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Abstract

Biofilm infection has a high prevalence in chronic wounds and can delay wound healing. 

Current treatments using repeated debridement and long-term antibiotic administration impose 
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a significant burden on patients and healthcare systems. To address their limitations, we describe 

a highly efficacious electrical anti-biofilm system in this paper. Our system uses high-intensity 

current (75 mA cm−2) to completely debride biofilm above the wound surface and enhance 

antibiotic delivery and penetration into biofilm-infected wounds simultaneously. Combining these 

two effects, our system uses short treatments (≤2 h) to reduce bacterial count of MRSA biofilm-

infected ex vivo skin wounds from over 1010 CFU g−1 to 105.2 CFU g−1. Taking advantage of 

the hydrogel ionic circuit design, our system enhances the in vivo safety of high-intensity current 

application compared to conventional devices. The in vivo anti-biofilm efficacy of our system 

is tested using a diabetic mouse-based wound infection model. MRSA biofilm bacterial count 

decreases from 109.0 CFU g−1 to 104.6 CFU g−1 at 1-day post-treatment and to 103.3 CFU g−1 

at 7-day post-treatment, both of which are below the clinical threshold for infection. Overall, our 

novel technology provides a quick, safe, yet highly efficacious treatment to chronic wound biofilm 

infection and will facilitate wound healing process.
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1. Introduction

Chronic, non-healing wounds are currently affecting 1% of the world’s total population[1]. 

Chronic wounds can significantly affect patients’ quality of life and lead to a high rate of 

lower-extremity amputation[2]. The current clinical care for chronic wounds imposes a huge 

burden on both patients and healthcare systems[3]. One of the key contributing factors that 

lead to chronic wounds is bacterial biofilm infection[4], which exists in 78.2% of all chronic 

wounds[5]. These biofilms arrest wounds in a prolonged inflammatory phase and inhibit 

skin tissue regeneration[4, 6]. Due to the devastating effects of biofilm, reducing bacterial 

bioburden is considered a critical component in chronic wound care[1]. The latest consensus 

considers a bacterial count of 105 colony-forming units (CFU) per gram wound tissue a 

Zhao et al. Page 2

Adv Mater. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



critical threshold for clinical infection and healing inhibition[7, 8]. If the bacterial bioburden 

is below this threshold, a wound can generally heal in otherwise healthy patients[8]. Above 

this threshold, the infection overwhelms the host immune system and stalls the wound 

healing process[7].

The current clinical standard of care for chronic wound biofilm infections includes 

debridement and antimicrobial treatment. Debridement physically reduces biofilms on 

chronic wounds[9]. However, bacterial burden is quickly restored within 48 hours after 

debridement[10, 11]. As a result, repeated debridement followed by long-term treatment 

with antimicrobial agents is currently practiced in clinics[1, 9, 12]. Besides limited efficacy, 

conventional debridement methods can cause several safety-related issues, including 

dispersing bacteria to deeper tissues[10], overaggressive resection of healthy tissues[8], and 

pain to patients[13]. Topical antibiotics are commonly administered for clinical wound 

care[14]. However, its efficacy against chronic wound biofilm infections is found to be very 

limited [15]. One reason is the high tolerance of biofilm bacteria to antibiotics. The antibiotic 

concentration required to kill biofilm bacteria can be 10 to 1,000 times higher than the 

concentration required to inhibit planktonic bacterial growth[16]. The second reason is that 

bacterial communities in chronic wound biofilms are encapsulated in a matrix of protective 

extracellular polymeric substances (EPS)[17], which presents a high resistance to antibiotic 

penetration. Multiple studies have demonstrated the decreased diffusion rate of antibiotics 

in various biofilms compare to their free aqueous diffusion[18]. A 2012 study showed the 

diffusion coefficient of vancomycin in S. aureus biofilms was as low as 0.2 μm2 s−1, which 

was more than 1,000 times slower than its diffusion in water[19].

In vivo chronic wound biofilms can be very thick. The thickness of mature P. aeruginosa 
biofilms can reach 200 μm above the wound surface in a rat model[20]. S. aureus biofilms 

of 150 μm thick have been observed on the wound surface in mouse[21] and pig[22] models. 

In vivo biofilms can also infiltrate the underlying wound tissues. Sarker et al. reported that 

P. aeruginosa biofilms penetrated up to 1,400 μm below the surface of rat burn wounds[20]. 

S. aureus biofilm was reported to penetrate up to 190 μm below the surface of an ex 
vivo human skin wound infection model[23]. Low antibiotic diffusion rates combined with 

high biofilm thicknesses lead to a long antibiotic diffusion time required to penetrate the 

entire thickness of biofilm-infected wound tissues. For example, 80.3 hours is required for 

vancomycin to diffuse through a S. aureus biofilm that has a thickness of 150 μm above the 

wound surface and infiltrates 190 μm below wound surface[19]. As a result of such a slow 

antibiotic penetration, some biofilm bacteria (e.g. those in deeper layers) may be exposed 

to a sub-lethal concentration of antibiotics for a long period of time, which give bacteria a 

chance to develop antibiotic tolerance[24].

Several new technologies have been explored to enhance antibiotic delivery into biofilm-

infected wound tissues, but they all have their limitations. Although microneedle array can 

physically penetrates the EPS and reduce the diffusion distance of antibiotics [25, 26], it does 

not increase the antibiotic diffusion speed. As a result, long-term continuous application of 

microneedle array on wounds (24 to 48 hours[26, 27]) is required to achieve a good biofilm 

treatment efficacy. Both pharmacological and physical disruptions of biofilm can improve 

antibiotic penetration in biofilms[28]. However, the specificity of pharmacological biofilm-
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disruption compounds and the heterogeneity of clinical biofilms limit the applicability of 

these compounds[29]. Physical disruption (e.g. laser and ultrasound), on the other hand, can 

cause dissemination of biofilm bacteria and damage of host tissues[30].

Due to the limited efficacy of the current care of chronic wound biofilm infections, a 

next-generation biofilm treatment strategy is critically needed.

Electric current as a biofilm treatment modality has attracted a lot of interest due to its easy 

application, non-invasiveness and easy dose control. In the last 20 years, many studies have 

demonstrated that low-intensity direct current (DC) applied for a long duration (12 – 48 

hours) was able to enhance the anti-biofilm efficacy of antibiotics in in vitro experiments, 

which was termed the “bioelectric effect”[31–33]. Combining the low-intensity current with 

antibiotics, the anti-biofilm efficacy was enhanced by 1–3 log10 scales[31–33], compared 

to antibiotic treatment alone. Pozo et al. applied a 2 mA current (0.17 mA cm−2) to 

S. aureus biofilms for 24 h in the presence of 32 μg mL−1 vancomycin. This treatment 

resulted in a biofilm bacterial density reduction of 1 log10 scale, while no antibacterial effect 

was observed when using vancomycin alone[34]. Similar bioelectric effect was observed 

when treating in vitro S. gordonii biofilms with a 0.4 mA cm−2 current in the presence 

of 2 μg mL−1 gentamicin for 24 h. After the treatment, the biofilm bacterial count was 

reduce by 4.3 log10 scales. When antibiotic was used alone, the bacteria count was only 

reduced by 0.8 log10 scale[31]. Although the working mechanism of bioelectric effect is 

still under investigation, enhanced antibiotic delivery by iontophoresis has been proposed 

as a key contributing factor[35]. Several studies have demonstrated that iontophoresis could 

increase the permeation rate of antibiotics in skin tissues[36, 37]. Datta et al. evaluated 

the transdermal iontophoresis of vancomycin. Their results showed that the amount of 

vancomycin delivered into the epidermis by iontophoresis (0.3 mA cm−2 current applied 

for 4 h) was 2.1 times higher than that delivered by passive diffusion[37]. In a 2006 

study, Nicoli et al. demonstrated that transdermal iontophoresis (0.5 mA cm−2 current 

applied for 2 h) was able to increase the amount of amikacin delivered into the epidermis 

by 3 times compared to the amount delivered by passive diffusion[38]. Although the 

bioelectric effect is able to enhance the efficacy of antibiotics and reduce biofilm bacterial 

densities, a very long treatment duration (≥24 hours) is required due to the low current 

intensities (≤0.5 mA cm−2) used[31, 35]. Such a long treatment duration is not practical 

for clinical use and will negatively affect patients’ compliance. Increasing current intensity 

leads to a higher iontophoretic antibiotic delivery efficiency. So, the treatment duration 

can be reduced[32, 39, 40]. However, applying high-intensity currents using conventional 

electrical devices can induce significant pH changes and temperature increases at the 

device/tissue interface due to electrochemical reactions. These side effects can lead to 

severe tissue damage[41]. Besides the bioelectric effect, high-intensity pulsed electrical field 

has been reported to have an antibacterial effect. This effect is mainly attributed to the 

electroporation-induced irreversible damage to bacterial cell membranes. Electroporation 

also enhances the permeation of antimicrobial agents into bacterial cells. However, the 

high electrical energy used to treat biofilms has also been reported to cause mammalian 

cell membrane damage[40, 42], skin tissue injuries[43], and neuromuscular damage[44]. Joule 

heating induced by high electrical energy can also result in severe thermal damage to host 

tissues[45].
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In this paper, we developed a novel high-intensity DC electric current-based biofilm 

treatment system. Our system tackled biofilm infections through two mechanisms that 

worked simultaneously and demonstrated enhanced safety compared to conventional 

devices. The working mechanisms of our system included: 1) efficacious electrical 

debridement to rapidly remove the biofilm above the wound surface; and 2) fast 

iontophoretic delivery of high-concentration antibiotics into biofilm and underlying wound 

tissues to minimize the chance of bacterial cells to adapt tolerance and rapidly reduce 

bacterial count. The high-intensity electric current for electrical debridement and antibiotic 

delivery were applied by our well-established hydrogel ionic circuit (HIC) principle[46, 47].

In this work, we first demonstrated that our biofilm treatment system was able to apply 

up to 75 mA cm−2 current intensity (150 times higher than the maximal safe current 

intensity used by conventional transdermal iontophoresis) to ex vivo (porcine) skin tissues 

without causing significant pH and temperature changes. The efficacy of high-intensity 

electrical debridement and iontophoretic antibiotic delivery of our biofilm treatment system 

were then characterized separately using a porcine skin-based wound model infected with 

methicillin-resistant S. aureus (MRSA) biofilms. By combining these two mechanisms, we 

demonstrated that a 65-minute to 2-hour treatment using our system reduced the bacterial 

count of MRSA biofilm-infected porcine skin wounds from over 1010 CFU g−1 to 105 

CFU g−1 at 24 hours post treatment and then to 103.8 CFU g−1 at 4 days post treatment. 

103.8 CFU g−1 is below the threshold for clinical wound infection and is considered not 

inhibitory to wound healing. Afterwards, the in vivo safety of high-intensity currents applied 

by our system was studied using a healthy mouse model. The highly efficacious biofilm 

treatment of our system was finally studied in vivo using a diabetic mouse-based wound 

model infected with MRSA biofilms. The in vivo anti-biofilm efficacy was consistent with 

the ex vivo test results. Overall, by rapidly reducing biofilm bioburden to below the clinical 

infection threshold, our novel technology will be able to resume the normal healing process 

in chronic wounds.

