEGF release.
Bai and colleagues [60] cultured endothelial cells of a
human umbilical vein in a 200 mV/mm direct-current
field and then quantified the release of VEGF. A marked
increase of VEGF in the culture medium was observed
as early as 30 min after the exposure to the electric field.
The level decreased between 1 and 2 h, and rose again
at 4 h, reaching the highest level by 24 h. Additionally,
the expression of VEGF mRNA demonstrated significant
up-regulation at 4-24 h. In rat models, Asadi et al. [61]
proved that a direct current of 600 μА was more effect-
ive than a monophasic pulsed current of 2.5-3.0 mA in
promoting wound healing of a full-thickness skin inci-
sion due to higher skin VEGF levels on the 7th day.
Although it is known that the application of microcur-

rent stimulation promotes the release of VEGF both
in vitro and in animal models, it is encouraging that the
same results are observed in clinical practice. Ferroni
et al. [62] conducted a pilot study to verify the effect of
ES on circulating VEGF levels in patients with peripheral
arterial ulcers. Nine patients were recruited and received
local pulse ES (100 μА max). Samples of peripheral ven-
ous blood were withdrawn, and the VEGF levels were
detected in samples obtained before, during, and after
treatment. An immediate increase in the mean VEGF
level was observed during the treatment, and a peak ap-
peared at 7 min. Sebastian et al. [63] compared cutaneous
wound healing in healthy human volunteers with or with-
out an electric ES. A punch biopsy of full-thickness skin
was obtained and then treated with ES. VEGF was assessed
and showed significant expression in the treatment group
(66%) and the non-treatment group (38%), compared with
24% in normal skin at the 14th day. These data indicate the
promising effect of microcurrent for enhancing the release
of VEGF and promote wound healing.

Improvement of mitochondrial function
Wound healing is a complex process that includes the
proliferation and differentiation of different types of cells
and thus requires a higher energy supply [64]. Mitochon-
dria are important intra-cellular organelle in eukaryotic
cells and are the main venues of oxidative phosphorylation
and adenosine triphosphate (ATP). Thus, the production of
ATP benefits from improved mitochondria and accelerates
skin wound healing.
It is proposed that external electrical stimulation may

improve mitochondrial function by generating moderate
superoxide radicals in cultured human keratinocytes
exposed to low intensity electric field [38]. A superoxide
radical works as an electron donor for oxidative phosphor-
ylation [65]. Thus, it is expected that improved perform-
ance of the tricarboxylic acid (TCA) cycle produces more
nicotinamide adenine dinucleotide hydrogen (NADH) and
flavin adenine dinucleotide hydrogen 2 (FADH2), which
then enters the electron transport chain, contributing to
increased mitochondrial membrane potential and improved
mitochondrial function. Using fluorescent dyes JC-1
and tetramethylrhodamine methyl ester (TMRM) to
measure mitochondrial membrane potential, Banerjee
and colleagues [38] found that the treatment of kerati-
nocytes with a bioelectric dressing for 24 h showed
significantly high red fluorescence with both JC-1 and
TMRM; this result represents a higher mitochondrial
membrane potential.
Further, as a potential consequence of a hyper-active

TCA cycle, the pool of pyruvate, which is the primary
substrate for TCA cycle, is exhausted; this results in an
increased rate of glycolysis to refill the pyruvate pool [66]
and an increased rate of glucose uptake. This phenomenon
was demonstrated in HaCaT cells treated with a bioelectric
dressing for 24 h compared with the control. The dir-
ect evidence of microcurrent stimulation inducing
ATP production was conducted in tissue cultures [67].
The cultured skin tissue of male Wistar rats, just finishing
their first hair-cycle at 21 days of age, was electrically
stimulated with different levels of microcurrent for 2 h.
ATP concentrations in controls and electrostimulated skin
samples were assayed by the luciferin-luciferase reaction.
With electric currents ranging from 10 to 1,000 μА, this
experiment showed that the ATP levels in the tissue were
increased to three to five times the untreated control
levels; with currents exceeding 1,000 μА, the ATP concen-
trations leveled and were even lower with higher currents.
Overall, microcurrent stimulation promotes mitochon-
drial function, induces more ATP synthesis, and ultimately
accelerates wound healing. Other wound healing mecha-
nisms related to ion channels of Ca2+ and Na+ have been
proposed but are not well known.

