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Abstract

Electrical stimulation of tissues has many uses in pain management, antibacterial treatment, and 

wound healing. The electric field stimulates epidermal migration and increases fibroblast cell 

proliferation. Here we show the effects of electrical field (EF) stimulation of human dermal 

fibroblasts (HDF) on the expression of collagen, elastin, and collagenase (MMP1; matrix 

metalloproteinase 1). The effects of EF stimulation are evaluated in terms of changes in cell 

morphology and extracellular matrix (ECM) protein expression, defined as intracellular 

concentration of collagen, elastin, and MMP1. HDF are stimulated in a bioreactor using square 

wave voltage pulses for up to 24 h. The pulse voltage (0–10V), pulse bias (0, +), pulse time (10–

1000 ms), and rest time (0.1–10 s) were varied. We show that expression of collagen, elastin, and 

MMP1 increases in response to applied EF. The intracellular concentration of ECM proteins more 

than doubles depending on stimulation conditions with a threshold of effective stimulation above 

3V/cm. The short time voltage pulses used for EF stimulation are more effective, while the rest 

time between pulses has a small effect on intracellular concentration of collagen, MMP1 and 

elastin. The previously studied HDF stimulation with chemical factors (i.e. TNF-α, TGF-β) shows 

negative correlation between concentration of collagen and MMP1. Contrary to that observation, 

we show that EF stimulation causes increase in the intracellular concentration of both collagen and 

MMP1. We also demonstrate that the transdermal stimulation of HDF in subcutaneous tissue is 

possible, thus it might be utilized in the future to improve the wound healing and tissue 

regeneration process.
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1. Introduction

When a wound occurs, the epithelial barrier is disrupted resulting in transepithelial potential 

[2]. In the process of natural wound healing, the epithelial cells migrate to the wound in 

response to chemical cues and electrical field (EF) generated by the wound. It has been 

shown that the cell migration in vitro can occur in response to externally applied EF. The 

direction of cell migration is the same as it would be after the wound formation in vivo. 

Thus the external electric field could facilitate the wound healing [2,3].

Electrical stimulation (ES) has been used as one of the treatments as it can accelerate wound 

healing, reduce infections, improve cellular immunity, and increase perfusion[1]. The direct 

current (DC), alternating current (AC), and high-voltage pulsed current (HVPC) has been 

employed in the past for tissue stimulation [1].

Dermal fibroblasts play a crucial role in several phases of the wound healing process [4]. 

Their major function is to synthesize and deposit large quantities of proteins (i.e. collagen I, 

II, fibronectin, elastin) that form extracellular matrix (ECM) needed to form a new tissue [4–

6]. In addition, dermal fibroblasts are involved in tissue remodeling and cell migration that 

requires synthesis of matrix metalloproteinases i.e. MMP1 (matrix metalloproteinase 1) 

otherwise known as collagenase [7–9]. There are several signaling molecules that are known 

to regulate the synthesis of ECM proteins and MMPs [10]. If the regulatory process is 

unbalanced the wound does not heal properly. When the amount of deposited ECM is 

excessive, keloids and hypertrophic scars can form. On the other hand, when MMPs are 

upregulated, the wound cannot close properly, and the persistent wound developes, and 

tissue infection often follows [10].

The cytokines and growth factors form the largest group of signaling molecules involved in 

healing-related cellular activities [11]. Both cytokines and growth factors were extensively 

studied in biosynthesis regulation of ECM proteins and tissue remodeling [12–19]. The 

processes of ECM protein deposition and secretion of MMPs during cell migration and 

tissue remodeling, can be viewed as opposing; TNF-α downregulates synthesis of collagen I 

and at the same time upregulates synthesis of MMP1 [12,13]; in addition, TNF-α also 

downregulates expression of elastin [14]. In contrast, TGF-β upregulates synthesis of 

collagen in skin fibroblasts and at the same time inhibits the synthesis of MMP1 [18,19]. 

Recently Wang et al. showed that signal transduction between electro-stimulated skin 

fibroblasts and cellular response occurs by activation of the TGF-β1/ERK/NF-κB signaling 

pathway. Consequently, if the TGF-β1/ERK/NF-κB signaling pathway is the only activated 

signaling pathway responsible for signal transduction, one would expect a negative 

correlation between expression of collagen and MMP1 in electrically stimulated dermal 

fibroblasts, [20].