2. Design and working mechanism of an HIC-based electrical biofilm 

treatment system

One challenge of conventional electrical biofilm treatment devices is the significant pH 

change at device/tissue interface when high-intensity current is applied. Current electrical 

devices typically conduct electron currents. They have to be converted to ion currents 

at the device/tissue interface via electrochemical (EC) reactions, which decompose water 

molecules. The water electrolysis generates hydrogen ions on anode and hydroxide ions 

on cathode. When high-intensity currents are applied, these ions cannot be sufficiently 

buffered by conventional electrical devices due to the limited pH buffering capacity of their 

buffering systems (e.g. PBS, which contains only 12 mM phosphate ions). The accumulated 

acidic and alkaline concentrations result in chemical burns of skin tissues. Non-polarizable 

electrodes (e.g. silver/silver chloride) are capable of transferring charges without splitting 

water molecules[48]. However, if the current intensity exceeds their charge transfer capacity, 

water decomposition can still be triggered to cause significant pH changes[49]. Another 

problem of conventional electrical devices is the thermal effect during high-intensity current 
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application. Water molecule decomposition requires 1.48 V DC potential, but the voltage 

across the electrode/media interface is usually higher than 1.48 V and it increases with 

increasing current intensity. The excess voltage (i.e. electrode over-potential) can results 

in temperature increase on tissue surface[50]. In addition, the Joule heating generated by 

electric current conduction can also contribute to thermal damage to skin tissues.

To overcome the problems induced by conventional electrical devices when applying high-

intensity currents, we developed a hydrogel ionic circuit (HIC)-based system for combating 

bacterial infection. Figure 1 showed the design of our HIC-based electrical biofilm treatment 

system. Our biofilm treatment system consisted of a working device attached to the 

biofilm-infected wound and a counter device attached to the back side of the skin tissue. 

The working device could be either anode or cathode depending on the polarity of the 

iontophoresis required to deliver the antibiotics. Each device had four components: carbon 

electrode, phosphate salt solution chamber, polyethylene glycol (PEG) hydrogel membrane 

and drug chamber/phosphate-buffered saline (PBS) chamber. The carbon electrode was 

inserted in the phosphate salt solution chamber, which was filled with a high-concentration 

mixture of sodium dihydrogen phosphate and disodium phosphate solutions. The phsophate 

salt solution chamber was separated by the PEG hydrogel membrane from the drug chamber 

in the working device or the PBS chamber in the counter device. The drug chamber was 

filled with antibiotic solution in the working device. The drug/PBS chamber was in direct 

contact with the skin or the wound to allow current conduction and drug delivery. The 

carbon electrode of the working and the counter device was connected to the positive and 

negative output of a DC power supply, respectively, to complete the circuit.

During biofilm treatment, direct currents (DC) was applied to our working and counter 

devices through carbon electrodes. The hydrogen/hydroxide ions generated by EC reaction 

were neutralized in our system by the high-concentration phosphate salt ions in the 

phosphate salt solution chambers (contained 600 to 1080 mM phosphate salt ions)[46, 51]. 

The EC reaction-induced heat was absorbed by the high water content in our devices[51]. 

In addition, the Joule heat produced by current conduction was minimized due to the 

high electrical conductivity of our high-concentration phosphate salt solutions[51]. These 

allowed us to apply current intensities that were significantly higher than the safe current 

intensity used by conventional electrical devices (e.g. 0.5 mA cm−2 is typically applied 

by conventional transdermal iontophoresis[52]) without causing tissue damage. The PEG 

hydrogel formed a unique aqueous two-phase separation (ATPS) with the high-concentration 

phosphate salt solutions[46]. The ATPS minimized the diffusion of phosphate salt ions to 

the drug chamber to avoid osmolarity changes in the drug chamber and tissues[46]. The ion 

currents were transmitted to the drug chamber through the PEG hydrogel and then to the 

biofilm-infected wound tissue. In the drug chamber, the high-intensity ion current mobilized 

the antibiotics and iontophoretically delivered them into the biofilm and the underlying 

wound tissue with a high permeation rate. In the wound tissue, the high-intensity ion current 

electrically debrided the biofilm.
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3. In vitro and ex vivo safety evaluation of high-intensity current applied 

by HIC-based electrical biofilm treatment system

In this section, we evaluated the in vitro and ex vivo safety of our HIC-based biofilm 

treatment system when applying a high current intensity of 75 mA cm−2 for 1 h. This 

current intensity is 150 times higher than the maximal safe current (0.5 mA cm−2) used by 

conventional transdermal iontophoresis[52]. We first confirmed that the PEG hydrogel in our 

HIC-based system retained its ability to maintain ATPS and to minimize the diffusion of 

high-concentration phosphate salt ions out from the phosphate salt solution chamber after 75 

mA cm−2 current application for 1 h (Figure S1 and S2 in Supporting information, method 

described in Section 12.4). We then measured the temperature and pH changes induced by 

75 mA cm−2 current application using fetal porcine skins (Figure 2A). In this test, the drug 

chamber of our HIC-based devices was filled with PBS. A conventional electrical device, 

constructed by directly inserting a carbon electrode in a PBS-filled drug chamber, was 

tested as a comparison (Figure 2B). This conventional working device used the same carbon 

rod electrode, and drug chamber design and dimension as our HIC-based device. This 

allowed us to determine the effect of our HIC design only on safety as the single variable. 

This conventional device design was consistent with the transdermal iontophoresis and 

electrical stimulation device design used in the most recently published literature[53]. During 

the 1 h current application, we monitored the surface temperature of the skin in contact 

with the working device, which was anode in our test. Based on our previous experience, 

HIC-based anode device always generated more heat than HIC-based cathode device[46], 

so it represented the worst case. The average peak skin surface temperature treated by our 

system was 42.5±0.32 °C, which was lower than the maximal safe temperature (43 °C) that 

skin can tolerate[54]. In contrast, the conventional device increased skin surface temperature 

up to 67.0±5.29 °C (Figure 2C), which was considerably higher than the safe temperature 

threshold. We also measured the pH in the drug chambers and on the surface of the skin 

in contact with the device immediately after current application. When HIC-based devices 

were used, the pH in both locations remained between 6.5 and 8.5, which were considered 

safe for skin tissues[55]. The conventional device, however, changed the pH to around 2 

on the anode side and around 12 on the cathode side (Figure 2D–E). The significant pH 

changes were owing to the hydrogen ions and hydroxide ions generated on anode and 

cathode, respectively, from EC reactions. These ions cannot be sufficiently neutralized by 

the pH-buffering system used in the conventional device (i.e. PBS) due to its low phosphate 

ion concentration (12 mM). Hence, these results demonstrated the ability of our HIC-based 

system to maintain a safe pH and temperature on skin surface during high-intensity current 

application to avoid thermal and chemical damage to skin tissues.

Since our system did not cause significant pH and temperature changes when applying 

high-intensity current to tissues, we then evaluated the cytotoxicity of high-intensity current 

itself applied by our system. Here, we tested the viability of in vitro cultured wound healing-

related cells after being exposed to 75 mA cm−2 current applied by our HIC-based system 

for 1 h. Human keratinocyte (HaCaT), human primary dermal fibroblast cells (HDFa), and 

human monocyte (U937) were tested. Our result showed that treatment with 75 mA cm−2 
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current for 1 h had minimal impact on the viability of these cells (Figure 2F), which 

provided further evidence for the safety of our HIC-based biofilm treatment system.

4. Ex vivo electrical debridement of biofilm induced by the high-intensity 

electrical biofilm treatment system

Our goal in this section was to determine the high-intensity electrical biofilm debridement 

efficacy of our system using an ex vivo MRSA biofilm-infected porcine skin wound. Porcine 

skin has a high similarity to human skin and is recommended by the Wound Healing Society 

for pre-clinical studies[6, 56]. Biofilm cultured on ex vivo porcine skin wound is expected 

to provide a more accurate assessment of the biofilm treatment efficacy of our system 

than conventional in vitro biofilm models cultured on abiotic substrates. An excisional skin 

wound was created by a 6-mm biopsy punch down to the dermis layer. The wound was 

then inoculated with 20 μL of 1×108 CFU mL−1 MRSA bacteria solution. The bacteria were 

allowed to grow for 48 h to form a mature biofilm[57]. Our HIC-based biofilm treatment 

system was then used to apply current to the infected wound for 1 h. The drug chamber of 

our system was loaded with PBS in this test. Different current intensities, including 0 mA 

cm−2 (untreated control), 0.5 mA cm−2, 19 mA cm−2, 38 mA cm−2, and 75 mA cm−2, were 

tested. Only electric current was applied and no antibiotic was used in this study.

After current application, we first evaluated the biofilm structure. As showed in Figure 3A, 

when no current was applied, a thick biofilm could be seen on the surface of the wound. The 

thickness of this biofilm was 149.8±27.81 μm (Figure 3B), which was similar to the reported 

thickness of in vivo chronic wound MRSA biofilms[20–22, 58], indicating the formation of 

a mature biofilm. The thickness of the MRSA biofilm was reduced to 55.3±18.96 μm and 

58.6±12.72 μm after low current intensity treatments at 0.5 mA cm−2 and 19 mA cm−2, 

respectively. When the current intensity further increased to 38 mA cm−2 and 75 mA 

cm−2, more biofilm thickness reduction was observed. The biofilm thickness was reduced to 

14.6±12.72 μm after 38 mA cm−2 treatment, and no discernible biofilm could be observed 

on wound surface under microscope after 75 mA cm−2 treatment. These results highlighted 

the structural damage to biofilm induced by high-intensity current application.

The biofilm debridement effect of low-intensity electrical current treatment has been 

reported previously[59]. The main mechanism of electrical debridement was attributed to 

physical biofilm disruption and detachment caused by the current-induced electrostatic 

force that pulled biofilm bacteria away from their substrate[60]. For example, Hong et al. 

demonstrated that 15 μA cm−2 current applied for 60 min induced 80% detachment of P. 
aeruginosa biofilm from a glass surface[61]. In another study, van der Borden et al. observed 

78% detachment of S. epidermidis biofilm and 54% detachment of S. aureus biofilm from 

surgical stainless steel after applying 15–125 μA current for 2.5 h[60]. In addition to physical 

biofilm disruption and detachment, it has also been proposed that the adverse effects of 

electrochemical reactions may cause bacterial cell death[62]. However, there is no consensus 

on the contribution of this effect, as some studies reported no bacterial killing induced 

by electric current alone[35, 63]. To investigate this, we collected the solution in the drug 

chamber of our working device, which contained the debrided materials, immediately after 
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the high-intensity electrical debridement and measured the bacterial density. We found the 

density of viable bacteria in the collected solution was similar to the bacterial count in the 

untreated control biofilm (Figure S3, Supporting information). This result suggested that the 

high-intensity current applied by our system had no bacterial killing effect. To further verify 

this result, we also performed an in vitro experiment by applying 75 mA cm−2 current to 

planktonic MRSA bacteria for 60 min using our system. The number of viable bacteria was 

counted before, immediately after and at 24 h after our treatment (Figure S4, Supporting 

information). No significant difference in viable bacterial count was observed among these 

three time-points, further confirming the lack of bacterial killing by the high-intensity 

current applied by our system. This result was also consistent with our in vitro and ex vivo 
safety study which showed that our system could effectively minimize pH and temperature 

changes induced by high-intensity current application and damage to mammalian cells.