Conclusions
Because it is difficult to imitate wound healing in vivo,
general understanding of the healing mechanisms with
applied low-level electric currents has progressed slowly.
Although microcurrent stimulation for accelerating wound
healing has been studied for several decades and various
types of ES devices have been applied in clinical practice,
many questions remain about the underlying mechanisms
and the intensity and time at which stimulation should be
applied to achieve the best effect. These studies supporting
the positive effect of electrical stimulation by MCD in the
acceleration of wound healing suggest that further research
is justified and necessary.
Although a large number of advances in the basic

research of wound repair have been made, the rate of
transformation from theory to practical application has
been slow. One reason is the lack of an accurate wound
model and evaluation system, the other is the deficiency
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in the technological innovation of these medical devices.
For example, MCD devices should be more effective,
comfortable, and portable; the design of MCDs should
constantly be evolving; and new MCDs should be assessed.
Additionally, the creation of a standard protocol to measure
wound-healing parameters would provide standardized data
and facilitate future analyses. What we can do now is inte-
grate various effective therapies into one comfortable and
portable wound care device; the advancement of MCDs is
just the beginning. We hope that cutting-edge interdiscip-
linary research will result in new dressing devices and ther-
apies that could be put into clinical practice.

Abbreviations
Akt-GFP: Green fluorescence protein marked Akt; ATP: Adenosine
triphosphate; BMP: Bone morphogenetic protein; COL-1: Type-1 collagen;
EGFR: Epidermal growth factor receptor; ES: Electric stimulation;
FADH2: Flavin adenine dinucleotide hydrogen 2; ID-1: Inhibitor of
differentiation-1; IL-1α: Interleukin-1α; IκB: Inhibitor of NF-κB; IKK: IκB kinase;
MAPK: Mitogen-activated protein kinase; MCD: Microcurrent dressing;
MIP: Macrophage inflammatory protein; NADH: Nicotinamide adenine
dinucleotide hydrogen; NF-κB: Nuclear factor-κB; NO: Nitric oxide;
PI3K: Phosphoinositide3-kinases; PTEN: Phosphatase and tensin homolog;
SMAD7: Drosophila mothers against decapentaplegic protein 7; SOD: Semi-
occlusive dressing; TCA: Tricarboxylic acid; TMRM: Tetramethylrhodamine
methyl ester; TNF: Tumor necrosis factor; TPA: Tetradecanoyl phorbol
acetate; VEGF: Vascular endothelial growth factor.

Competing interests
The authors declare that they have no competing interest.

Authors’ contributions
CY wrote the paper, RP outlined this manuscript, and ZH provided a detailed
guidance throughout the article. All of the authors read and approved the
final manuscript.

Acknowledgements
This work was supported by the National Science Foundation of China
(81301345). We also would like to extend our thanks to Professor Wang SM
and Li Y for their valuable suggestions.

Received: 24 August 2014 Accepted: 10 October 2014
Published: 24 November 2014

References
1. Reid B, Zhao M: The electrical response to injury: Molecular mechanisms

and wound healing. Adv Wound Care 2014, 3:184–201.
2. Vieira AC, Reid B, Cao L, Mannis MJ, Schwab IR, Zhao M: Ionic components

of electric current at rat corneal wounds. PLoS One 2011, 6:e17411.
3. Ly M, Poole-Warren L: Acceleration of wound healing using electrical fields:

Time for a stimulating discussion. Wound Practice & Research 2008, 16:138.
4. Feedar JA, Kloth LC, Gentzkow GD: Chronic dermal ulcer healing enhanced

with monophasic pulsed electrical stimulation. Phys Ther 1991, 71:639–649.
5. Franek A, Kostur R, Polak A, Taradaj J, Szlachta Z, Blaszczak E, Dolibog P,

Dolibog P, Koczy B, Kucio C: Using high voltage electrical stimulation in
the treatment of recalcitrant pressure ulcers: results of a randomized,
controlled clinical study. Ostomy Wound Manage 2012, 58:30–44.

6. Polak A, Franek A, Taradaj J: High voltage pulsed current electrical
stimulation in wound treatment. Adv Wound Care 2014, 3:104–117.

7. Houghton PE: Clinical trials involving biphasic pulsed current, microcurrent,
and/or low-intensity direct current. Adv Wound Care 2014, 3:166–183.

8. Department of Health and Human Services (DHHS): Centers for Medicare and
Medicaid Services, CMS Manual System. Pub. 100-03 Medicare national coverage
determinations. 1/270. 1/Electrical stimulation (ES) and electromagnetic therapy
for the treatment of wounds. Baltimore, MD: Centers for Medicare and
Medicaid services. 2004.