Bioreactors are often used for electrical cell stimulation. There are several designs of the 

bioreactors used for pulsed eclectic field cell stimulation [21–23]. One of the designs, 

described in detail by Tandon et al., was employed in our current work (Figure 1A) to 

perform EF stimulation of human dermal fibroblasts (HDF) [21]. In this design the two 

graphite electrodes are placed in the Petri dish 1 cm apart and cells are seeded between 
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electrodes. In this configuration, the EF stimulation is applied to the monolayer of HDF cells 

that are positioned directly between the electrodes.

If one considers the application of the EF stimulation to wound healing, and tissue 

regeneration or remodeling, the EF has to penetrate the skin to be effective. The HDF that 

have to be stimulated are located in subcutaneous tissue between 0.3–0.9 mm below the skin 

surface [25]. Thus the simple transdermal stimulation of HDF may not be possible due to 

insulating properties of the skin. One of the previously proposed solutions was bending the 

skin in a U-shape fold and applying the EF across the fold [26].

Herein we report the effects of pulsed EF stimulation of HDF on ECM proteins synthesis. 

The reactor was operated by a potentiostat in the two electrode system configuration. The 

intracellular concentration of collagen I (procollagen), collagenase (MMP1) and elastin, was 

measured with Sircol Assay and ELISA, respectively, for different conditions of EF 

stimulation. The effect of EF stimulation on elongation of fibroblasts was quantified. In view 

of our results we have evaluated the previously proposed mechanisms of signal transduction 

during the EF stimulation. In addition, we have tested the EF depth penetration across the 

conductive spacer to establish plausibility of future transdermal stimulation of HDF for the 

wound healing and tissue regeneration applications.

2. Materials and methods

2.1 Cell Culture

The human dermal fibroblasts (PCS) cells were purchased from the American Type Culture 

Collection (ATCC) and cultured in a T-25 flask according to the specifications from ATCC. 

The PCS cells were cultured in Fibroblast Basal Medium (ATCC) supplemented with 

Fibroblast Growth Kit- Low Serum (ATCC) and 0.5% Penicillin Streptomycin L-Glutamine 

Mixture (Pen/Strep, Lonza). Once the cells reached an 80% or higher percentage confluence, 

they were counted (5.0 × 104 cells/cm2) and seeded on 1 cm2 polylysine slides 

(ThermoFisher Scientific) in 60 mm Petri dishes (Corning). Passages 3–10 were used for all 

experiments.

2.2 Electrical Stimulation of Cells

A reactor was assembled, as described by Tandon et al., using a petri dish (100 mm), two 

carbon rods, and platinum wires (Figure 1A) [21]. The platinum wires were attached to the 

carbon rods and glued 1 cm apart into a petri dish. Three polylysine slides with cells (90% 

or higher confluence) were transferred into the reactor. The reactor was transferred to a 

37 °C incubator and attached to CHI 760B electrochemical workstation. The cells were 

stimulated with the pulsed electric field where voltage (0–10V), pulse time (10–1000 ms) 

and, rest time (0.1–10 s) was varied (Figure 1B) in the positive-bias or no-bias voltage mode 

(Figure 1C). The stimulation cycle was repeated for 0.5 – 24 hours stimulation time.

2.3 Measurements of EF

The field within the bioreactor was measured (multimeter, Klein Tools) by placing two Ag/

AgCl electrodes in the reactor with a fixed distance from each other and between the carbon 
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electrodes. Once the voltage was applied to the carbon electrodes, the voltage difference 

between the Ag/AgCl electrodes was measured independently by a multimeter during the 

pulse and rest time for several cycles.

To measure the depth of the EF penetration, the glass slide with deposited 1-mm gold 

electrodes 1.2 cm apart was covered with the spacer, Poly(2-hydroxyethyl methacrylate) 

(pHEMA) polymer (1% crosslinking, 0.89 ± 0.03 mm thicknesses), soaked in phosphate 

buffer pH = 7.6 (PBS). The two Ag/AgCl electrodes were placed on top of the spacer 

between the gold electrodes. Once the voltage was applied to the gold electrodes, the voltage 

difference between the Ag/AgCl electrodes was read independently from the stimulation 

voltage by a multimeter. To stimulate the cell in this configuration, polylysine slides with 

cells (90% or higher confluence) were positioned “upside down” on top of the p-HEMA 

soaked with cell media and EF stimulation was applied with gold electrodes.