Next, we quantitatively measured the bacterial count remaining in the wound tissue 

immediately after current application at different intensities using the standard plate 

counting assay[64] (Figure 3C and E). The untreated wound sample had a MRSA bacterial 

count of 1010.3 CFU g−1. The bacterial count was reduced to 109.3 CFU g−1 and 109.2 CFU 

g−1 after low-intensity current application at 0.5 mA cm−2 and 19 mA cm−2, respectively. 

When high current intensities of 38 mA cm−2 and 75 mA cm−2 were used, the bacterial 

count was further reduced to 108.4 CFU g−1 and 108.5 CFU g−1, respectively.

The bactericidal efficacy, defined as initial bacterial count divided by remaining bacterial 

count after treatment, was 5.9±4.05, 10.2±5.2, 96.6±47.84 and 102.7±48.82 times for 0.5 

mA cm−2, 19 mA cm−2, 38 mA cm−2 and 75 mA cm−2 treatment, respectively (Figure 

3D). The bactericidal efficacy at 38 mA cm−2 and 75 mA cm−2 was equivalent to a 99% 

bactericidal rate. Our biofilm thickness and bacterial count measurements showed that 75 

mA cm−2 applied for 1 h by our biofilm treatment system effectively destroyed mature 

MRSA biofilm above wound surface and removed a majority (>99%) of the bacteria.

Although our system achieved a biofilm debridement efficacy that was better than 

the conventional low current intensity method[32], our system did not prevent biofilm 

reformation similar to conventional debridement methods (Figure S5A, Supporting 

information). The biofilm thickness recovered to 79.0±20.54 μm and 91.1±14.66 μm at 

24 h after electrical debridement at 0.5 mA cm−2 and 19 mA cm−2, respectively (Figure 

S5B, Supporting information). The restoration of biofilm was also observed in high current 

intensity treatment groups. The biofilm thickness was recovered to 43.4±13.19 μm and 

28.9±7.99 μm at 24 h after electrical debridement at 38 mA cm−2 and 75 mA cm−2, 

respectively. The restoration of biofilm was further evidenced by bacterial count, which 

was above 109.1 CFU g−1 in all groups at 24 h after electrical debridement (Figure S5C, 

supporting information). Accordingly, the bactericidal efficacy was decreased (Figure S5D, 

Supporting information) compared to that immediately after electrical debridement. These 

results suggested that although high-intensity currents alone was able to quickly debride 

mature biofilm, it did not prevent biofilm recovery after treatment.
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5. High-intensity iontophoretic delivery of vancomycin (VAN)

In this section, we aimed to determine the iontophoretic antibiotic delivery efficiency of 

our electrical biofilm treatment system using the high-intensity current. We performed ex 
vivo antibiotic delivery study using the same MRSA biofilm-infected porcine skin wound 

model as in the previous section. Vancomycin (VAN) was used here as a model drug, since 

it is the FDA-approved antibiotic and is the clinical gold standard for combating S. aureus 
infections[65].

We first tested the VAN delivery efficiency at different current intensities (from 0 mA cm−2 

(passive diffusion) to 75 mA cm−2) applied by our biofilm treatment system for 1 h. The 

drug chamber of the working device was loaded with 1 mg mL−1 VAN in this study. The 

anode side was used as the working device because VAN required anodal iontophoresis. 

The accumulated concentration of VAN in biofilm infected skin wound were measured 

immediately after iontophoresis using high performance liquid chromatography (HPLC). 

As shown in Figure 4A, when 38 mA cm−2 was used, the accumulated concentration of 

VAN in wound tissue reached 2.5±0.32 mg g−1. When 75 mA cm−2 was used, the VAN 

concentration in wound tissue increased to 4.5±0.52 mg g−1. The VAN concentration in 

wound tissue after passive diffusion, 0.5 mA cm−2, and 19 mA cm−2 iontophoresis were 

also measured. However, they could not be distinguished from the background interference 

of the residual biofilm components, so no quantitative results were obtained (data not 

shown). Importantly, the VAN concentration delivered by 75 mA cm−2 iontophoresis for 

1 h exceeded the minimal biofilm eradication concentration (MBEC) of VAN reported 

for MRSA biofilm, which was 4 mg g−1[66]. The ability to deliver a lethal antibiotic 

concentration into biofilm-infected wounds within a short period of time was critical for 

biofilm treatment as it would minimize the chance for bacteria to develop adaptive tolerance.

The VAN permeation coefficient (Pc) achieved by 38 mA cm−2 and 75 mA cm−2 

iontophoresis were calculated (Figure 4B). At 38 mA cm−2, the Pc was 112.0±20.97 × 10−6 

cm s−1. It increased to 216.5±18.96 × 10−6 cm s−1 when 75 mA cm−2 was used. This was a 

significant improvement from conventional low-intensity transdermal iontophoresis. A 2021 

paper reported that a conventional transdermal iontophoresis using 0.31 mA cm−2 achieved 

a VAN Pc of 0.221 × 10−6 cm s−1 in excised porcine skin tissues[67]. This was 980 times 

lower than the VAN Pc achieved by our 75 mA cm−2 iontophoresis. This substantial increase 

in VAN Pc achieved by our system was attributed to the higher current intensity used[68] 

and the enhanced wound tissue permeability induced by the moderate wound temperature 

increase from our electric current application[69].

Next, we evaluated the progression of VAN accumulation in wound tissues at different 

time points during the 75 mA cm−2 1-h iontophoresis application (Figure 4C, Figure S6, 

Supporting information). The drug chamber of the working device was loaded with 1 mg 

mL−1 VAN in this test. Our results showed that VAN concentration increased almost linearly 

with time (R2=0.92).

Since iontophoretic drug delivery efficiency was highly dependent on drug loading 

concentration, we next tested the effect of VAN loading concentration on its iontophoretic 
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delivery efficacy (using 75 mA cm−2 1 h) by loading the drug chamber with 1 mg mL−1, 

3 mg mL−1, 5 mg mL−1, and 10 mg mL−1 VAN. The results showed that the VAN 

concentration in wound tissue was significantly increased to 16.7±2.96 mg g−1 when 3 

mg mL−1 VAN was used (Figure 4D). However, there was no further increase in VAN tissue 

concentration that was statistically significant when higher VAN loading concentrations (5 

mg mL−1, and 10 mg mL−1) were used. As a result, the calculated Pc for 5 mg mL−1, and 10 

mg mL−1 loading concentrations was decreased compared to the Pc achieved by 1 mg mL−1, 

and 3 mg mL−1 loading concentrations (Figure S7, Supporting information).

Finally, we determined if our high-intensity iontophoresis was able to enhance the VAN 

penetration depth in wound tissues. A high penetration depth would allow effective 

treatment of bacteria in deeper layers of clinical biofilm infections to minimize biofilm 

reformation. We used a fluorescently labeled dextran (M.W. = 4 kDa, FD-4) to visualize 

drug distribution in wound tissue immediately after iontophoresis in this test. The 

hydrodynamic radius and net charge of FD-4 were similar to VAN, so FD-4 was expected 

to exhibit a similar iontophoretic behavior as VAN[70]. Figure 4E upper panel showed the 

distribution of FD-4 in wound tissue cross-sections after passive diffusion, 0.5 mA cm−2, 

19 mA cm−2, and 75 mA cm−2 iontophoresis applied by our biofilm treatment system 

(loaded with 1 mg mL−1 FD-4 in drug chamber) for 1 h. All wound tissues were dehydrated 

by acetone before sectioning to minimize FD-4 mobility during sample processing. When 

passive diffusion and 0.5 mA cm−2 were applied, the fluorescence was indiscernible under 

microscope. When 19 mA cm−2 was applied, fluorescence could only be seen near the 

upper boundary of the wound tissue facing the working device during iontophoresis. In 

contrast, after 75 mA cm−2 iontophoresis for 1 h, FD-4 penetrated the entire thickness of 

the tissue sample, which was 955.7±192.56 μm thick before dehydration and 182.4±12.62 

μm thick after dehydration. This penetration depth was higher than the typical thickness of 

in vivo S. aureus biofilm infections in skin wounds (150 μm above wound surface[21, 22] 

and 190 μm below wound surface[23]). Figure 4E lower panel showed the distribution of 

FD-4 reconstructed in a three-dimensional format with the Z-axis showing the fluorescent 

intensity. Our results in this section provided both quantitative and qualitative evidence to 

show that high-intensity iontophoresis applied by our biofilm treatment system not only 

increased drug permeation rate, but also enhanced drug penetration depth in wound tissues.

6. The combined anti-biofilm efficacy of high-intensity electrical 

debridement and iontophoretic VAN delivery

In previous sections, we demonstrated that high-intensity current application physically 

removed biofilm biomass and high-intensity iontophoresis significantly enhanced VAN 

delivery into wound tissues. In this section, our goal was to evaluate the anti-biofilm efficacy 

of our biofilm treatment system when combining these two effects.

Same as previous tests, an ex vivo MRSA biofilm-infected porcine skin wound model was 

used here. We first tested the biofilm treatment efficacy when different current intensities 

were used with a fixed VAN loading concentration at 1 mg mL−1. After a single treatment 

for 1 h, wound tissues were incubated for 24 h in a 37°C incubator to allow VAN to take 
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effect[71]. After incubation, tissue samples were collected and evaluated for bacterial count 

using the standard plate counting assay for MRSA colony. As shown in Figure 5A and 5F, 

1010.2 CFU g−1 MRSA were measured in control wound sample receiving no treatment, 

which indicated the formation of a mature biofilm. Treating the biofilm with no current for 1 

h (only VAN diffusion) or a low current of 0.5 mA cm−2 for 1 h induced a minimal MRSA 

count reduction to 109.8 CFU g−1 and 109.6 CFU g−1, respectively. When 19 mA cm−2, 38 

mA cm−2, and 75 mA cm−2 were applied, MRSA count was further reduced to 108.6 CFU 

g−1, 108.3 CFU g−1 and 107.6 CFU g−1, respectively (Figure 5A and 5F). We calculated the 

bactericidal efficacy of these treatments using different current intensities, which was shown 

in Figure 5B. A bactericidal efficacy of 2.7±2.06 times, 4.4±2.76 times, 57.8±50.30 times, 

and 81.4±13.34 times was achieved for passive diffusion, 0.5 mA cm−2, 19 mA cm−2, and 

38 mA cm−2, respectively. 75 mA cm−2 significantly increased the bactericidal efficacy to 

452.8±115.32 times, which was equivalent to a 99.8% bactericidal rate. Because 75 mA 

cm−2 had better anti-biofilm efficacy than other conditions, it was selected for our following 

tests.

