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1. Introduction 

1.1. Skin and wound healing  

1.1.1. Skin function and structure 

As the largest organ of the human body, the total weight of skin is about 16% of 

the adult’s body weight, and it has a surface area of about 2 m2 and thickness of 

about 0.5-4.0 mm (Chamcheu et al., 2019). Human skin acts as a physiological 

and physical barrier that shields internal tissues from the harmful external 

environment (Rodrigues et al., 2019). It has different functions in protecting the 

body from mechanical damage, microbial infection, ultraviolet radiation, and 

excessive moisture transpiration (Fore, 2006) (Figure 1.1.). 

The skin consists of epidermis, dermis, and subcutaneous tissue. As the 

outermost layer of the skin, the epidermis prevents pathogens from entering and 

transcutaneous water loss (Grainger, 2014). In the human epidermis, up to 95% 

of cells are keratinocytes, and the remaining 5% are Merkel cells, melanocytes, 

and Langerhans cells (Quaresma, 2019). Keratinocytes, the major cells in the 

epidermis, are responsible for repairing the integrity of the skin after injury via 

epithelialization (Bucekova et al., 2017). The proliferation and migration ability of 

keratinocytes is critical in the wound healing process; thus, keratinocytes are 

frequently used as a model of in vitro wound healing research (Mahmoud et al., 

2019). For instance, the immortalized nontumorigenic human epidermal (HaCaT) 

cells are ideal and widely used candidates for in vitro skin wound healing 

investigations (Schoop et al., 1999). 

The dermis layer of skin is beneath the epidermis. Through a basal membrane, it 

is tightly connected to the epidermis. It harbors connective tissues, blood vessels, 

lymphatics, nerves endings, and the various skin appendages (hair follicles, 

sebaceous glands, sweat glands, etc.) (Xia et al., 2020). The presence of 

collagen, elastin, fibrillin, and glycoproteins in the dermis layer allows the skin to 

gain the properties of suppleness and mechanical strength (Chamcheu et al., 

2011, Labat-Robert, 2012, Quan and Fisher, 2015), thus cushioning the body 

from stress and strain.  
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Underneath the dermis lies the subcutaneous tissue. It is the deepest skin layer, 

which lies closest to the muscle, and consists primarily of loose connective tissue 

and blood vessels, which protect the body and keep it warm (Gilaberte et al., 

2016). Besides, fat tissue in the subcutaneous layer has been generally regarded 

as an excellent energy reservoir (Kwon et al., 2017). 

Human skin provides a crucial barrier against hazardous environmental factors 

(foreign particles, chemicals, pathogens, ultraviolet rays, etc.) (Kalailingam et al., 

2019). Thus, skin health and integrity are vital for humans. However, skin injury 

is an inevitable event of everyday human life, making wound healing an essential 

process for maintaining good health and well-being. 
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Figure 1.1. Schematic representation of skin structure. The skin consists of three 
layers. The outermost stratum, the epidermis, predominantly consists of 
keratinocytes; it is responsible for preventing pathogens from entering the body 
and transcutaneous water loss. The dermis is a collagen-rich and thick stratum 
of skin; the presence of collagen, elastin, fibrillin, and glycoproteins in the dermis 
layer allows the skin to gain the properties of suppleness and mechanical strength. 
The subcutaneous tissue stratum is the deepest skin layer, consisting primarily 
of loose connective tissue and blood vessels, thus protecting the body and 
keeping it warm. Inspired by (Nikitkina et al., 2021). Created with BioRender.com 
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1.1.2. Wound healing is a dynamic, ordered, and highly orchestrated 

process. 

Wound healing proceeds in three temporal sequences with overlapping 

phases: hemostasis/inflammation, re-epithelialization, and tissue remodeling 

(Gurtner et al., 2008) (Figure 1.2.). Immediately after tissue damage, hemostasis 

and inflammation are triggered. The coagulation cascade, inflammatory 

pathways, and immune system perform vital functions to seal and clean up the 

wound site (Wonga and Maha, 2021). This phase continues from 2 hours to 2 

weeks (Gonzalez et al., 2016) (Figure 1.2.A). 

The second phase of wound healing, re-epithelialization, is characterized by the 

proliferation and migration of different cell types (keratinocytes, fibroblasts, etc.)  

(Won et al., 2019). In this stage, sprouts of new blood vessels (also known as 

angiogenesis) provide the necessary substances to the wound site and 

intermingle with the provisional matrix composed mainly of a fibrin mix (Aller et 

al., 2010). The arrival of new capillaries associated with fibroblast and 

macrophages converts fibrin into granulation tissue (Eming et al., 2007), which 

repopulates the wounded area and provides a scaffold for keratinocyte 

proliferation and migration, thus restoring the barrier function of the epithelium 

(Aller et al., 2010, Tonnesen et al., 2000). As a critical event of this stage, 

angiogenesis is managed by a series of cytokines and growth factors (e.g., 

vascular endothelial growth factor [VEGF], granulocyte-macrophage colony-

stimulating factor [GM-CSF], etc.). It is a critical process in the rate and quality of 

wound healing both in vivo and in vitro (Blache and Ehrbar, 2018). The re-

epithelialization stage occurs 2-10 days after injury (Won et al., 2019). At this 

stage, parts of fibroblasts differentiate into myofibroblasts (contractile cells) under 

the stimuli of macrophages, mediating wound contraction to bring wound margins 

together (Seo and Jung, 2016), and secretion of the extracellular matrix (ECM) 

mainly in the form of collagen, which is a component of scar tissue (Figure 1.2.B). 

Remodeling is the third and most extensive phase of healing, which begins 

approximately 2 weeks after injury and lasts for over a year  (Gurtner et al., 2008), 

including maturation and remodeling of the new tissue (Schäfer and Werner, 

2008). At this stage, the events activated by injury in the wound site gradually 
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wind down and cease. As programmed cell death commences, endothelial cells, 

most of the myofibroblasts, and macrophages undergo apoptosis or exit from the 

wound site (Szabowski et al., 2000). Meanwhile, residual cells, as described 

above, start to secrete matrix metalloproteinases (MMPs), which act on a variety 

of ECM substrates, and predominantly remodel type III collagen that is 

synthesized during the re-epithelialization stage into more vital type I collagen 

(Henriksen et al., 2020). As a result, the scar size is reduced and the tensile 

strength is increased (Soib et al., 2020). Thus, a mature and stable scar is formed, 

marking the end of wound healing (Figure 1.2. C).  

 

 

Figure 1.2. Schematic illustration of the wound healing process. Wound healing 
proceeds in three overlapping phases. (A) The hemostasis and inflammation 
phase occur immediately following skin injury. The wound is sealed by a clot in a 
short time, inflammatory cells are recruited to the wound site. (B. The re-
epithelialization phase is characterized by the proliferation and migration of 
different cell types, meanwhile, the secretion of ECM by fibroblasts fosters the 
formation of granulation tissue, which contributes to the angiogenesis progress. 
(C) The remodeling phase is the last and the most extended phase of healing. 
Cells at the wound site secrete MMPs, which can remodel type III collagen into 
more vital type I collagen, leading to an increase in the tensile strength of the 
wound. Inspired by (Cancedda et al., 2017). Created with BioRender.com 
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1.2. Transepithelial potential difference (TEP) was identified 

as one of the key signals to initiate the process of wound 

healing 

1.2.1. The generation of the TEP  

Transepithelial ion transport and the isolative character of the epithelium play 

central roles in the generation of the TEP. On the membranes of skin cells, ion 

channels and pumps transport cations (mainly sodium) inwards to the basal side 

and chlorine ions out to the apical side, thus establishing a potential difference 

on opposite sides of the epithelium of the skin (Levin and Verkman, 2005, Levin 

et al., 2006). Meanwhile, cells in this layer are connected by tight and resistive 

junctions, forming an insulating barrier, maintaining this TEP. Researchers have 

made attempts to investigate this transmembrane voltage drop by placing 

reference electrodes underneath and on the top of skin (Barker et al., 1982), and 

they reported the voltage of the TEP ranging from 10 mV to 60 mV (approximately 

200 mV/mm), depending on the area of human skin measured (Foulds and Barker, 

1983). TEPs are also present in almost all types of epithelia in the human body 

(Zhao, 2009), and the principles are similar to those described in the epithelium 

of the skin. New findings have suggested that TEPs play an overriding role in 

guiding the biological behaviors of cells (e.g.; migration, differentiation, etc.) 

