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Abstract

Electrical signals have been implied in many biological mechanisms, including wound healing, 

which has been associated with transient electrical currents not present in intact skin. One method 

to generate electrical signals similar to those naturally occurring in wounds is by supplementation 

of galvanic particles dispersed in a cream or gel. We constructed a three-layered model of skin 

consisting of human dermal fibroblasts in hydrogel (mimic of dermis), a hydrogel barrier layer 

(mimic of epidermis) and galvanic microparticles in hydrogel (mimic of a cream containing 

galvanic particles applied to skin). Using this model, we investigated the effects of the properties 

and amounts of Cu/Zn galvanic particles on adult human dermal fibroblasts in terms of the speed 

of wound closing and gene expression. The collected data suggest that the effects on wound 

closing are due to the ROS-mediated enhancement of fibroblast migration, which is in turn 

mediated by the BMP/SMAD signaling pathway. These results imply that topical low-grade 

electric currents via microparticles could enhance wound healing.
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Introduction

Electrical signals regulate the behavior of excitable cells including those found in skin, 

heart, skeletal muscle, neural and vascular tissue. These signals are essential to a range of 

biological processes, including vision, hearing, heartbeat, and digestion [1]. Furthermore, 

transient bioelectrical signals have been implicated in cell proliferation, migration and 

differentiation during embryogenesis, wound healing, and tissue regeneration [2].

Electric fields were detected within endogenous wounds more than 150 years ago [3]. 

During wound healing, outward electrical currents of 10–100 μA/cm2 create a voltage drop 

of ~600 mV/cm within the first 125 μm of the extracellular space [4]. These fields are due to 

a short-circuiting of the transepithelial potential gradient, which arises due to separation of 

ionic charges across the intact epithelium. When the skin is cut, a large steady electric field 

arises immediately and persists for hours at the wound edge, as currents pour out from 

underneath the wounded epithelium [5].

Many types of cells [6,7], including some skin cell types (e.g., fibroblasts [8–10] and 

keratinocytes [11,12] but not melanocytes [13]), exhibit directional migration (i.e., 

galvanotaxis) when exposed to direct currents of physiologically relevant magnitudes. These 

effects have implicated that wound-generated electric fields provide migrational cues that 

contribute to wound healing (see [14] for a review), and motivated the application of 

exogenous electric fields to enhance the healing of chronic wounds, in clinical practice for 

many decades [15,16].

Some of the new treatment modalities currently under research include topical application of 

galvanic particles dispersed in cream or gel. In one application, zinc micro-particles were 

deposited with copper specks and used to deliver low-level electrical stimulation to intact 

skin and primary keratinocytes [17]. Topical application on intact skin was shown to 

generate an electric potential of 1.5 V/cm, and application to primary keratinocytes in 

culture enhanced the production of reactive oxygen species (ROS), and inhibited secretion 

of inflammatory cytokines. These results are quite interesting when considering that after the 

initial phase of wound healing, inflammation is reduced, and cellular interactions are 

dominated by the interplay of keratinocytes and fibroblasts [18]. In fact, during skin wound 

healing, keratinocytes, which make up the predominant cell type in the epidermis, stimulate 

fibroblasts to synthesize growth factors, which in turn stimulates keratinocyte proliferation 

in a double paracrine manner [19].

Starting from this evidence, we were interested in exploring the mechanism of action of 

galvanic microparticles on human dermal fibroblasts. We sought the putative mediator 

between the microparticles and the cells, which could trigger responses promoting/ 

hindering wound healing. For example, it is known that reactive oxygen species (ROS) are 

potent effectors in directing cell fate. It is likely that the galvanic microparticles could 
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generate microcurrents capable of inducing or mimicking ROS production. We thus 

hypothesized that these microcurrents will enhance the migration of dermal fibroblasts, and 

thereby accelerate wound healing, via increased production of ROS. To test this hypothesis, 

we treated adult dermal fibroblasts with low concentrations of zinc–copper galvanic 

microparticles, in a model system designed to mimic the skin dermis, epidermis, and the 

topical cream. We observed a ROS-mediated increase in fibroblast migration, and 

determined that this increase was induced by a BMP/Smad signaling pathway.

Methods

Characterization of galvanic microparticles

Surface potentials of 8 μm diameter zinc–copper microparticles (provided by Johnson and 

Johnson Consumer Companies, Inc., Skillman, NJ) were mapped using a Park Systems 

Electron Force Microscope XE-70 in non-contact mode performing both scanning Kelvin 

probe microscopy (SKPM) and electric force microscopy (EFM). Topography and potential 

scans were obtained of grounded, mechanically steady particles, de-noised, and peak-to-

valley potentials (Rpv) were then measured as the difference between maximum and 

minimum measured potentials on the surface. The average size of the zinc (Zn) particles, the 

copper (Cu) deposits coated onto the Zn, and average distance between Cu deposits were 

calculated from pixel values of scanning electron microscopy (SEM) images taken using a 

JEOL 6400-F system at 35,000 × magnification. 90 measurements were averaged to 

determine Cu deposit size, and 30 measurements were averaged for distance measurements 

(Fig. 1). In order to perform mathematical modeling, a custom MATLAB script was used to 

calculate the number of Cu deposits per Zn sphere and the fraction of surface coated by Cu 

deposits from the measured Cu deposit size and distance measurements, making the 

approximation that Cu deposits were uniformly distributed. Using the known weight of Cu, 

the volume per Cu speck and Cu deposit height were calculated by approximating each 

deposit as a semi-spherical cap and calculating the amount that the sphere required to be 

recessed.