Next, we tried to study the biofilm treatment efficacy of our system using 75 mA cm−2 

as the current intensity while varying the VAN loading concentration. A single treatment 

of 1 h was applied. At 24 h after the completion of the treatment, MRSA bacterial counts 

of wound tissues were measured. As shown in Figure 5C and 5F, the bacterial count for 

3 mg mL−1, 5 mg mL−1, and 10 mg mL−1 loading concentrations were 108.2 CFU g−1, 

108.8 CFU g−1, and 109.0 CFU g−1, respectively. They were significantly higher than the 

bacterial count in tissue treated with 1 mg mL−1 VAN loading concentration, which was 

107.6 CFU g−1. The bactericidal efficacy was calculated and was found to decrease from 

452.8±115.32 times (1 mg mL−1) to 112.6±13.58 times (3 mg mL−1), 5.1±3.80 times (5 

mg mL−1) and 9.7±2.92 times (10 mg mL−1) (Figure 5D). Our results here showed that 

although a higher VAN loading concentration in our system increased the concentration 

of VAN delivered into the wound tissue (Figure 4D), it did not lead to a better biofilm 

treatment efficacy. This phenomenon was known as a paradoxical effect[72], defined as 

a decrease in antibacterial activity of an antibiotic at higher concentrations compared to 

lower concentrations. Jarrad et al. reported that VAN displayed the paradoxical effect when 

treating C.difficle (a Gram-positive bacteria), where the antibacterial activity started to 

decrease at 64 × MIC[73]. Our results in Figure 4D showed that VAN loading concentrations 

of 3 mg mL−1, 5 mg mL−1 and 10 mg mL−1 all delivered more than 16 mg g−1 VAN 

into the wound tissue when 75 mA cm−2 was applied. We therefore speculated that the 

concentration threshold for the paradoxical effect of VAN pertaining to MRSA biofilm 

treatment happened somewhere between 4.5 mg g−1 (VAN concentration delivered by 1 

mg mL−1 loading concentration) and 16.7 mg g−1 (VAN concentration delivered by 3 mg 

mL−1 loading concentration). To test this hypothesis, we performed a study to investigate 

the anti-biofilm efficacy of vancomycin at different concentrations from 1 mg mL−1 to 20 

mg mL−1 after passive incubation on MRSA biofilm-infected porcine skin wound for 24 h. 

Immediately after treatment, the bacterial count in skin wound was evaluated (Figure S8, 

Supporting information). The bacterial count was 108.7 and 108.2 CFU g−1 when 1 mg mL−1 

and 4.5 mg mL−1 vancomycin were used, respectively. This result suggested that better 

anti-biofilm efficacy was achieved when increasing vancomycin concentration from 1 to 4.5 
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mg mL−1. However, further increasing vancomycin concentration to 10 mg mL−1 and 20 

mg mL−1 led to worse anti-biofilm efficacies. The bacterial count was 108.9 CFU g−1 and 

109.2 CFU g−1, for 10 mg mL−1 and 20 mg mL−1 vancomycin, respectively. These results 

provided further evidence to support to our threshold concentration hypothesis. Because 1 

mg mL−1 VAN loading concentration had better anti-biofilm efficacy than other loading 

concentrations, it was selected for our following tests.

Although a single 1 h treatment using 75 mA cm−2 and 1 mg mL−1 VAN loading 

concentration reduced the MRSA bacterial count in wound tissue by 2.6 log10 scales, the 

final bacterial count (107.6 CFU g−1) was above the clinical threshold for infection (105 

CFU g−1). Here, we sought to further improve the bactericidal efficacy by applying multiple 

treatments. Two protocols were tested. Protocol #1 applied two treatments separated by 6 h. 

Protocol #2 applied two treatments separated by 24 h. Each treatment applied 75 mA cm−2 

for 1 h and used 1 mg mL−1 VAN loading concentration. MRSA bacterial count in wound 

tissues was measured at 24 h after the last treatment. As shown in Figure 5E and 5F, the 

bacterial count reduced to 107.0 CFU g−1 using protocol #1. When protocol #2 was used, 

bacterial count decreased to 105.2 CFU g−1. We also tested the biofilm treatment efficacy 

of 24 h passive diffusion of 1 mg mL−1 VAN, which mimicked the conventional long-term 

topical antibiotic administration used to treat chronic wound biofilm infections. 24 h VAN 

diffusion only reduced bacterial count to 108.7 CFU g−1 measured at 24 h after treatment 

(Figure S9, Supporting information), which was inferior to both of our single and repeated 

treatment protocols. When we incubated protocol #2-treated wound samples for 4 days after 

treatment (instead of 24 h), the number of MRSA colonies was further reduced to 103.8 CFU 

g−1 (Figure S10, Supporting information). This was below the threshold for clinical infection 

and thus was considered not inhibitory to normal wound healing[7, 8]. It is worth noting that 

the viability of skin cells was not affected by 4.5 mg mL−1 VAN (the VAN concentration 

delivered to wound tissues by our system) after 48-h incubation (Figure S11, Supporting 

information), suggesting a good cytocompatibility of the high VAN concentrations delivered 

by our system.

Our findings in this section demonstrated the therapeutic efficacy of our high-current 

intensity biofilm treatment system that used a 2-hour treatment in total (protocol #2) to 

reduce the bacterial count in MRSA biofilm-infected porcine skin wound tissues from 1010.2 

CFU g−1 before treatment to 105.2 CFU g−1 at 24 hour after treatment and 103.8 CFU g−1 at 

4-day after treatment.

7. Further enhancement of anti-biofilm efficacy by combining high-

intensity current with daptomycin (DAP)

Although VAN is the standard treatment for clinical S. aureus infections, newly developed 

antibiotics have shown better treatment efficacy. Daptomycin (DAP), a cyclic lipopeptide 

antibiotic, was recently approved by FDA in 2003 to treat serious infections caused by 

Gram-positive bacteria[74]. Because the mode of action of DAP is less reliant on the 

metabolic activities of bacteria, it is considered more effective in killing metabolically 

inactive bacteria than conventional antibiotics, such as VAN[75]. This was corroborated 
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by our bacteria killing studies using planktonic MRSA in stationary phase (Figure S12, 

Supporting information). Our study showed that 10 mg mL−1 VAN reduced bacterial count 

from 108 CFU g−1 to 106 CFU g−1 after a 4-day incubation (Figure S12A, Supporting 

information), while 5 mg mL−1 DAP reduced bacterial count from 108 CFU g−1 to 0 CFU 

g−1 within 24 h (Figure S12B, Supporting information).

In light of the superb MRSA killing efficacy of DAP, in this section, we sought to use DAP 

to further enhance the anti-biofilm efficacy of our biofilm treatment system. Since DAP is 

negatively charged at physiological pH[76], it was loaded in the drug chamber of the cathode 

device, which was used as the working device in all our tests in this section. An ex vivo 
MRSA biofilm-infected porcine skin wound model was used in all tests in this section.

We first evaluated the iontophoretic delivery efficiency of DAP at different current 

intensities and DAP loading concentrations. As shown in Figure 6A, the concentration of 

DAP delivered to wound tissues after 1 h iontophoresis was significantly increased with 

increasing current intensity, from 1.7±0.59 mg g−1 by passive diffusion to 19.9±1.45 mg 

g−1 by 75 mA cm−2. The Pc of DAP for 75 mA cm−2 iontophoresis reached 158.3±11.18 

×10−6 cm s−1, which was 12.0 times higher than passive diffusion (Pc = 13.2±3.15 ×10−6 

cm s−1) and 10.1 times higher than 0.5 mA cm−2 iontophoresis (Pc = 15.7±3.37 ×10−6 

cm s−1) (Figure 6B). The concentration of DAP delivered to wound samples after 1 h 

iontophoresis also had a linear relationship with the DAP loading concentration. As shown 

in Figure 6C, when 1 mg mL−1 DAP was loaded in our working device, 75 mA cm−2 

iontophoresis delivered 3.3±1.49 mg g−1 DAP into the wound tissue. When 5 mg mL−1 and 

10 mg mL−1 DAP was loaded, the DAP concentration delivered into wound tissue increased 

to 19.9±1.45 mg g−1 and 32.8±5.68 mg g−1, respectively. The Pc of DAP at different loading 

concentrations was calculated and was found to be independent of loading concentration 

(Figure S13, Supporting information). This result suggested that unlike VAN, DAP did not 

exhibit concentration saturation effect.

Since 75 mA cm−2 produced the highest iontophoretic delivery efficiency for DAP, it was 

used as the current intensity in the following anti-biofilm efficacy study. Three DAP loading 

concentrations (1, 5 and 10 mg mL−1) were tested in the anti-biofilm efficacy study. After 

a single 1 h treatment, wound tissues were incubated in a 37°C incubator for 24 h. During 

incubation, calcium chloride solution was topically applied to the wound, because DAP 

required calcium ions to function[77]. After incubation, bacterial count in wound tissues was 

measured. As shown in Figure 6D stripped columns and Figure 6E, MRSA bacterial count 

was reduced from 1010.1 CFU g−1 (untreated control) to 107.9 CFU g−1, 105.4 CFU g−1 and 

105.2 CFU g−1 when 1 mg mL−1, 5 mg mL−1 and 10 mg mL−1 DAP was loaded in the 

drug chamber, respectively. The final bacterial count achieved by 5 mg mL−1 DAP loading 

concentration reached the clinical threshold for infection and was same as the bacterial 

count achieved by VAN treatment protocol #2 (measured at 24 h post treatment, Figure 

5E). Similar to VAN, 20 mg mL−1 DAP (the DAP concentration delivered to wound tissues 

by 5 mg mL−1 loading concentration) did not have significant impact on the viability of 

skin cells after a 24-h incubation (Figure S11, Supporting information), suggesting a good 

cytocompatibility of the high DAP concentrations delivered by our system.
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Although efficacious, the current protocol required a long total treatment duration consisting 

of a 1 h electrical treatment by our system followed by a 24 h topical application of 

calcium chloride solution. To further reduce the total treatment duration, we tried to use 

a 5 min anodal iontophoresis at 75 mA cm−2 to introduce calcium ions into the wound 

tissue immediately after the 1 h treatment with 5 mg mL−1 DAP loading concentration. The 

anodal iontophoresis of calcium ions was applied by our system. Wound samples were then 

incubated for 24 h without topical calcium chloride solution before bacterial counting. As 

shown in Figure 6D checkered pattern column and Figure 6E, this new protocol achieved 

a similar bacterial count reduction to 105.3 CFU g−1 as the previous protocol, while only 

requiring a 65 min total treatment duration.

As a comparison, when we treated the same biofilm-infected wound tissue with topically 

applied 5 mg mL−1 DAP mixed with calcium ions (passive diffusion) for 65-min, the 

bacterial count was only reduced to 107.7 CFU g−1 at 24-hour post treatment, and no further 

bacterial reduction was obtained when the topical application time was prolonged to 24 h 

(Figure S14, Supporting information). In summary, our results in this section showed that by 

using DAP, a 65 min high-intensity electrical treatment could achieve the same anti-biofilm 

efficacy as a 2 h treatment using VAN.