(McCaig et al., 2005, Levin, 2007). Furthermore, researchers have realized that 

the TEP might be a key signal for triggering the growth of the central nervous 

system (Shapiro et al., 2005), tumorigenesis (Kirson et al., 2004), and in particular, 

wound healing (Rajnicek et al., 1988). 

 

1.2.2. TEP and wound healing 

Endogenous electrical fields at human wound sites were detected over 150 years 

ago by the German physiologist Emile Du Bois Reymond (McCaig, 2008). Since 

then, researchers have started to consider whether this electrical signal has an 

effect on wound healing, and growing evidence has shown that the existence of 
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endogenous electrical fields, or put differently, the TEP is crucial for all stages of 

the physiological process of wound healing (Luo et al., 2021b). More interestingly, 

for wounds that do not heal spontaneously, an applied electrical stimulation (ES) 

can improve the outcome of treatment (Strecker-McGraw et al., 2007). 

The TEP involves exercising several functions in different phases of the wound 

healing process (Figure 1.3.). In the inflammation phase of wound healing, the 

variation in endogenous electrical fields can recruit immunocytes (e.g., 

macrophages, lymphocytes, neutrophils, etc.) to the wound site (Tandon et al., 

2009). This is mainly due to the voltage-gated potassium channels of the 

immunocytes, which can be mediated by EFs (electric fields) signals (Franklin et 

al., 2016), and in turn, change the electrotaxis of immune cells. In this phase, the 

recruitment of immunocytes (macrophages, neutrophils, etc.) is beneficial to clear 

the pathogen and foreign bodies, thus reducing the risk of infection and priming 

for the next step of wound repair (Yaron et al., 2020).   

During the re-epithelialization phase, the main contribution of the local TEP 

changes to wound healing is reflected in accelerating the blood flow of tissue 

(Wolcott et al., 1969, Kemppainen et al., 1994) and promoting the migration and 

proliferation of cells such as epithelial and endothelial cells (Foulds and Barker, 

1983, Harrison‐Balestra et al., 2003, Nishimura et al., 1996, Zhao et al., 2004, 

Hang et al., 1995). Accumulating evidence has indicated that, with exposure to 

exogenous EFs, the increase in blood flow contributes to the delivery of nutrients 

(Wolcott et al., 1969, Kemppainen et al., 1994) and the regression of edema 

(Edwick et al., 2022). Meanwhile, the EF-mediated migration of keratinocytes 

(Jaffe and Vanable Jr, 1984, Nishimura et al., 1996), the proliferation of fibroblasts 

(Dunn et al., 1988), and migration of endothelial cells (angiogenesis) (Zhao et al., 

2004, Hang et al., 1995) cause the acceleration of the re-epithelialization process, 

playing an indispensable role in this stage. 

In the third phase of wound healing, the remodeling phase, collagen is deposited; 

thus, scar tissue is formed. Excessive scarring is an abnormal fibroproliferative 

process, resulting in hypertrophic scarring and keloid formation (Walmsley et al., 

2015). Excessive scarring may result in a crab claw-like appearance, pain, pruritis, 

and skin irritation around the wound site (Schmitz et al., 2019). Accumulating 
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evidence has indicated that ES can also be significant in the formation of scar 

tissue, or other words, the remodeling phase of wound healing. For instance, in 

the study by Weiss et al., skin scars' thickness was first discovered to be related 

to exposure to exogenous EFs (Weiss et al., 1989). Similarly, Ambic et al. found 

that ES had a particular effect on the hardness of scars (Ambic et al., 1993). 

Although the mechanism behind it was not elucidated, some studies pointed out 

that it might be due to the effects of EFs on collagen deposition (Thawer and 

Houghton, 2001). 

Collectively, in vivo experiments confirmed the promising potential effects of EFs 

on different stages of wound healing. Despite their molecular and genetic 

mechanisms not being very clear, the roles of EFs in the diverse responses of 

different times, spaces, and cell types of wound healing are crucial in 

understanding the mysteries of wound healing. 
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Figure 1.3. Transepithelial potential (TEP) and the endogenous EFs of skin 
wounds are essential in initiating and regulating wound healing.  Immediately 
after tissue injury, TEP was generated. TEP recruits immunocytes (e.g., 
macrophages, lymphocytes, neutrophils, etc.) to the wound site in the 
inflammation phase, thus reducing the risk of infection. TEP-mediated migration 
of keratinocytes and endothelial cells causes the acceleration of the re-
epithelialization process. It increases blood flow, thus contributing to the delivery 
of nutrients and the regression of edema. Inspired from (Zhao, 2009).   Created 

with BioRender.com  
 

1.2.3. Status and difficulty of in vitro EF stimulation research 

The clinical application of EFs to improve wound healing outcomes is well 

developed (Ud-Din and Bayat, 2014). Interestingly, the in vitro research on 

exogenous ES treatment is less optimistic compared to its enormous success 
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clinically (Polak et al., 2017, Polak et al., 2016, Ahmad, 2008). The crucial 

constraint in achieving in vitro EF stimulation research is transmitting electrical 

signals to a cell culture system. The mainstream methods of delivering the 

stimulus are direct coupling stimulation, capacitive stimulation, and 

electromagnetic stimulation. However, each method has its strengths and 

weaknesses, and non-unified methods have led to diverging study results (Balint 

et al., 2013). 

A. Direct coupling stimulation 

Direct Coupling Stimulation (Fig 1.4.A) is the simplest way of delivering electrical 

signals. With direct coupling, the electrodes or alternative electrodes are in direct 

contact with the cell culture medium, enabling efficient and fast transmission of 

electrical signals (Kim et al., 2009, Ercan and Webster, 2010, Merrill et al., 2005, 

Lu et al., 2021). Although this is the most cost-effective and convenient method 

to investigate the effect of EFs in vitro, there are quite a few notable shortcomings. 

First, while delivering the EF signals, the pH value of the culture medium can be 

changed significantly due to the insufficient biocompatibility of the electrodes. 

Second, reduction-oxidation (redox) reactions inevitably occur at the 

conventional metal electrodes and the culture medium; thus, a considerable 

amount of reactive oxygen species is liberated (Björninen et al., 2017, Ercan and 

Webster, 2010, Merrill et al., 2005, Spadaro and Becker, 1979), which can 

interfere with the normal metabolism of cells. Last but not least, as the duration 

of the experiment increases, the electrical current will gradually heat the medium, 

making the temperature increase and inevitably disturbing the experiment (Song 

et al., 2007). 

B. Capacitive coupling stimulation 

The capacitive coupling stimulation (Fig 1.4.B) setup comprises two capacitive 

plates connected with the power source. Due to the presence of a potential 

difference, a homogenous EF signal is created between two metal or carbon 

capacitive plates. Cells or tissues cultured in the medium can be put in the gap 

of the plates, thus receiving the ES (Au et al., 2007, Kim et al., 2009, Sauer et al., 

2005, Ercan and Webster, 2010). The advantages of this structure are: a. 

generation of reactive oxygen species and alternations of pH value are avoided 
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by the non-contact electrodes and b. the non-contact electrodes allow uniform 

EF stimulation to a population of cells, regardless of the position in the culture 

plate. However, the following shortcomings are apparent: a. a high voltage (Balint 

et al., 2013) is required between the capacitive plates (e.g., 1000 V between the 

capacitors can only generate an EF with a strength of 3.0 mV/mm) (Lu et al., 

2021), hence decreasing the security of the experiments and b. the gap between 

the capacitive plates has to be restricted to a small range (e.g., 0.5-2.0 mm) to 

yield an adequately strong EF signal (Zamora-Navas et al., 1995), which means 

that tailor-made cell culture vessels are required. 

C. Electromagnetic stimulation 

Electromagnetic stimulation (Fig 1.4.C) devices generate electromagnetic fields 

by coils placed under or around the cell culture vessels, thereby stimulating cells 

or tissues (Titushkin and Cho, 2009, Chen et al., 2021). As another way of direct 

coupling stimulation, the advantages of this method are similar to capacitive 

coupling stimulation; however, such a scheme has specific limits, such as a. 

induced EFs are generated by alternating magnetic fields; therefore, the 

biological and molecular effects of the experimental subject are not caused by a 

single variable and b. electromagnetic field generators are generally expensive, 

thereby limiting access. 

