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Abstract

Wireless electroceutical dressing (WED) fabric kills bacteria and disrupts bacterial biofilm. This 

work tested, comparing with standard of care topical antibiotic ketoconazole, whether the weak 

electric field generated by WED is effective to manage infection caused by ketoconazole-resistant 

yeast Candida albicans. WED inhibited Candida albicans biofilm formation and planktonic 

growth. Unlike ketoconazole, WED inhibited yeast to hyphal transition and downregulated EAP1 
curbing cell attachment. In response to WED-dependent down-regulation of biofilm-forming 

BRG1 and ROB1, BCR1 expression was markedly induced in what seems to be a futile 

compensatory response. WED induced NRG1 and TUP1, negative regulators of filamentation; 

it down-regulated EFG1, a positive regulator of hyphal pathway. Consistent with the anti-hyphal 

properties of WED, the expression of ALS3 and HWP1 were diminished. Ketoconazole failed to 

reproduce the effects of WED on NRG1, TUP1 and EFG1. WED blunted efflux pump activity; 

this effect was in direct contrast to that of ketoconazole. WED exposure compromised cellular 

metabolism. In the presence of ketoconazole, the effect was synergistic. Unlike ketoconazole, 

WED caused membrane depolarization, changes in cell wall composition and loss of membrane 

integrity. This work presents first evidence that weak electric field is useful in managing pathogens 

which are otherwise known to be antibiotic resistant.
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1. Introduction

Textile is in contact with the exfoliating, warm and moist human skin, making it well 

suited to harbor and propagate microbial pathogens. The threat is substantially heightened 

in the setting of healthcare delivery [1]. Thus, specialized textiles have been developed 

and studied for antibiotic properties [2]. Broadly, such biomaterials may be classified 

into two categories: those with inherent antibiotic property of its components, and those 

where in antibiotic properties are added. Plant-derived natural fibers contain many active 

compounds such as phenolics, polyphenols, essential oils, alkaloids, lectins, polypeptides, 

tannins, coumarins, and flavonoids which present broad spectrum antimicrobial activity [3]. 

Microbicidal constituents present in hemp have exhibit efficacy against Bacillus subtilis, 

Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, Aspergillus niger and 

Candida albicans. Other fiber plants such as jute, bamboo, flax, sisal, kenaf, banana 

and pineapple contain biologically active microbicidal compounds like soluble phenols, 

triterpenoids, sterols, lignans, alpha-linoleic acid. Organic extracts from barks, leaves 

or fibers of these plants have exhibited antimicrobial activity against commonly tested 

pathogens [3]. In commercial textile, quaternary ammonium compounds (QAC) bestow 

antibiotic properties. For example, in non-woven fabric surface modification of poly(D,L-

lactide) with QAC inhibit E coli and S aureus [4]. The halogenated phenol Triclosan has 

been used for six decades as antibiotic in textile [5]. Chitosan, a natural antimicrobial 

copolymer, extracted from exoskeleton of crabs and shrimps has been used in fabrics as 

a complex with bivalent metal ions. These chitosan-metal complexes have successfully 

demonstrated microbicidal activity against a wide range of bacteria and fungi [2]. Other 

examples of chemical additives that are used to add antibiotic properties to textile include 

poly(hexamethylene biguanide) [6]. In addition to natural as well as synthetic chemicals, 

fortification of textiles with metals and metal-based compounds (Ag, ZnO, Cu, TiO2, and 

other minor metals based such as iron based, CeO2, Au, SiO2, Ni, and Pt) represents a 

common antibiotic strategy [7]. The use of chemical additives as well as metal-complexed 

fabric has given rise to antimicrobial resistant pathogens raising concerns. For example, 

triclosan is associated with a high risk of developing resistance and cross-resistance in 

S aureus and E coli [8]. Similarly, evidence of widespread silver resistance in clinical 

isolates of microbial pathogens is alarming [9]. Our work studying the placement of 

electrochemically coupled metals in a specific geometric pattern on fabric has resulted in 

the generation of weak electric field upon contact of the fabric with electrolyte containing 

liquid including body fluids [10–13]. Such strategic placement of Ag and Zn dots on fabric 

kills pathogens that cannot be killed Ag alone [11]. The fabric, wireless electroceutical 

dressing (WED), has been FDA cleared for use as wound care dressing [14]. Developing 

work show that coronavirus infectivity can be rapidly neutralized upon contact with WED 

fabric proposing the benefit of using such fabric for the development of personal protective 

equipment during the ongoing pandemic [10]. Following a series of studies demonstrating 

anti-biofilm properties of the dressing, a clinical trial is in progress to testing WED in a 
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setting of burn wound infection (NCT04079998). In this work, we ask whether the weak 

electric field generated by WED is effective to instill antibiotic sensitivity to an antibiotic 

resistant pathogen. Candida albicans poses major threat to skin and wound infection [15, 

16]. Ketoconazole is the azole drug of choice to manage such skin infection topically [17]. 

Fluconazole and itraconazole are used to manage systemic infection [18, 19]. The objective 

of this work is to test whether WED can kill ketoconazole-resistant Candida albicans. The 

potential synergy of WED and ketoconazole in the management of ketoconazole-resistant 

Candida albicans was also tested.

2. Materials and methods

2.1. Candida albicans culture and maintenance

Ketoconazole-resistant Candida albicans (Robin) Berkhout (ATCC® 64124™) was procured 

from American Type Culture Collection (ATCC). This strain was maintained at 4°C on 

Yeast extract Peptone Dextrose (YPD, Cat no: DF0427–17-6; BD™ Difco™, Franklin 

Lakes, NJ) agar plates. Planktonic yeast cultures (seed inoculums) were initiated in 5 ml 

of YPD broth (Cat no: DF0428–17-5; BD™ Difco™) from a single colony of the yeast 

strain. Cells were incubated at 27°C, under shaker conditions (200 rpm) (Excella E24, New 

Brunswick Scientific, Enfield, CT) for 24h, followed by initiation of master inoculums for 

respective experiments in 5 ml YPD broth (OD600nm ~0.15). Yeast cells were incubated at 

27°C for all assays, except for hyphal transition experiments. For all assays, ketoconazole 

(Cat no: PHR1385–1G, Sigma Aldrich, St. Louis, MO) was used at a final concentration of 

100 µg/ml (dissolved in 100% Methanol; stored at −20°C).

2.2. Wireless electroceutical dressing as a source of electric field

In this work, a FDA cleared Wireless Electroceutical Dressing (WED) was used as a source 

of weak electric field. This dressing, co-developed by our laboratory [10–13], has been 

commercialized by Vomaris Inc. (Phoenix, AZ). It is made of polyester fabric printed with 

alternating circular dots of silver (Ag) and zinc (Zn) metals (ø2 mm and 1 mm, respectively), 

generating electric potential in the range of 0.6 – 0.9 V [10–13]. A polyester fabric without 

any metal deposition (hence unable to generate electric field) was used as an experimental 

control and is referred to as unprinted fabric. Fabric with only silver dots was used as 

‘Ag-only fabric’ control in all experiments, to rule out the effects of any microbicidal 

activity of silver alone. All dressings were provided to us by the manufacturer.

2.3. Contact potential mapping for dressings

Two-dimensional maps of the surface potential of the electroceutical dressing were collected 

by the modified version of a method reported previously [20]. Briefly, a gold-coated probe 

tip (100 µm diameter) was mounted on a microprobing system consisting of miniature linear 

actuators (Zaber Technologies Inc., Vancouver, Canada) with independent control in the 

XYZ dimensions. The dressings were moistened by YPD broth and mounted on the sample 

stage. With the microprobing system, the probe tip raster scanned to contact the sample 

surface for potential measurement at each pixel. The scan area was 5 × 5 mm in 20 × 20 

pixels covering 2 Ag dots, 2 Zn dots and empty dressing. The potential at the probe tip was 

referenced to the empty dressing, as measured by a high precision and high input impedance 
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voltmeter (EMF 16, Lawson Lab Inc., Malvern, PA, USA) at each pixel. The collected data 

were plotted and processed by Gwyddion [21].

2.4. Voltage measurements for dressings

Since electroceutical dressing was used as the source of weak electric fields, voltage 

generated by dressings was measured immediately after wetting with YPD broth and after 

incubation in YPD broth for 24h, 48h or 72h at 27°C under static conditions [11]. For 

measurements, probes of a multimeter (Amprobe 34XR-A, Everett, WA) were placed on 

adjacent silver spots of Ag-only fabric or adjacent silver and zinc dots in WED. Voltage was 

first measured by placing the probes on dry dressings. This was followed by wetting the 

dressings by addition of 200 µl of YPD broth and continuous DC voltage measurement for 

the next 5 mins. For 24h, 48h or 72h voltage readings, dressings incubated in YPD broth 

(for respective time intervals) were placed in separate petri plates and voltage was measured 

as earlier. All voltage measurements were performed at room temperature. Four independent 

measurements (each lasting for 5 mins) were taken from WED and Ag-only fabric for each 

time point.