8. In vivo safety of our high-intensity electrical biofilm treatment system

In previous section, we demonstrated the in vitro and ex vivo safety of our high-intensity 

biofilm treatment system focusing on pH and temperature stability and cell viability. Here, 

we took a step further to evaluate the in vivo safety of our system, which is a critical 

prerequisite for therapeutic efficacy evaluation of our system using animal models and 

eventually in human patients. Healthy mice were used in this test. The working device 

(anode) was attached to the lower back of the mouse along the midline (Figure 7A). The 

counter device was also attached to the back located 1 cm away from the working device. 

The effective treating area with skin was 0.125 cm2. The drug chamber of both working and 

counter devices was filled with 1×PBS. Since anode device always represents a worst-case 

scenario in terms of tissue damage[46], we only evaluated skin tissue samples that were in 

contact with the anode device.

Different current intensities, including 0 mA cm−2 (sham control), 19 mA cm−2, 38 mA 

cm−2, and 75 mA cm−2, were applied by our system for 1 h. A conventional electrical device 

was constructed by inserting a carbon electrode in a PBS-filled drug chamber with the same 

volume as our biofilm treatment system (Figure 2B). We gradually increased the current 

intensity from 0.5 mA cm−2 to identify the minimum current that induced significant skin 

tissue damage after 1 h application when the conventional device was used to apply the 

current. Human clinical trials showed that conventional low-intensity iontophoresis typically 

induced mild skin irritation and erythema that rarely lasted more than 3 h after the removal 

of iontophoresis[78]. Therefore, we chose to follow up at 4 h and 24 h after treatment for skin 

damage evaluation.

As shown in Figure 7A, no signs of skin irritation, redness or blisters were observed in 

mice treated with our electrical biofilm treatment system for all current intensities tested 
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at both 4 h and 24 h checkpoints. However, the skin tissue treated with the conventional 

device started to show obvious redness and irritation in device contact area at 8 mA cm−2, 

which did not recover by 24 h. We measured the skin surface pH in current treating 

area immediately after different treatments. Figure 7C showed that the pH of the skin 

treated by our system remained in the safe range for all current intensities tested (pH 

= 7.1±0.52, 7.0±0.20, and 6.9±0.11 for 19 mA cm−2, 38 mA cm−2, and 75 mA cm−2 

treatments, respectively). However, the pH of the skin treated by conventional device at 8 

mA cm−2 decreased to 2.38±0.38. This was mainly due to the accumulation of hydrogen 

ions generated by EC reactions, which was not sufficiently neutralized by the pH buffering 

system used in the conventional device (i.e. PBS). This acidic environment caused the 

skin irritation as seen in Figure 7A. Similar skin tissue damage caused by pH-induced 

chemical burn was also reported by other studies[79]. We also measured the skin surface 

temperature immediately after treatment, which remained below 43°C in all groups (Figure 

S15, Supporting information). This result suggested that pH change was the major cause 

for skin damage in conventional device-treated animals. Histological sections of the skin 

tissues in direct contact with our system or the conventional device were collected at 24 

h after treatment (Figure 7B). In tissues treated by conventional device at 8 mA cm−2, 

fluid accumulation and swelling of collagen bundles in the dermis layer were observed. 

These resulted in missing cleft spaces between collagen bundles, homogenization and 

full-thickness hyalinized necrosis of the dermal collagens. The epidermis in conventional 

device-treated samples demonstrated significant thinning with keratinocytes necrosis and 

focal detachment as compared to the sham control. In contrast, although mild neutrophil 

infiltration was observed, there was no significant epidermal or dermal damage in skin 

tissues treated by our system. We measured the epidermal thickness for all samples and 

found that treatment with our system did not significantly alter the epidermal thickness in 

all current intensity treatment groups (Figure 7D). However, conventional device treatment 

at 8 mA cm−2 significantly reduced the average epidermal thickness by more than 50% 

compared to sham control. This result was consistent with our histological observation. 

The outcome of this study, for the first time, demonstrated that our HIC-based system 

significantly enhanced the in vivo safety of high-intensity current application to mouse skin 

tissues compared to the conventional electrical device.

9. In vivo anti-biofilm efficacy of our high-intensity electrical biofilm 

treatment system

We finally investigated the in vivo anti-biofilm efficacy of our high-intensity electrical 

biofilm treatment system using a type II diabetic mouse-based skin wound model infected 

with the MRSA biofilm. The wound infection model was established following previously 

published protocols with modifications[57, 80]. In brief, full-thickness wounds were created 

with 4 mm biopsy punch on the back of the diabetic mouse. MRSA was cultured for 4 

h to reach 1×108 CFU mL−1 in vitro, and then inoculated into the wound site. Two days 

after wound inoculation, mature biofilms were formed on the wound[57]. Daptomycin was 

used in this in vivo anti-biofilm efficacy study because it required a shorter treatment 

duration to achieve the same efficacy as vancomycin in our ex vivo studies. The working 

device was attached to the wound site on the back of the mouse. The counter device 
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was attached to the belly directly below the working device. The effective treating area 

with skin wound was 0.125 cm2, which can entirely cover the wound site. Five different 

treatments were tested, including untreated negative control, DAP-alone (topical application 

of DAP at 5 mg mL−1 with calcium ions for 65 min), high-intensity current alone (75 mA 

cm−2 was applied for 60 min, drug chamber was loaded with PBS), low-intensity current 

(0.5 mA cm−2 was applied for 60 min) with DAP (5 mg mL−1 was loaded in the drug 

chamber), and high-intensity current (75 mA cm−2 was applied for 60 min) with DAP (5 

mg mL−1 was loaded in the drug chamber). For all electrical treatment groups, iontophoresis 

of calcium ions was applied for 5 min at 75 mA cm−2 after the 60 min treatment. Our 

experimental procedure was illustrated in Figure 8A. The biofilm bacterial count was 

measured at 24 h or 7 days after the treatment by using standard plate counting assay. Figure 

8B showed representative photographs of the biofilm infected diabetic wound immediately 

before and at 24 h after the treatment. Figure 8C showed the bacterial colony cultured 

from wound samples collected at 24 h after treatment. The quantitative measurement of 

bacterial count in wound samples collected at 24 h after treatment was presented in Fig. 

8D. The bacterial count in no-treatment control group reached 109.0 CFU g−1 at Day 3. The 

high-intensity electrical treatment alone did not reduce the bacteria density, which remained 

at 109.1 CFU g−1. This result was consistent with our ex vivo electrical debridement 

study, which showed that biofilm recovery happened within 24 h after the treatment. Low 

current intensity combined with DAP and DAP-alone only reduced the bacterial density 

from 109.0 CFU g−1 to 107.6 CFU g−1 and 106.5 CFU g−1, respectively, which were both 

above the clinical threshold for wound infection. Although the final bacterial count of 

low-intensity current combined with DAP was higher than that of DAP-alone treatment, 

there was no statistically significant difference between these two treatments (Figure 8D). 

In contrast, when high-intensity current combined with DAP was applied, the bacterial 

count in the wound at 24 h after treatment reduced to 104.6 CFU g−1, which was below 

the clinic threshold for wound infection. Our results here showed that the high-intensity 

electrical treatment with DAP applied by our HIC-based system achieved a significantly 

higher anti-biofilm efficacy compared to low-intensity electrical treatment and conventional 

topical application using the same DAP concentration. Moreover, the bacterial count at 

7-day after the treatment of high-intensity current with DAP further decreased to 103.3 

CFU g−1 (Figure 8E), which suggested that the high DAP concentration delivered by our 

system exhibited a sustained anti-biofilm effect. The outcome of this study was significant 

because it showed that in vivo wound biofilm infections can be effectively reduced by 

our one-time, short-duration electrical treatment. This treatment efficacy achieved by our 

system was better than the efficacy achieved by existing technologies based on low-intensity 

iontophoresis[81], co-delivery of biofilm-destabilizing and antimicrobial agents, microneedle 

arrays[82], antimicrobial nanoparticles[81, 83], and drug-loaded wound dressings[84] using 

long treatment durations of 24 h or longer. These existing technologies typically achieved 

a biofilm bacterial reduction of up to 3 log10 scales. A much shorter treatment duration 

would be particularly advantageous for management of chronic wound infections as it would 

reduce patient discomfort and enhance patient compliance.

Zhao et al. Page 17

Adv Mater. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



10. Limitations and outlook

The limitation of our high-intensity electrical biofilm treatment system is that it did not 

completely eradicate the biofilm (i.e. the biofilm bacterial count was not reduced to 0 CFU 

g−1). The biofilm treatment efficacy of our technology is likely limited by the antibiotics 

used in our system. It has been reported that VAN and DAP are not capable of killing S. 
aureus persister cells even at 100 × MIC. The development of new anti-biofilm agents that 

are more effective against persister cells is an active research area[85]. More efficacious anti-

biofilm drugs will undoubtedly enhance the biofilm treatment efficacy of our technology. 

Delivering a combination of anti-biofilm agents instead of a single one may further enhance 

the efficacy of our technology. EPS degrading agents and metabolic adjuvants have been 

shown to enhance biofilm bacterial killing of antibiotics[86, 87]. Anti-inflammatory agents 

can reduce tissue damage induced by biofilm infections[86]. By applying high-intensity 

current and combining with multi-drugs using our novel electrical system, we expect greater 

anti-biofilm treatment efficacy can be achieved. Although we demonstrated that our system 

had enhanced safety compared to the conventional electrical device, a more comprehensive 

study will need to be performed in the future to further and fully characterize the safety of 

the high-intensity current applied by our system, including the evaluation of integrity and 

function of skin cells and tissues, pain sensation, and neuromuscular functions.

Our study demonstrated that high-intensity currents could significantly enhance the 

efficiency of transdermal iontophoresis. Transdermal iontophoresis, in both forward and 

reverse modes, have been widely used in many different areas of biomedical and clinical 

application, including drug delivery and disease diagnosis. The high iontophoretic efficiency 

enabled by our HIC technology can be potentially applied to enhance the efficacy of these 

applications. Our study also showed that our HIC-based system could improve the safety of 

high-intensity current application to biological tissues compared to conventional electrical 

stimulation devices. Electrical stimulation is an important physical treatment modality. A 

high current intensity is required by many therapeutic applications of electrical stimulation 

to achieve good efficacy, such as transcutaneous electrical nerve stimulation for pain 

management[88], denervated muscle stimulation for prevention of muscle atrophy[89], and 

electrical current-induced cell migration (i.e. electrotaxis) for accelerated wound closure[90]. 

The safety enhancement enabled by our HIC design could potentially lead to safer and more 

efficacious treatment system design in these application areas.