2.4 Quantification of Protein Concentration

The HDF cell cultures on polylysine slides were transferred from the reactor into a 35 mm 

petri dish (Corning), trypsinized and after neutralization of trypsin, a cell scraper was used 

to ensure that all cells were removed from the slides and analyzed for survival with Trypan 

Blue exclusion assay. The cells were placed in a microcentrifuge vial then rinsed in 1 ml 

PBS three times. To determine the intracellular concentration of ECM proteins HDF cells 

were lysed using 0.5 ml RIPA buffer for 1 hour followed by centrifugation at 13,000 rpm for 

10 min.

2.4.1 Collagen—The Sircol soluble collagen assay kit was employed, and protocol 

provided by Biocolor Ltd. was followed to determine the intracellular concentration of 

procollagen. Sircol assay is designed to detect acid-soluble and pepsin-soluble collagens, 

including newly synthesized collagen. It is a dye binding method where Sircol Dye reagent 

is binding to the [Gly-X-Y]n helical structure as found in collagens. The method is most 

specific to mammalian collagens type I–V.

1.0 ml of Sircol Dye Reagent was added to each tube with 100 μl of the sample. The tubes 

were capped and manually mixed at 5 minute intervals for 30 minutes. The tubes were then 

transferred to a microcentrifuge and unbound dye was removed by aspiration. 750 μl ice-

cold Acid-Salt Wash Reagent was added and the tubes were transferred to a microcentrifuge 

to spin at 12,000 rpm for 10 minutes. The acid-salt wash reagent was removed by aspiration 

and 250 μl alkali reagent was added to each tube. The collagen bound dye was released into 

solution using a vortex mixture. 200 μl from each tube was then transferred to a 96-well 

plate and read at 555 nm using a plate reader (Thermo Electron Corporation). The 

quantification was determined in triplicates and compared to a control in which the cells 

were not electrically stimulated. The concentration of collagen produced was determined by 

comparing to standard curve and normalized by the number of cells that were lysed for the 

assay.

2.4.2 Collagenase—An MMP1 Human ELISA (enzyme-linked immunosorbent assay) 

Kit was utilized and protocol by Abcam was followed to quantify the intracellular 

concentration of collagenase (MMP1). 100 μl of the lysed electrically stimulated cells were 
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added to 3 wells and 100 μl of the lysed control cells were added to another 3 wells of a 96-

well plate. The samples were incubated at 4 °C overnight. The solutions were aspirated and 

each sample was washed 4 times with 1X Wash Solution. The samples were then incubated 

with 100 μl of 1X Biotinylated MMP1 detection antibody for 1 hour. The solutions were 

aspirated and cells washed. The samples were then incubated with 100 μl of 1X HRP-

Streptavidin solution for 45 min. The solutions were aspirated and washed. The samples 

were then incubated with 100 μl of TMB One-Step Substrate Reagent for 30 min. After the 

addition of 50 μl of Stop solution, the absorbance of the samples were read at 450 nm and 

the concentration of collagenase was determined from a standard curve and normalized by 

the number of cells that were lysed for the assay. All experiments were performed in 

triplicates.

2.4.3 Elastin—A Human Elastin ELISA kit was utilized and the protocol by TSZ ELISA 

was followed to determine the intracellular concentration of elastin. 100 μl of the samples 

were added to each well of a 96 well plate and incubated at 37 °C for 30 min. The solutions 

were aspirated and washed 4 times with 1X Washing solution. 100 μl of 1X Enzyme 

Conjugate solution were added to each well and incubated at 37 °C for 30 min. The 

solutions were aspirated and washed.100 μl of TMB Substrate Solution was added to each 

well and incubated for 15 min. After the addition of 50 μl of Stop solution, the absorbance of 

the samples were read at 450 nm and the concentration of elastin was determined from 

standard curve and normalized by the number of cells that were lysed for the assay. All 

experiments were performed in triplicate.