2.5. Candida albicans in vitro biofilm formation in response to fabric

Log phase Candida albicans (1 × 104 cells) were allowed to form biofilms, in vitro, in 

two sets of 24-well polystyrene microtiter plates. One set had one sterilized round cover 

glass (1.2 cm diameter, sterilized by treatment 100% ethanol for 10 mins) in each well 

while in the second set, direct attachment of C albicans biofilms on polystyrene surface 

was assayed using Microtiter plate crystal violet assay [22]. Untreated cells were provided 

with only YPD broth and incubated at static condition. Treatment groups were exposed to 

moistened fabrics (discs of ~1.5 cm diameter, with their conducting side facing biofilms) 

or ketoconazole or a combination of both with same media and incubation conditions. 

After every 24h, old media was discarded, and fresh YPD broth was added in all wells 

to replenish nutrition for growing biofilms. After 72h, biofilms formed on cover glasses 

were stained with modifications in previously described method [23]. Biofilms were washed 

thrice thoroughly with 500 µl of 1X PBS to remove loosely adhered planktonic cells and 

fixed with 100 µl of 4% paraformaldehyde for 1h, at room temperature. Fixed biofilms 

were washed once with 500 µl of 1X PBS and stained with 200 µl of Film Tracer™ 

SYPRO™ Ruby (1X) (biofilm matrix stain) (Cat no: F10318, Invitrogen) for 30 mins 

followed by counterstaining with Calcofluor white (cell wall chitin binding dye; 25 µg/ml) 

for 10 mins, to visualize C albicans cells in biofilms. All staining procedures were done 

in dark (covered with aluminum foil) at 27°C. After staining, biofilms were washed once 

again with 200 µl of 1XPBS and mounted between glass slides and cover glasses with 

5 µl of Vectashield® Antifade mounting medium (Cat no: P36930, Vector Laboratories, 

Burlingame, CA). Biofilms were observed on a CLSM at 63X to study their spatial 

arrangement and thickness.

The second set of biofilms on polystyrene plates (without cover glasses) were washed thrice 

with 1 ml of with double distilled water thrice followed by air drying and staining with 

1 ml of crystal violet (0.1%; Cat no: S25275, Fisher Scientific, Waltham MA) per well 

for 15 mins. After staining, plates were washed thrice with 1 ml of 1X PBS, air dried 
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and crystal violet was extracted from wells using 1 ml of 90% ethanol per well. Plates 

were incubated with ethanol for 30 mins followed by absorbance measurements at 590 nm. 

For Scanning Electron Microscopy (SEM), 10 µl of C albicans cell suspension (1 × 104 

cells/ml) was spotted on 0.22 µm polycarbonate membrane discs (cut as 1 cm diameter; 

Cat no: 1215309, GVS Life Sciences, Sanford, ME) placed on YPD agar plates (with or 

without ketoconazole). Once the culture spots dried, they were overlaid with moistened 

fabrics (~ 1.2 cm diameter; to cover the discs). After every 24h, these discs were carefully 

transferred to fresh YPD agar plates (with or without ketoconazole). At respective time 

points, discs with biofilms were placed in 24 well polystyrene plates and processed for 

SEM as previously described [11]. Biofilms were fixed with 2.5% glutaraldehyde in 0.1 

M phosphate buffer with 50 mM sucrose (300 µl/well) at 4°C for overnight followed by 

washing twice in phosphate buffer with sucrose. Biofilms were then dehydrated in graded 

ethanol series (50% to 100%) for 15 mins each. After ethanol dehydrations, discs were 

processed with a series of ethanol: hexamethyldisilazane (HMDS) (Cat no: 16710, Electron 

Microscopy Services, Hatfield, PA) gradients (3:1, 2:2, 1:3) for 20 mins each and finally 

biofilms were treated with HMDS alone for 20 mins and left for complete drying. Discs 

were then mounted on aluminum stubs with the help of a double-sided carbon tape (Cat 

no: 77816, Electron Microscopy Services) and sputter coated with gold for 60s followed by 

microscopic observations on SEM (JEOL 7800F, JEOL USA Inc., Peabody, MA) operating 

at 5 kV in the secondary electron mode.

2.6. Planktonic growth assessment

The effect of electroceutical fabrics on planktonic growth was assessed by culturing C 
albicans in sterile 14 ml round bottom polypropylene tubes with 5 ml YPD broth [11]. 

For fabric treatments, fabrics were cut (5 cm x 5 cm) and added to the culture tubes, by 

rolling them with their conducting side rolled up inside. With this arrangement, cells were 

in contact with the conducting side of the fabric. Cells were then incubated for 24h, 48h or 

72h at 27°C under shaker conditions. Culture tubes for untreated cells and only ketoconazole 

treated cells did not have any fabrics. After incubation for respective time intervals, 900 µl 

aliquots were taken from all groups and absorbance was measured using spectrophotometer 

(Nanodrop 2000c, ThermoFisher Scientific, Waltham, MA) at OD600 nm.

2.7. Transition from yeast to hyphal morphology

The morphological transition of C albicans from yeast form to hyphal form was studied 

with hyphae inducing conditions (YPD broth with 10 % Fetal Bovine Serum and incubation 

at 37°C, static condition) [24]. Cells were cultured in 5 ml of hyphae inducing medium, 

with or without fabrics or ketoconazole. An aliquot of cells (1 ml) was taken from all 

treatment groups at 6h, 24h, 48h and 72h. Hyphal induction and elongation were monitored 

microscopically (63X) and images were captured at 6h, 24h, 48h and 72h. For hyphal 

length measurements, aliquots were taken after 2h in hyphae inducing medium and images 

were captured at 20X magnification. Hyphal lengths were measured from these images 

using Accuview software (50 hyphae were measured per experimental group; four biological 

replicates were assayed in total).
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2.8. Assessment of efflux pump activity by Nile Red accumulation assay

The efflux pump activity in C albicans cells, in response to fabrics, was assayed with Nile 

red accumulation assay [25]. Candida albicans cells were cultured in liquid media (YPD 

broth), with or without fabrics or ketoconazole. At respective time intervals, an aliquot of 

cells (1 × 108) was taken and washed with 1 ml of 1X PBS followed by treatment with 

an assay mixture (200 µl) of 1X PBS with 2% glucose and 7µM Nile red (Cat no: 19123–

100MG, Sigma Aldrich). One set of cells was not stained and used as an unstained control. 

Heat-killed cells (1 × 108 cells, treated at 100°C for 30 mins) were used as a positive control 

with 100% impaired efflux pump activity and showing maximum Nile red accumulation. 

After 30 mins of dark incubation at room temperature, cells were washed with 1 ml of 

1X PBS followed by flow cytometry (with FL2-PE filter) (10,000 events per sample) to 

assess Nile red positive cells in control and test samples. Data generated by flow cytometry 

were analyzed using FlowJo software and graphically represented. Scatter plots with ratio of 

fluorescence intensity and forward scatter were plotted to show the shift in cell populations 

with respect to Nile red accumulation. Samples remaining after flow cytometry were also 

observed at 63X magnification as a microscopic confirmation. Two technical replicates were 

assayed for each experimental group and in total six biological replicates were assayed.

2.9. Metabolic state assessment by FUN1 staining

The metabolic state of C albicans cells, in response to fabrics alone or with ketoconazole, 

was measured using a two-color fluorescent stain, FUN®1 (Cat no: F7030, Invitrogen, 

Carlsbad, CA) [26]. After treatments with electroceutical fabrics, an aliquot of C albicans 
cells (1 X 108) was washed with 1 ml of 1X PBS followed by treatment with 100 µl 

of FUN®1 (1:1000; freshly diluted in 1X PBS) for 40 mins under dark condition. Cells 

were then washed once with 1 ml of 1X PBS followed by counter staining with 100 µl of 

Calcofluor white (25 µg /ml; Cat no: 18909–100ML-F, Sigma Aldrich) for 10 mins under 

dark conditions. After counter staining, cells were again washed with 1 ml of 1X PBS; an 

aliquot of cells was trapped between a cover glass and glass slide and observed at 63X 

on a Confocal Laser Scanning Microscope (CLSM; LSM 880, Carl Zeiss, Oberkochen, 

Germany). Images captured at this magnification were analyzed using ZEN blue software 

(Carl Zeiss Microscopy LLC, White Plains, NY) to calculate the ratio of red and green 

fluorescence intensities. Two technical replicates were assayed for each experimental group 

and in total six biological replicates were assayed.