11. Conclusion

In this paper, we described a novel electrical current-based biofilm treatment system for 

combating chronic wound biofilm infections. We demonstrated the safety, the electrical 

biofilm debridement efficacy and the iontophoretic antibiotic delivery efficacy of our system 

using high current intensities of up to 75 mA cm−2. By combining high-intensity electrical 

debridement and high-efficacy iontophoretic antibiotic delivery, our system used a short 

treatment (≤2 h) to successfully reduce the bacterial count of mature biofilm-infected 

skin wounds ex vivo and in vivo to below the clinical threshold for wound infection. 

Our innovative technology provides a simple, quick, safe, yet highly efficacious means to 

manage biofilm infections in chronic wounds. The reduction of bacterial bioburden will 
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help resume the normal healing process in chronic wounds. Ultimately, this will reduce the 

amputation rate related to chronic wounds, enhance patients’ quality of life, and reduce the 

overall healthcare cost.

12. Materials and Methods

12.1 Materials

Polyethylene glycol dimethacrylate (PEGMDA, molecular weight = 8000) was purchased 

from Polysciences (Warrington, PA, USA). Poly(ethylene glycol) diacrylate (PEGDA, 

molecular weight = 700), IRGACURE 2959, Benzophenone, Fluorescein isothiocyanate 

(FITC) labeled dextran-4 kDa (FD-4), water with 0.1% (v:v) trifluoroacetic acid (TFA), 

acetonitrile, acetonitrile with 0.1% (v:v) TFA, Agar, sodium phosphate monobasic 

(NaH2PO4), and sodium phosphate dibasic (Na2HPO4) were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). LB Broth (Miller) was purchased from Fisher Bioreagents (Fair 

Lawn, NJ, USA). Acrylic sheets and very-high-bond (VHB) foam tape were purchased from 

Mcmaster-Carr (Robbinsville, NJ, USA). Fetus porcine skin was purchased from Nebraska 

Scientific (Omaha, NE, USA). Human keratinocyte cell (HaCaT), human primary dermal 

fibroblast cells (HDFa), and human monocytic cells (U937) were kind gifts from Dr. Jingwei 

Xie at the University of Nebraska Medical Center (Omaha, NE, USA).

12.2 Bacterial strain, and antibiotics

Methicillin-resistant S. aureus (MRSA) USA300 strain was used in this study. The 

planktonic bacteria were cultured in LB medium. Vancomycin hydrochloride (Apexbio 

Technology LLC, Houston, TX, USA) and daptomycin (Combi-Blocks, San Diago CA, 

USA) were used to treat MRSA biofilm. The minimum inhibitory concentration (MIC) 

of vancomycin hydrochloride to planktonic MRSA cells was determined as 1.2 μg mL−1 

(Figure S16, Supporting information), which was in consistent with the results reported 

previously[91].

12.3 Fabrication of HIC-based electrical biofilm treatment system

Our HIC-based system, including working device and counter device, was fabricated by 

laser micromachining (Trotec Speedy 300, Trotec., MI, USA). The design and fabrication 

process of our HIC-based devices has been previously reported[51]. Briefly, drug chamber 

and phosphate salt solution chamber were fabricated using acrylic plastic. To assemble 

different components of device, a double-adhesive VHB tape was used. Polyethylene glycol 

(PEG) hydrogel was composed of 10% PEGDMA, 5% PEGDA and 1% Irgacure 2959 

and 84% deionized water. It was bond to the phosphate salt solution chamber to form a 

two-phase separation system (ATPS) by using UV lamp. Benzophenone (10% w/v) was 

used to allow the binding. To obtain phosphate salt solutions with high conductivities, 

saturated Na2HPO4 solution (0.6 mol L−1, pH = 9.0, 46.1±2.40 ms cm−1) was used in anode 

HIC-based device. And a mixture solution containing NaH2PO4 (0.6 mol L−1) and Na2HPO4 

(0.48 mol L−1) (pH = 6.4, 51.0±0.51 ms cm−1) was used in cathode HIC-based device. To 

connect our system with DC power supply, carbon electrode was used.
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12.4 In vitro evaluation of ATPS stability during high-intensity current treatment.

In this experiment, we first applied 75 mA cm−2 current for 60 minutes using our HIC-based 

anode and cathode devices (same design, both had no drug/PBS chamber) to PBS (1st 

PBS, see Figure S1A, Supporting information). After current application, the anode and 

cathode devices were collected and refilled with new high-concentration phosphate salt 

solutions. Then each of them was half-way dipped in fresh PBS (2nd PBS, 4 mL) for 60 

minutes (Figure S1B, Supporting information). As a negative control, HIC-based anode 

and cathode devices (without drug/PBS chamber) that were not used for high-intensity 

current application were also dipped in fresh PBS (2nd PBS, 4 mL) for 60 minutes. After 

incubation, the conductivity and pH of the 2nd PBS solutions were measured. A change 

in the conductivity or pH of the 2nd PBS serves as a good indicator of high-concentration 

phosphate salt ion diffusion out from the phosphate salt solution chamber. As can be seen 

in Figure S2 (Supporting information), the pH (Figure S2A) and conductivity (Figure S2B) 

of the 2nd PBS incubated with our HIC devices that had gone through high-intensity current 

application were not significantly different than that of the 2nd PBS incubated with negative 

control HIC devices. These results suggested that after high-intensity current application, 

the PEG hydrogel in our HIC devices retained its ability to minimize the diffusion of 

high-concentration phosphate salt ions out from the phosphate salt solution chamber.12.4

12.5 In vitro safety test of high-intensity current application and high concentration of 
antibiotics

The in vitro cell viability test setup of high-intensity ion current was described in our 

previous work[51]. Briefly, two adhering cells, HaCaT cells (human keratinocyte cell line) 

and HDFa cells (human primary dermal fibroblast cells), were seeded in 8 mm×8 mm areas 

in cell culture dishes defined by a PDMS stencil, and cultured overnight. After removing 

the PDMS stencils the next day, the test device with a rectangular fluidic chamber was 

amounted on the cell culture dish, so the current density adhering cells experienced can be 

precisely defined. After adding complete growth media, 75 mA cm−2 DC current intensity 

was conducted for 1 h. After test, cell counting assay was used to count the live cells. 

Human monocytic cells (U937) was also used to evaluate the cell viability after high current 

intensity treatment. They were cultured overnight in complete growth media and transferred 

to the test device chamber the next day. Cells with no electrical current treatment was used 

as control group for cell viability comparison.

To evaluate the cell toxicity of the high concentration of antibiotics, HaCaT cells and HDFa 

cells were used. 2×104 HaCat cells and 2×103 HDFa cells were seeded in each well of a 

96-well plate. After cultured in an incubator under 37°C and 5% CO2 for 24 h, 4.5 mg mL−1 

VAN and 20 mg mL−1 DAP were added to the culture media, respectively. Both HaCat cells 

and HDFa cells were treated by VAN and DAP for two days and one day, respectively. The 

cell toxicity of the two cells at the end time points were evaluated by LIVE/DEAD stain and 

visualized by a confocal laser scanning microscope (CLSM, LSM 710, Zeiss, Germany).

12.6 In vitro bactericidal effect of MRSA planktonic bacteria by high-intensity current

MRSA bacteria was cultured with LB media in a 37°C water shaking bath for 4 h to 

reach the density of 108 cells mL−1. Then MRSA solution was added to a rectangular 
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fluidic chamber. After immersing our HIC-based anode device and cathode device in the 

bacteria solution located at two sides of the chamber, 75 mA cm−2 DC current intensity was 

conducted for 1 h. The viable bacteria densities before, immediately after treatment, and 24 

h after treatment were measured by standard plate counting assay.

12.7 Ex vivo safety test of high-intensity current application

Freshly preserved fetal pig skin samples purchased from Nebraska Scientific (Omaha, NE, 

USA) was used for the ex vivo safety test of high current intensity applied by HIC-based 

biofilm treatment system. Skin samples were stored at −20°C upon arrival and used within 

1 month. Skin samples were sandwiched between drug chamber and PBS chamber, and the 

test setup was demonstrated in Fig. 2A. The counter device was attached to the back of 

the skin sample. Before testing, drug chamber was filled with PBS. The high concentration 

phosphate salt solutions were added into phosphate salt solution chambers. 75 mA cm−2 

current intensity was conducted from DC power supply and applied on the skin sample for 

1 h continuously. By using a K-type thermocouple (Digi-Sense™ Standard Precalibrated 

Thermocouple, Vernon Hills, IL, USA), the peak temperature of device/tissue interface 

during current application was monitored. After the test, the pH of drug solution and drug 

chamber contacting-skin area were measured using a flat pH probe (Sensorex Corporation, 

Stanton, CA). For comparison, carbon electrode directly contacted with the drug chamber 

and applied same current conditions was used as the conventional control (Figure 2B).

12.8 Establishment of ex vivo MRSA biofilm infected skin wound

The fetal pig skin samples (approximately 30×30 mm) were immersed in 10% (v/v) bleach 

for 5 min after hair removal. Then, skin samples were sterilized in 70% ethanol for 30 

min. The surface of skin sample was further cleaned by 10% povidone-iodine and 70% 

isopropanol to prevent contamination. A 6-mm disposable biopsy punch was used to create 

an excisional wound. Samples were put into sterile 10-cm petri-dishes filled with sterile PBS 

(6–10 mL). The wound was then inoculated with 1×108 CFU mL−1 MRSA bacteria solution 

(20 μL). The bacteria were allowed to grow in a 37°C Heratherm™ compact microbiological 

incubator (ThermoFischer Scientific™, Waltham, MA, USA) for at least 48 h to form mature 

biofilms.

12.9 Electrical debridement treatment of high-intensity current on ex vivo MRSA biofilm 
infected skin wounds

The test setup was shown in Figure S17 (Supporting information). MRSA biofilm infected 

skin wound was sandwiched between anode and cathode HIC-based devices. To evaluate 

the anti-biofilm effect of high current intensity only, PBS (5 mL) was filled in both drug 

chamber and PBS chamber and then 0.5 mA cm−2, 19 mA cm−2, 38 mA cm−2, and 75 mA 

cm−2 was applied for 1 h, respectively. The device/skin wound contact area was 0.502 cm2. 

Skin samples were collected by 8-mm biopsy punch immediately after treatment or at 24 

h after treatment. To evaluate the biofilm thickness before and after different treatments, 

samples were embedded in tissue freezing medium (OCT) and sectioned at 8 μm. After 

imaged in microscope, the thickness of biofilms after different treatments were measured 

using ImageJ software. To evaluate the colony-forming unit (CFU) counts per gram of 

MRSA from infected skin wounds, samples were homogenized in PBS (10 mL) and diluted 
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with PBS, and then transferred to standard plate counting assay. The bactericidal efficacy 

was calculated as follow:

Bactericidal efficacy = CFU counts per gram in initial mature biofilm
CFU counts per gram residual in treated infected wounds (1)

12.10 Iontophoresis of antibiotics induced by HIC-based biofilm treatment system to ex 
vivo MRSA biofilm infected skin wound

To evaluate the antibiotic delivery efficacy of VAN by high-intensity current, biofilm 

infected fetal pig skin wound was used. The test setup was demonstrated in Figure S17 

(Supporting information). The DAP test setup was same as that of VAN, except no PBS 

chamber was used. Instead, the inner surface of the skin wound contacted directly to the 

hydrogel of the counter device. To evaluate the effect of electrical current intensity on the 

drug delivery efficacy, different current intensities from 0 to 75 mA cm−2 were applied. 