9. Levin M: Bioelectric mechanisms in regeneration: Unique aspects and
future perspectives. Semin Cell Dev Biol 2009, 20:543–556.
10. Isseroff RR, Dahle SE: Electrical stimulation therapy and wound healing:
Where are we now? Adv Wound Care 2012, 1:238–243.

11. Kloth LC: Electrical Stimulation Technologies for Wound Healing.
Adv Wound Care 2014, 3:81–90.

12. Barnes R, Shahin Y, Gohil R, Chetter I: Electrical stimulation vs. standard
care for chronic ulcer healing: A systematic review and meta-analysis of
randomised controlled trials. Eur J Clin Invest 2014, 44:429–440.

13. de Gd GFO, Foglio MA, de Carvalho JE, Santos GM, Testa M, Passarini JR, de
Moraes CP, Esquisatto MA, Mendonca JS, Mendonca FA: Effects of the Topical
Application of Hydroalcoholic Leaf Extract of Oncidium flexuosum Sims.
(Orchidaceae) and Microcurrent on the Healing of Wounds Surgically
Induced in Wistar Rats. Evid Based Complement Alternat Med 2011, 2011:950347.

14. Borba GC, Hochman B, Liebano RE, Enokihara MM, Ferreira LM: Does
preoperative electrical stimulation of the skin alter the healing process?
J Surg Res 2011, 166:324–329.

15. Sundelacruz S, Li C, Choi YJ, Levin M, Kaplan DL: Bioelectric modulation of
wound healing in a 3D in vitro model of tissue-engineered bone.
Biomaterials 2013, 34:6695–6705.

16. Li L, Gu W, Du J, Reid B, Deng X, Liu Z, Zong Z, Wang H, Yao B, Yang C, Yan
J, Zeng L, Chalmers L, Zhao M, Jiang J: Electric fields guide migration of
epidermal stem cells and promote skin wound healing. Wound Repair
Regen 2012, 20:840–851.

17. Zhao Z, Qin L, Reid B, Pu J, Hara T, Zhao M: Directing migration of endothelial
progenitor cells with applied DC electric fields. Stem Cell Res 2012, 8:38–48.

18. Schreml S, Klein SM, Babilas P, Karrer S: Wound dressings in chronic
wound therapy. Phlebologie 2013, 42:189–196.

19. Gurtner GC, Werner S, Barrandon Y, Longaker MT: Wound repair and
regeneration. Nature 2008, 453:314–321.

20. Kaur S, Lyte P, Garay M, Liebel F, Sun Y, Liu JC, Southall MD: Galvanic
zinc-copper microparticles produce electrical stimulation that reduces
the inflammatory and immune responses in skin. Arch Dermatol Res 2011,
303:551–562.

21. Cook HA, Morales M, La Rosa EM, Dean J, Donnelly MK, McHugh P, Otradovec A,
Wright KS, Kula T, Tepper SH: Effects of electrical stimulation on lymphatic flow
and limb volume in the rat. Phys Ther 1994, 74:1040–1046.

22. Daeschlein G, Assadian O, Kloth LC, Meinl C, Ney F, Kramer A: Antibacterial
activity of positive and negative polarity low-voltage pulsed current
(LVPC) on six typical Gram-positive and Gram-negative bacterial
pathogens of chronic wounds. Wound Repair Regen 2007, 15:399–403.

23. Demir H, Balay H, Kirnap M: A comparative study of the effects of electrical
stimulation and laser treatment on experimental wound healing in
rats. J Rehabil Res Dev 2004, 41:147–154.

24. Lee JW, Yoon SW, Kim TH, Park SJ: The effects of microcurrents on
inflammatory reaction induced by ultraviolet irradiation. J Phys Ther Sci
2011, 23:693–696.

25. Blount AL, Foster S, Rapp DA, Wilcox R: The use of bioelectric dressings in
skin graft harvest sites: A prospective case series. J Burn Care Res 2012,
33:354–357.

26. Kondo T: Timing of skin wounds. Legal Med 2007, 9:109–114.
27. Demidova-Rice TN, Durham JT, Herman IM: Wound healing angiogenesis:

Innovations and challenges in acute and chronic wound healing. Adv Wound
Care 2012, 1:17–22.

28. Jung M, Lord MS, Cheng B, Lyons JG, Alkhouri H, Hughes JM, McCarthy SJ,
Iozzo RV, Whitelock JM: Mast cells produce novel shorter forms of
perlecan that contain functional endorepellin: A role in angiogenesis
and wound healing. J Bio Chem 2013, 288:3289–3304.

29. Zhao M, Bai H, Wang E, Forrester JV, McCaig CD: Electrical stimulation
directly induces pre-angiogenic responses in vascular endothelial cells
by signaling through VEGF receptors. J Cell Sci 2004, 117:397–405.