2.10. Assessment of cell membrane potential changes by DiBAC4(3) staining

Weak electric field responsive change in C albicans cell membrane potential was assayed 

using slow response membrane potential sensitive dye, DiBAC4(3) [27]. Candida albicans 
cells were cultured in liquid media (YPD broth), with or without fabrics or ketoconazole 

(as specified in respective figure legends). At respective time intervals, an aliquot of cells 

(1 × 108) was taken and washed with 1 ml of 1X PBS followed by treatment with either 

200 µl of 10 µM DiBAC4(3) [Bis-(1,3 – dibutylbarbituric acid) trimethine oxonol; Cat 

no: AS-84700, Anaspec, Fremont, CA] [for DiBAC4(3) single stained controls] or 10 µM 

propidium iodide (Cat no: P4170–100MG, Sigma Aldrich) [for PI single stained controls] 

or a combination of both stains. Heat-killed cells (1 × 108; treated at 100°C for 30 mins) 
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and cells treated with Amphotericin B (3 µg /ml; Cat no: A2411–250MG, Sigma Aldrich) 

for 6h were used as controls for dual stain positive and DiBAC4(3) only positive cells, 

respectively. After staining, cells were washed with 1XPBS followed by flow cytometry 

(BD Accuri C6, BD Biosciences, San Jose, CA). Cells were assessed with FL1-FITC 

filter for DiBAC4(3) and FL2-PE filter for PI fluorescence (10,000 events per sample). 

Cells from all experimental groups stained only with single fluorescent stain were used 

for setting compensation of the flow cytometry analysis. Data generated by flow cytometry 

were analyzed using FlowJo software and graphically represented. Scatter plots with ratio 

of fluorescence intensities through FL1-FITC filter and FL2-PE filter were plotted. Samples 

remaining after flow cytometry were also observed at 63X as a microscopic confirmation. 

Two technical replicates were assayed for each experimental group and in total six biological 

replicates were assayed.

2.11. Ultrastructure analysis

C albicans cells were processed for ultrastructure studies, with modifications in previously 

described protocol [28]. After 24h of respective treatments in YPD broth, C albicans cells 

were initially fixed for overnight with 500 µl of 3% glutaraldehyde/0.1 M phosphate buffer 

followed by fixation with same fixative with 0.15% tannic acid for 1h. After three rinses 

in 0.1 M phosphate buffer, the specimens were subjected to secondary fixation with 1% 

osmium tetroxide/0.1 M phosphate buffer for 1h. Samples were then rinsed for five times 

with distilled water followed by Enbloc staining with 1% uranyl acetate in distilled water 

for 1h. Samples were thoroughly rinsed in distilled water and then dehydrated through 

a range of 70–100% ethanol. After dehydration, samples were infiltrated with acetone 

and embedding resin (50:50) for 48 h. Specimens were then embedded with 100% resin 

(Embed 812, Electron Microscopy Sciences, Hatfield, PA) and polymerized overnight. 

Sections were cut, 80–85 nm and placed on copper mesh grids and viewed on Transmission 

Electron Microscope (TEM) (ThermoFisher, Tecnai Spirit, Hillsoboro, OR) and images were 

captured with CCD camera (Advanced Microscopy Techniques Danvers, MA). Analysis of 

cell wall thickness was done with TEM images using ImageJ software (n = 20 cells).

2.12. Semi-quantitative analysis for cell wall carbohydrates – chitin, beta-glucan and 
mannan

After 24h treatment, with fabrics alone or in combination with ketoconazole, 500 µl of C 
albicans cells were washed once with 1 ml of 1X PBS followed by chitin staining with 

Calcofluor white (Sigma Aldrich) (25 µg /ml) for 10 mins [29]. For beta-glucan staining, 

cells were incubated with Aniline Blue (0.05%; Cat no: AN105–10GM, Spectrum Chemical, 

Tucson, AZ) for 15 mins [29]. Cell wall mannans were stained with Concanavalin A – Texas 

Red conjugate (25 µg /ml, Cat no: C825, Life Technologies, Carlsbad, CA) for 40 mins [30]. 

All staining procedures were performed under dark conditions. After staining, cells were 

washed once with 1 ml of 1X PBS and observed under 63X magnification. Microscopic 

images (10 per group per biological replicate) were used for measuring fluorescence 

intensities using ZEN blue software.
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2.13. Secondary cell wall stress assay

After exposure to weak electric fields, C albicans were subjected to secondary cell wall 

stress assay as previously reported [31, 32]. Following abiotic stress agents were used for 

this assay: heat stress (42°C), osmotic stress (1M KCl and 1M NaC) and cell wall perturbing 

agents (Calcofluor white - 50 µg /ml and SDS – 0.01%). Briefly, cells were cultured in liquid 

media (YPD broth), with or without fabrics or ketoconazole. At respective time intervals, an 

aliquot was taken, and cells were washed with 1 ml of 1X PBS followed by adjusting the 

cell count to 1×108 cells/ml with 1X PBS. These cells were then serially diluted (10−1 to 

10−6) with 1X PBS, followed by spotting 10 µl each of two selected dilutions for that time 

point along with the neat (undiluted) culture on YPD agar with aforementioned stressors 

(osmotic and cell wall perturbing agents). These plates along with control group plates (cells 

spotted on YPD agar plates without any stress agents) were incubated at 27°C. For high 

temperature stress, cells were spotted on YPD agar plates and incubated at 42°C. After 

48–72h incubation, plates were observed for C albicans growth followed by imaging the 

plates. Two technical replicates were assayed for each experimental group and in total four 

biological replicates were assayed.

2.14. Quantitative Real time PCR

For real time PCR analysis, C albicans cells were cultured in three different culture 

conditions. One set of cells were cultured in YPD broth, either with fabrics or with 

ketoconazole or a combination of both. This set was used for gene expression analysis 

for cell wall related and efflux pump activity related genes. A second set of cells were 

cultured in hyphae inducing medium (as mentioned earlier) and cells were harvested after 

24h incubation. Third set of cells were allowed to form biofilms on 6-well polystyrene 

plates (as described earlier) and after 72h of biofilm formation, supernatant was discarded, 

and wells were washed thrice with 2 ml of 1XPBS (each wash) to remove planktonic 

and loosely attached cells. After washing, 1 ml of 1X PBS was added to the wells and 

wells were scrapped with sterile cell scrapers to detach cells adhered to polystyrene bottom 

followed by collection in 1.7 ml tubes. Cells were centrifuged at 10,000 x g for 5 mins 

at room temperature, supernatant discarded and processed for RNA extraction and cDNA 

preparation as follows. RNA was extracted using RiboPure™ Yeast RNA purification kit 

(Cat no: AM1926, Invitrogen) as per the manufacturer’s protocol. Briefly, ~3 × 108 C 
albicans cells (for each experimental group) were first re-suspended in Lysis buffer + 10 

% SDS + Phenol:Chloroform:IAA mixture (480 µl + 48 µl + 480 µl) and then lysed by 

vigorous vortexing (10 min) in presence of ~750 of ice-cold Zirconia bead. After lysis, cells 

were centrifuged at 16,100 x g for 5 mins at room temperature to separate the aqueous, 

phase containing the RNA, from the organic phase. This aqueous phase (~ 500 µl) was then 

transferred to a 15 ml polypropylene tube, followed by addition of 1750 µl of Binding buffer 

and 1175 µl of 100 % Ethanol. This sample mixture was then allowed to bind to the Filter 

Cartridge through a series of centrifugation steps, each at 16,100 x g for 5 mins at room 

temperature. After complete binding, the Filter Cartridges were first washed with 700 µl 

of Wash Solution 1 followed by two washes with 500 µl each of Wash Solution 2. After 

sufficient washing, RNA from the Filter Cartridges was eluted in 50 µl of Ultra-Pure Water 

(UPW) followed by DNAse 1 treatment with 1/10th volume of 10X DNase 1 buffer and 4 

µl of DNase (8 U) for 30 mins at 37°C. DNase inactivation was carried out by incubating 
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with 0.1 volume of DNase 1 Inactivation Reagent for 5 mins at room temperature. RNA 

supernatant was transferred to fresh 1.7 ml tubes after centrifugation at 16,100 x g for 3 

mins at room temperature. RNA concentration and purity (260/280 nm ratio) was checked 

on Nanodrop followed by cDNA preparation using Superscript VILO cDNA synthesis kit 

(Cat no: 11754–050, Invitrogen) [33]. Briefly, 4 µl of 5X Vilo reaction mix and 2 µl of 10X 

Superscript enzyme mix were added to 2 µg RNA and the volume was made up to 20 µl with 

UPW. The contents were mixed thoroughly and incubated at 25°C for 10 mins followed by 

incubation at 42°C for 60 mins. The reaction was terminated at 85°C (5 mins). RNA thus 

obtained was used for real time PCR analysis or stored at −80°C till further use.

Primers used for real time PCR in the current study were procured from Integrated DNA 

Technologies (Coralville, IA) and their sequences are given in Table 1. Sequences for some 

primer pairs were obtained from previous studies while remaining were designed using 

Primer 3 software [34] and the specificity of these primers was checked by comparing their 

sequences to the C albicans database http://www.candidagenome.org/ using BLAST [35]. 

