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Abstract: Bioelectric effect is known as combinatorial biofilm treatment with low dose of antibiotics
with small electricity. When external electric field or current are applied, biofilms can be affected by
the electrostatic force, non-uniform distribution of essential electrolytes, induction of low activity of
enzyme, and increase of permeability of biofilms. In this work, we have focused on the reduction of
applied electric power consumption that could avoid water electrolysis which was one of major
challenges for biomedical applications. We have developed a new type of electrical signal that
enhances the efficacy of biofilm removal. The results show combination of alternating and direct
current remove biofilm effectively without causing electrolysis. We further developed an oral
healthcare device as a bioelectric toothbrush and tested in dental clinic. The results demonstrated
75% reduction of gingivitis. In addition, we have tested a mimicked air conditioner biofilms that are
root causes of aerobic hygiene infection. The result demonstrates 81.8% increased biofilm removal.
In conclusion, a new bioelectric technology has been developed and demonstrated the biofilm
removal efficacy without the electrolysis.
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1. Introduction

1.1. Biofilms

Biofilms are major root causes of human infectious disease, including chronic inflammation [1,2].
Multispecies of bacteria comprised with extracellular matrix that prevents from antibiotic penetration
as well as external biochemical stimulus [3,4]. Bacteria in biofilms exchange their gene information
and mutate to resist antibiotic treatment [°]. Thus, traditional treatment of biofilm associated
infections include invasive surgical procedures.

Developing a new technology for prevention of biofilm growth and non-invasive inhibition of
biofilm infections are critical to provide good quality of patients’ lives, including gingivitis,
orthopedic infections, chronic skin inflammation, chronic wound infections.

1.2. An alternative method for biofilm treatment

Since the biofilm associated infectious diseases require 500 — 5000 times of antibiotic
concentration compared to the non-biofilm infection [4-5], reduction of antibiotic or an alternative
therapy as a combinatorial method with electromagnetic waves has been investigated [6]. An
integration of electricity with small dose of antibiotic, that is known as principles of the bioelectric
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effect, can be an appropriated candidate for future biofilm infection management [7]. The electricity
induces electrical dipoles of the extracellular matrix, resulting in the molecular vibration and/or
displacement, this can create increased permeability and decreased metabolic activity of essential
enzyme [7]. This induced condition due to the external electricity can increase susceptibility of
antibiotics that could reduce the required concentration of antibiotics. The details of mechanisms of
actions are still under investigation [4-7].

Even if the bioelectric effect is one of promising technologies to overcome biofilm associated
severe infections, the induced electrolysis of media due to the high electric voltage requirement is a
major challenge to extend the applications toward biomedical area [8]. According to the literature
upon 2015, the bioelectric effect work utilized the higher voltage than the threshold of water
electrolysis (above 0.82V) [9]. The media electrolysis can cause severe side effects to human and
microorganisms [8,10]. The electrolysis induces the separation of chemical elements and requires
electrical energy (voltage) to decompose atoms. In water solution, the electrolysis creates hydrogen,
chloride and oxygen ions and gases that can dramatically change normal metabolism including cell
death [11]. Furthermore, generation of extra electrons due to the electrolysis can cause unexpected
oxidation and reduction with host, could result in oxidative stress, including cell signaling
malfunction and progression of several diseases (i.e. diabetes, cancer, and cardiovascular diseases)
[12]. Thus, the electrolysis induced bioelectric effect cannot be applied for human clinical, ocean, and
environmental biofilm associated fields.

Reduction of electricity with high efficacy of bioelectric effect has been investigated. The
approach to achieve non-electrolysis induced bioelectric effect is focused on the mechanism of biofilm
surface attachment “Van der Waals force”. Various of electric field have been applied under the
threshold of electrolysis (0.82V) and demonstrated significant reduction of biofilms with combination
of alternating and direct current (AC and DC) of electricity [13]. The efficacy of biofilm of
superimposed AC and DC electricity was shown 71% total biomass reduction with a linear fit along
the electricity as shown in Figure 1 [13].

In this review, we summarized two major applications of biofilm management based on the
unique advantage of the non-electrolysis induced bioelectric effect. The oral biofilm infection and
environmental contamination management has been demonstrated. For each application, a specific
prototype device, such as a toothbrush for dental applications and a package for heat ventilation air
conditioner (HVAC) has been designed, fabricated, and tested. Since the bioelectric effect is
characterized free from any potential side effects of toxic molecule generation, the tested system has
been successfully certified and tested for safety of international standard in USA, Japan, EU, China,
and Korea.
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Figure 1. (a) total biomass reduction (optical density measurement) along with various type of
electricity (AC: alternating current only, DC: direct current only, SP: both AC and DC electricity), (b)
total biomass along with external electricity (below the threshold of electrolysis) [13].