2.5 Microscopy

The morphology of the HDF was studied using an inverted light microscope (Nikon Eclipse 

TE2000-U). For imaging HDF cells were fixed on the slides by 10–20 minutes incubation 

with 4% paraformaldehyde solution and washed. 1 mg/ml Hoechst dye solution was used to 

stain the nucleus of HDF. The images of HDF cells were taken immediately after the 

staining and the length and width of the nucleus of fibroblasts were measured using Image J 

(NIH, open source).

3. Results and Discussion

Human dermal fibroblasts were seeded on the 1cm2 polylysine coated glass slides and after 

reaching 80% to 90% confluence were placed in the bioreactor and stimulated by applying a 

voltage pulse (Figure 1). The voltage pulse (0–10V), pulse bias (0, +), pulse time (10–1000 

ms) and, rest time (0.1–10 s) were varied. Because collagen is not easily soluble in media, it 

was detected as procollagen in the cell body before secretion to the media; after the EF 

stimulation the cells were lysed, and the content of the cells was analyzed to determine 

intracellular concentration of collagen, MMP1, and elastin. All the detected protein 

concentrations are reported normalized with respect to the number of cells present in the 

lysate.

The EF stimulation was performed with potentiostat in the two-electrode system 

configuration. First we report characterization and performance of the bioreactor, we then 
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discuss effects of EF on cell morphology and protein expression. Lastly, we show the results 

of EF stimulation across hydrogel spacer.

3.1 Characterization of the bioreactor

The bioreactor described by Tandon et al. has been used for pulsed EF stimulation of several 

different cell lines, however the performance details are not usually reported [21]. To 

measure the EF that is experienced by the HDF cells in the reactor constructed in our 

laboratory, two Ag/AgCl electrodes were placed and immobilized at the fixed distance from 

each other (3.31 mm) in the middle of the bioreactor (Figure 2A). The external voltage pulse 

was applied to the carbon electrodes, followed by the rest time, and the response of sensor 

Ag/AgCl electrodes was measured with a multimeter during the pulse and the rest time for 

multiple cycles. After the initial spike, the voltage stabilized and the data was collected. In 

Figure 2B the average voltage difference between the pulse voltage and rest voltage was 

calculated and plotted with respect to applied voltage. The data indicates that voltage 

experienced by the cells is never lower than 54% of applied voltage and that this percent of 

voltage drop is independent from the applied voltage. The voltage plateau, where data was 

collected, is observed for times longer than 400 – 600 ms, thus when EF stimulation utilizes 

short pulses (1Hz frequency with 10% duty cycle) the voltage experienced by HDF cells is 

likely larger.

3.2 Morphological changes of human dermal fibroblasts upon EF stimulation

All fibroblasts tend to migrate within the EF, however there are large differences in cell 

motility between different types of fibroblasts [27,28]. It was shown that EF applied to HDF 

has to be relatively large (4–30 V/cm) and/or applied for extended periods of time to 

effectively stimulate directional cell motility [29].

In order to initiate the migration process, cells need to elongate to extend lamellipodia 

towards the direction of the movement [29]. The elongation causes the shift in organelles. 

The initial changes in a cell’s shape preparing to migrate are difficult to track due to the 

irregular shape of fibroblasts and slow migration rate of dermal fibroblasts (<5 μm/h) 

[28,29]. Thus we hypothesized that observing the changes in the nucleus shape as an effect 

of EF stimulation will be much easier and faster to detect. To observe the nucleus, the cells 

were stained with Hoechst blue fluorescent dye that is selective for nucleus only, and light 

microscopy images of confluent cells stimulated by application of 8V, 1Hz frequency, and 

10 % duty cycle over a period of 24h were recorded (Figure 3A). The ratio of nucleus length 

to width (L/W) was plotted in Figure 3B. It shows that after 2 hours the cells are already 

preferentially elongated towards the direction of the field. This elongation persists 

throughout the stimulation time (up to 24h recorded time). There is no statistically 

significant difference in average L/W in the course of EF stimulation, but a small decrease of 

average L/W is observed at longer times. We believe that this effect is related to the 

movement of the cell resulting in partial restoration of the original shape of the nucleus. We 

have also measured average L/W after the EF stimulation was terminated to determine if 

HDF are damaged during the EF application. In Figure 4 we show that the shape of the 

nucleus is restored after 3h of rest (no stimulation) post 24h stimulation (8V applied voltage, 
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1Hz, 10% duty cycle). This result suggests that the effects of EF stimulation at applied fields 

are reversible and well tolerated by HDF.