All primers were used at a final concentration of 100 nM (per reaction). Real-time PCR 

was performed in 96-well plates on a QuantStudio™ 3 Real-Time PCR system (A28131, 

Applied Biosystems, Foster City, CA). Five microliters of 1:10 diluted cDNA samples 

(prepared as above) and 20 μl of mastermix (containing 5 µl of PowerUp™ SYBR™ Green 

Master Mix [Cat no: A25743, Applied Biosystems] along with UPW and primers) were 

added to the plates. Real-time PCR reactions were performed by holding the reaction at 

50°C for 5 min followed by denaturation at 95°C for 20 s and 40 cycles of 0.01 s at 95°C 

and 20 s at 55°C. Following PCR, samples were subjected to incubations of increasing 

temperature starting from 60°C to 95°C to obtain melt curves. Real-time PCR data were 

normalized to one reference gene - ACT1. Expression levels were quantified employing the 

2 (−ΔΔct) relative quantification method [11, 33].

2.15. Agar lawn assay for fungicidal activity

Fabrics (5 cm x 5 cm) were moistened with sterile YPD broth and placed in empty petri 

plates with the conducting side of the electroceutical fabric facing up [11]. One hundred 

microliter of log phase C albicans cells (1 × 108 cells) was thoroughly mixed in sterile 

molten YPD agar (10 ml) and poured evenly in plates with fabrics. For untreated and 

ketoconazole treatment, plates did not have any fabric. After incubation for 48–72h, plates 

were observed for any zone of growth inhibition around fabrics. Images of these culture 

plates were captured, and the area of growth inhibition was calculated with ImageJ software.

2.16. Statistical Analysis

GraphPad Prism (GraphPad Software) v8.0 was used for statistical analyses. Statistical 

analysis between multiple groups was performed using one-way or two-way analysis 

of variance with the post-hoc Sidak multiple comparison test. P <0.05 was considered 

statistically significant. Significance levels and exact P values are indicated in all relevant 

figures. Data for independent experiments were presented as means ± SD. Individual data 

points are plotted reflecting ‘n’ for each experiment.
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3. Results

3.1. Wireless electroceutical dressing

The electroceutical dressing tested in the present study is composed of alternating metal 

deposition spots of silver and zinc metals printed on a polyester fabric (Fig. 1a–b). The 

silver dots have a diameter of 2mm while the zinc dots are of 1mm diameter. These dots are 

placed in close proximity (~ 1mm) to each other. In the presence of a electrolyte containing 

liquid medium, the Ag/Zn redox couple generates weak electric field the strength of which 

depend on the composition of the wetting medium. Unprinted fabric without any metal 

deposition was used in this study as a control for the dressing fabric (Figure S1a). Polyester 

fabric with only silver metal spots was used in the present study as a control for the 

microbicidal activity of silver ions (Figure S1a). Under dry conditions, the electroceutical 

dressing did not generate measurable electric potentials. After being moistened by YPD 

broth, the Ag spots displayed positive potentials while the Zn spots were highly negative. 

As shown in the two-dimensional contact surface potential map (Fig. 1c), both Ag and 

Zn spots can be clearly visualized and their sizes matches well with the factual diameter, 

indicating that electrical potential can be generated stably at the region of printed metal 

patterns. The averaged potential of Ag spots and Zn spots of the measured region with 

reference to unprinted dressing were recorded as +40 mV and −680 mV, respectively. The 

voltage measurements for two adjacent Ag and Zn dots in the dressing were also performed 

with different incubation times. Finite element simulations showed that electric fields project 

to a significant degree above the WED fabric, with field strength dropping to 5 V/m around 

3 mm above the fabric surface (Fig. 1d). Upon addition of YPD broth to the dry dressing, 

WED was activated within 12–15s generating peak DC voltage ~0.2 V for two adjacent Ag 

and Zn dots (electrodes; Fig. 1e). Voltage generation in WED increased in a range between 

0.1–0.5V after 24h incubation in YPD broth (Fig. 1f–h). The unprinted fabric without any 

electrode did not provide any such reading. Testing the two adjacent Ag dots in the Ag-only 

control fabric showed negligible DC voltage generation upon wetting with YPD broth or 

after incubation in YPD broth for 24h or 72h (Figure S1b–e).

3.2. Inhibition of Candida albicans biofilm formation and planktonic growth

CLSM analyses of biofilm formation demonstrated no change of biofilm formation in 

response to ketoconazole, control fabric or Ag-only fabric. Significant reduction in biofilm 

thickness was noted when cells were exposed to WED alone or in combination with 

ketoconazole (Fig. 2a, Figure S3a). Akin to the outcome of ketoconazole alone, addition 

of the drug to WED did not cause any further difference in biofilm outcome (Fig. 2a, 

Figure S3a). Visualization of biofilm aggregate architecture using SEM revealed biofilms 

hyphal morphologies within 24h (Fig. 2b, Figure S2). Such structures were abundant in 

untreated cells, cells treated with unprinted fabric or Ag-only fabric. In biofilm-forming 

cells treated with ketoconazole, the filamentation appeared after 48h. In WED treated cells, 

hyphal morphology was absent (Fig. 2b, Figure S2, Figure S3b). Attachment to polystyrene 

plates, a common biofilm assay, was studied using crystal violet assay. All groups studied, 

except those involving WED, tested positive demonstrating biofilm forming characteristic. 

WED, alone or in combination with ketoconazole, markedly abrogated the attachment 

properties of the cell (Fig. 2c). The presence of ketoconazole with WED did not make any 
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further difference. Expression levels of EAP1, a gene responsible for enhanced adherence 

to polystyrene [36, 37] was down-regulated in response to WED, alone or comparably in 

combination with ketoconazole (Figure S3f). While ketoconazole did lower the expression 

of EAP1 (Figure S3f) no difference in attachment was observed in the functional assay (Fig. 

2c).

To further address the mechanisms responsible for the anti-biofilm properties of WED, 

BCR1, BRG1 and ROB1 representing three key positive transcriptional regulators of 

biofilm formation were studied [38, 39]. Compared to that of other groups, WED treatment 

markedly down-regulated the expression of BRG1 and ROB1. Comparable effects on these 

two genes were noted with ketoconazole treatment alone (Figure S3c–d). Interestingly, in 

response to WED-dependent down regulation of BRG1 and ROB1, BCR1 expression was 

markedly induced in what seems to be a futile compensatory response. Of further interest is 

the observation that while ketoconazole alone did not display such compensatory effect, it 

acted synergistically with WED to cause a surge in BCR1 expression (Figure S3e).

Exposure to WED not only resisted biofilm formation but it suppressed planktonic growth as 

well. Cells treated with the dressing showed two-fold reduction in planktonic growth (Fig. 

2d). This reduction was comparable to the tested MIC of ketoconazole (Fig. 2d). When 

grown under conditions of Agar lawn assay, WED showed a prominent zone of inhibition. 

WED was embedded 5mm deep in agar. The zone of inhibition was larger than the size of 

the fabric (Figure S4a–b). Ketoconazole did not further increase the zone of inhibition when 

treated in conjunction with WED. Under these conditions, Candida albicans growth was not 

inhibited in presence of unprinted or Ag-only fabric (Figure S4a–b).

3.3. Inhibition of Candida albicans morphological switch

Transition of yeast cells to hyphal form was studied with hyphae inducing conditions i.e., 
YPD broth with 10% FBS and incubation at 37°C [24]. Hyphal length measurements were 

performed after 2h incubation in hyphae inducing medium (Fig. 3a). Hyphal induction 

was observed in untreated cells or cells treated with unprinted fabric or Ag-only fabric. 

However, in the presence WED hyphae were not induced. Transient pseudohyphal forms 

were observed (2h) instead under such conditions of weak electric field (Fig. 3a, Figure 

S5a). Over a longer time period (72h) pseudohyphae failed to convert to hyphae and 

disappeared. Thus, the effect of WED against hyphal induction was persistent. On the 

other hand, ketoconazole had a transient effect against hyphal induction which held until 

24h. In 48–72h, filamentation was evident in the presence of ketoconazole. When used in 

combination, the effects of WED+ketoconazole were comparable to that of WED alone (Fig. 

3b). These results demonstrate that weak electric field is effective in perturbing yeast to 

hyphal switch in C albicans cells.

The molecular basis of the effect of WED on yeast to hyphal transition was examined 

by studying EFG1, NRG1, TUP1, RFG1, key regulators of yeast to hyphae transition 

pathway; and two important markers of hyphal cell wall as represented by ALS3 and 

HWP1 [40]. Exposure to WED alone induced NRG1 and TUP1, negative regulators of 

filamentation (Fig. 3c–d). In addition, WED down-regulated EFG1, a positive regulator of 

hyphal pathway (Fig. 3e). With these effects that are consistent with the hyphal induction 
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outcomes data (Fig. 3b), we observed yet another effect which appear to be compensatory 

but functionally futile. WED downregulated the expression of RFG1, another negative 

regulator of filamentation (Figure S5b). Consistent with the anti-hyphal properties of WED, 

the expression of ALS3 and HWP1 were also significantly diminished in cells exposed to 

weak electric field (Figure S5c–d). Albeit with a lower magnitude, ketoconazole showed 

effects on the expression of RFG1, ALS3 and HWP1 expressions that were comparable 

to that of WED (Figure S5b–d). However, ketoconazole failed to reproduce the effects of 

WED on NRG1, TUP1 and EFG1 (Fig. 3c–e). In contrast to the effect of WED, the fabric 

with Ag-only markedly induced the pro-hyphal EFG1 (Fig. 3e). Expression levels of all 

aforementioned genes in C albicans cells treated with unprinted fabric were equivalent to 

that of untreated cells (Fig. 3c–e, Figure S5b–d).