1.3. Oral biofilms

Especially, maintaining of better oral health is considered as an indication of high quality of life.
According to the WHO, however, approximately 3.5 billion people have oral diseases that is
contributed by inefficient oral biofilm management [14]. Most of oral diseases are originated by
biofilms, called plaque [15]. Oral biofilms are also associated with systematic disease. With oral
infection condition, several systematic diseases are directly correlated, including stroke [16], diabetes
[17], cardiovascular disease [18], Alzheimer [19]. Hence, appropriate oral biofilm cleaning is critical
in both public and individual healthcare.

The standard device for oral hygiene is a toothbrush. However, although people brush their
teeth every day, half population of the planet have oral diseases [14]. This means that current oral
biofilm management system & device should be improved. The oral healthcare system is based on
dental clinic visit with home maintenance. Depending on the medical infrastructure, the dental
service is varied significantly, including insurance, cost, and quality [*]. Practical oral hygiene
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maintenance in everyday life is more important than discrete visits of dental clinic for prevention of
severe progression on oral diseases [21]. For instance, it is required to develop more efficient oral
biofilm cleaning home device.

1.4. Hygiene biofilms

Furthermore, an environmental hygiene control of home appliance is being critical as increased
demand of life quality with well-being. Especially, a heat and ventilation with air conditioning system
(HVAC) becomes critical to good condition of aerobic hygiene. The root cause of HVAC
contamination is considered a biofilm formation on the evaporator part which provide in high
moisture due to the compressions and relaxation of refrigerant. The biofilm in HVAC is also a high-
risk cause of respiratory infections [22]. Since biofilms can be established with 10 - 24 hours [23], an
effective and real-time biofilm removal in the HVAC is required.

Application of small electricity to biofilm can disrupt their structure and metabolism due to the
electrostatic force (Van der Waals) that is known as bioelectric effect (BE) [24, 25]. The alternating
current (AC) can induce enhanced permeability of extracellular matrix of biofilm which can enhance
on antibiotic penetration [25]. Direct current (DC) applies for static force on biofilms, resulting in
surface detachment with non-uniform distribution of electrolytes [9,26]. This electric power utilized
technology has a unique advantage that can be compatible for integration on current home appliance
electronics. The major challenges of previous work are induction of media electrolysis that produces
toxic biocides to human and microorganisms [10, 13].

We have developed a new bioelectric effect technology utilized below the electrolysis threshold
voltage. The AC and DC signals are applied simultaneously to create synergistic effect of both
mechanisms that enable to decrease the required electric power under the level of the electrolysis
[13]. We have summarized on our development and validation of new bioelectric effect oral
healthcare device as well as HVAC biofilm cleaning system without causing electrolysis. Clinical
trials have been conducted with the BE toothbrush. The results demonstrated significant reduction
inflammation under the BE toothbrush condition.

2. Materials and Methods

2.1. Principles of bioelectric effect (BE)

Biofilms are defined in 1970 as slime films with multispecies of bacterial composition [27-30].
Application of electricity on biofilm is reported by Dr. Costerton for the first time in 1990’s [25]. Since
then, several researchers have demonstrated reduction of biofilms, but electrolysis is usually
included as mechanism of actions [9,26,31]. In 2015, Dr. Kim reported a non-electrolysis induced
bioelectric effect (BE) and quantified the efficacy of biofilm reduction along the energy [13].
Simultaneously applied AC and DC electric field has been demonstrated significant inhibition of
biofilms in various bacterial strains [32] with antimicrobial agent combination [33]. The non-
electrolysis bioelectric effect has been shown as micro & nanosystem in a microfluidic drug discovery
platform [23,33] and biomedical device [34-35]. In this work, we applied both the AC and DC
bioelectric effect for oral healthcare with HVAC hygiene devices. The system tested in focused on
electrolysis, oral gingival inflammation, and total biofilm reduction of the HVAC evaporator.

2.2. Description of bioelectric effect (BE)

The electrical signal comprised of 0.7V sinusoidal signal at the 10 MHz frequency with 0.7V of
DC offset. The frequency has been selected based on the previous work [13, 33-35] and DC offset
defined to avoid electrolysis threshold (below 0.82V) [13]. The schematic of electrical signal is shown
in Figure 2(a). The electronic circuit that is embedded on the toothbrush has been developed (Figure
2(b)).
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Figure 2. (a) Schematic of bioelectric effect signal. (Combination of AC and DC signal), (b) Schematic
of electronic system to generate the bioelectric effect (integrated to the toothbrush, HVAC cleaner).