30. Park RJ, Son H, Kim K, Kim S, Oh T: The effect of microcurrent electrical
stimulation on the foot blood circulation and pain of diabetic
neuropathy. J Phys Ther Sci 2011, 23:515–518.

31. Clarke Moloney M, Lyons G, Breen P, Burke P, Grace P: Haemodynamic
study examining the response of venous blood flow to electrical stimulation
of the gastrocnemius muscle in patients with chronic venous disease. Eur J
Vasc Endovasc 2006, 31:300–305.

32. McDougall S, Dallon J, Sherratt J, Maini P: Fibroblast migration and collagen
deposition during dermal wound healing: mathematical modelling and
clinical implications. Philos T R Soc A 2006, 364:1385–1405.

33. Jennings J, Chen D, Feldman D: Transcriptional response of dermal fibroblasts
in direct current electric fields. Bioelectromagnetics 2008, 29:394–405.



Yu et al. Military Medical Research 2014, 1:24 Page 8 of 8
http://www.mmrjournal.org/content/1/1/24
34. Alvarez OM, Mertz PM, Smerbeck RV, Eaglstein WH: The healing of superficial
skin wounds is stimulated by external electrical current. J Invest Dermatol
1983, 81:144–148.

35. Sugimoto M, Maeshige N, Honda H, Yoshikawa Y, Uemura M, Yamamoto M,
Terashi H: Optimum microcurrent stimulation intensity for galvanotaxis
in human fibroblasts. J Wound Care 2012, 21:5–10.

36. Tandon N, Cimetta E, Villasante A, Kupferstein N, Southall MD, Fassih A, Xie J,
Sun Y, Vunjak-Novakovic G: Galvanic microparticles increase migration of
human dermal fibroblasts in a wound-healing model via reactive
oxygen species pathway. Exp Cell Res 2014, 320:79–91.

37. Nishimura KY, Isseroff RR, Nuccitelli R: Human keratinocytes migrate to the
negative pole in direct current electric fields comparable to those
measured in mammalian wounds. J Cell Sci 1996, 109:199–207.

38. Banerjee J, Das Ghatak P, Roy S, Khanna S, Sequin EK, Bellman K, Dickinson
BC, Suri P, Subramaniam VV, Chang CJ, Sen CK: Improvement of human
keratinocyte migration by a redox active bioelectric dressing. PLoS One
2014, 9:e89239.

39. Varhus JD: A novel bioelectric device enhances wound healing: An equine
case series. J Equine Vet Sci 2014, 34:421–430.

40. Harding AC, Gil J, Valdes J, Solis M, Davis SC: Efficacy of a bio-electric
dressing in healing deep, partial-thickness wounds using a porcine
model. Ostomy Wound Manage 2012, 58:50–55.

41. Obradovic Wagner D, Sieber C, Bhushan R, Borgermann JH, Graf D, Knaus P:
BMPs: from bone to body morphogenetic proteins. Sci Signal 2010, 3:mr1.

42. Botchkarev VA: Bone morphogenetic proteins and their antagonists in
skin and hair follicle biology*. J Invest Dermatol 2003, 120:36–47.

43. Camaschella C: BMP6 orchestrates iron metabolism. Nature genetics 2009,
41:386–388.

44. Miyazono K, Kamiya Y, Morikawa M: Bone morphogenetic protein receptors
and signal transduction. J Biochem 2010, 147:35–51.

45. Owens P, Han G, Li AG, Wang X-J: The role of Smads in skin development.
J Invest Dermatol 2008, 128:783–790.

46. Rotzer D, Krampert M, Sulyok S, Braun S, Stark H, Boukamp P, Werner S:
Id proteins: novel targets of activin action, which regulate epidermal
homeostasis. Oncogene 2005, 25:2070–2081.

47. Han G, Li F, ten Dijke P, Wang X-J: Temporal smad7 transgene induction
in mouse epidermis accelerates skin wound healing. Am J Pathol 2011,
179:1768–1779.

48. Hayden MS, Ghosh S: NF-κB in immunobiology. Cell Res 2011, 21:223–244.
49. Mulero MC, Bigas A, Espinosa L: IκBα beyond the NF-kB dogma.

Oncotarget 2013, 4:1550.
50. Liu S, Chen ZJ: Expanding role of ubiquitination in NF-κB signaling.