3.4. Impaired efflux pump activity

Efflux pump activity was studied by Nile red accumulation assay [25]. Nile red, a 

fluorescent lipophilic dye, upon entry into the cells, binds to lipids and shows increased 

fluorescence intensity. Healthy active cells with fully functional efflux activity will efflux 

out Nile red when provided with glucose as a competitor in the assay conditions. Cells 

with impaired efflux activity retain Nile red. Untreated cells, cells treated with unprinted 

fabric or Ag-only fabric displayed fully functional efflux pump activity (Fig. 4a–c, Figure 

S6). Exposure of cells to WED resulted in Nile red accumulation (Fig. 4a–c). In contrast, 

consistent with the reported literature [25], treatment of cells with ketoconazole boosted 

efflux pump activity (Fig. 4a–b). Results from microscopic as well as flow cytometric 

analyses were consistent demonstrating impairment of efflux pump activity in response to 

WED (Fig. 4a–c, Figure S6). When ketoconazole was added with WED, the results were 

identical to what was seen with WED alone. In such case, the pump boosting effect of 

ketoconazole was overridden by WED.

The efflux pump is encoded CDR1 and MDR1. Under conditions of impaired efflux pump 

activity is response to WED as reported above, there seems to be a futile induction of both 

CDR1 and MDR1 (Fig. 4d–e). Increased efflux pump activity in response to ketoconazole 

can be explained by induction of CDR1 (Fig. 4d). MDR1 remained unchanged (Fig. 4e). 

The effects of WED+ketoconazole on CDR1 were comparable to that of ketoconazole alone 

(Fig. 4d). For MDR1, the effect was comparable to that of WED alone (Fig. 4e).

3.5. Impaired cellular metabolism

The metabolic state of C albicans cells was measured using a two-color fluorescent stain, 

FUN1™ [26]. Metabolically active cells with intact plasma membrane convert FUN1 into 

orange-red or yellow-orange fluorescent intravacuolar cylindrical structures; cells with intact 

plasma membrane but little or no metabolic activity exhibit diffused green cytoplasmic 

fluorescence with no intravaculoar bodies. Dead cells exhibit bright, diffuse, orange-red 

fluorescence. FUN1™ staining showed distinct intravacuolar structures in untreated cells 

and cells treated with unprinted fabric or ketoconazole (Fig. 5a) indicating healthy 

state of metabolism and intact plasma membrane in these cells. WED exposure sharply 

compromised cellular metabolic status. In the presence of ketoconazole, the effect was 
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synergistic. In response to Ag-only fabric, cell metabolism was slightly dampened (Fig. 

5a–b).

3.6. Cell membrane depolarization

DiBAC4(3) and PI staining were performed to assess membrane depolarization and integrity. 

C albicans cells treated with Amphotericin B were used as a positive control for DiBAC4(3) 

only staining while membrane damage associated membrane depolarization in heat killed 

cells acted as a positive control for dual staining in this assay (Figure S7a–b). Untreated 

cells or treatment with unprinted fabric, Ag-only fabric and ketoconazole alone resulted in 

stable membrane potential. WED caused membrane depolarization with considerable loss 

of membrane integrity over 24h. These effects of WED were in contrast with the effects 

of ketoconazole which did cause any membrane depolarization. WED+ketoconazole had 

effects comparable to that of WED alone (Fig. 6a–c, Figure S7c–d, Figure S8a–b).

3.7. Cell wall remodeling

In response to azole drugs, C albicans is known to increase cell wall thickness as 

defense response [41]. Consistently, exposure of cells to ketoconazole resulted in cell wall 

thickening. Such response was not observed in response to WED. However, in combination 

with ketoconazole, WED acted synergistically to augment cell wall thickening (Fig. 7a–b). 

Cells treated with unprinted fabric or Ag-only fabric did not cause any change in cell wall 

thickness compared to reference untreated cells. The cell wall is made up of three principal 

carbohydrate components: chitin, glucans and mannans [29, 30]. Efforts to elucidate changes 

in cell wall composition led to the observation that cells treated with unprinted fabric or 

Ag-only fabric did not cause any change compared to reference untreated cells. WED alone, 

although did not alter cell wall thickness, resulted in significant increase in mannan at the 

expense of reduction in β-glucan; chitin remained unchanged. In contrast, ketoconazole 

exposure increased chitin levels; β-glucan and mannan remain unchanged. Exposure to a 

combination of WED+ketoconazole resulted in an additive response such that mannan and 

chitin were elevated; β-glucan levels were lower (Fig. 7c–f, Figure S9a–b).

In pursuit of the mechanistic underpinnings of the observed cell wall thickness, the 

following three genes of functional significance in the context of this study were 

investigated: CHS3 (major chitin synthase), ERG11 (critical for ergosterol biosynthesis, 

a major azole target) and GSL1 (encodes beta-1,3-glucan synthase subunit) [42–44]. Cells 

treated with unprinted fabric did not cause any change in cell wall thickness compared to 

reference untreated cells. While the Ag-only fabric did not have any effect of cell wall 

thickness or composition as described above, ERG11 was marginally yet significantly lower; 

CHS3 and GSL1 remained unchanged. Consistent with its effect on cell wall composition, 

WED repressed GSL1 and CHS3 remained unchanged; like azole drugs WED alone induced 

ERG11. Ketoconazole induced ERG11, albeit more strongly than WED. Consistent with 

its effect in increasing chitin composition in the cell wall, CHS3 was induced by the azole 

drug. Although ketoconazole had no effect on the beta-glucan composition of the cell wall, it 

down-regulated GSL1. When ketoconazole was added to WED, it did not cause any further 

change compared to the effects of WED alone as described above (Figure S9c–e).
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Thickening of cell wall is typically viewed as a defense response. Yet WED+ketoconazole, 

which in other experiments were observed to cause loss of cell integrity, increased cell wall 

thickness. Thus, a secondary stressor assay was performed to test the significance of cell 

wall thickness observed in our studies [45]. Secondary stressors high temperature (42°C), 

osmotic agents (KCl and NaCl), and cell wall stress agents (Calcofluor white and SDS) were 

independently tested. Indeed, the cell wall thickening induced by ketoconazole fortified the 

cells with enhanced defense against all three classes of stressors tested. This undesirable 

effect of ketoconazole was not only neutralized but reversed by the addition of WED. 

Exposed to this combination, cell wall thickens with clear changes in composition. The net 

result is that cells become more vulnerable to secondary stressors. This is a diametrically 

opposite to the effect of ketoconazole alone. The desirable effects of this combination were 

exactly replicated by WED making it a potent therapeutic candidate. (Fig. 8a–g, Figure 

S10a–f, Figure S11a–f).

4. Discussion

Rampant clinical use of antibacterial and immunosuppressive agents selectively facilitates 

fungi to establish infections. Fungal invasion into deep tissues is a major contributor of 

delayed wound healing in diabetic and burn patients, resulting in prolonged hospitalization, 

amputation and morbidity [16, 46]. Among yeast infections in such patients, Candida 
albicans is one of the most prevalent pathogens [15, 16]. This organism is a part of the 

normal human microbiome found on skin, genital and gastrointestinal tracts. However, being 

an opportunistic pathogen, it can cause cutaneous candidiasis, oral thrush or candidemia in 

immunocompromised, elderly or hospitalized patients [18, 19]. Candida albicans has also 

been implicated in polymicrobial infections wherein it exists in a symbiotic association with 

vicinal bacterial counterparts [47]. Depending on type and severity of C albicans infection as 

well as the anatomical site where the infection has occurred, four classes of antifungal drugs 

are currently used for treating C albicans infections: azoles (target ergosterol biosynthesis), 

echinocandins (target cell wall glucan synthesis), polyenes (bind to ergosterol leading to 

pore formation and rapid leakage of monovalent ions) or nucleoside analogues (inhibitors of 

DNA/RNA synthesis) [18, 19]. Of these, azoles are most widely preferred for managing C 
albicans infections. For systemic infection, fluconazole and itraconazole represent common 

choices [18, 19]. Among the azoles, ketoconazole is the primary choice for topical infections 

[17]. Because the current work involves the testing of an electroceutical skin wound care 

dressing, ketoconazole was studied as the drug of choice.