 

 

Fig 1.4.  Three mainstream methods of delivering the stimulus. A.) direct 

coupling stimulation. B.) capacitive coupling stimulation. C.) electromagnetic 

stimulation. Inspired by (Balint et al., 2013). Created with BioRender.com  
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1.3. Aim of the study 

This study was designed to establish a practical ES system based on the 

principles of direct coupling stimulation, which addresses the limitations of 

replication mentioned in section 1.2.3. Using the newly designed ES system, we 

aimed to investigate the effects of EFs on the skin wound healing process (e.g., 

cell migration, proliferation, growth factor secretion, etc.) in vitro (Lu et al., 2021). 

Specifically, the following objectives were addressed in this study: 

 

1. The establishment of an ES system and its characterization. 

2. Test the migration ability after EF exposure. 

3. Test the cell proliferation after EF exposure. 

4. Measure the secretion of healing-associated cytokines that might be 

modified by EFs. 

5. Investigate the potential molecular targets of EFs in HaCaT cells. 
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2. Materials and Methods 

2.1. Materials 

A comprehensive list of chemicals and reagents used in this study is provided in 

Table 2.1. 

2.1.1. Chemicals and reagents 

Table 2.1: List of used chemicals and reagents. 
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2.1.2. Buffers, medium, and solutions 

A comprehensive list of buffers, medium, and solutions used in this study is 

provided in Table 2.2. 

Table 2.2: Buffers, medium, and solutions. 



23 

 

 

 



24 

 

 

 

 

 

  



25 

 

 

2.1.3. Consumables 

A comprehensive list of consumables used in this study is provided in Table 2.3. 

Table 2.3: List of consumables 
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2.1.4. Equipment 

A comprehensive list of equipment used in this study is provided in Table 2.4. 

Table 2.4: List of equipment. 
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2.2. Methods 

2.2.1. The ES system and EF application 

In general, the novel experimental system required distributing the EF signals 

generated by an EF generator (Vanquish Innovation, New York, U.S.A.) uniformly 

to four ES areas (Figure 2.1.C.). Moreover, it shall avoid inherent defects of direct 

coupling stimulation mentioned before. 

The experimental system for cell culture and ES (Figure 2.1.) was adapted to 

standard 6-well culture plates (Corning Costar, Merck, Darmstadt, Germany) (Lu 

et al., 2021), and the principle was based on previous research (Song et al., 2007). 

The system consisted of two main parts: a 6-well culture plate, which holds four 

ES chambers (Figure 2.1.A), and a custom-made lid (Figure 2.1.B).  

Anodes and cathodes were served by the two middle wells (well No. A2 and well 

No. B2) of the 6-well plate (Figure 2.1. A), whereas the other four wells were 

modified as the ES areas (wells No. A1, A3, B1, and B3) (Figure 2.1.C). To initiate 

the stimulation, wells No. A2 and B2 were filled with 8 mL Steinberg's solution 

(salt-conducting), and 4 mL HaCaT cell culture medium (Dulbecco's Modified 

Eagle Medium, DMEM, Life Technologies, Darmstadt, Germany) was added to 

the remaining four wells (ES areas) (Lu et al., 2021).  

The ES areas (Figure 2.1.D) were divided into two reservoirs with reservoir walls 

(made of plastic strips, tinted green in Figures 2.1.A and D) and an electrotactic 

chamber (hereafter ‘chamber’) (Figure 2.1.C). The chamber is the core 

component of the ES system. It consists of two parts: the chamber wall and the 

ceiling. A plastic ring made from a cap of 15 mL Falcon tube (length, 2.0 cm; 

height, 1.0 cm; blue part in Figures 2.1.A, C, and D) served as the chamber wall, 

where two windows (2.0 mm high × 5.0 mm wide) were carved on opposite sides 

to ensure permeability of the medium, as well as the EF signal (Lu et al., 2021). 

To maintain an even potential difference and reduce the Joule heating effect, it 

was essential to keep the height of the chamber low (Song et al., 2007). Therefore, 

a chamber ceiling was required. The ceiling was a smaller threaded plastic ring 

(salvaged from the main body of a 15 mL Falcon cylinder) with a round cover 

glass (diameter, 15 mm; Thermo, Braunschweig, Germany) fixed at the bottom 
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(Figure 2.1.D). As the wall and the ceiling were obtained from a Falcon cylinder, 

the ceiling could easily be screwed into the chamber wall. Therefore, the cover 

glass of the ceiling could maintain the height of the chamber at 0.5 mm (Figure 

2.1.C) (Lu et al., 2021).   

The custom-made lid (Figure 2.1.B) was adapted to the lid of a standard 6-well 

plate. Eighteen holes (diameter, 0.5 cm) were pre-drilled in the lid to fix two silver 

rods and eight agar bridges. This was a crucial parallel structure to ensure the 

potential difference was distributed evenly via agar bridges, which connected the 

anode (well No. A2) and cathode (well No. B2) with the reservoirs of each ES 

area.  

The agar bridges were manufactured using a segment of infusion tubing (length, 

15.0 cm; diameter, 0.5 cm; Braun, Melsungen, Germany) filled with sterile 2% 

agarose LE (J.T. Baker, Mansfield, MA) diluted in Steinberg's solution. Application 

of the agar bridges can transmit the EF signals and isolate harmful substances 

(Hamburger, 1942).  

Two silver electrodes (length, 5.0 cm; diameter, 0.5 cm) were connected to the 

EF generators and inserted into the anode (well No. A2) and cathode (well No. 

B2) via the middle two holes of the lid (Figure 2.1.A).  

Before each experiment, cells were cultured on round collagen-coated coverslips 

(diameter, 15 mm; Thermo, Braunschweig, Germany) and placed in the middle 

of the ES areas. Then, the ceilings were screwed into the chamber wall (Figure 

2.1.C). Afterward, the lid (Figure 2.1.B) was mounted to close off the experimental 

system (Figure 2.1.A). The following two conditions were required to maintain 

EFs of 200 mV/mm within each chamber: a. agar bridges were spaced 35 mm 

apart from each other, and b. the EF generator provided a continuous potential 

difference of 7 V (Lu et al., 2021). 

In this way, each of two agar bridges in an ES area would be connected to one 

reservoir, one anode (No. A2) or another reservoir and cathode (No. B2), and the 

identical EF signals could be distributed to the four chambers in parallel. In other 

words, an identical potential difference was delivered through the agar bridges to 

the respective reservoirs in each ES area, therefore building EFs on HaCaT cells 

(Lu et al., 2021).  
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Figure 2.1. Diagrammatic description of the experimental ES system. (A) Top 
view of the assembled experimental ES system. (B) Scheme of the custom-made 
lid. (C) Side view of the ES areas. (D) Components of the electrotactic chamber.  
(Lu et al., 2021) Created with BioRender.com 
 

The stability of temperature and pH are essential factors affecting cell culture 

(Song et al., 2007).   Therefore, we assessed the change of these two parameters 

in the ES system within 72 hours in the presence of the EFs (200 mV/mm). The 

pH was measured by a pH meter (Mettler-Toledo, Greifensee, Switzerland), and 

the temperature was measured by a temperature sensor (HOBO, South 

Burlington, USA). 

2.2.2. Scratch wound closure assay 

In the conventional approach for the scratch wound closure assay (hereafter 

‘scratch assay’), linear scratches were made with sterile pipette tips (Liang et al., 

2007). This would inevitably cause cell fragments to be generated and piled on 

the edge of the scratch, interfering with accurate gap measurement (Figure 2.2.A). 

Thus, we used a novel method to perform the scratch assay in this study (Lu et 

al., 2021). 

In brief, sterile self-adhesive silicone strips (length, 10.0 mm; width, 0.3 mm. Tesa 

Silikonband, Offenburg, Germany) were used to generate the cell-free areas 
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(equal to the scratches). The strips were adhered to the round collagen-coated 

coverslips (diameter, 15 mm; Thermo, Braunschweig, Germany) to prevent the 

entrance of cells (Lu et al., 2021). 

HaCaT cells were then seeded on the coverslips in a 24-well plate (Corning 

Costar, Merck, Darmstadt, Germany) at a density of 5.0 × 104 cells/cm2 in DMEM. 