To evaluate the effect of loading concentration of antibiotics, different concentrations of 

VAN and DAP from 1 mg mL−1 to 10 mg mL−1 were used. Since VAN is neutral and 

DAP is negatively charged under physiological environment, anode HIC-based device was 

placed facing biofilm for VAN iontophoresis, and cathode HIC-based device was placed 

facing biofilm for DAP iontophoresis. Samples were collected immediately after different 

treatments. The concentrations of antibiotics delivered into skin wound samples were 

measured by high-performance liquid chromatography (HPLC). The permeation coefficient 

(Pc, cm s−1) was then calculated (Pc=J/C, where J is antibiotic delivery flux in tissue 

samples (μg (cm2s)−1, C is the loading concentration of antibiotic solution (μg mL−1)).

12.11 Quantitative measurement of antibiotic concentrations in infected skin wounds 
using high-performance liquid chromatography (HPLC)

12.11.1 Sample preparation—Immediately after iontophoresis, the infected skin 

wounds were collected by an 8-mm disposable biopsy punch and washed in PBS three times 

to remove surface antibiotics, and then weighted before use. Samples were homogenized 

in 4–10 mL PBS and then centrifuged (4000 rpm, 20 min). The supernatant (200 μL) 

was collected and mixed with methanol or acetonitrile to remove potential tissue proteins. 

After solvent entirely evaporated by a hot plate (85 °C, 4 h), samples were reconstituted 

in optimized solution (200 μL) to restore original volume. Centrifuge (10,000 rpm) was 

performed for 5 min and the supernatant was injected for analysis. For VAN, the optimized 

solution to re-dissolve samples was the mixture of water with 0.1% trifluoroacetic acid 

(TFA) and acetonitrile with 0.1% TFA (50:50). For DAP, samples were re-dissolved in 

the mixture of buffered solution (Monosodium phosphate: 188.8 mmol L−1, Disodium 

phosphate: 11.16 mmol L−1, pH=5.5) and acetonitrile (50:50).

12.11.2 HPLC test procedure—The concentrations of antibiotics accumulated in 

infected skin wounds were detected by HPLC on an Agilent 1260 Infinity system (Agilent, 

Santa Clara, CA, USA) using a EC-C18 column (150 mm×4 mm, particle size 2.7 μm). 

The injection volume was 20 μL with a flow rate of 0.6 mL min−1. For VAN concentration 

detection, a gradient procedure was used for precisely detection. The mobile phase was 
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water with 0.1% TFA (Buffer A) and acetonitrile with 0.1% TFA (Buffer B). The gradient 

procedure was developed as follow:

The detection was performed at 284 nm. Retention time of VAN was around 4 min (Figure 

S18A, Supporting information). For DAP concentration detection, the mobile phase was 

buffered solution (Monosodium phosphate: 188.8 mmol L−1, Disodium phosphate: 11.16 

mmol L−1, pH=5.5) and acetonitrile with ratio of 50:50 (v/v). The detection was performed 

at 223 nm. The retention time of DAP was around 2.3 min (Figure S18B, Supporting 

information). Accumulated concentration of VAN and DAP was calculated via a standard 

calibration curve of VAN and DAP ranging from 25 μg mL−1 to 100 μg mL−1, respectively 

(Figure S19, Supporting information).

12.12 Cryo-section and fluorescent microscopy

FD-4 penetration and distribution in the MRSA biofilm infected skin wound was evaluated 

by cryo-section and fluorescent microscopy. Briefly, samples were collected by 8-mm 

disposable biopsy punch and dehydrated in acetone for 10 to 30 min. After air dried for 

another 10 to 30 min, samples were embedded in tissue freezing medium (OCT) and 

sectioned to obtain 10 μm section under −20 °C. Section samples were then observed under 

a fluorescent microscope (DMI 6000 B, Leica, Bannockburn, IL, USA).

12.13 Minimum inhibitory concentration (MIC) and time-killing tests of antibiotics to 
planktonic MRSA

MRSA bacteria was cultured in LB media in a 37 °C water shaking bath overnight to 

reach the concentration of 1×108 CFU mL−1. Then, they were diluted to 105 CFU mL−1 in 

96-well plates by adding different concentrations of VAN solutions. After incubation for 24 

hours without shaking, MIC of VAN to inhibit MRSA growth was measured by a Biotek 

Synergy H1 hybrid multi-mode microplate reader (BioTek, Winooski, VT, USA) at OD600. 

To evaluate the killing time of VAN to bacteria in stationary phase (1×108 CFU mL−1), VAN 

powder was added to bacteria solution to obtain concentration of 1 mg mL−1, 3 mg mL−1, 

5 mg mL−1, and 10 mg mL−1, respectively, while remaining MRSA concentration of 1×108 

CFU mL−1. After incubation in a 37 °C water bath for 1 day, 2 days, 3 days and 4 days, 

the CFU of MRSA cells was tested by the standard plate counting assay, respectively. The 

time-killing tests of DAP with different concentrations (0.1 mg mL−1, 0.5 mg mL−1, 1 mg 

mL−1, and 5 mg mL−1) on MRSA planktonic cells were also performed, with the incubation 

time up to 24 h.

12.14 Combined biofilm treatment efficacy of electrical debridement and high-
concentration antibiotics delivery

The test setup using VAN was described in Figure S17 (Supporting information). The 

combined biofilm treatment efficacy of electrical debridement and VAN delivery was first 

evaluated. To evaluate the anti-biofilm treatment efficacy of current intensity, 0 mA cm−2 

(passive diffusion) to 75 mA cm−2 was applied on the test system with 1 mg mL−1 VAN 

loaded in HIC-based working device, respectively. To evaluate the anti-biofilm treatment 

efficacy of loading concentration of VAN, 1 mg mL−1, 5 mg mL−1, and 10 mg mL−1 VAN 

was loaded in the drug chamber of the HIC-based working device, respectively, and applied 
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75 mA cm−2. To further enhance the anti-biofilm efficacy of electrical debridement and 

high concentration delivery of VAN, two treatments were applied, named protocol #1 and 

protocol #2. Protocol #1 applied two treatments (treatment: 75 mA cm−2 for 1 h, 1 mg 

mL−1 VAN loaded in HIC-based working device) separated by 6 h. Protocol #2 applied 

two treatments (treatment same to Protocol #1) separated by 24 h. CFU was counted 24 h 

after last treatment using the standard plate counting assay. The bactericidal efficacy was 

calculated accordingly, as described in Section 12.9.

The combined biofilm treatment efficacy of electrical debridement and DAP delivery was 

also evaluated. The test setup was same as that of VAN, except no PBS chamber was used. 

Instead, the inner surface of the skin wound contacted directly to the hydrogel of the counter 

device. The 0 mA cm−2 (passive diffusion) to 75 mA cm−2 were applied on the test system 

with 5 mg mL−1 DAP loaded in HIC-based working device to measure the effect of current 

intensity on the anti-biofilm efficacy. 1 mg mL−1, 5 mg mL−1, and 10 mg mL−1 DAP was 

loaded in HIC-based working device, respectively, and applied 75 mA cm−2 to evaluate 

the anti-biofilm treatment efficacy of DAP loading concentration. Calcium chloride solution 

(1 mL, 100 mg mL−1) was supplied on the infected wound and allowed for 24-h passive 

diffusion after DAP treatment, since DAP require calcium ion to have anti-bacteria function. 

CFU was counted immediately after calcium ions 24-h diffusion using the standard plate 

counting assay. We further developed a protocol with two steps to reduce the treatment 

time. For step 1, biofilm-infected skin wound was treated with 75 mA cm−2 for 1 h induced 

by HIC-based cathode device, loaded with 5 mg mL−1 DAP. Immediately after step 1, 

HIC-based anode device was applied on the wound loaded with calcium chloride solution 

(100 mg mL−1) and applied 75 mA cm−2 for 5 min (step 2). CFU was counted 24 h after 

the treatment of step 2. The bactericidal efficacy was calculated accordingly, as described in 

Section 12.9.

To evaluate the paradoxical effect of VAN, the ex vivo mature MRSA biofilm established on 

the porcine skin wound was incubated in 1 mg mL−1, 4.5 mg mL−1, 10 mg mL−1, and 20 

mg mL−1 VAN for passive diffusion of VAN, respectively. After 24 h incubation, the CFU of 

biofilm infected wounds under different VAN treating concentrations were measured.

12.15 In vivo safety test of high-intensity current application

BALB/c mouse (6–10 weeks, ~20 g) were purchased from the Jackson Laboratory (Bar 

Harbor, ME, USA). The animal test was incompliance with the protocol approved by the 

Institutional Animal Care and Use Committee (IACUC) at the University of Nebraska 

Medical Center (protocol #21-049-06-FC). To evaluate the safety of high current intensity 

on the mouse skin, the drug chamber (diameter: 4 mm) of anode HIC-based device was 

amounted on the back of mouse with the help of 3M Tegaderm transparent film after 

mouse were anesthetized and hair removal. After adding PBS (0.5 mL) in the drug chamber, 

the HIC-based hydrogel and phosphate salt solution chamber were attached on the drug 

chamber. Different current intensities (0 mA cm−2 (sham control), 19 mA cm−2, 38 mA 

cm−2, and 75 mA cm−2) were applied from a DC power supply and route to the mouse 

skin. The counter device had the same design as the working device and was also attached 

to the back of mouse skin to complete the circuit. The HIC-based counter device had 
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slightly larger skin contact area (diameter: 7 mm) to minimize the pH/temperature impact 

of the counter device. A conventional electrical device with the carbon electrode contacted 

with drug chamber directly was used as a comparison. 8 mA cm−2 was induced by the 

conventional device and last for 1 h. The pH of skin surface immediately after test was 

measured by using a flat pH probe. Digital images of the skin were taken to inspect for 

signs of redness, blisters, and tissue damage at 4 h and 24 h after different treatments. 

At 24 hour post treatment, mouse were sacrificed and the skin tissues were collected for 

histological evaluation (Hematoxylin and Eosin (H&E) staining, Masson’s trichrome stain, 

and Verhoeff-Van Gieson (VVG) staining)

12.16 In vivo anti-biofilm efficacy test of our high-intensity electrical biofilm treatment 
system

The in vivo anti-biofilm efficacy test was incompliance with the protocol approved by the 

Institutional Animal Care and Use Committee of the University of Nebraska Medical Center 

(protocol #21-049-06-FC). MRSA was cultured in LB media in water shaking bath (37°C) 

overnight. Then 100 μL bacteria was transferred to LB media (4 mL) and cultured for 

another 4 h to reach the density of 1×108 mL−1 and stored in ice before use. In this study, 

homozygous B6.BKS(D)-Leprdb/J mouse (5–6 weeks, around 30 g, Jackson Laboratory 

000697) was used to establish the biofilm infected skin wound model. Specifically, after 

mouse anesthesia and hair removal, one full-thickness wound (4 mm in diameter) was 

created on the back of the mouse by using 4-mm biopsy punch. For negative control 

group, two wounds were created on the back of the mouse. Bacteria solution (10 μL) was 

carefully dropped in the wound site. Then the infected wound was covered and sealed by 

3M Tegederm transparent film. After mouse was infected for 2 days, different anti-biofilm 

treatments were applied on the wound respectively. The HIC-based working device used in 

this study had slightly smaller dimension than the ex vivo working device due to the smaller 

wound used. Working device was attached on the wound site with the help of 3M tegaderm 

transparent film. Cathode phosphate salt solution (2 mL) was loaded in phosphate salt 

solution chamber and PBS/daptomycin solution (0.5 mL) was added in the drug chamber. 