Azole drug resistance is an emerging threat in the management of skin infection [48, 49]. 

A recent report claims that the resistance rates for all C albicans isolates from vulvovaginal 

and oral infections (n=206) was highest for fluconazole, itraconazole and ketoconazole 

[50]. All these reports provide an insight into the emergence of multidrug resistance in C 
albicans thereby warranting the need for alternative ways for C albicans treatment. During 

the last six years, our laboratory has published a series of publications on the development of 

WED for the management of bacterial biofilm infection [11, 13]. Reported findings include 

improved epithelial cell migration, necessary for wound closure [12]. On the other hand, 

pre-clinical studies provided mechanistic insight into the protective effects of WED against 

polymicrobial bacterial biofilm infection [13]. Emergent studies in our laboratory have also 
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demonstrated that coronavirus loses infectivity upon contact with WED [10]. These findings 

warrant considering WED for use in personal protective equipment. Taken together, WED 

has established efficacy in benefiting host response and disrupting pathogen action. With 

this backdrop, our current study is the first to test whether an antibiotic-resistant pathogenic 

yeast can be managed by WED. To test WED against C albicans, the WED textile had to be 

wetted with broth medium used for culture of the yeast. Because the chemical composition 

of the wetting medium determines the strength of the electric field generated by WED, 

results of the current work show that WED in YPD broth generated an electric field weaker 

than other examples published using other biological wetting media. Interestingly, even such 

weak electric field produced striking beneficial outcomes as evident in this work.

The ability of microbes to transport ions against large ionic gradients drive numerous 

biochemical processes central to the survival of microbes. Such transport mechanisms, along 

with electron transport necessary for microbial bioenergetics, establish a biophysical milieu 
critical for their survival. The application of biophysical modalities in the treatment of 

Candida infections has included direct electric current (DC) [51–54] and pulsed electric field 

[55–57]. Limitations of the published work are: a. in vitro studies, b. bulky power supply and 

invasive procedures not consistent with long term application. c. testing not carried out with 

anti-microbial resistant strains, and d. mechanistic underpinnings not established. WED is an 

FDA-cleared wound care dressing that generates current using electrolytes of body fluids. 

The proposed work is based on a new approach that has high translational value because of 

its presentation as simple textile-based wound care dressing and FDA clearance for clinical 

application.

In candidemia patients, biofilm-forming ability of the isolated Candida strains is associated 

with azole drug resistance and high mortality rates [58, 59]. In high biofilm forming 

C albicans hyphal morphologies are dominant [60]. Transition from yeast to hyphal 

morphology is an important event for C albicans invasive biofilms. Hyphae produce 

hydrolytic enzymes needed for successful host niche damage and colonization [61]. Hyphal 

growth positively correlates with eDNA release and antifungal resistance in C albicans [62]. 

Additionally, a hyphae specific fungal toxin, candidalysin has been implicated in epithelial 

damage [63]. In polymicrobial biofilms, agglutinin-like sequence proteins on C albicans 
hyphae facilitate adherence of bacterial counterparts [41]. Resistance towards azole and 

echinocandin drugs is a common trait among C albicans high biofilm forming isolates [59]. 

Hence studies involving non-drug approaches for managing yeast biofilms warrant attention. 

This work presents first evidence demonstrating the feasibility that weak electric field may 

blunt hyphal induction and biofilm formation. While WED subdued BRG1, a positive 

regulator of biofilm; BCR1, another inducer of biofilm formation was upregulated. Under 

conditions of low BRG1, elevated BCR1 is expected to support biofilm formation [64]. 

However, in the presence of WED biofilm formation is disrupted. The induction of BCR1 
may thus be viewed as a microbial response intended to be compensatory in bolstering its 

biofilm but it turns out to be futile in the presence of WED.

In non-biofilm planktonic configuration, C albicans exists in dimorphic states [24]. 

Depending on the environmental cues presented, the transition from yeast to hyphal 

morphology follows complex pathways involving transcriptional regulators and their 
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downstream effectors [65]. Hyphal initiation requires removal of transcriptional repression 

of hypha-specific genes (HSG) by Nrg1 and Tup1 proteins [40]. Rfg1 protein, another 

negative regulator of filamentation, promotes pseudohyphal morphology when over-

expressed under yeast growth conditions [66]. Although RFG1 represses filamentation 

in C albicans, the effects of its deletion are more subtle than NRG1 and TUP1 [67]. 

Transcriptional repression of two key HSG, HWP1 and ALS3, is under direct control of 

these repressors [65]. On the contrary, Efg1 is a downstream component of protein kinase 

A (PKA) pathway and a major activator of filamentation [65]. Efg1 upregulates HWP1 
and ALS3 expression. Hyphal induction and maintenance, in presence of serum and at 

37°C, requires down-regulation of NRG1 transcripts. However, this requirement is defied in 

strain deleted for EFG1 suggesting the possible negative regulation of NRG1 by Efg1 [67]. 

Thus, an interplay of these proteins, along with others, decides the fate of yeast to hypha 

morphological switch. This work observes that weak electric fields inhibit hyphal transition; 

induction of NRG1 and TUP1 transcripts coupled with decrease in EFG1 transcripts explain 

such inhibition. Downstream of transcription, the effects of WED were evident as down-

regulation of hyphal cell wall proteins encoded by ALS3 and HWP1. Interestingly, WED 

appeared to acutely induce morphological characteristics reminiscent of pseudohyphae. 

However, such pseudohyphae failed to convert to true hyphae. This futility is in line with 

repression of RFG1 which would be expected to bolster filamentation [66]. Thus, WED 

clearly suppressed pathogenic hyphae formation and in the process the yeast countered 

with responses to restore the deficit but in vain. Considering that invasive C albicans 
infections require yeast to hyphal transition in the host niche, these effects of WED are 

of consequential value [24]. Hyphal morphogenesis has been targeted by several antifungal 

agents for prophylactic therapy [68–71]. However, these agents posed limitations either with 

concentration for active dose or restricted activity to only a few hyphae inducing conditions 

in vitro or inactivity in presence of serum or lack of scope for further development. This 

work presents weak electric field as a novel therapeutic platform.

C albicans efflux pumps help the pathogen remove unwanted substrates such as drugs 

[18]. Elevated efflux pump function and related up-regulation of efflux pump encoding 

genes (CDR1/CDR2 and/or MDR1), helps the pathogen develop antifungal drug resistance, 

especially towards azole drugs [19]. Disabling this pathogen defense response therefore 

represents a sought-after therapeutic strategy. Beauvericin, a funicone related compound 

extracted from fungus Beauveria species, reversed the multi-drug resistant phenotype 

of C albicans by specifically blocking Cdr1p and Cdr2p efflux pump activity [72]. 

This efflux pump inhibitor showed synergistic antifungal effect, with ketoconazole or 

itraconazole, against diverse multi drug resistant Candida species. In another example, 

synthetic organotellurium compounds blunted efflux pump activity but relevant genes 

were induced possibly as a retaliatory response from the pathogen which ended up being 

functionally futile [73]. Weak electric field acted in a similar manner. Efflux pump was 

functionally impaired while CDR1 and MDR1 were induced in what may be viewed as a 

futile compensatory response by the pathogen.

Metabolism provides the energy for a successful C albicans infection in a niche-specific 

fashion. During an infection, metabolic adaptations synchronize viability and virulence 

in response to the host microenvironments [74]. The most dramatic effects for stress 
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or antifungal drug resistance responses are based on the available carbon source in the 

vicinity. These effects include cell wall remodeling via changes in cell wall proteome 

and differences in cell wall chitin, β-glucan and mannan proportions [75]. Furthermore, 

metabolism influences yeast to hyphal transition [74]. Compounds interrupting glucose 

metabolism, by targeting key enzymes of this pathway, present encouraging observations 

for exploring these alternatives as antifungal agents [76]. Severe impairment of cellular 

metabolism was observed in response to weak electric field administered by WED. This 

harm to the metabolic framework of the cells could be viewed as a cornerstone that enables 

the other beneficial effects of WED such as hyphal/biofilm inhibition and cell wall changes.

Cell wall acts as a significant defense barrier for protecting yeast cells from external 

stressors and antifungal drugs [77]. In C albicans, cell wall is made up of chitin (for 

cell wall shape and strength), β-glucan (structural scaffold) and mannan (role in immune 

recognition). Widely used antifungal drugs for managing C albicans infections are target 

various components of the yeast cell wall [18]. Increased chitin content in response to a 

decrease in β-glucan content is a widely reported response in fungi that aids in antifungal 

resistance or compensates for maintenance of cell wall integrity [78]. However, in these 

studies the cell wall mannan content was either decreased or no appreciable change in 

mannans was reported. A cell wall mutant deficient in CWT1 (cell wall transcription factor) 

decreased β-glucan and increased mannan while the chitin content remained unchanged 

[79]. This mutant also shows hypersensitivity to calcofluor white and minor sensitivity to 

SDS. WED treatment profoundly changed cell wall composition. Significant increases in 

mannan and decrease in β-glucan was accompanied with no change in chitin. These changes 

in the cell wall weakened the ability of the pathogen to cope with secondary stressors. 