After attachment of the cells (approximately 3-5 hours), silicone strips were 

carefully removed with fine sterilized tweezers, and neat cell-free areas were 

generated (Figure 2.2.B). Afterward, the coverslips were transferred to the 

electrotactic chambers of the ES areas. The system was assembled as described 

previously, and ES was initiated (Lu et al., 2021).  

The system was transferred to a cell culture incubator (5% CO2 at 37°C, Heraeus 

6000 Thermo Fischer Scientific, Langenselbold, Germany). To monitor cell 

migration, a microscope (Carl Zeiss, Oberkochen, Germany) with 20× 

magnification was used, and three images per ES area were taken in 12 hours 

intervals for the 36-hour incubation period (Lu et al., 2021). 

Images were evaluated with ImageJ software (NIH, Bethesda, MD, USA), and 

the migration rate was calculated according to the following formula (Ehnert et al., 

2018a): 

 

Migration Rate =
Cell Free Area(0 Hour) −  Cell Free Area(n Hour)

Cell Free Area(0 Hour)
×  100% , n

= 0,12,24, and 36  
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Figure 2.2. Comparison of the conventional scratch assay and the newly 
developed method. A. Image using the conventional approach, B. Image using 
the newly developed method. Scale bar: 400 μm 
 

2.2.3. Resazurin conversion assay 

Cell proliferation for ES treatment of HaCaT cells was evaluated via a resazurin 

conversion assay. Briefly, at days 1, 4, and 7 after exposure, the supernatant of 

HaCaT cells was discarded, and the cells were washed twice with Dulbecco’s 

Phosphate Buffered Saline (DPBS), 0.0025% resazurin solution (w/v, in DPBS, 

Sigma-Aldrich, Darmstadt, Germany) was added to the cell culture at 5% CO2, 

37°C for 60 min (Lu et al., 2021). The fluorescence intensity of resorufin in the 

liquid was measured with a plate reader (Omega, BMG Labtech, Ortenberg, 

Germany) at ex/em = 540/590 nm, and the background readouts were deducted 

from the results as previously described (Ehnert et al., 2018b). 

2.2.4. Sulforhodamine B (SRB) staining 

The sulforhodamine B (SRB) assay was used to determine cellular total protein 

content, again reflecting cell proliferation (Skehan et al., 1990). To use the SRB 

assay to determine the effect of ES treatment on HaCaT cells, the supernatant of 

HaCaT cells was discarded on days 1, 4, and 7 after exposure (Lu et al., 2021). 

After washing twice with DPBS, ethanol fixation (–20°C, overnight) was used to 
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ensure homogenous permeability of HaCaT cells to the dye. Afterward, fixed cells 

were stained in SRB solution (0.4% w/v SRB in 1% acetic acid, Sigma-Aldrich, 

Darmstadt, Germany) at RT for 30 min. Next, the HaCaT cells were rinsed with 

1% acetic acid 4–5 times to remove the unbound SRB and air-dried. Bound SRB 

was solubilized with 10 mM unbuffered Tris solution (pH 10.5, Sigma-Aldrich, 

Darmstadt, Germany) (Lu et al., 2021). Subsequently, the resolved SRB 

absorbance was qualified at 565–690 nm wavelength. 

2.2.5. Quantification of total DNA content 

DNA extraction and quantification were achieved as previously described 

(Meeker et al., 2007). Briefly, HaCaT cells that underwent different EF exposure 

times (days 1, 4, and 7) were washed twice with DPBS, lysed in 50 mM NaOH at 

98°C for 5 min, and the samples were stored at −20°C for at least 12 hours for 

maximum yield of DNA. After thawing the samples at room temperature, 200 µL 

of 100 mM Tris buffer (pH 8.0) was added to each sample to neutralize the pH. 

To remove insoluble cell fragments, the samples were centrifuged at 14 000 × g 

for 10 min at 4°C (Lu et al., 2021). Supernatants were then transferred into fresh 

Eppendorf tubes. Total DNA content was quantified photometrically at 260 nm via 

the plate reader (Ehnert et al., 2019b). 

2.2.6. Calcein AM staining and Hoechst staining 

Living cells were visualized by calcein AM (green fluorescence, Sigma-Aldrich, 

Darmstadt, Germany). Nuclei were labeled by Hoechst 33,342 (blue fluorescence, 

Sigma-Aldrich, Darmstadt, Germany) (Lu et al., 2021). Briefly, after reaching the 

ES exposure time points (1 and 7 days), HaCaT cells were washed three times 

with DPBS and incubated with calcein AM (2 µM) and Hoechst 33,342 (1 mg/mL). 

The samples were shaken on a shaker for approximately 30 min, protected from 

light (Lu et al., 2021). After that, images were captured via an epifluorescence 

microscope (EVOS FL, Life Technologies, Darmstadt, Germany) (Aspera-Werz 

et al., 2020). 

2.2.7. Growth factor expression measurement 

We used the RayBio Human Growth Factor Array (RayBiotech, Norcross, GA, 
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USA) to investigate the expression of healing-related growth factors at the protein 

level (Lu et al., 2021). Experiments were performed strictly following the 

manufacturer’s protocol. 

Briefly, growth factor array membranes were washed with the washing buffer 

(provided in the kit) and incubated in blocking buffer (provided in the kit) at RT for 

2 hours. Meanwhile, the culture supernatant samples of the ES group (exposure 

time 7 days) and the control group were collected. Next, the membranes were 

incubated with the supernatant of different groups respectively at 4°C overnight. 

After incubation, the membranes were rinsed with washing buffer and incubated 

with a primary biotin-labeled antibody (provided in the kit, RT, 1.5 hours) and 

HRP-streptavidin (provided in the kit, RT, 1.5 hours) successively (Lu et al., 2021).  

To develop the HRP signals, the membranes were subsequently washed with 

enhanced chemiluminescence (ECL) solution (provided in the kit). 

Chemiluminescence was detected using an ECL ChemoCam Camera (INTAS 

Science Imaging Instruments, Goettingen, Germany). Relative expressions, 

normalized to the POS (positive control) and NEG (negative control) dots on the 

membranes, were quantified densitometrically via ImageJ software (Version 

1.8.0_172, NIH, Bethesda, MD, USA) (Ehnert et al., 2019a).  

2.2.8. Western blot 

Western blot analysis was performed as previously described (Ehnert et al., 

2015). In brief, HaCaT cells in each group were washed with ice-cold DPBS and 

then lysed according to the lysis protocol in the ice-cold radioimmunoprecipitation 

assay. Protein concentration was determined using the Micro-Lowry assay 

(Lowry et al., 1951). 

Next, 25 μg total protein was loaded onto sodium dodecyl sulfate−12.5% 

polyacrylamide gel for electrophoresis and transferred onto nitrocellulose 

membranes. Nonspecific binding sites on the membranes were blocked with 5% 

bovine serum albumin (BSA) solution for 60 min at RT; subsequently, the 

membranes were incubated with respective primary antibodies (Cell Signaling, 

Beverly, USA) diluted in Tris-buffered saline/Tween 20 (TBS-T; 1:1000) at 4°C 

overnight (Lu et al., 2021). The following day, the membranes were incubated 
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with the HRP-conjugated secondary antibody (Cell Signaling, Beverly, USA, 1:10 

000 dilutions in TBS-T) for 2 hours at RT. Following triple washes in TBS-T, the 

membranes were incubated with ECL for 1 min (Lu et al., 2021). 

Immunoblots were developed using the ECL ChemoCam. Densitometric analysis 

of band intensities was evaluated using ImageJ software (Lu et al., 2021). 

Expression levels of the proteins were normalized to glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) expression levels (Wang et al., 2014). 

2.2.9. Statistics 

GraphPad Prism software 9.0.0 (El Camino Real, CA, USA) was used to analyze 

the results; data are displayed as mean ± SEM (N ≥ 3, n ≥ 3). The differences 

between multiple groups were estimated by a nonparametric two-way ANOVA 

followed by Tukey's multiple comparison test, or a Kruskal-Wallis test. The two 

groups' differences were estimated by a Mann-Whitney U test (Lu et al., 2021).  