Cell Res 2010, 21:6–21.
51. Shah V, Ferguson J, Hunsaker L, Deck L, Vander Jagt D: Cardiac glycosides

inhibit LPS-induced activation of pro-inflammatory cytokines in whole
blood through an NF-kB-dependent mechanism. Int J App Res Natural
Products 2011, 4:11–19.

52. Kitamura M: Control of NF-κB and inflammation by the unfolded protein
response. Int Rev Immunol 2011, 30:4–15.

53. Iglesias PA, Devreotes PN: Navigating through models of chemotaxis.
Curr Opin Cell Biol 2008, 20:35–40.

54. Jin T: Gradient sensing during chemotaxis. Curr Opin Cell Biol 2013,
25:532–537.

55. Zhao M, Song B, Pu J, Wada T, Reid B, Tai G, Wang F, Guo A, Walczysko P,
Gu Y, Sasaki T, Suzuki A, Forrester JV, Bourne HR, Devreotes PN, McCaig CD,
Penninger JM: Electrical signals control wound healing through
phosphatidylinositol-3-OH kinase-gamma and PTEN. Nature 2006,
442:457–460.

56. Huttenlocher A, Horwitz AR:Wound healing with electric potential. N Engl J
Med 2007, 356:303.

57. Vanhaesebroeck B: Charging the batteries to heal wounds through PI3K.
Nat Chem Biol 2006, 2:453–455.

58. Fang KS, Ionides E, Oster G, Nuccitelli R, Isseroff RR: Epidermal growth factor
receptor relocalization and kinase activity are necessary for directional
migration of keratinocytes in DC electric fields. J Cell Sci 1999, 112:1967–1978.

59. Liebano RE, Machado AF: Vascular endothelial growth factor release
following electrical stimulation in human subjects. Adv Wound Care 2014,
3:98–103.

60. Bai H, Forrester JV, Zhao M: DC electric stimulation upregulates angiogenic
factors in endothelial cells through activation of VEGF receptors.
Cytokine 2011, 55:110–115.
61. Asadi MR, Torkaman G, Hedayati M: Effect of sensory and motor electrical
stimulation in vascular endothelial growth factor expression of muscle
and skin in full-thickness wound. J Rehabil Res Dev 2011, 48:195–201.

62. Ferroni P, Roselli M, Guadagni F, Martini F, Mariotti S, Marchitelli E, Cipriani
C: Biological effects of a software-controlled voltage pulse generator
(PhyBack PBK-2C) on the release of vascular endothelial growth factor
(VEGF). In Vivo 2005, 19:949–958.

63. Sebastian A, Syed F, Perry D, Balamurugan V, Colthurst J, Chaudhry IH, Bayat A:
Acceleration of cutaneous healing by electrical stimulation: Degenerate
electrical waveform down-regulates inflammation, up-regulates angiogenesis
and advances remodeling in temporal punch biopsies in a human volunteer
study. Wound Repair Regen 2011, 19:693–708.

64. Fu D, Mitra K, Sengupta P, Jarnik M, Lippincott-Schwartz J, Arias IM:
Coordinated elevation of mitochondrial oxidative phosphorylation and
autophagy help drive hepatocyte polarization. Proc Natl Acad Sci U S A
2013, 110:7288–7293.

65. Mailer K: Superoxide radical as electron donor for oxidative phosphorylation
of ADP. Biochem Biophys Res Commun 1990, 170:59–64.

66. Nie Y, Wong C: Suppressing the activity of ERRα in 3 T3-L1 adipocytes
reduces mitochondrial biogenesis but enhances glycolysis and basal
glucose uptake. J Cell Mol Med 2009, 13:3051–3060.

67. Cheng N, VAN HOOF H, Bockx E, Hoogmartens MJ, Mulier JC, DE DIJCKER
FJ, Sansen WM, DE LOECKER W: The effects of electric currents on ATP
generation, protein synthesis, and membrane transport in rat skin.
Clin Orthop Relat Res 1982, 171:264–272.

doi:10.1186/2054-9369-1-24
Cite this article as: Yu et al.: Effects and mechanisms of a microcurrent
dressing on skin wound healing: a review. Military Medical Research
2014 1:24.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Introduction
	Microcurrent dressing
	Effects of microcurrent stimulation on wound healing
	Anti-inflammation effects
	Effects of electrical stimulation on angiogenesis and blood circulation
	Effects of electrical stimulation on granulation
	Effects of electrical stimulation on re-epithelialization

	Mechanisms of accelerated wound healing by ES
	Increased expression of the BMP/SMAD signaling pathway
	Suppression of NF-κB activity
	Activation of PI3K signaling pathway
	Enhancement of VEGF release
	Improvement of mitochondrial function


	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