2.3. Quantification of electrolysis experiments

The key contribution of the BE in this work was characterized the method with a biocompatible
electricity that is below the threshold potential of media electrolysis (0.82 V at 25 °C in pH 7) [36].
Quantitative studies of the electrolysis effect of the electrical signal were conducted by measuring pH
changes using a pH indicator (#36828, Fluka Analytical) which actively reacts at pH 4 — 10. A 1 mL of
bacterial growth media (LB media, Life Technologies Inc. Carlsbad, Cam USA) was placed in
sterilized cuvettes and applied the 0.7 V amplitude sinusoidal signal at 10 MHz (AC) with 0.7 V DC
for the media by a function generator (Agilent Technology, USA) for 24 hours. Then, the pH indicator
was added to the solution and measured a specific wavelength optical density (ODeis). Each
experiment was repeated three times and presented an average value with their standard deviations.
Figure 3 shows the schematic and photo of experimental set up.
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Figure 3. (a) Schematic of cuvette for electrical signal applications, (b) 6 parallel experimental setup
for electrolysis testing.
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2.4. Developing a BE toothbrush

Based on the advantage of low electricity of the technology, we have developed a BE embedded
toothbrush for the first time. The device is characterized by integration of two metallic electrodes on
the brush. The material (stainless steel) has been chosen to be anticorrosive and conductive for electric
field supply. The BE generating circuit (figure 1(b)) included on the main electronics of the
toothbrush. Details of toothbrush design rule has been reported previously [37].

For randomized double-blinded clinical trials, non-BE toothbrush is the same device to the BE
toothbrush, but the BE circuit is not working.

2.5. Clinical trials with the toothbrush

We have conducted clinical trials to validate the performance of the BE toothbrush. The decrease
of inflammation of gingival area was investigated by measuring the gingival index (GI) that is
conducted in Department of Dentistry, College of Medicine, University of Ulsan, Korea. All studies
were approved by the Institutional Review Board (IRB) of Ulsan University Hospital, Korea.

Biofilm accumulation of gingival area is root cause of inflammation. Thus, if the plaque has been
significantly reduced, it is also expected to decrease of gingival inflammation that is quantitatively
measurable via gingival index [38]. The study designed as randomized double blindness with four
visits before and after different toothbrush uses for two weeks. The washout period was designed
two weeks that the inflammation of gingival expected. The process flow of the GI clinical trial is
shown in Figure 4.

The data analysis was focused on the relative changes of GI before and after measurement. The
statistical analysis was performed (ANOVA, P-value).

BE Washout Non-BE
G(;o_t:?%; Itoothbrush I Period Itoothbrushl
Sty o /v = (2 weeks) (2 week) (2 weeks)
—— Randomization

Participants 1st Visit 2nd Visit 3rd Visit 4th Visit
MNon-BE Washout BE
G(::::?%)Z l toothbrush l Period l toothbru5hl
(2 weeks) (2 week) (2 weeks)

*Washout Period: Use patients' original toothbrush for 2 week

Figure 4. Schematic of GI clinical trial process [37].

2.6. Developing a HVAC biofilm cleaner

The electronics for BE application was the same circuit described in Figure 2. For mimicked
evaporator assembly, seven electrodes with 1.5 mm width are placed at 6 mm pitch on the side of
electronics package as shown in Figure 5. During biofilm growth experiments, the package has been
placed into a growth media (LB media, Life Technologies Inc. Carlsbad, Cam USA) and grow biofilms
for 48 hours. The BE was applied for 1 hour and followed quantitative analysis using the standard
fluorescence staining method.

BE
electrodes

Thin
plate

Plate wall
Media

S - chamber
[mm]

(a)

Figure 5. (a) Schematic of BE assembly evaporator plates, (b) photo of testing set up in water, (c) photo
of testing setup in biofilm growth media for 48 hours. [39].
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2.7. Testing of the HVAC system and data analysis

We have chosen bacterial strain as Escherichia coli W3110 that is a standard biofilm [13, 32-35].
The biofilm growth was followed by the standard procedures based on the previous work [32-35].
Initially all samples were grown biofilms with favorable conditions, including supply of nutrients,

electrolytes, pH, enzyme via the standard growth media and temperature with incubator set 37°C.
After 48 hours of biofilm growth, a randomly chosen one electrode exposed area was stained by
fluorescent dye (Alexa Fluor 647 Ester, thermos Fisher Scientific Inc. USA) as the initial condition.
The remaining samples were turned on the BE applications for 1 hours. One randomly chosen plate
was stained the green fluorescent dye as the BE-treated samples. The testing was repeated 6 times
(N=6) and the result summarized in Table 3.