The hypotheses of the two-way ANOVA were as follows: H0: The means of the 

ES groups and non-ES groups are equal; H1: The means of the ES groups and 

non-ES groups are different. (Result 3.2, Result 3.3, Result 3.7) 

The hypotheses of the Mann-Whitney U test were as follows: H0: The secretion 

function of the ES groups and non-ES groups are equal; H1: The secretion 

function of the ES groups and non-ES groups are different. (Result 3.4) 

The hypotheses of the Kruskal-Wallis test were as follows: H0: the mean ranks 

of the different timepoints groups are the same; H1: the mean ranks of the 

different timepoints groups are different. (Result 3.5, Result 3.6) 

Statistical significance was determined as p ≤ 0.05. Data and statistic methods 

are verified and published in Life-Basel (Lu et al., 2021). 
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3. Results 

3.1. Reliability of the experimental ES system 

Compared to the work of pioneers, our newly designed experimental ES system 

simplified the structure and improved the reliability (Song et al., 2007, McCaig et 

al., 1994, Pelletier et al., 2015, Rajnicek et al., 2018, Koppes et al., 2011). 

Moreover, it allowed up to four ES areas to receive identical EF signals 

simultaneously (Figure 3.1.A), which dramatically increased the repeatability and 

reliability of the system. 

pH value and temperature are critical to the cell culture environment. A total of 72 

hours of continuous monitoring was performed, and the result showed that, in the 

continuous presence of EFs (200 mV/mm), pH value (Figure 3.1.B) and 

temperature (Figure 3.1.C) could be maintained at a viable level for cell culture, 

and this suggested that a stable culture environment could be kept up between 

two medium changes (Lu et al., 2021). 
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Figure 3.1 Temperature and pH value could be maintained at a stable level for 
72 hours in the presence of EFs. (A) Photograph of three ES systems during work 
at the same time: a. Four ES areas of each system received identical EF signals 
simultaneously, b. EF generator. (B) Compared with the control group, the ES 
group’s temperature change did not exceed 0.1°C. (C) Compared with the control 
group, the ES group’s pH change did not exceed 0.2. (D) Image of the ES area. 
(E) and (F) demonstrated that the ES area affords an excellent light transmission 
for observation. Representative images showed (E) HaCaT cells were cultured in 
the ES area. Magnification 40×, scale bar 200 μm. (F) HaCaT cells were cultured 
in the ES area. Magnification 100×, scale bar 80 μm (Lu et al., 2021). 
 

3.2. ES promotes HaCaT cell migration 

To address the role of EFs in wound healing in vitro, the scratch assay was 

performed to evaluate the influence of the absence or presence of EFs on HaCaT 

cell migration (Lu et al., 2021). The cells were stimulated and imaged in the 

absence or presence of EFs in 12 hours intervals for a 36-hour incubation period. 

The scratch assay demonstrated that ES significantly increased the wound 

closure rate beginning 24 hours after exposure, showing an improvement up to 

46.51% compared to the no-ES groups (Figure 3.2.). 
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Figure 3.2. The speed of wound closure was accelerated in the ES groups. After 
12, 24, and 36 hours of exposure to EFs, the wound closure speed was evaluated. 
(A) Representative images of the scratch assay. The cell-free areas were 
measured by ImageJ software. The yellow lines indicate the edges of the cell-
free areas. (B) The changes in the scratch area over 36 hours and the cell-free 
areas at 0 hours were defined as 100%. Scale bar = 100 μm. N = 3, n = 3. Data 
were analyzed by nonparametric two-way ANOVA, followed by Tukey’s multiple 
comparison: * p < 0.05, ** p < 0.01 compared with the non-ES groups (Lu et al., 
2021). 
 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=5450991_752fig3.jpg
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=5450991_752fig3.jpg
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3.3. Improvement of HaCaT cell proliferation induced by ES 

application 

In order to assess the stimulating effects of EFs on proliferation and cell viability, 

HaCaT cells were exposed to 200 mV/mm EFs for up to 7 days. Mitochondrial 

activity (resazurin conversion assay), total protein content (SRB staining), and 

DNA quantification (total DNA content), which are indirect cell proliferation 

indicators, were measured, respectively (Lu et al., 2021). At the same time, 

calcein AM and Hoechst staining were performed to visualize the results (Figure 

3.3.).  

With EF application, the uptrends of the indicators above were more pronounced 

during the 7-day experimental period. The mitochondrial activity (up to 26.7%, 

Figure 3.3.B) and total protein content (up to 21.4%, Figure 3.3.C) on day 7 in the 

ES groups increased significantly (p < 0.05) when compared with those in the 

non-ES groups. Concerning mitochondrial activity and total protein content, 

following 7 days of exposure to EFs, a significant increase (up to 17.2%, p < 0.05, 

Figure 3.3.D) of the DNA content could be observed compared with non-ES 

groups. Calcein AM and Hoechst staining demonstrated a time-dependent 

increase caused by EFs throughout the experimental period (Figure 3.3.A) (Lu et 

al., 2021). 
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Figure 3.3. Improvement of HaCaT cell proliferation induced by EF application, 
after 1, 4, and 7 days of EF exposure. (A) Representative images of calcein AM 
plus Hoechst stainings showed a massive increase of live cells when an electric 
field was applied. (B) In the same line of evidence, we saw an increase in 
mitochondrial activity, (C) total protein, and (D) total DNA content after 7 days EF 
exposure compared to the non-ES groups. Data were analyzed by nonparametric 

two-way ANOVA, followed by Tukey’s multiple comparison test (N ≥ 3, n = 3; * p 

< 0.05) compared with the non-ES groups (Lu et al., 2021). 
 

3.4. Changes in growth factor expression upon EF exposure 

A human growth factor array assay was performed to identify the expression level 

changes of healing-associated growth factors secreted by HaCaT cells after 7 

days of EF exposure (Figure 3.4.A). The results are presented as a heatmap and 

bar graph (Figure 3.4. B&C) (Lu et al., 2021). 

The results demonstrated that several growth factors were increased after EF 

exposure, with significant increases in granulocyte-macrophage colony-

stimulating factor (GM-CSF) and platelet-derived growth factor AB (PDGF-AB) 

https://www.mdpi.com/2075-1729/11/11/1195/htm#fig_body_display_life-11-01195-f005
https://www.mdpi.com/2075-1729/11/11/1195/htm#fig_body_display_life-11-01195-f005
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which are emerging as crucial players in the wound healing process and tissue 

reconstruction (Barrientos et al., 2008). GM-CSF was the most abundant factor 

secreted by HaCaT cells (328.07% compared with non-ES groups), followed by 

fibroblast growth factor-7 (FGF-7; 206.06%) and PDGF-AB (167.31%) compared 

with non-ES groups (Lu et al., 2021). 

Meanwhile, a small number of cytokines (e.g., insulin-like growth factor-binding 

protein-5) seemed to decrease following ES exposure, although the differences 

did not reach statistical significance. 

 

 

Figure 3.4. Growth factor expression in the ES and non-ES groups after 7 days 
of EF exposure. (A) Representative images of human growth factor arrays. POS: 
positive control; NEG: blank control. (B) The expression levels were shown via 
heatmap (green-black-red), corresponding to lower and higher expression levels. 
E-1/2 and C-1/2 represent the duplicate measurements of different groups. The 
five most obviously upregulated factors (compared with the non-ES groups) are 
shown in red. (C) The signal density was demonstrated as fold of change relative 
to NEG and compared with that of the non-ES groups. Data were compared using 
Mann-Whitney U test (N = 3, n = 3; * p < 0.05) compared with the control (non-
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ES groups) (Lu et al., 2021). 
 

3.5. ERK1/2 is pivotal for responding to ES 

3.5.1. ES resulted in enhanced phosphorylation of ERK1/2 and P38 

in HaCaT cells. 

To investigate the potential molecular mechanism of HaCaT cells responding to 

ES, phosphorylation levels of several signaling molecules were investigated via 

Western blot at different timepoints after EF exposure (Figure 3.5.). 

The results demonstrated that, following EF exposure, the signals of p-ERK1/2 

(approximately +360%, p ≤ 0.0001) and p-P38 (approximately +260%, p ≤ 0.01) 

showed significant increases, with a peak signal at 90 min. We also investigated 

the phosphorylation levels of phospho-90RSK and phospho-27HSP; however, no 

pronounced differences were observed. 