Modeling of the electrical field

Finite element numerical simulation was performed to predict the electrical field distribution 

around the microparticles using commercially available software (Multiphysics, Comsol, 

electrostatics module). The electroquasistatic approximation is considered appropriate for 

simple cases such as homogeneous, isotropic media, where the system under consideration 

is much smaller than the wavelengths of interest [20,21]. For this study, an isotropic medium 

with conductance of 1.5 S/m (a value reported previously for cell culture medium, [22]) was 

assumed and the electric fields were calculated by solving Maxwell's equations with the 

quasistatic approximation [21].

To model the geometry of the microparticle in two dimensions, the average diameter of Cu 

deposits, calculated arc length distance from SEM images (see “characterization of galvanic 

microparticles” section), and the measured potential difference from SPKM scans were 

used. The protrusion of the Cu deposits was assumed to be negligible based on calculations 

of deposit height made from known mass ratio of Zn to Cu (Fig. 1). In addition, the well 
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plate surface was assumed to provide an electrically insulating boundary condition, and 

equations were solved using the software's finest possible triangular mesh element settings 

(ranging from 3.7–1.4 ×104 μm2, corresponding to an average element size of 91 μm2).

Cell preparation

Primary human dermal fibroblasts from a 35-year old female donor (ATCC), between 

passages 5 and 9, were used in all experiments. Stock cultures were maintained in 

monolayers grown in plastic cell culture dishes from Falcon Labware (BD Biosciences, San 

Jose, CA) using fibroblast cell culture medium (Dulbecco's high glucose modified Eagle's 

medium (DMEM 11965 basal medium), 1% 100 mM sodium pyruvate, 1% penicillin 

(10,000 U/ml)/streptomycin (10,000 μg/ml), and 10% fetal bovine serum (all from Gibco, 

Grand Island, NY). The cultures were passaged at 80% confluence, and incubated at 37 °C 

in a humidified atmosphere of 5% CO2.

In vitro model system of skin with galvanic microparticles

The model system for studying the effects of galvanic microparticles on cultured dermal 

fibroblasts was designed to mimic topical application of microparticles suspended in gel 

onto the epidermis with underlying dermal layer (Fig. 2A, left-hand side). A three-layered 

model of skin consisting of human dermal fibroblasts was constructed in hydrogel (mimic of 

dermis), a hydrogel barrier layer (mimic of epidermis) and galvanic particles in hydrogel 

(mimic of a cream containing galvanic particles applied to skin) (Fig. 2A, right-hand side).

First, cells were placed on the bottom surface of 24-well tissue culture plates (BD 

Biosciences), and allowed to attach for 24 h. Cells were plated at 70,000 cells per well for 

cellular viability, ROS, and wound healing studies, and at 30,000 cells per well for RNA 

quantification studies. Next, a 200 μm thick layer of hydrogel (40 μL volume, 50% cell 

culture media/ 50% growth-factor reduced Matrigel from BD Biosciences) was applied on 

top of the cell layer, to simulate the horny barrier layer of the epidermis. After near-

complete gelation of this layer (3 min incubation at 37 °C), a second hydrogel layer, 750 μm 

high and 150 μL in volume containing suspended microparticles was applied, to simulate 

topical application of galvanic microparticles. After gelation of this second layer, 300 μL of 

cell culture media was added to each well. In order to prevent gelation before application of 

the barrier and microparticle layers, the 50% cell culture medium/50% Matrigel hydrogels 

were maintained on ice before application to cells. All galvanic microparticle suspensions 

were prepared fresh for each experiment.

Cellular viability and survival

Cellular viability and survival were assessed for human adult dermal fibroblasts after 24 h of 

treatment with galvanic microparticles. Cellular viability was assessed via LIVE/DEAD® 

Viability/ Cytotoxicity Assay Kit using the combination of Calcein AM and Ethidium 

homodimer-1 (Invitrogen) following the manufacturer's instructions. Fluorescent images 

(495 and 488 nm, for green and red live and dead stains, respectively) were taken after 30 

min incubation with reagents at 37 °C, 5% CO2. Fluorescence images were merged with 

green (live) and red (dead) channels; no postprocessing/enhancing was performed. Cell 

survival was assessed via image analysis of cells stained with the fluorescent 4,6-
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diamidino-2-phenylindole (DAPI) nuclear stain (Vecta Shield) using a custom MATLAB 

function based on previous methods [23] that identify and count cell nuclei. Cell counts 

were normalized versus t0 control (cells immediately prior to treatment). All images were 

taken with fluorescent microscope at 10 × magnification (Olympus IX81, Hamamatsu 

C4742-95 high resolution camera).