On the contrary, an increase in chitin content and cell wall thickening were observed in 

cells treated with ketoconazole alone. Unfortunately, in this case, changes in the cell wall 

helped C albicans defend against secondary stressors. This adverse effect of ketoconazole 

was neutralized and reversed in the presence of WED.

Of the four chitin synthase genes in C albicans, CHS3 is responsible for the synthesis 

of majority cell wall chitin. Disruption of CHS3 causes 80% reduction in cell wall chitin 

content in yeast cell as well as hyphal cell stage [80]. This emphasizes the importance 

of this gene in context of cell wall chitin. Azole drugs induce CHS3 which explains the 

increase in chitin content of azole drug treated cells [81]. Another important target for 

azole drugs is ERG11, a gene encoding a key enzyme in ergosterol biosynthesis pathway 

[81]. Azole drug resistance commonly results by mutation in this gene leading to an altered 

protein product that can no longer be targeted by these drugs. β-Glucan constitutes 30–40% 

of C albicans cell wall. Its biosynthesis is co-ordinated by glucan synthase enzymes. One 

major component of this pathway is GSL1 [82]. C albicans resistance to echinocandins, 

antifungal drugs that target cell wall β-glucan, is a result of mutations in genes encoding 

for β-glucan synthases including GSL1 [83]. CHS3 expression was insensitive to WED. 

However, exposure to weak electric field induced ERG11. Thus, WED can target azole 

drug targets in an azole drug independent manner. Down-regulation of GSL1 in these cells 

explains the reduction in β-glucan content. A biophysical signal in the form of a weak 

electric field can either mimic the pharmacological effect or act independently to achieve 

antifungal benefits.

Khona et al. Page 17

Bioelectrochemistry. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Metabolism plays an important role in maintaining cellular ion homeostasis and vice versa. 

The activity of Pma1 (plasma membrane H+-ATPase) increases by ten-fold in presence 

of an external glucose stimulus [84]. Similarly, glucose and other fermentable sugars 

activate potassium uptake pathways in yeast [85]. Furthermore, a link between ion transport, 

metabolism and plasma membrane potential (ΔΨ) can be explained with the fact that yeast 

cells in a suspension (devoid of glucose) exhibit depolarized plasma membrane due to efflux 

of K+ ions through Tok1p channel [86]. In yeasts, the maintenance of ΔΨ is highly regulated 

by cation fluxes (H+, K+, Ca+2 and Na+) [87]. Additionally, these fluxes regulate other 

physiological outcomes such as hyphal transition, vesicle trafficking, host association and 

invasion [87]. Because dysregulation of ion homeostasis can trigger cell death in yeasts, 

antifungal agents are being developed to target ion-signaling pathways resulting in an 

undesired change in ΔΨ as well [87]. The main polyene drug Amphotericin B, which is 

used to treat systemic fungal infections, primarily acts on fungal cell membrane ergosterol 

inducing pore formation and rapid leakage of monovalent cations (especially K+ ions) [88]. 

This results in plasma membrane depolarization followed by loss of membrane integrity 

and eventual cell death. Plant based membrane active phenolic compounds such as carvacol, 

thymol, eugenol and amiodarone display a similar activity against yeasts [87]. Although 

AmB remains a drug of choice for treating azole and echinocandin non-responsive fungi, 

resistance towards AmB is spreading at an alarming rate. This is achieved by decrease in 

ergosterol content, modification in ergosterol synthesis pathway, cell wall alterations and 

up-regulation of oxidative stress responsive machinery [88]. Treatment of C albicans cells 

with nanosecond pulsed electric fields (100 pulses, 100 ns in duration, intensities of 20, 40 

kV/cm) resulted in decreased planktonic growth accompanied with increase in intracellular 

calcium ion concentration [89]. An atypical increase in influx or efflux of ions does have 

a detrimental effect on ion homeostasis coupled with an adverse change in ΔΨ. This could 

be a possible reason for WED mediated plasma membrane depolarization and hence studies 

examining involvement of voltage gated ion channels are warranted. This depolarization 

in response to weak electric fields was accompanied with membrane damage and loss of 

viability.

5. Conclusion

Pharmacological approaches to manage surgical infection are limited by the emergence 

of antibiotic resistant pathogens and the rising threat of hospital acquired infection. Cell 

membrane depolarization in response to WED was accompanied with significant loss of 

membrane integrity. While treatment with ketoconazole alone did not display any such 

effect, its addition with WED too failed to reverse this cellular damage. WED acted on 

its own, and in several cases in co-operation with ketoconazole, to neutralize ketoconazole-

resistant C albicans. WED inhibited planktonic growth, biofilm formation and filamentation. 

This was achieved by impairing cellular metabolism and efflux pump activity. Cellular 

metabolism in C albicans was severely compromised in presence of WED. This effect was 

significantly enhanced by addition of ketoconazole with WED. While ketoconazole alone 

did not cause such response, it acted in synergism with WED resulting in an added surge in 

BCR1 expression as compared to WED alone. WED inhibited inducible yeast to hyphae 

morphological transition. On the contrary, ketoconazole showed this effect transiently. 
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This inhibition was a result of up-regulation of canonical negative regulators of this 

pathway (NRG1 and TUP1) and down-regulation of positive regulator, EFG1. A detrimental 

downstream effect of this differential expression was evident by blunted expression of 

hyphal cell wall protein encoding genes, ALS3 and HWP1. Electric field emitting WED 

caused cell membrane depolarization and changed composition of the cell wall. WED alone 

caused an increase in cell wall mannan and decrease in β–glucan content. Akin to azole and 

echinocandins, WED resulted in differential expression of genes encoding C albicans cell 

wall components. The cell was thus more vulnerable to secondary stress. This work reports 

on how weak electric field, generated by a textile in contact with bodily fluids, functions 

in a multi-pronged manner to treat azole-resistant C albicans infection. This biophysical, 

as opposed to pharmacological, therapeutic principle may be leveraged to develop novel 

intervention strategies to prevent and manage yeast infection.
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• Wireless electroceutical dressing (WED) inhibited Candida albicans biofilm 

formation.

• WED inhibited hyphal transition, compromised efflux pump and cellular 

metabolism.

• In the presence of ketoconazole, the effect of WED was synergistic.

• First evidence of weak electric field in managing antibiotic-resistant 

pathogens.
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Figure 1: Electroceutical fabric as source of weak electric fields.
(a) Photomicrograph of WED. (B) Zoomed in image of a region of interest on WED 

corresponding to arrangement of silver and zinc dots. (c) Two-dimensional surface potential 

map of a region similar to (b) of the dressing in presence of YPD broth. The averaged 

potentials of Zn and Ag were measured as −680 mV and +40 mV, respectively. (d) 

Calculated E-field map from FEM simulations in perpendicular direction from WED fabric 

surface showing 3 mm above the fabric has E-field of 5 V/m. A slice of the field values 

was selected that crossed both a Ag and Zn electrode. (e) – (h) Voltage measurements for 

WED. Voltage generated by WED was measured using the Amprobe multimeter in presence 

of YPD broth. The multimeter probes were placed on adjacent Ag and Zn dots. At 0s, 200 

microliters of YPD broth was added to the respective fabric and DC voltage was measured. 

Further, voltage measurements were recorded for these fabrics after incubation in YPD broth 

for 24h, 48h and 72h. n = 4. Data are represented as the mean ± SD.
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Figure 2: WED inhibited biofilm formation and planktonic growth in Candida albicans.
(a) Representative CLSM images for C albicans biofilm thickness. Biofilms were allowed to 

form in presence or absence of fabrics (alone or in combination with ketoconazole). After 

72h, biofilms were stained with Calcofluor white and Sypro Ruby (biofilm matrix stain) 

and observed at 63X magnification. Display settings for all images were kept same. (b) 

Representative SEM images for C albicans biofilm architecture. In vitro biofilms (24h and 

48h old) formed on polycarbonate membrane discs were processed for SEM and images 

were captured at 4000X magnification. Scale bar represents 5 µm. (c) Effect on in vitro 
biofilm attachment. C albicans cells were allowed to form biofilms on six well polystyrene 

plates, in presence of fabrics or ketoconazole. At respective time intervals, planktonic cells 

were washed and biofilms attached to the wells were stained with crystal violet followed 

by ethanol extraction and spectrophotometric analysis at 590 nm. n = 8. §P < 0.0001, ‡P < 

0.0005 and *P < 0.05 (Two-way ANOVA followed by post-hoc Sidak multiple comparison 
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test). Data are represented as the mean ± SD. (d) Effect on planktonic growth measured 

through absorbance. C albicans cells (untreated or with respective treatments) were cultured 

in YPD broth. At respective time intervals, absorbance was measured at 600 nm to assess the 

rate of planktonic growth. n = 6. §P < 0.0001, ‡P < 0.0005 and *P < 0.05 (Two-way ANOVA 

followed by post-hoc Sidak multiple comparison test). Data are represented as the mean ± 