 

 

 

Figure 3.5. Regulation of ERK1/2 and P38 by phosphorylation induced by ES. 
(A) Representative Western blot images. After 30, 60, 90, and 120 min of EF 
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exposure, the Western blot signals for p-ERK1/2 and p-P38 increased. The 
GAPDH expression was used as a loading control. (B) Quantify the protein levels 
by densitometric analysis of the Western blot by ImageJ software. (C-F) 
Quantitative analysis of p-ERK1/2, p-P38, p-27HSP, and p-90RSK after EF 
exposure. Data were compared using Kruskal-Wallis test: N = 3, n = 3; ** p < 0.01, 
*** p < 0.001, **** p < 0.0001 (Lu et al., 2021).  
 

3.5.2. Toxicity test of signaling pathway inhibitors 

To further determine the mechanism of the EF-induced phosphorylation of 

ERK1/2 and P38 in HaCaT cells migration, the specific signaling pathway 

inhibitors U0126 (to inhibit ERK1/2) and SB203580 (to inhibit P38) were used. 

Before this intervention, a toxicity test of inhibitors was performed.  

HaCaT cells were treated with different concentrations (1, 2, 5, and 10 μm) of the 

chemical inhibitors U0126 and SB203580 for 24 hours, and the toxicities were 

evaluated by resazurin conversion assay and SRB staining. The results 

demonstrated that mitochondrial activity and total protein content showed no 

significant difference when inhibitors were used in concentrations that did not 

exceed 5 μm (Figure 3.6.) (Lu et al., 2021). 

 

 

Figure 3.6. Toxicity test of ERK1/2i (U0126) and P38i (SB203580). Mitochondrial 
activity and total protein content suggested no significant toxicity when inhibitors 
were used in concentrations not exceeding 5 μm (A. and B.) Influence of different 
ERK1/2i (U0126) concentrations on the mitochondrial activity and total protein 
content of HaCaT cells. (C. and D.) Influence of different P38i (SB203580) 
concentrations on mitochondrial activity and total protein content of HaCaT cells. 
Data were compared using Kruskal-Wallis’s test: N = 3, n = 3; * p < 0.05. 
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3.5.3. ERK1/2 is pivotal for responding to EF-induced migration. 

To investigate the EF-induced migration activated by ERK1/2 or P38 signaling, 

HaCaT cells were cultured in the presence and absence of inhibitors of ERK1/2 

(U0126) and P38 (SB203580) signaling, with and without exposure to EFs, and 

the scratch assay was performed to re-evaluate the cell migration. Results 

showed that the specific inhibitors of Erk1/2 signaling (U0126) significantly 

inhibited the cells migration induced by the ES; however, the inhibition of p38 

signaling did not influence migration. Collectively, the ES accelerated HaCaT 

cells’ migration by phosphorylating Erk1/2 (Figure 3.7.) (Lu et al., 2021). 

 

 

Figure 3.7. To investigate the EFs-induced migration activated by ERK1/2 or P38 
signaling, HaCaT cells were cultured in the presence and absence of inhibitors 
of ERK1/2 (U0126) and P38 (SB203580) signaling, with and without exposure to 
the EFs. (A.) Representative images of the scratch assay. The edges of the cell-
free areas were indicated by yellow lines (scale bar = 400 μm). (B.) Quantification 
of the scratch assay. Yellow lines indicated the edges of the cell-free areas. 
Results were analyzed using non-parametric two-way ANOVA followed by 
Tukey’s multiple comparison test: N = 3, n = 3, * p < 0.05, ** p < 0.01 (Lu et al., 
2021).  
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4. Discussion 

Over the past 30 years, increasing evidence has gradually demonstrated that the 

TEP plays an essential role during the processes of cell division, migration, and 

differentiation (McCaig et al., 2005, Levin, 2007). More importantly, the 

therapeutic benefits of the TEP on the nervous system (Shapiro et al., 2005), 

tumorigenesis (Kirson et al., 2004), and wound healing (Rajnicek et al., 1988) 

have been confirmed by clinicians. TEP-based devices are also increasingly 

employed in daily clinical practice (Luo et al., 2021a). 

Although the clinical applications of ES in wound healing is promising (Carroll et 

al., 2000), the mechanisms as to how ES relates to biological effects are still less 

studied. One of the reasons could be attributed to the lack of a suitable in vitro 

experimental ES system that can effectively deliver the EFs signals to cells (Balint 

et al., 2013); see Introductuion1.2.3. Hence, in this study, the first issue was 

establishing an eligible ES system. 

4.1. The significance of the novel ES system for in vitro study. 

To address the difficulty of translating EFs to multi-well plates, we used a standard 

6-well cell culture plate as the body part of the ES system, ensuring that identical 

EFs could be delivered to up to four wells simultaneously (Lu et al., 2021). In 

contrast to previous studies, which only have one ES area for a single experiment 

(Rajnicek et al., 2018, Pelletier et al., 2015, Song et al., 2007), this is a significant 

advancement in improving repeatability. Furthermore, clinical infusion tubes and 

falcon cylinders were used for easy replication instead of using “tailor-made” 

glass agar bridges and electrotactic chamber (Song et al., 2007, Cho et al., 2018, 

McCaig et al., 1994, Lu et al., 2021) to build the ES system, increasing the 

feasibility of the study. Tests up to 72 hours confirmed that the pH value and 

temperature in the electrotactic chamber could always be kept suitable between 

two medium changes, thus meeting the requirements (Song et al., 2007) of a 

follow-up study.    
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4.2. Migration and proliferation of HaCaT cells enhanced by 

ES exposure. 

In this study, the HaCaT cell line was selected for investigation. HaCaT cells, as 

a skin-derived human keratinocyte cell line, are an ideal candidate for the 

investigation of wound healing (Schoop et al., 1999). This is because their 

proliferation and migration mimic the critical steps in the skin's wound healing 

process. In particular, HaCaT cells can sensitively respond to EF stimuli (Cho et 

al., 2018). 

Rapid wound closure occurs in the wound healing process due to the rapid 

migration of keratinocytes located at the wound margin (Dorschner et al., 2020). 

Therefore, increased migration of keratinocytes means a potential acceleration 

of wound healing. In this study, the scratch assay demonstrated that 200 mV/mm 

EFs significantly accelerated HaCaT cell migration from 12-24 hours, which is 

following the migration time points of keratinocytes during human wound healing 

process (Usui et al., 2008, Eming et al., 2009), suggesting that the EFs could be 

a potential facilitator of wound healing in the early stage. Meanwhile, a study by 

Ji et al. also proved that EFs of 200 mV/mm promote mouse keratinocyte 

migration via up-regulates MAPK signaling pathway (Ji et al., 2020), which was 

in line with our research.  Moreover, other studies found that physiological EFs in 

chronic wounds are disturbed and stalled before the re-epithelialization phase of 

healing (Kloth, 2014), which also provides evidence of the crucial role of EFs in 

the regulation of cell migration. 

Similar to the migration, proliferation of keratinocytes  is another cornerstone to 

close the wound (Handly and Wollman, 2017, Santoro and Gaudino, 2005). In 

this study, we observed that ES positively affected all proliferation indicators 

(mitochondrial activity, protein synthesis, DNA synthesis), indicating a crucial role 

of EFs in accelerating wound healing via improving cell proliferation. These 

results agree with Cui et al., who observed that EFs (100mV/mm) transimitted via 

an electrically conductive membrane significantly promoted HaCaT cells 

proliferation (Cui et al., 2021). Furthermore, another research by Goldman et al. 

demonstrated that EFs significantly improved fibroblast cell proliferation in an in 

vitro chronic wound model (Goldman and Pollack, 1996), suggesting that multiple 
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cells in the wound site can respond to the EFs signals.  

In fact, recent reports have shown that ES accelerates the proliferation of more 

cell types besides keratinocytes, for instance, cardiomyoblasts (Aragón et al., 

2020) and osteoblasts (Vadlamani et al., 2019); however, it is worth noting that 

excessive cell proliferation can also increase the risk of tumorigenesis. A study 

by Fedrowitz  et al. showed evidence that EMFs (electromagnetic fields) facilitate 

tumorigenesis in a breast cancer model (Fedrowitz and Löscher, 2008). In the 

same line of evidence, Anderson et al. also demonstrated the effect of chronic 

exposure to 60 Hz EFs on mammary tumorigenesis in the rat (Anderson et al., 

1989). Taken together, concerning the application of ES, especially in the clinic, 

prudent experimental design and observations are required. 