Generation of reactive oxygen species

Cellular expression of ROS was assessed for human adult dermal fibroblasts after 3 h of 

treatment with galvanic microparticles. Prior to treatment, cells were rinsed once with 

phosphate-buffered saline solution (PBS) for 2 min (Corning Cellgro) before incubation for 

40 min at 37°C, 5% CO2 in PBS containing 100 μm of the general oxidative stress indicator 

CM-H2DCFDA (Invitrogen), which is one of the most widely used techniques for directly 

measuring the redox state of a cell, is extremely sensitive to changes in the redox state of a 

cell, and can be used to follow changes in ROS over time [24]. After incubation in the dye, 

cells were then rinsed in PBS again for 2 min before treatment with galvanic microparticles 

(suspended in PBS) at varying concentrations (wt/vol). Fluorescence measurements were 

taken at the time of galvanic microparticle application (t = 0), and then 5, 10, 15, 30, and 60 

min, 2 h, and 3 h later. Measurements were taken with excitation and emission wavelengths 

of 485 and 530 nm, respectively, a gain of 200, and with 9 measurements taken at the center 

of each well (border of 4 mm) (Tecan Infinite® 200 PRO). The measured values were 

normalized to the corresponding values at time zero. To validate the ROS acquisition 

methodology, green fluorescent images (excitation ~495 nm, emission ~515 nm) were taken 

at t = 0, 5 min, 30 min and 3 h at 10 × magnification (Olympus IX81, Hamamatsu C4742-95 

high resolution camera).

Wound-healing assay

Single vertical scratches were made through the centers of monolayers of human adult 

dermal fibroblasts using a 10 μL pipette tip. Cell culture media was then gently aspirated, 

and a 40 μL layer of 50% Matrigel/50% cell culture media was then applied to the cells. 

After gelation, an additional 150 μL layer of galvanic microparticles suspended in 50% 

Matrigel/50% cell culture media was applied and allowed to gel. 300 μL of cell culture 

media was then added to each well.

Images were taken in each well under bright field microscopy at 10 × magnification 

(Olympus IX81, Hamamatsu C4742-95 high resolution camera) at the time of galvanic 

microparticle application (t = 0), after 1, 2, and 3 h, and processed according to our 

established protocols, using custom MATLAB software [25]. Briefly, an edge detection 

algorithm using a Sobel filter was used to identify the edge of the scratch based on where the 

gradient of the intensity of the image was greatest. Once the edges of the scratch were 

determined, the areas containing cells were defined to be white and the area of the scratch 

was defined to be black. Then, for every row of pixels, the number of black pixels existing 

between white ones was found. The image was then segmented into 5 equal sections, and the 

average pixel length for each section was found. The decrease in the width of the scratch 

was used to calculate the rate of migration of the cells into the wound area.
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RNA quantification

qPCR primer sequences were retrieved from the online Primer-Bank (http://

pga.mgh.harvard.edu/primerbank) (bank primer IDs GAPDH: 83641890b1, BMP6: 

133930782b1, ID1: 341865545c1, SMAD7: 299890804c2, respectively) and custom primers 

based on these sequences were synthesized (Invitrogen). Total RNA was obtained using 

Trizol (Life Technologies) following the manufac turer's instructions. Total RNA (2 μg) 

preparations were treated with pre-formulated, pre-packaged “Ready-To-Go You-Prime 

First-Strand Beads” (GE Healthcare) to generate cDNA according to the manufacturer's 

protocol. Quantitative real-time PCR was performed using Fast SYBR Green Master mix 

(Invitrogen). Quantifications were made applying the ΔCt method.

Statistical analysis

Results are presented as average±standard deviation. Differences between groups were 

analyzed by single-tailed students T test for experiments with sample number n=5 (using 

Microsoft® Excel software), and by Wilcoxon Rank Sum Test (http://www.socr.ucla.edu/) 

for experiments with sample numbers n<5. In all cases, p≤0.05 was considered significant.

Results and discussion

Characterization of Zn–Cu galvanic microparticles

Galvanic Zn–Cu microparticles were designed based on the concept of a galvanic 

electrochemical cell. In an electrochemical cell, two metals of different electrochemical 

properties, such as Zn and Cu, are placed in baths of their respective salts with a salt bridge 

or a porous material connecting them. Due to their electrode potential differences, Zn 

undergoes oxidation and loses electrons, becoming the anode of the cell, while Cu is 

reduced receiving the free electrons, becoming the cathode of the cell. For standard zinc and 

cooper materials, the electric potential produced is approximately 1.1 V [26,27].