The total biofilm has been quantified through image analysis; 1) fluorescent microscopy images
(IX83, Olympus fluorescence microscopy), 2) the image converted to the binary image (black and
white, Image ] 1.53, NIH, Bethesda, MD, USA), 3) calculated the percentage of surface coverage as
shown in Figure 8 and Table 3.

3. Results

3.1. Quantification of electrolysis

Since electrolysis of the media involves hydrogen gas generation resulting in decreased
concentration of hydrogen ions, the pH of the medium was expected to become slightly basic due to
the electrolysis. Using a pH 8 buffer solution, a strong absorbance peak was shown at a wavelength
of 616 nm (ODs1s). Thus, the electrolysis effect was quantified by measuring the ODs1s after applying
electric fields.

The results show the BE does not induce significant electrolysis due to the electrical energy
supply. Compared to the threshold of the electrolysis (0.82V DC), the BE was shown a minimal pH
change (less than 0.05 changes of pH). Therefore, this concludes that the BE does not induce massive
electrochemical condition changes in biofilm growth media.

Quantification of electrolysis
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O.QOT 0.006
0 __l ——
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OPTICAL DENSITY (OD616)

Figure 6. (a) Quantification of optical density due to the electrolysis, (b) photo of the color changes
under the control (no electric field), BE (bioelectric effect electric field), and 0.82V (threshold electric
potential of media electrolysis).
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Table 1. Measurement of optical density at 616nm for electrolysis quantification (N=6).

OD616 Control BE 0.82V
Average 0.007 0.006 0.360
Stdev 0.045 0.012 0.250
P-value NA >0.05 <0.05

3.2. Reduction of GI

The oral biofilm is a root cause of gingival inflammation. Thus, quantification of gingival index
(GI) can be corresponded to the plaque [38]. Participants visited dental clinic and results of GI has
been shown in Figure 7 and Table 2. The GI has been significantly reduced in the condition of BE
toothbrush (ANOVA, P<0.05). As the bioelectric effect can remove biofilms from the surface based
on the electrical force, we think that biofilm reduction can be increased and results in the reduction
of GI. This result suggests that the BE toothbrush can be an effective new method for oral healthcare
management based on the significant oral biofilm inflammation decrease.

Reduction of Gingival Index

0.35 ANCOVA, P<0.05

o
w

0.25

0.15
0.08

REDUCTION OF GI [AU]
o =
- N

0.05

Non-BE BE

Figure 7. Reduction of the GI in Non-BE and BE toothbrush. Statistically significant difference has
been shown in BE condition (P<0.05).

Table 2. Quantitative data of gingival index (N=40) [37].

Reduction of Gingival index Non-BE BE
Average (Stdev) 0.08 (0.13) 0.14 (0.16)
P-value
(Between non-bioelectric and bioelectric NA 0.034 (P<0.05)
effect)

https://doi.org/10.1016/j.medengphy.2022.103804.

3.3. Reduction of HVAC biofilms

When the BE applied for 1 hour after biofilm growth for 48 hours, the total biomass has been
significantly reduced as shown in Figure 7. The initial biofilms were in average 23.575% of surface
coverage with 7.794% standard deviations. However, 1 hour application of the BE, the average
surface overage of biofilms significantly decreased 4.294% in average with 3.473% standard
deviation. The statistical significance has been confirmed one-way ANOVA analysis with P < 0.05
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(P=0.00025) as shown details in Table 3. Compared to the initial biofilms, the BE technology
demonstrates approximately 81.8% increased biofilm treatment efficacy in Figure 9.

©) = )

Figure 8. Representative fluorescence and binary images (Image J 1.53., NIH, USA) of initial and BE
1 hour applied biofilms. (a) initial biofilms after 48 hours growth (green color represents biofilms) (b)
binary image converted version (black color represents biofilms), (b) after 1 hour application of the
BE, significant reduced biofilms are presented [33].

Table 3. Quantitative data of biofilm surface coverage (N=6) [39].

Initial (%) After 1 hour BE (%) Reduction (%)
# of sample . -
surface coverage surface coverage (After-Initial)/(Initial)
1 20.275 1.708 -91.6%
2 34.489 1.721 -95.0%
3 19.136 2.337 -87.8%
4 31.733 2.822 -91.1%
5 14.499 10.026 -30.9%
6 21.320 7.148 -66.5%
Average 23.575 4.294 -81.8%

Stdev (P-value) 7.794 3.473 P<0.05 (P=0.00025)
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Figure 9. Percentage of the surface biofilms between control (initial) and BE 1 hour treated conditions
[39].