3.3 Collagen expression after EF stimulation

Once collagen is synthesized in the cell body, it is secreted to the media and deposited on the 

surface of the glass in a fibrillar form. This form of collagen is difficult to quantify. It is 

more accurate to detect collagen that is produced in the cell body in the form of procollagen 

before it is secreted to that media. Moreover, this scheme allows for early detection of 

protein expression changes.

HDF were stimulated in the reactor under varied conditions in pulsed mode. Most of the 

measurements were performed at 1Hz frequency. The cells were collected and lysed to 

detect differences in intracellular collagen concentration before collagen secretion to the 

media. To detect collagen concentration Sircol assay was performed on cell lysate. The 

assay was performed on the standard collagen solution provided by the manufacturer. All 

HDF cells were counted after EF stimulation, but before they were lysed, so all intracellular 

concentrations are reported normalized per single cell.

The collagen concentration was quantitatively measured by Sircol assay. The assay indicated 

that the average intracellular collagen concentration in control cells (not stimulated HDF), 

was 0.019 (± 0.001) ng/cell. This value agrees with the value measured by Bred et al in 

human lungs fibroblasts expressed as 3.72% of total protein content [27,30]. Since 

intracellular total protein content is 0.2g/mL and the average volume of HDF is 3.4pL, the 

expected literature value is about 0.025ng/cell [31].

The application of EF on HDF increases intracellular concentration of collagen in the cells 

(Figure 5). The concentration of collagen in HDF increases as the applied voltage pulse is 

increased as illustrated in Figure 5A. Positive-bias voltage had a larger effect on the 

fibroblasts than when no-bias voltage pulse was applied, as a higher intracellular 

concentration of collagen was detected, (all other parameters constant: 24h stimulation, 1Hz, 

10% duty cycle). However, both the positive-bias and no-bias voltage pulse application show 

that the intracellular concentration of collagen within the cell increased as the voltage was 

increased. The significant changes in collagen concentration are detectable at applied 

voltage pulse above 3V (maximum tested pulse was 10V). This result correlates with the 

previous observations by Guo et. al. where in order to stimulate the motility of HDF, fields 

as high as 4V/cm were necessary [32]. This is in opposition to other types of fibroblasts, 

where fields as low as 0.1V/cm was able to initiate cell motility.

There are no significant differences between measured intracellular concentrations of 

collagen in cells stimulated with positive-bias voltage pulse in range 3 to 10V (0.070 ± 0.005 

ng/cell, Figure 5A). This behavior can indicate that the synthesized procollagen is secreted 

to the media and thus the intracellular concentration of collagen stays at constant level. 

Intracellular concentration of collagen in HDF cells stimulated by no-bias voltage pulses 

was on average 0.029 ± 0.008 ng/cell - about half of that recorded for cells stimulated by 

positive-bias voltage.
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It was observed previously that while HDF will respond to EF above 4V/cm to initiate 

motility, there is a time delay in this response [32]. Here we tested how long after initiating 

the electrical stimulation the cells would respond in the procollagen synthesis. In Figure 5B 

we show that the increase of intracellular collagen concentration is observed no earlier than 

after 2 hours of stimulation (8V pulse, 1Hz, 10% duty cycle). In addition, the intracellular 

collagen concentration after EF stimulations longer than 4 h is significantly higher than 

control level and constant (0.104 ± 0.002 ng/cell).

The voltage pulse time (T1) and rest time between the pulses (T2) employed in EF 

generation was varied to investigate the conditions that result in changes of collagen 

expression in HDF. In Figure 5C, the short pulse times between 20–500 ms cause significant 

increase in the intracellular concentration of collagen in HDF stimulated at 1Hz frequency. 

Increasing the T1 to 900ms also caused a significant increase in the intracellular 

concentration of collagen (compared with control), but only about half of what was detected 

during short T1 pulses. This effect could be related to the fact that longer time pulses can 

generate more byproducts of the electrochemical reaction during the pulse application, and 

employing 1Hz frequency results in lack of sufficiently long recovery period. These 

conditions can chemically stress the HDF cells. We did not observe any effects related to cell 

membrane damage.