SD.
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Figure 3: WED inhibited inducible hyphal transition in Candida albicans.
(a) Hyphal length assessment. Candida albicans cells (untreated or with respective 

treatments) were cultured in hyphae inducing condition (YPD broth with 10% FBS and 

incubated at 37°C) for 2h, followed by microscopic observation and image capture at 

20X. These images were used to measure hyphal lengths with AccuView software. n = 

4 biological replicates (40–70 hyphae measured per experimental group per replicate). §P 
≤ 0.0001 (One-way ANOVA followed by post-hoc Sidak multiple comparison test). (b) 

Representative images for inhibitory effect of WED on inducible hyphal transition. Candida 
albicans were cultured in in hyphae inducing condition. After 48 and 72h an aliquot from 

each sample was observed at 63X magnification. Scale bar represents 5 µm. (c) – (e) 

Quantitative real-time PCR analysis for yeast to hyphal transition pathway related genes 

– NRG1, TUP1 and EFG1. C albicans cells were cultured in hyphae inducing medium 

(all six experimental groups) for 24h at 37ᴼC. RNA was extracted from these cells and 
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cDNA was prepared. Real time PCR analysis was performed for transcripts: NRG1, TUP1 
and EFG1 with aforementioned cDNA. Candida albicans actin gene (ACT1) was used as 

a housekeeping control. Expression levels were quantified employing the 2 (−ΔΔct) relative 

quantification method. n = 6. §P < 0.0001, ‡P < 0.0005 and *P < 0.05 (One-way ANOVA 

followed by post-hoc Sidak multiple comparison test). Data are represented as the mean ± 

SD.
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Figure 4: WED impaired efflux pump activity in Candida albicans.
(a) Representative scatter plots for flow cytometry analysis of Nile red positive population. 

C albicans cells (untreated or with respective treatments) were cultured in YPD broth. At 

respective time intervals, an aliquot was taken and treated with 7 µM Nile red in presence 

of 2% glucose. After 30 mins of Nile red treatment, cells were washed and processed 

for flow cytometry analysis. Scatter plots with fluorescence intensity (for Nile red) versus 

forward scatter were plotted. (b) Graphical representation of flow cytometry analysis. Nile 

red positive populations, analyzed using FlowJo software, were plotted in this graph. n 

= 6. §P < 0.0001, ‡P < 0.0005 (Two-way ANOVA followed by post-hoc Sidak multiple 

comparison test). Data are represented as the mean ± SD. (c) Representative images of C 
albicans cells after Nile red accumulation assay. Aforementioned samples (after 30 mins of 

fabric treatment) were observed at 63X magnification. Scale bar represents 10 µm. Display 

settings for all images were kept same. (d) and (e) Quantitative real-time PCR analysis of 
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C albicans efflux pump activity related genes – CDR1 and MDR1, respectively. After 3h 

exposure to fabrics or ketoconazole, RNA was extracted from C albicans cells and cDNA 

was prepared. Real time PCR analysis was performed for transcripts: CDR1 and MDR1 with 

aforementioned cDNA. Candida albicans actin gene (ACT1) was used as a housekeeping 

control. Expression levels were quantified employing the 2 (−ΔΔct) relative quantification 

method. n = 6. §P < 0.0001 and †P ≤ 0.001 (One-way ANOVA followed by post-hoc Sidak 

multiple comparison test). Data are represented as the mean ± SD.
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Figure 5: WED impaired metabolism in Ketoconazole resistant Candida albicans.
(a) Representative images showing effect of fabrics or ketoconazole on C albicans 
metabolism. After 24h growth in YPD broth, C albicans were stained with FUN1™ and 

Calcofluor white. After staining, cells were imaged at 63X magnification for differential 

staining patterns of FUN1™. Scale bar represents 5 µm. Display settings for all images 

were kept same. (b) Quantitative assessment of metabolic impairment in C albicans 
cells. Aforementioned microscopic images were analyzed for red and green fluorescence 

intensities using Zen Blue software and a ratio of red fluorescence intensity over green 

fluorescence intensity was plotted for all groups. This ratio is an indirect representation of 

metabolism impairment and viability loss in C albicans cells. n = 20 images. §P ≤ 0.0001 

and *P ≤ 0.05 (One-way ANOVA followed by post-hoc Sidak multiple comparison test). 

Data are represented as the mean ± SD.
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Figure 6: WED depolarized Candida albicans cell membrane.
(a) Representative scatter plots for flow cytometry analysis of DiBAC4(3)+ and PI+ 

population. C albicans cells (untreated or with respective treatments) were cultured in YPD 

broth. At respective time intervals, an aliquot was taken and stained with DiBAC4(3) and PI. 

After 30 mins of dual staining, cells were washed and processed for flow cytometry analysis. 

Scatter plots with DiBAC4(3)+ and PI+ population were plotted. (b) Graphical representation 

of flow cytometry analysis. Dual stain positive populations, analyzed using FlowJo software, 

were plotted in this graph. n = 6. §P < 0.0001 (Two-way ANOVA followed by post-hoc 
Sidak multiple comparison test). Data are represented as the mean ± SD. (c) Representative 

images of C albicans cells confirming membrane depolarization after treatment with WED, 

alone or in combination with ketoconazole. Aforementioned samples remaining after flow 

cytometry were observed at 63X magnification. Scale bar represents 5 µm. Display settings 

for all images were kept same. (d) Schematic representation of possible mechanism for 
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WED mediated cell membrane depolarization in C albicans cells. Black border on cell 

represents cell membrane. Dotted border represents damaged cell membrane. Amphotericin 

B causes cell membrane depolarization by forming pores causing rapid leakage of ions, 

especially potassium ions (K+), without damaging the cell membrane. Hence cells treated 

with amphotericin B get stained with DiBAC4(3) only and give a green fluorescence signal. 

On the other hand, WED treated cells are observed to take up both fluorescent stains 

[DiBAC4(3) and PI] as witnessed by a yellow fluorescence signal. This indicates WED 

causes cell membrane depolarization by cell membrane damage.
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Figure 7: Candida albicans cell wall thickening as observed in response to WED.
(a) Representative images for ultrastructure analysis to assess C albicans cell wall thickness. 

C albicans cells (untreated or with respective treatments) were cultured in YPD broth. 

After 24h, cells were pelleted and processed for TEM. Scale bar represents 600 nm. (b) 

Graphical representation of C albicans cell wall thickness. Cell wall thickness was measured 

using ImageJ software. n = 20 cells. §P ≤ 0.0001 (One-way ANOVA followed by post-hoc 
Sidak multiple comparison test). (c) and (e) Representative images for qualitative assessment 

of cell wall β-glucan and mannan content, respectively. C albicans cells, after 24h of 

planktonic growth (untreated or with respective treatments) were stained with Aniline blue 

(for β-glucan) or Conacavalin A conjugated with Texas red (for mannan) and observed at 

63X magnification. Scale bar represents 10 µm. Display settings for all images were kept 

same. (d) and (f) Semi-quantitative assessment of cell wall β-glucan and mannan content, 

respectively. Microscopic images captured for aforementioned samples were analyzed for 
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fluorescence intensities using Zen Blue software. These values are graphically represented in 

terms of arbitrary units (a u). n = 31 images. §P ≤ 0.0001 (One-way ANOVA followed by 

post-hoc Sidak multiple comparison test). Data are represented as the mean ± SD.
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Figure 8: WED mediated Candida albicans cell wall alterations increased cell susceptibility 
towards secondary stressors.
(a) Representative plate images for spot viability assay with secondary cell wall stressors. 

Candida albicans cells were first cultured in YPD broth with fabrics or ketoconazole or a 

combination of both. After respective time intervals (30 min and 48h), these stressed cells 

were washed and spotted on to YPD agar plates with a secondary cell wall stress agent such 

as 1M KCl, 1M NaCl, 50 µg /ml Calcofluor white or 0.01% SDS. One set of cells were 

also incubated at 42°C (heat stress). All plates except heat stress plates were incubated at 

27°C. After 48–72h incubation, plates were observed for growth. (b) – (g) Growth intensity 

measurement plots. An area of interest was selected around the growth spots on secondary 

cell wall stress assay plate images (after 48h) and the intensity of growth was calculated 

using ImageJ software. This data was graphically represented for 27°C, 42°C, KCl, NaCl, 

Calcofluor white and SDS respectively. n = 4 plates. §P < 0.0001, ‡P < 0.0005 and *P < 
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0.05 (One-way ANOVA followed by post-hoc Sidak multiple comparison test). Data are 

represented as the mean ± SD.
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Schematic 1: 
Mechanisms by which Ketoconazole Resistant Candida albicans is Sensitive to a Wireless 

Electroceutical Wound Care Dressing
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