The effective treatment area was 0.125 cm2 to fully cover the infected wound site. The 

counter device attached to the belly of the mouse directly down to the working device to 

complete the circuit. To evaluate the anti-biofilm efficacy of high-intensity current alone, 

75 mA cm−2 ionic current was applied in the system for 60 min with PBS loaded in the 

drug chamber. To evaluate the anti-biofilm efficacy of low-intensity current combined with 

DAP, 0.5 mA cm−2 ionic current was applied in the system for 60 min with DAP (5 mg 

mL−1) loaded in the drug chamber. To evaluate the efficacy of our high-intensity electrical 

biofilm treatment system, 75 mA cm−2 ionic current was applied in the system for 60 min 

with DAP (5 mg mL−1) loaded in the drug chamber. To perform the antibacterial function of 

DAP, immediately after all electrical treatment of each group, HIC-anode device was applied 

on the wound loaded with calcium chloride solution (100 mg mL−1) and applied 75 mA 

cm−2 for 5 min. To evaluate the efficacy of conventional topical treatment of DAP alone, 

the mixture of DAP (5 mg mL−1) and calcium chloride (0.5 mg mL−1) was loaded in the 

drug chamber for 65 min, with no electrical current applied. The infected wound without 

treatment was used as the negative control. Then, 24 h or 7 days after treatment, the infected 

skin wounds and surrounding tissues were collected by 6-mm biopsy punch. Bacterial count 
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per gram was evaluated using the standard plate counting assay. Each group has three wound 

samples to perform statistical analysis.

12.17 Statistical Analysis

The statistical difference between samples were determined by unpaired student’s t-tests 

(GraphPad Software, SanDiego, CA, USA). The statistical difference in the figures were 

present by * for p < 0.05, ** for p < 0.01, and *** for p < 0.005. At least 3 replicates were 

performed for all statistics.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
General design of HIC-based electrical biofilm treatment system for combating chronic 

wound bacterial infections (Created with BioRender.com). The inset shows a digital camera 

image of the actual system (scale bar: 10 mm). The actual counter device shown here had a 

slightly different design than the working device to allow easy and secure placement of the 

skin/wound tissue and easy insertion of the carbon electrode.
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Figure 2. 
In vitro and ex vivo safety tests of our biofilm treatment system applying a high-intensity 

current. (A-B) Schematic of the ex vivo safety test setup. (A) HIC-based biofilm treatment 

working device. (B) Conventional electrical working device. (C) The peak temperature on 

the skin surface treated with 75 mA cm−2 current for 1 h applied by our HIC-based system 

or a conventional device. Red dashed line showed 43°C. (D-E) pH changes after 75 mA 

cm−2 current application for 1 h by our HIC-based device or a conventional device. (D) pH 

in drug chambers (filled with PBS). (E) pH on skin surface. Red dashed box in (D) and (E) 

showed pH range of 6.5 to 8.5, which was considered safe for skin tissues. (F) The viability 

(normalized to untreated control) of human keratinocyte (HaCaT), human primary dermal 

fibroblast cells (HDFa), and human monocyte (U937) after 75 mA cm−2 current treatment 

for 1 h applied by HIC-based system.
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Figure 3. 
Ex vivo electrical biofilm debridement by high-intensity current applied by our HIC-based 

biofilm treatment system. (A) Representative cryo-section images of MRSA biofilm-infected 

porcine skin wounds after current application at different intensities for 1 h. All tissue 

samples were collected and embedded immediately after treatment. Red dashed area 

showed the biofilm above wound surface. Scale bar: 100 μm. (B) Biofilm thickness above 

wound surface measured immediately after treatment. (C) MRSA bacterial count (log10 

scale) in infected skin wounds immediately after treatment measured by standard plate 

counting assay. (D) Bactericidal efficacy immediately after treatment. Bactericidal efficacy 

was calculated as initial bacterial count divided by bacterial count after treatment. (E) 

Representative photographs of bacterial culture from MRSA biofilm-infected porcine skin 

wound tissues immediately after treatment. All tissue homogenates were diluted 106 times 

with PBS before plating.
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Figure 4. 
High-intensity iontophoretic delivery of vancomycin (VAN) into an ex vivo MRSA biofilm-

infected porcine skin wound model using our electrical biofilm treatment system. (A) 

Accumulated concentration of VAN collected from skin wound tissues immediately after 

1-h iontophoresis delivery at different current intensities. The drug chamber of our working 

device (anode) was loaded with 1 mg mL−1 VAN. (B) Permeation coefficient of VAN for 

1-h iontophoretic delivery at different current intensities. (C) Accumulated concentration of 

VAN in biofilm-infected skin wound tissues as a function of iontophoresis time. The drug 

chamber of the working device (anode) was loaded with 1 mg mL−1 VAN and 75 mA cm−2 

was applied. (D) Accumulated concentrations of VAN collected from biofilm-infected skin 

wound tissues with different loading concentrations of VAN in the drug chamber of the 

working device after 75 mA cm−2 current applied for 1 h. (E) Upper panel: Representative 

fluorescent images of cryo-sectioned skin wound samples after iontophoretic delivery of 

a fluorescently labeled dextran with a molecular weight of 4,000 Da (FD-4) at different 

current intensities for 1 h using our system (Scale bar: 200 μm). Lower panel: A three-

dimensional illustration of the fluorescent intensity distribution in the skin tissue sample 

(in white dashed region) showed in the upper panel. Z-axis showed fluorescent intensity in 

random unit. X- and Y-axis had a unit of μm.
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Figure 5. 
Anti-biofilm efficacy of our electrical biofilm treatment system combining the effects of 

high-intensity electrical debridement and iontophoretic VAN delivery. An ex vivo MRSA 

biofilm-infected porcine skin wound model was used in this study. (A) MRSA bacterial 

count (CFU g−1) in wound tissues measured at 24 h after biofilm treatment using our 

system. Treatment duration was 1 h. The drug chamber of the working device (anode) was 

loaded with 1 mg mL−1 VAN. Different current intensities were tested. Control received 

no treatment. Passive diffusion used 0 mA cm−2. (B) Bactericidal efficacy at 24 h after 

biofilm treatment calculated using data in (A). (C) MRSA bacterial count (CFU g−1) in 

wound tissues measured at 24 h after biofilm treatment using our system. Treatment duration 

was 1 h. The drug chamber of the working device (anode) was loaded with different 

concentrations of VAN. 75 mA cm−2 current intensity was tested. Control received no 

treatment. (D) Bactericidal efficacy at 24 h after biofilm treatment calculated using data 

in (C). (E) Anti-biofilm efficacy of repeated treatment protocols. Protocol #1 applied two 

treatments separated by 6 h. Protocol #2 applied two treatments separated by 24 h. Each 

treatment applied 75 mA cm−2 for 1 h using our biofilm treatment system. The drug 

chamber of the working device (anode) was loaded with 1 mg mL−1 VAN for all treatments. 

MRSA bacterial count (CFU g−1) in wound tissues was measured at 24 h after the last 

treatment. Control received no treatment. (F) Representative photographs of bacterial culture 
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from wound tissues at 24 h after treatment (for single-treatment protocols) or after the last 

treatment (for repeated treatment protocols). All tissue homogenates were diluted 104 times 

with PBS before plating.
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Figure 6. 
Anti-biofilm efficacy of our electrical biofilm treatment system using DAP. (A-C) 

Iontophoretic delivery of DAP using our system into an ex vivo MRSA biofilm-infected 

porcine skin wound model. (A) Accumulated concentration of DAP in wound tissues 

measured immediately after 1 h iontophoresis at different current intensities. The drug 

chamber of the working device (cathode) was loaded with 5 mg mL−1 DAP. (B) Permeation 

coefficient (Pc) of DAP as a function of applied current intensity. (C) Accumulated 

concentration of DAP in wound tissues measured immediately after 1 h iontophoresis with 

different DAP loading concentrations. The current intensity was 75 mA cm−2. (D) MRSA 

bacterial count in wound tissues measured at 24 h after treatment with our system (75 mA 

cm−2 1-h) using different DAP loading concentrations. Detailed treatment protocols were 

noted in the figure. (E) Representative photographs of bacterial colony cultured from ex vivo 
biofilm infected skin wounds after different treatments. All tissue homogenates were diluted 

104 times with PBS before plating.
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Figure 7. 
In vivo safety of our high-intensity electrical biofilm treatment system. (A) Representative 

photographs of mouse in five different treatment groups (0 mA cm−2 (sham control), 19 

mAcm−2, 38 mA cm−2, and 75 mA cm−2 1 h treatments applied by our system, and 8 mA 

cm−2 1 h treatment applied by a conventional electrical device (Figure 2B). Photographs 

were taken at 4 h and 24 h after treatment. (The upper left schematic was created with 

BioRender.com) (B) Representative histological sections of skin tissues that were in direct 

contact with the working device using three stains (hematoxylin and eosin (H&E), Masson’s 

trichrome, and Verhoeff-Van Gieson (VVG)). Skin samples were collected at 24 h after 

treatment. Arrows showed the detachment of epidermal from the dermis layer in 8 mA cm−2 

conventional device group. Scale bar: 100 μm. (C) Skin surface pH measured immediately 

after treatment. (D) Thickness of epidermal layer measured from skin sections collected at 

24 h after treatment.
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Figure 8. 
In vivo efficacy of high-intensity electrical biofilm treatment system using a type II 

diabetic mouse-based wound model infected with MRSA biofilms (n=3). (A) Experimental 

timeline and schematic illustration of our system setup on diabetic mouse (Created with 

BioRender.com). (B) Representative photographs of MRSA biofilm-infected wounds in 

different treatment groups. (C) Representative photographs of bacterial colony cultured from 

skin wounds at 24 h after different treatments. All tissue homogenates were diluted 102 

times with PBS before plating. (D) MRSA bacterial count in skin wounds measured at 24 

h after different treatments. (E) MRSA bacterial count in skin wounds measured at 7 days 

after treatment. (Scale bar: 3 mm)
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Table 1

Gradient procedure of HPLC for vancomycin chloride detection

Time (min) Buffer A (%) Buffer B (%) Flow (mL min−1)

0 100 0 0.6

5 100 0 0.6

8 70 30 0.6

10 100 0 0.6
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