For this study, galvanic zinc–copper microparticles were produced by reacting aqueous Cu 

ions onto a pure Zn particle surface through a displacement oxidation–reduction reaction, 

resulting in a Zn surface covered with smaller Cu deposits. As with any combination of 

dissimilar metals placed in an electrolyte solution, such as cell culture media [22], the less 

noble (base) metal will experience galvanic corrosion [27]. In the case of the microparticles 

used in this study, the Zn surface acts as an anode and the Cu deposits act as a cathode, thus 

producing an electric field [17]. In this study, several forms of Zn–Cu mircoparticles were 

produced, with increasing Cu mass percentages (as compared to the Zn).

From scanning electron microscopy (SEM) topography scans, Cu deposits are apparent on 

the particles on which Cu was deposited onto Zn microparticles (Fig. 1A), although not on 

the Zn particles. Spot analysis of the microparticles, performed via Time-of-Flight 

Secondary Ion Mass Spectrometry (TOF-SIMS) and Energy Dispersive Spectroscopy, 

confirmed that the deposits were Cu, and analysis of raw particles confirmed the absence of 

Cu (data not shown). From scanning Kelvin probe microscopy (SKPM) images (Fig. 1B), 

peak-to-valley potentials (Rpv) were observed to increase with Cu mass percentages, from 

353 mV for 0.1% Cu on Zn, to 770 mV for 0.75% Cu on Zn, respectively (Fig. 1C).

Tandon et al. Page 6

Exp Cell Res. Author manuscript; available in PMC 2015 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pga.mgh.harvard.edu/primerbank
http://pga.mgh.harvard.edu/primerbank
http://www.socr.ucla.edu/


Worth noting is that although peak-to-valley potentials were observed to increase with 

increasing the Cu/Zn ratio, the measured potentials did not approach the values expected for 

the galvanic series of these dissimilar metals (i.e., 1.1 V, [26]). This is likely due to the 

presence of certain non-idealities characteristic of highly non-linear electrochemical systems 

such as the ones described here (e.g., ionic composition, resistance to corrosion, geometry, 

surface area, roughness, etc.) [28]. Therefore, for the purposes of modeling the electric fields 

produced by the particles in the experimental system, the respective peak-to-valley 

potentials for 0.1% and 0.75% Cu on Zn were used, along with other parameters calculated 

from SEM and SKPM data (Fig. 1D). It would be interesting in future work to see how close 

a system of microparticles with increasing amounts of Cu on Zn might approach the 

predicted potential.

The model system used in this study for culturing human dermal fibroblasts with Zn–Cu 

galvanic microparticles (Fig. 2A) consists of a 200 μm barrier layer of Matrigel on top of a 

monolayer of cells which is meant to simulate the epidermal horny layer of skin, and 

superficial layer of Matrigel containing a suspension of microparticles that simulates the 

topical application of crème containing microparticles to the epidermis. In order to model 

the voltage field around the applied microparticles, a single microparticle's placement of 

copper deposits was first modeled in three dimensions (3D) (Fig. 2B) to determine whether a 

2-dimensional (2D) approximation could be made. Given the high density of the Cu deposits 

(~17,000 deposits/microparticle), the generated voltage field was considered to be radially 

symmetric as to allow the model system to be approximated by using a 2D cross section 

(fitting a total of 232 Cu deposits per microparticle).

Inspection of the color-map showing electric potential surrounding an individual 

microparticle (Fig. 2C) indicates that although a fairly strong electric field is induced by the 

potential difference between Zn and Cu, this field fails to propagate beyond ~100 nm away 

from the microparticle's surface, and so this electric field is unlikely to produce a non-

negligible effect on the cells cultured in the model system under study. Despite the 

shallowness of this electric field, however, given that the dominant anion in the cell culture 

medium is chloride, a strong electrochemical corroder of zinc, the Cu–Zn microparticles 

produce stray electrons close to the microparticles, which may in turn trigger cellular 

responses [29]. Using the currents measured in previous studies of Zn–Cu microparticles in 

PBS [17], the currents generated by the microparticles at the concentrations used in this 

study were calculated to be 80 and 175 μA/mg for 0.1% and 0.75% Cu on Zn, respectively 

(Fig. 2D). Interestingly, the current densities of ~0.03–6 μA/cm2 for a 24-well culture plate 

are similar to those measured for wounded skin cells (4 μA/cm2) [30]. Correlating this range 

of working concentrations and strengths of galvanic microparticles to the cellular viability 

and wound-healing is therefore of particular interest.

Cells maintain viability in the presence of galvanic microparticles

Using live/dead staining, it was found that at low concentrations of applied galvanic 

microparticles cells appeared elongated, with nearly 100% of cells staining as live. This 

elongation is consistent with the healthy fibroblastic phenotype [31]. At higher 

concentrations, however, cells began to show signs of deterioration appearing more rounded, 
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with interspersed non-viable cells. This effect was even more pronounced with the higher 

copper concentration microparticles (Fig. 3A).