4. Discussion

Biofilms are 80% of severe human infectious diseases and cost for management over $1,283 bn
USD in the world [40]. There is a great interest of developing an effective biofilm management
technology. One of promising technology is the bioelectric effect, but previous work limited the
applications due to the electrolysis of media which can increase oxidative stress to human health,
including significant progress of major diseases including cancer. Thus, the demonstration of non-
electrolysis induced bioelectric effect is critical to effective biofilm related biomedical and
environmental grand challenges.

The BE does not cause electrolysis as shown in results. This is critical for developing an
alternative eco-friendly biofilm management technology which does not create biocides. The
electrolysis of water generates diverse chemical toxic molecules, including peroxides (H:0:),
hydrogen oxide (OH-), hydronium ion (H30*), and hypochlorite (C1O-) from anode and cathode [41].
These molecules can modify local pH from 3.5 to 10.5, resulting in inhibition of cell metabolism
through reduction of essential enzyme activities. The biocides can even eradicate normal
microorganisms [36]. Hence, non-electrolysis technology based on the BE is critical to open the
applications of biomedical field as a biocompatible biofilm inhibition method. Long term stability of
the electrolysis under the BE would be investigated further for medical device development.

The bioelectric effect (BE) can propagate under the water conditions which characterize low
electrical impedance for electric current. Propagation of bioelectricity (0.7V electricity) is
approximately within 2cm range in water conditions [37] which is effective area for oral biofilm
applications. Especially, the area in between the gum line and teeth, known as the deep pocket region,
where biofilm can accumulate significantly and hardly can be cleaned by current bristle due to the
tight area, is considered as the root cause of oral disease, including bleeding, inflammation, tartar,
and loss of teeth. Since the BE can reach to the deep pocket area via salivary water condition, the BE
toothbrush demonstrates reduction of gingival index (GI). The test is going to be extended over 3
months for the details of histological investigation of the inflammation cells. Furthermore,
quantitative analysis of total oral biofilm for orthodontic patients who has significant problems with
massive biofilms on the brace is under investigation using the BE toothbrush. The histological

d0i:10.20944/preprints202306.0164.v1
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inflammation and plaque analysis would provide substantial discovery of bioelectric effect not only
the efficacy of biofilm removal, but also cell level effect of the BE.

During the HVAC testing, one sample has been shown the decreased biofilm growth (sample#5
in Table 3). However, we included it for data analysis. Even if we try to provide for consistent biofilm
growth conditions with appropriate media, temperature, and humidity, biofilm growth can be varied
in nature, such as DNA expression, transcription, and amino acid formation [42]. Sophisticated
testing setup including microsystem can be utilized for reduced biofilm variance would be
investigated further research. In addition, the research would be extended to the various home
appliance, including washer and humidifier which often causes biofilms hygiene issues.

The result from the HVAC system can be applied in various biofilm associated contamination
field. Biofilms cause healthcare hygiene issues in environments and home applications. For instance,
evaporator of the air conditioner induces high moisture conditions which is favorable to the biofilm
growth. This can result in respiratory diseases with bad smell from the system [22]. The BE
technology has been applied to remove the air conditioning system biofilms based on the advantages
of non-electrolysis with ultra-low electric power consumption [39]. The vessel biofouling is also
initiated by biofilms formation on the surface [43]. Thus, the technology can be utilized to prevent
biocidal effect from the marine microorganisms with the biofouling inhibition efficacy. This ocean
applications are currently on-going for expansion of the BE technology.

We are going to further investigate to the oral biofilm management. Dental implant patients
require life through diligent work for plaque removal. The BE technology can be an appropriate
method for dental implant patients both toothbrush and mouth guard type device. Currently, the
system is on developing for medical applications. Details of mechanism of action by the BE is also
under investigation through the in-vitro tests, focused on the quantitative study of biofilm
detachment in various skin depth.

5. Conclusions

We have demonstrated a non-electrolysis induced BE technology for effective oral and hygiene
associated biofilm management. The technology characterizes the electric voltage under the
threshold of electrolysis which can be a biosafe and eco-friendly method for biofilm infection
treatment. The BE integrated toothbrush has been developed and tested in clinical trials focused on
the quantification of total oral biofilms inflammation (gingival index). Integration of the BE on the
toothbrush has been shown 75% more inflammation inhibition compared to the non-BE toothbrush
users. Also, the HVAC system biofilm inhibition system using the BE shows 81.8% reduction of total
biofilm. Since the BE does not induce biocidal chemical generation, we believe that this technology
can be an appropriate alternative method to effective biofilm associated infection and contamination
management.
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