4.3. The expression changes of healing-associated growth 

factors induced by ES 

Wound healing is a highly ordered process that requires the interaction between 

numerous growth factors (Barrientos et al., 2008). In the present study, the result 

of human growth factor array assay demonstrated that several growth factors 

were significantly upregulated (e.g., GM-CSF, PDGF, etc.) after 7 days of EF 

exposure (Lu et al., 2021).  

4.3.1. ES-induced GM-CSF upregulation and wound healing 

GM-CSF is a glycoprotein-based growth factor synthesized by many cellular 

components (e.g., keratinocytes, fibroblasts, etc.) during the wound healing 

process (Bussolino et al., 1991, Caux et al., 1992, Schirmacher et al., 2001). 

Evidences have demonstrated that GM-CSF could increase keratinocyte 

migration and proliferation, thus enhancing re-epithelialization and reconstruction 

of the epidermal layers (Schirmacher et al., 2001, Lim et al., 2013, Mann et al., 

2006, Lu et al., 2021). A study by Abedin-Do et al. confirmed an increased 

secretion of GM-CSF expressed by diabetic human skin fibroblasts after EFs 

exposure (Abedin-Do et al., 2021), which is in agreement with our results. 

Besides, in some clinical studies, topical GM-CSF administration in the wound 

sites yielded appreciable results for the patients with chronic wounds (Bianchi et 
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al., 2002, Robson et al., 2000, Payne et al., 2001, Méry et al., 2004), suggesting 

a potential therapeutic strategy to accelerate chronic wound healing via ES-

induced GM-CSF upregulation (Lu et al., 2021). 

4.3.2. ES-induced PDGF upregulation and wound healing 

In the present study, the expression of PDGF also responded to ES. Multiple 

cellular sources produce PDGFs, and keratinocytes are considered one of the 

primary sources (Bennett et al., 2003, Niessen et al., 2001, Uutela et al., 2004). 

The PDGF family includes five homo- or heterodimeric subtypes (PDGF-AA, 

PDGF-AB, PDGF-BB, PDGF-CC, and PDGF-DD), all of which engage in the 

wound healing process (Bennett et al., 2003, Niessen et al., 2001, Uutela et al., 

2004). In particular, PDGFs are crucial in the angiogenesis process during wound 

healing, they work synergistically with vascular endothelial growth factors to 

increase blood vessel maturation (Stavri et al., 1995). In fact, a PDGF-based 

medicine (recombinant human variant of PDGF-BB, becaplermin) have attained 

FDA approval and has been successfully applied in diabetic patients with chronic 

wounds (Margolis et al., 2000, Margolis et al., 2004). In this study, EFs exposure 

remarkably upregulated the PDGFs expression, this result is in agreement with 

the Andrew et al., who found the pulse EF could promote the release of PDGF in 

a platelet-rich plasma clot model (Frelinger III et al., 2018). Meanwhile, a research 

by Koca Kutlu et al. also demonstrated that (Koca Kutlu et al., 2013) 

transcutaneous electrical nerve stimulation could upregulate the expression of 

PDGF in a  rat wound healing model, which provides strong supporting evidence 

for our study.  

Since PDGFs are involved in all stages of wound healing (Uutela et al., 2004), 

there is reason to believe this growth factor can be an efficient therapeutic target 

regulated by EFs for wound healing. 

4.4. Involvement of ERK1/2 signaling pathway in ES-induced 

HaCaT cells migration 

At this point, we understand that EFs can positively influence the migration, 

proliferation, and upregulation of the secretion of healing-associated growth 
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factors by keratinocytes. However, the mechanisms by which EFs initiate 

intracellular signaling are as yet hazy and should be additionally examined. 

4.4.1. Candidate signaling pathway molecules that may respond to 

ES 

This study selected four candidate signaling pathway molecules: ERK1/2, P38, 

27HSP, and 90RSK. ERK1/2 and P38 are well-characterized subgroups of the 

sizeable mitogen-activated protein kinase (MAPK) family (Quintavalle et al., 

2011), and 90RSK (also known as P90RSK or MAPK-activated protein kinase-1) 

can be activated by the MAPK pathway (Frödin and Gammeltoft, 1999). Mounting 

evidence has demonstrated that the MAPK signaling pathway participates in the 

signal transduction of cell migration and proliferation (Yeh et al., 2017, Ehnert et 

al., 2015, Yumoto et al., 2015, Sapharikas et al., 2015, Manosalva et al., 2020), 

and this was particularly the case for responding to ES or EMFs stimulation 

(Morotomi-Yano et al., 2011, Sheikh et al., 2013, McBain et al., 2003). 27HSP 

(also known as heat shock protein 27 or heat shock protein beta-1) commonly 

functions as a regulator of cell development and differentiation and is also 

involved in signal transduction (Burban et al., 2017). As a typical and regularly 

protective reaction, the upregulation of phospho-27HSP can fill in as a sensor of 

cellular stress or tissue harm (Shi et al., 2003). In the present study, we focused 

on the changes of phosphorylation levels in ERK1/2, P38, and 90RSK, three 

significant members of the MAPK signaling pathway (Seger and Krebs, 1995), 

and as the phosphorylation changes of 27HSP (Lu et al., 2021). 

4.4.2. ES induce HaCaT cells response via ERK 1/2 

The results of the present study demonstrated that the phosphorylation of ERK1/2 

and P38 were significantly increased after the ES exposure; taking one step 

further, inhibition of ERK 1/2 signaling prevented the enhancement of migration 

by ES exposure. This indicated that the activation of the ERK 1/2 signaling 

cascade is essential for facilitating the effects of ES on the migration of HaCaT 

cells (Lu et al., 2021). This comes following the results obtained by Guan et al., 

who reported that ERK1/2 is involved in the migration of human renal tubular 

epithelial cells in response to physiological electric signals (Guan et al., 2021).  
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Not only about cell migration, but multiple lines of evidence also suggest that the 

ERK 1/2 signaling pathway has been linked with EF-induced growth factor 

secretion in different cellular models. Yumoto et al. (Yumoto et al., 2015) 

demonstrated that EFs upregulated PDGF and vascular endothelial growth factor 

expression via the ERK 1/2 and P38 pathways in osteoblastic cells. A study by 

Geng et al. (Geng et al., 2019) showed evidence that ES could stimulate the 

secretion of fibroblast growth factor via the MAPK signaling pathway in 

endothelial cells, which are partially per the outcome of our findings (see Result 

3.3.4.). 

It is worth mentioning that, in our study, exposure to EFs did not upregulate the 

phosphorylation level of 27HSP, which could be regarded as no significant cellular 

stress being provoked by EFs with a strength of 200 mV/mm, and this is in good 

agreement with the results obtained by Shi et al. (Shi et al., 2003, Lu et al., 2021). 

4.5. Outlook 

In this study, our results revealed that EFs with a 200 mV/mm strength could 

accelerate wound healing in vitro, and all the results we obtained benefited from 

the newly established ES system. In future studies, a variety of cells (e.g., 

fibroblasts, bone cells, co-culture cells, etc.) that respond to various ES types 

(e.g., alternating current signal, pulse signal, etc.) could be investigated via the 

newly established ES system. Furthermore, the therapeutic effect of ES on the 

healing-associated pathological cell models (e.g., cigarette smoke model, 

diabetes model, etc.) could also be studied and revealed. We have no doubt that 

we will witness the developments of ‘electrotherapy’ in the field of clinical wound 

healing and even tissue engineering in the near future. 
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5. Summary 

There is developing proof that skin wound healing can be affected by external 

electrical fields (EFs). This study pointed toward researching the impact of EFs 

(200 mV/mm) on the cell migration, proliferation, and secretion of healing-

associated factors of HaCaT cells (a human skin-derived cell line), as these are 

fundamental stages of wound healing. 

We established an experimental ES system that can distribute EFs with a 

strength of 200V/mm to HaCaT cells, meanwhile keeping a steady cell culture 

climate. Compared to the works of pioneers, the newly designed system had a 

more straightforward structure. Moreover, it could transmit identical EF signals to 

up to four parallel wells, which significantly increased the reliability of the system 

and the reproducibility of the experiments.  