Using DAPI nuclear staining, it was observed that although the application of higher 

concentrations of galvanic microparticles appeared to reduce cell proliferation as compared 

to control after 24 h, low concentration of higher activity microparticles (0.75% copper) 

showed a trend of enhancing cell proliferation (although not to a statistically significant 

extent) (Fig. 3B). Applying the simple exponential doubling time formula N = N0224/d where 

N corresponds to the number of cells 1 day after seeding, N0 corresponds to the initial 

number of seeded cells, and d corresponds to the doubling period, in hours, we may 

calculate that these cells (i.e., 0.75% Cu on Zn at concentration of 0.0005%) doubled every 

15.6 h.

It is of note that measurement errors may be introduced with this method, as several rinsing 

steps are involved, and the cells may be detached from the culture substrate in a non-

uniform manner. In addition, this method may confound effects due to proliferation and 

attachment strength. Fibroblasts exhibiting an inflammatory phenotype are known to display 

reduced tension and proliferation [31], and reduced adhesion strength while migrating in the 

presence of electric fields [32]. Although there is no sufficient statistical power to 

unequivocally conclude significant treatment effects, data suggest that application of 

galvanic microparticles in the 0.0005–0.005% range is safe to dermal fibroblast cells. This 

range was thus used in all subsequent studies.

Galvanic microparticles alter migration of human dermal fibroblasts

The presence of galvanic microparticles within a wound-healing model in vitro (0.75% 

copper, 0.001% concentration) increased the speed of wound closing as compared to control 

(Fig. 4A). Other preparations of galvanic microparticles also tended to accelerate wound 

closing (e.g., 0.1% Cu on Zn at 0.005% concentration; 0.75% Cu on Zn at 0.0005% 

concentration), but without statistical significance (Fig. 4B). Given that the experimental 

time points for the wound healing assay are significantly lower than the fastest doubling 

time for the cells (i.e., 15.6 h for 0.75% Cu on Zn at concentration of 0.0005%), we believe 

the predominant mechanism of wound closure to be cell migration as opposed to cell 

division. From this perspective, it is interesting to note that the measured speeds of wound 

closing in the fastest group and the controls were similar to the corresponding values found 

in studies of fibroblasts migrating in response to spatially uniform electric fields (20–30 

μm/h in physiologic electric fields, ~10 μm/h for unstimulated controls) [25,32].

However, in contrast to cells exhibiting directed migration in response to the presence of an 

electric field, in this study, it is unlikely that the electric field produced from the galvanic 

microparticles is providing a directional galvanotactic cue to the migrating fibroblasts. 

Although the current densities calculated for microparticles applied in our model system 

were similar to those measured for wounded skin [30], finite element modeling showed that 

the electric field dissipated within nanometers of the edges of the microparticles (Fig. 2C), 

far shorter than the ≥200 μm distance between the microparticles and the cell monolayer 

(Fig. 2A). Instead, it is more likely that the currents generated by the microparticles, 
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although similar to current densities in wounded skin cells, would be acting indirectly to 

stimulate the migration of the cells.

In vivo, the epithelial wound site normally represents a cathode with induced wound lateral 

currents [33]. Epithelial cells and fibroblasts align parallel to the wound edge and 

perpendicular to the wound vector; epithelial cells also show alignment of cleavage planes 

of cell division with the wound axis [34,35]. The effects of physiological electric fields on 

the direction of migration of human dermal fibroblasts are not well understood: studies have 

shown that the application of physiological electric fields may have differing effects on 

migration of human dermal fibroblasts than non-dermal fibroblasts and keratinocytes, in 

terms of both timing and directionality [8,9,11]. Taken together, these observations have led 

us to investigate whether a soluble mediator could instead be the trigger to the observed 

cellular responses upon exposure to the microparticles. From this perspective, reactive 

oxygen species (ROS), which have been associated with applied electrical fields in cultured 

cells [36–38], are present during dermal wound healing (reviewed in [39]), and have been 

shown to act within cells to promote proliferation, migration and adhesion of cells (reviewed 

in [40]), are of particular interest. In addition, past studies showed that galvanic 

microparticles similar to those used in this study might enhance ROS production in human 

keratinocytes [17]. We therefore measured the ROS production in response to galvanic 

microparticles in the experimental group exhibiting the fastest wound healing (Fig. 5).

Generation of ROS by galvanic microparticles

Human dermal fibroblasts subjected to galvanic microparticles and hydrogen peroxide 

(H2O2) showed increases in fluorescence with continued exposure (Fig. 5A), indicating 

comparable increases in ROS production (Fig. 5B). The fluorescent dye used in this study 

has been traditionally been used to detect ROS, and shown to be highly photosensitive and 

susceptible to light-induced auto-oxidation, resulting in background fluorescence [41], 

which may in part explain the increase in fluorescence of the non-stimulated control 

samples. In spite of the measurement variability, these results are consistent with studies in 

which electrical fields were associated with oxidative stress in cultured cells [36–38]. These 

results are also consistent with increases in ROS observed in primary skin keratinocytes 

cultured with galvanic microparticles similar to those used in our study [42]. Interestingly, in 

that study, galvanic microparticles also exhibited increases in ROS and the reduction in 

inflammatory cytokines, neither of which were observed with the application of either Cu 

(itself a free radical [43]), or Zn (a redox-inactive metal [44]) alone, suggesting that the 

combination of these elements, whether in the microparticle configuration or otherwise, was 

responsible for the observed effects. Finally, the reduction in pro-inflammatory cytokine 

interleukin-1 alpha (IL-1α) that was observed with the application of the galvanic 

microparticles was reversed with the application of the Catalase enzyme, which catalyzes 

the decomposition of H2O2, suggesting that the presence of ROS was also involved in the 

anti-inflammatory effect.