It seems that a rest time of T2 longer than 500 ms is sufficient for the cell to recover after 

each stimulation pulse (Figure 5D) and longer rest periods do not change the intracellular 

concentration of collagen in HDF.

3.4 Comparison of collagen, collagenase and elastin expression after EF stimulation

The EF stimulation conditions of HDF that resulted in the increased intracellular 

concentration of collagen were used to compare the intracellular concentrations of MMP1 

(collagenase) and elastin. The quantification of intracellular concentration of collagenase 

and elastin was performed with ELISA. In Figure 6, the measured concentration of 

collagenase and elastin are plotted with respect to different voltage pulses in positive-bias 

configuration used to generate EF. Analogous to changes in intracellular collagen 

concentration (Figure 5A) the significant increase in collagenase and elastin intracellular 

concentration is observed when voltage pulse is larger than 3V. Increasing the voltage pulse 

above 3V does not cause an increase in protein concentration, but maintains the expression 

at 3–5 fold increased level.

On the other hand, the stimulation of fibroblasts by chemical factors, results in upregulation 

of collagen concentration and downregulation of collagenase concentration (TGF-β) or 

opposite when TNF-α is used. We believe that when the chemical signaling factors are used 

is cell stimulation, they are selective in regulating particular pathway of protein expression, 

while EF stimulation can activate several pathways simultaneously. Wang et al. showed that 

skin fibroblasts subjected to electrical stimulation activate the TGF-β1/ERK/NF-κB 

signaling pathway. However this pathway may be only one of the pathways that are activated 

during the EF stimulation [20]. The signal transduction between EF stimulation and cell 

response is not completely clear. One of the proposed mechanisms, the electrocoupling 

mechanism, postulated that regrouping of surface-bound integrins upon EF stimulation 

Nguyen et al. Page 8

J Electroanal Chem (Lausanne). Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



initiate calcium influx to the cytoplasm as the initial mechanism for (unknown) pathway 

activation [33,34]. We performed a set of experiments to initiate calcium influx to the 

cytoplasm without EF stimulation. We used ionomycin and thapsigargin to allow calcium 

influx from extracellular space or release it from ER, respectively. We did not observe any 

changes in intracellular concentration of collagen, collagenase or elastin. At this point, we 

are not able to identify the mechanism that translates the EF to changes in ECM proteins 

concentration. However, an unusual combination of ion channels types that are expressed on 

the surface of HDF, and the presence of “minimum” activation voltage and stimulation time, 

suggests that voltage gated potassium channels and calcium regulated potassium channels 

may be the transducers of the activation process [35].

3.5 EF depth penetration

The application of electrical stimulation in systems in vivo has been linked to wound 

healing, tissue regeneration and antimicrobial effects. The electrode geometry and 

localization has been debated because it can affect the EF field generated in the wound area. 

In the skin, the two main populations of HDF are located within the dermis at two depths, at 

about 300 μm and 700–900 μm [25]. Thus in order to apply the EF stimulation in wound 

healing or tissue regeneration, the EF has to be able to reach HDF.

Here we have designed the simple in vitro system where HDF culture was separated from 

the stimulation electrodes by the 890 μm layer of hydrogel (poly-HEMA), Figure 7A. The 

EF that the cells experience in this configuration was measured with the same sensor as 

described in 3.1. In Figure 7B, we present the comparison of EF measured in the bioreactor, 

and with the spacer, in response to applied voltage pulse. Our data shows that the EF that 

HDF experience in the presence of the spacer is about 27% lower than in the reactor. The 

culture of HDF stimulated for two hours at 8V applied voltage across the hydrogel spacer 

(Figure 7C) behaves in a similar fashion as HDF cells in the reactor - an increase of 

intracellular concentration of collagen is observed. This is a very encouraging result that 

needs to be studied in more detail because it shows that it is feasible to use the two-electrode 

system positioned on one side of the spacer to stimulate HDF across the spacer. Thus 

transdermal stimulation with EF can be accomplished with the application of low voltage 

pulse. Naturally, the electrical resistance of epidermis is a substantial barrier for the EF 

penetration. However, one can envision that removal of the top layer of the epidermis (for 

example by microdermabrasion) could accomplish this goal and improve conductivity across 

the skin. Thus transdermal HDF stimulation could be possible.