The newly designed system was applied to experiments. The scratch wound 

closure assay was performed to evaluate HaCaT cell migration changes after 

exposure to EFs. Cell proliferation was assessed by calcein AM and Hoechst 

staining, resazurin assay, SRB staining, and DNA quantification. Expression of 

growth factors with the potential to assist in healing was assessed by cytokine 

array assay, and Western blot was performed to examine the possible signaling 

pathway molecules involved in responding to EF signals (Lu et al., 2021). 

The result showed that, after 72 h of monitoring, the pH value and temperature 

change in the newly designed ES system was acceptable, which means a stable 

cell culture environment could be kept between two medium changes (Lu et al., 

2021). When contrasted with the non-ES groups, the migration rate of the cells 

fundamentally expanded (up to 46.51%, p < 0.05) after 36 hours of continuous 

stimulation. For cell proliferation, with the application of EFs, the uptrends of the 

indicators above are more pronounced during the 7-day experimental period. The 

mitochondrial activity (up to 26.7%, p < 0.05), total protein content (up to 21.4%, 

p < 0.05) and total DNA content (up to 17.2%, p < 0.05) on day 7 in the ES groups 

increased significantly when compared with the non-ES groups (Lu et al., 2021).  

The results of the cytokine array demonstrated that several growth factors were 
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upregulated after exposure to EFs, with significant increases in GM-CSF (up to 

328.07%, p < 0.05) and PDGF-AB (up to 167.31%, p < 0.05), which are emerging 

as crucial players in the wound healing process and tissue reconstruction.  

To further investigate the potential molecular mechanism of the response of 

HaCaT cells to ES, phosphorylation levels of p-ERK1/2, p-P38, p-90RSK, and p-

27HSP were investigated via Western blot after 30-, 60-, 90-, and 120-min 

exposures to EFs, and the results showed the Western blot signals for p-ERK1/2 

and p-P38 increased significantly. To confirm the role of ERK 1/2 in migration, we 

treated the HaCaT cells with signaling inhibitors of ERK1/2i (U0126) and P38i 

(SB203580), and the migration assay showed that ERK1/2i could significantly 

inhibit EF-induced migration. In contrast, inhibition of P38 did not show a 

noticeable influence on the migration of HaCaT cells, which suggested that EFs 

improved the migration of HaCaT cells by phosphorylating ERK1/2 signaling (Lu 

et al., 2021). 

In this study, our study demonstrates that 200 mV/mm EFs have a solid potential 

to accelerate wound healing by improving the migration and proliferation of 

keratinocytes, as well as optimizing the healing-related microenvironment, which 

provides an experimental basis for clinical workers to understand and apply EFs 

for wound healing acceleration (Lu et al., 2021). Although research on 

mechanisms still has a long path to explore, we do not doubt that, soon, we will 

witness exciting developments in ‘electrotherapy’ in the field of wound healing or 

even tissue engineering. 
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6. Zusammenfassung 

Es gibt immer mehr Hinweise dafür, dass das Zellverhalten durch externe 

elektrische Felder (EF) wesentlich beeinflusst werden kann. Es wird 

angenommen, dass ein Teil des Verhaltens Einfluss auf den Verlauf der 

Wundheilung hat. Diese Studie zielte darauf ab, die Auswirkungen von EF (200 

mV/mm) auf die Zellmigration, die Proliferation und die Sekretion 

heilungsassoziierter Faktoren von HaCaT-Zellen (eine aus der menschlichen 

Haut stammende Zelllinie) zu untersuchen, da dies grundlegende Phasen der 

Wundheilung sind. 

Wir haben ein Set-Up zur experimentellen Stimulation von HaCaT-Zellen 

entwickelt, mit dem elektrische Felder mit einer Stärke von 200mv/mm  erzeugt 

und gleichmäßig an vier parallele Stimulationskammern verteilt werden konnte. 

Im Vergleich zu früheren Arbeiten war dieses Set-Up klarer strukturiert, wodurch 

die experimentelle Zuverlässigkeit und Reproduzierbarkeit deutlich erhöht 

werden konnte.  

Zur Evaluierung der HaCaT-Zellmigration nach Exposition der EF wurde der 

Scratch-Wundverschlusstest durchgeführt. Die Zellproliferation wurde durch 

Calcein AM und Hoechst-Färbung, Resazurin-Assay, SRB-Färbung und DNA-

Quantifizierung bewertet. Die Expression von potentiell heilungsunterstützenden 

Wachstumsfaktoren wurde mit einem Zytokin-Array-Assay evaluiert. Es wurde 

ein Western Blot durchgeführt, um potentielle Signalwegmoleküle zu 

identifizieren, die an der Reaktion auf die EF-Signale involviert sind. 

Ergebnisse zeigten, dass nach einer 72 Stunden dauernden, präexperimentellen 

Überwachungsphase der pH-Wert und die Temperaturveränderung in des neu 

konzipierten Stimulations-Set-Ups zur Durchführung dieser Studien angemessen 

waren. Dies bedeutet, dass eine stabile Zellkulturumgebung zwischen zwei 

Mediumwechseln aufrechterhalten werden konnte. Im Vergleich zu den 

Zellkulturen, die keine Stimulation erhielten, erhöhte sich die Migrationsrate der 

Zellen nach 48 Stunden kontinuierlicher Stimulation grundlegend (bis zu 46,51 %, 

p < 0,05). Was den Aspekt der Zellproliferation betrifft, so sind die Aufwärtstrends 

der oben genannten Indikatoren bei der Anwendung von EFs während der 7-

tägigen Versuchsperiode noch ausgeprägter. Die mitochondriale Aktivität (bis zu 
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26,7 %, p < 0,05), der Gesamtproteingehalt (bis zu 21,4 %, p < 0,05) und der 

Gesamt-DNA-Gehalt (bis zu 17,2 %, p < 0,05) stiegen am Tag 7 in den ES-

Gruppen im Vergleich zu den Nicht-ES-Gruppen deutlich an.  

Die Ergebnisse des Zytokin-Arrays zeigten, dass mehrere Wachstumsfaktoren 

nach der Exposition gegenüber EF hochreguliert wurden, mit einem signifikanten 

Anstieg von GM-CSF (up to 328,07%, p < 0,05) und PDGF-AB (up to 167,31%, 

p < 0,05), die sich als entscheidende Akteure im Wundheilungsprozess und der 

Geweberekonstruktion herausstellten.  

Um den potenziellen molekularen Mechanismus der Reaktion von HaCaT-Zellen 

auf ES weiter zu untersuchen, wurden die Phosphorylierungsniveaus von p-

ERK1/2, p-P38, p-90RSK und p-27HSP mittels Western Blot nach 30-, 60-, 90- 

und 120-minütiger Exposition gegenüber EFs untersucht Diese Ergebnisse 

zeigten, dass die Western Blot-Signale für p-ERK1/2 und p-P38 signifikant 

zunahmen. Um die Rolle von ERK 1/2 bei der Migration zu bestätigen, 

behandelten wir die HaCaT-Zellen mit Signalinhibitoren von ERK1/2i (U0126) 

und P38i (SB203580). Der Migrationstest zeigte, dass die EF-induzierte 

Migration durch ERK1/2i signifikant inhibiert werden konnte. Im Gegensatz dazu 

zeigte die Hemmung von P38 keinen offensichtlichen Einfluss auf die Migration 

von HaCaT-Zellen, was darauf hindeutet, dass EFs die Migration von HaCaT-

Zellen durch die Phosphorylierung der ERK1/2-Signalisierung verbessert. 

Unsere Studie zeigt, dass die Stimulation von Zellen mit einer elektrischen 

Spannung von 200 mV/mm das Potential hat, die Wundheilung aktiv zu 

beschleunigen, indem sie die Migration und Proliferation von Keratinozyten 

verbessert und die mit der Heilung zusammenhängende Mikroumgebung 

optimiert, was eine experimentelle Grundlage für die klinische Anwendung von 

EFs zur Beschleunigung der Wundheilung darstellt. Obwohl die Mechanismen 

weiterhin extensiv beforscht werden müssen, haben wir keinen Zweifel daran, 

dass wir in naher Zukunft in der "Elektrotherapie" im Bereich der Wundheilung 

oder sogar im Tissue Engineering weitere Anwendungsgebiete identifizieren 

können 
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