When considering the evidence that ROS might be involved in the observed increased speed 

of migration in this study, it is worth noting that the galvanic microparticles were added 

≥200 μm away from the fibroblasts within our model system. ROS, by their very nature, 
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however, are quite short-lived, reacting quite quickly near the site where they are formed, 

with diffusion distances ranging from ~3 nm for the hydroxyl radical to 100 μm for 

peroxynitrate (although reactions with bicarbonate and thiols in the cell/culture media may 

decrease the diffusion distance to ~9 μm) [45]. Nonetheless, when free radicals steal an 

electron from a surrounding compound or molecule a new free radical is formed in its place, 

which in turn looks to return to its ground state by stealing electrons from nearby cellular 

structures or molecules. Thus ROS may originate chains of reactions much further from site 

of initial production (i.e., ‘radicals beget radicals’) [46]. For this reason, we propose that it is 

therefore possible to view galvanic microparticles as local sources of “controlled-release” 

ROS, in contrast to temporally-discrete application of oxidants such as H2O2. From this 

perspective, the ROS concentration is clearly important, given that high concentrations of 

free radicals have been shown to cause detachment and rounding of fibroblasts, whereas 

lower concentrations (e.g., 1 μM H2O2) have been shown to increase their density [47].

Our results are also consistent with recent studies showing that ROS may act beneficially as 

signaling molecules regulating various cellular functions, including proliferation, migration 

and adhesion of cells (reviewed in [40]). The general mechanism by which ROS are thought 

to signal proliferation, migration and adhesion of cells is as follows: (i) in response to 

stimuli, such as tissue wounding, or growth factors, ROS are generated at the surface of cells 

or within intracellular compartments, such as endosomes, by nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidases [48–50]; (ii) once inside the cell, the ROS react 

with specific proteins to modulate protein function, driving cellular processes such as 

migration. Notable examples include promotion of vascular endothelial growth factor VEGF 

signaling via oxidative inactivation of protein tyrosine phosphatases (PTPs) [51], and 

covalent crosslinking [52] or tyrosine phosphorylation [52–54] of epidermal growth factor 

receptor EGFR. The exact mechanism by which activation of cell surface receptors trigger 

NADPH oxidases to generate ROS during cell migration is not entirely clear; nor are the 

exact identities of redox-regulated proteins that are oxidized during cell migration or 

adhesion [40]. Nonetheless, either directly or indirectly, hydrogen peroxide is known to 

cause selective post-translational modifications of proteins, modulating their function and 

influencing cell migration [40]. Further studies utilizing redox enzymes (such as catalase), 

one of the newer, more specific ROS dyes (e.g., genetically encoded redox probes [55]) or 

inhibition of NADPH oxidase could further elucidate the role of ROS in the observed 

increase in cellular migration in this study.

Although the understanding of redox control of wound healing is in its nascent stage, there 

is also evidence in the literature to support the role of ROS in wound healing. It is known, 

for example, that wounds generate ROS, specifically H2O2, in phylogenetically diverse 

organisms, including plants, Drosophila melanogaster, zebrafish, and mammals (listed in 

[56]), and that many redox-sensitive processes drive dermal tissue repair, at all stages: 

inflammation, proliferation and maturation [39]. ROS, for example, are known to regulate 

blood coagulation and thrombosis, chemotaxis, positive and negative control of the 

inflammatory response, and the expression/function of several growth factors [39].

When relating this evidence to the study presented here, it is worth noting that fibroblasts 

are most active in the later stages of wound healing: during the proliferation phase, 
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fibroblasts enter the wound site to replace the provisional matrix established by 

keratinocytes with granulation tissue composed of fibronectin and collagen [57], and later, 

as endothelial cells revascularize the damaged area, fibroblasts organize wound contraction 

[58]. During these processes, fibroblasts secrete and are regulated by a number of molecular 

signals (reviewed in [59]), many of which are known to be subject to redox/oxidant 

regulation, including (but not limited to): insulin-like growth factor 1 (IGF-1), fibroblast 

growth factor (FGF), transforming growth factor-β (TGF-β), nerve growth factor (NGF), 

bone morphogenic protein-6 (BMP6), and several of the interleukin family of proteins 

[39,60,61]. Of these, BMP6 is of particular interest, given that fibroblasts are the main 

producer of BMP-6 during wound healing [62], and that it is observed in the regenerating 

epidermis at the wound edge as well as in fibroblasts of the granulation tissue [63]. For these 

reasons, we decided to analyze the response of fibroblast gene expression of BMP6 in 

response to the application of galvanic microparticles.