4. Conclusions

In this work, we have shown the effects of electrical (EF) stimulation on ECM proteins i.e. 

collagen, MMP1, and elastin expression in HDF. The intracellular concentration of all tested 

ECM proteins increased with the EF generated by voltage pulses larger than 3V and 

stimulation time longer than 2h; with a larger concentration increase for biased than non-

biased voltage pulse. Pulse time influenced the stimulation to the smaller extent, and rest 

time showed no significant effect on ECM protein concentration. Both voltage and time 

threshold for increased protein expression agree with the literature threshold needed for 
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initiation of HDF motility. The positive correlation between collagen, MMP1, and elastin 

intracellular concentration was not observed in the past, when chemical factors were used 

for HDF stimulation. While we did not study in detail the EF stimulation mechanism of 

HDF, the previously proposed electrocoupling mechanism does not appear to be active in 

our experimental conditions. The proposed activation of the TGF-β1/ERK/NF-κB signaling 

pathway is a possible mechanism of signal transduction, but it seems to be not an exclusive 

activation pathway.

The testing of the bioreactor revealed that the generated field is not constant during the time 

of voltage pulse application, but it stabilizes and does not drop below 54% of applied 

voltage. In addition, the EF is able to penetrate the conductive spacer with a loss of about 

27%. This data suggests that that transdermal stimulation of HDF in the subcutaneous tissue 

is possible, thus it could potentially be used in the future to improve the wound healing and 

tissue regeneration process.
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Figure 1. 
Scheme of (A) bioreactor used for HDF stimulation; (B) voltage pulse scheme applied 

during stimulation; (C) no-bias (ΔV1) and bias (ΔV2) voltage pulse.
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Figure 2. 
Scheme of EF sensing setup placed in the bioreactor containing two Ag/AgCl electrodes 

(A); Measured EF with respect of applied voltage within the reactor. Error bars represent 

standard deviation from 5 measurements (B).
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Figure 3. 
Fluorescence and bright-field images of HDF stimulated with 8V biased, 1Hz, 10% duty 

cycle pulse for different periods of time. Bar represents 20 μm (A). The measured ratio of 

length-to-width (L/W) of HDF nucleus for different stimulation times in A. Error bars 

represent standard deviation from 20 measurements (B).
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Figure 4. 
Fluorescence and bright-field images of HDF after different time periods of stimulation with 

8V biased, 1Hz, 10% duty cycle pulse for 24 h. Bar represents 20 μm (A). Plot of the ratio of 

length-to-width (L/W) of HDF nucleus for different times after stimulation in A. Error bars 

represent standard deviation from 20 measurements (B).

Nguyen et al. Page 16

J Electroanal Chem (Lausanne). Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Intracellular collagen concentration in HDF with varying experimental conditions: (A) 

varied applied voltage pulse for non-bias (ΔV1) and biased (ΔV2) pulsed; 24h, 1Hz, 10% 

duty cycle; (B) varied stimulation time; 8V biased voltage pulse,1Hz, 10% duty cycle; (C) 

varied pulse time (T1); 24 h, 8V biased voltage pulse,1Hz; (D) varied rest time (T2); 24h, 8V 

biased voltage pulse, 100 ms pulse time. Error bar represent standard deviation from 9 

measurements.
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Figure 6. 
Intracellular collagenase (MMP1) (A) and elastin (B) concentration in HDF with varied 

applied voltage pulse for biased (ΔV2) pulsed; 24h, 1Hz, 10% duty cycle. Error bar represent 

standard deviation from 9 measurements.
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Figure 7. 
Scheme of EF sensing setup with a spacer between the sensing electrodes and voltage 

applied electrodes (see text) (A); Measured EF with respect of applied voltage within the 

reactor and with the spacer (B); Intracellular collagen concentration in HDF for biased 

(ΔV2) 8V voltage pulse; 2h, 1Hz, 10% duty cycle with a spacer compared to untreated HDF. 

Error bar represent standard deviation from 9 measurements.
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