Gene expression

Expression of bone morphogenetic protein 6 (BMP6) has been demonstrated in multiple 

tissues, including bone, brain, lung, kidney, heart, skin and liver [64,65]. In skin, BMP6 

signaling has been found to regulate the developing and postnatal skin, control cellular 

proliferation, differentiation, and tissue remodeling, as well as a variety of pathological 

processes, including wound healing, psoriasis, and carcinogenesis (reviewed in [66]). Basal 

expression in adult skin is typically at very low levels, but pathological conditions such as 

wound healing induce increased expression of BMP6 [67,68] in both keratinocytes and 

fibroblasts [63,68]. It has been suggested that BMP signaling regulates the wound-healing 

process in a spatial and temporally-regulated manner [68] by changing the proliferative 

activity and/or differentiation of epidermal keratinocytes and by altering the collagen-

producing activity of dermal fibroblasts [63,66].

In this study, gene expression was analyzed in human dermal fibroblasts in response to 

0.75% Cu/Zn galvanic microparticles at the concentration of 0.001%. Significant increases 

in expression of BMP6, SMAD7 and ID1 mRNA genes were observed (Fig. 6A). The 

upregulation of BMP6, SMAD7 and ID1 is consistent with what is known about the 

canonical BMP signaling pathway and skin homeostasis. In the canonical BMP/Smad 

pathway BMP6 dimers, once secreted, bind simultaneously to complexes consisting of at 

least one type-I and one type-II receptor (BMPR-I and BMPR-II) [69], inducing 

phosphorylation of BMPR-I by BMPR-II which, in turn, phosphorylates a subset of Smad 

proteins (Smad1, Smad5, and Smad8) [64,70] which regulate Smad7 [71] and have negative 

feedback to BMP6 [66] and Id1 [72].

A proposed role for BMP6 signaling pathway in the study presented here could be either via 

ID1, stimulating proliferation and stimulation of cell motility after skin injury [73] and 

inducing ROS production [74], or via SMAD7, which stimulates wound healing [71] (Fig. 

6B). Possible mechanisms of BMP6 stimulation by galvanic microparticles could be related 

to the regulation of phosphorylation of Smad1/5/8 by iron [75] and gene expression of 

Bmp6, Smad7 and Id1 [76]. In this case, iron, by virtue of its ability to accept or donate 

electrons, acts as a prooxidant. Although this pathway has not been studied in the skin, it is 
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interesting to note that iron may be released from hemoglobin after exposure to ultraviolet 

radiation during oxidative stress [77,78]. It is possible that the galvanic microparticles are 

mimicking these iron effects in the skin through production of free electrons and BMP/Smad 

canonical pathway activation.

Given that trace elements Cu and Zn both play critical roles during development and wound 

healing [79–82], and that the effectiveness of Zn with respect to wound healing may be 

dependent on the presence of other trace elements (including copper and/or selenium) [83], 

we cannot rule out other plausible mechanisms of action of the particles involving non-ROS-

related pathways. There are a large number of Cu and Zn transporters, for example (in 

mammals, an array of zinc transporters is encoded by at least 27 genes from 3 families, 

reviewed in [84], and two mammalian copper transporters play essential roles during 

development and homeostasis, reviewed in [85]). It is therefore conceivable that Cu and/or 

Zn may be acting on trace metal transporters in fibroblasts. From this perspective, future 

studies of the effects of the galvanic microparticles on calcium flux would be particularly 

interesting, given calcium's association both with ROS-related events and tissue 

regeneration [56] and recent evidence linking L-type and T-type calcium channel expression 

to Zn transporter activity [86].

Summary and future work

The presence of galvanic microparticles in a three-layered model of human skin containing 

human dermal fibroblasts resulted increased fibroblast migration, and increased ROS, 

correlated with increased expression of the BMP/Smad signaling pathway. Looking ahead to 

future studies, it would be interesting to further explore the mechanism of action, by 

exploring whether application of other pro-oxidants alone (e.g., iron, hydrogen peroxide, 

copper at higher concentrations than in previous studies, etc.) could induce similar effects 

with respect to gene expression. In addition, more direct studies to determine the role of 

reactive oxygen species versus the presence of Cu and/or Zn in the effects observed here 

could involve performing pretreatment with anti-oxidants, additional Cu and Zn controls, 

measuring calcium flux and channel expression, and further experiments using BMP6 

antagonists (e.g., Noggin) or iron. In addition, testing whether inhibition of active 

microtubule formation (e.g., via Cytochalasin B) may abrogate motility, would certainly 

help clarify whether the enhanced motility is due to electric field, as it has been shown for 

electric-field-mediated motility [32]. Furthermore, it would be interesting to test if 

application of the microparticles enhances cell migration in response to chemokines (as 

opposed to electric field), and in particular to physiological wound-healing cytokines such as 

platelet-derived growth factor, which has been shown to induce fibroblast transmigration in 

previous studies [87].

Furthermore, given that results of this study might also have implications to the use of 

topical low-grade electric fields via microparticles for wound healing, interesting areas of 

future work could also include optimization of the electric and chemical enhancement of cell 

migration, as well as further examining possible effects of the galvanic microparticles on 

cell proliferation. In this study, scratches were performed through the middle of confluent 

wells of fibroblasts, which exhibited a characteristic swirling pattern, and so the wounds 
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were therefore in random directions with respect to the swirl as it passed through our region 

of interest. Given the known role of cell polarity in wound healing, it would be interesting, 

in future studies, to perform systematic studies of wounds made on confluent layers of 

fibroblasts and/or endothelial cells with controlled orientation and for longer time points so 

that the effects of the galvanic microparticles on cell division and polarity may be studied.

Finally, investigating the potential use of galvanic microparticles in model systems 

involving other tissue types known to be responsive to electrical stimulation (e.g., bone, 

neural etc.) with or without patterning the distribution of microparticles, as well as 

expanding in vivo studies will be key towards applying these results in a broader 

regenerative medicine context.
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Fig. 1. 
Characterization and modeling of galvanic microparticles. (A) Scanning electron 

microscope (SEM) micrographs of galvanic microparticles of Zn, 0.1% Cu on Zn, and 

0.75% Cu on Zn, at 15,000 × and 35,000 × magnification, respectively. Scale bars for 

micrographs at 15,000 × and 35,000 × magnification correspond to 3 μm, and 1 μm, 

respectively. (B) Scanning Kelvin probe microscopy (SKPM) images of Zn surface coated 

by copper specks amounting to 0.1% and 0.75% weight Cu, respectively. Scale bars 

correspond to 500 nm and 1 μm, respectively. (C) Peak-to-valley potentials calculated via 

surface potential analysis of SKPM images for a range of Cu coatings (0.1%–0.75% of Cu 

on Zn). *denotes p-value <0.001 (T-test). (D) Parameters determined from SEM and SKPM 

data for 0.1% and 0.75% Cu on Zn, respectively.

Tandon et al. Page 18

Exp Cell Res. Author manuscript; available in PMC 2015 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Model system. (A) Human dermal fibroblasts were subjected to Zn–Cu galvanic 

microparticles, in a three-layer system designed to mimic the application of crème 

containing microparticles to human skin. (B) Three-Dimensional model of semispherical Cu 

specks (radius = 0.5 μm) on a Zn particle (diameter = 8 μm). (C) Two-Dimensional finite-

element model color map of electric potential surrounding a 0.75% Cu on Zn particle. (D) 

Calculated currents and intermediate parameters for varying concentrations of microparticles 

within the model system.
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Fig. 3. 
Cellular viability and survival of human dermal fibroblasts cultured with galvanic 

microparticles. Data are shown at 24 h of cultivation, with the pre-culture data used as a 

control. (A) Bright field (top) and live/dead fluorescence images (bottom) (scale bar 

corresponds to 500 μm). (B) Plot of cells counted after 24 h culture with galvanic 

microparticles, as compared with control samples at t0. Data shown are mean±standard 

deviation from 3 independent experiments with n = 5 each (*p≤0.05 compared to control at 

24 h).
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Fig. 4. 
fiWound healing assay. (A) Phase contrast images (left) and the corresponding processed 

images (right) used for determining the speed of closing of the wound edges at t = 0, 1, 2, 

and 3 h after the application of Zn–Cu galvanic microparticles (scale bar corresponds to 500 

μm). (B) Wound closure speed computed from the phase contrast images for varying 

concentrations of applied Zn–Cu galvanic microparticles. Data from three independent 

experiments with n = 13–24 per group were pooled for the determination of each data point 

(*p<0.05 compared to control).
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Fig. 5. 
Effect of galvanic microparticles generation of reactive oxygen species (ROS). Data for the 

corresponding cell cultures subjected to H2O2 and unstimulated controls are shown for 

comparison. (A) Fluorescence images of human dermal fibroblasts loaded with 

dichlorofluorescein (DCF) after application of microparticles or H2O2 (scale bar: 500 μm). 

(B) The time course of ROS generation (measured from DCF intensity) that was normalized 

by the intensity at time 0. For each time point, data were obtained from three independent 

experiments with n = 3 samples each and 9 measurements for each sample. *p<0.05 

between timepoint and t = 5 min; §p<0.05 both between time point and t = 5 min, and 

between same time points for the control and experimental condition.
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Fig. 6. 
Gene expression profiles. (A) RNA levels for BMP6, ID1 and SMAD7 shown relatively to 

the housekeeper gene (GAPDH) (*p≤0.05 compared to control). (B) The proposed role of 

BMP6 signaling pathway, acting via ID1 and SMAD7 in stimulating ROS, wound healing, 

and homeostasis.
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