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Abstract

Despite becoming increasingly established as a treatment technique, the
mechanism underlying the plasma treatment of onychomycosis has yet to
be elucidated. Here, we focus on the interactions between the nail plate and
a surface microdischarge plasma, including penetration, uptake, and che-
mical reactions. Results show that long-lived gaseous species from plasma
can penetrate the nail plate effectively and are primarily responsible for the
instantaneous antionychomycosis effect. The amount of uptake far

exceeded that of penetration.
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Cold atmospheric plasmas (CAPs) have shown great poten-
tial in biomedical applications, such as cancer treatment,
dentistry, chronic wound healing, dermatology, and cell
differentiation.!" ! Recently, clinical trials involving com-
mercially available plasma devices have been conducted on
patients, yielding remarkable results.”! Plasmas can create

highly reactive species, such as NO, NO,, OH, H,0,, O, and
photons. On the contrary, such species can effectively in-
activate microorganisms or mammalian cancer cells; never-
theless, they can also enhance normal cell proliferation or
differentiation.[”! Recent research modeling murine cancers
have reported that plasma can even stimulate the immune
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system and prompt immunocytes to attack target tumors.'®!

Although the underlying mechanisms dictating plasma in-
teraction with cells, tissues, and substrates are studied and
analyzed by research groups worldwide, they are yet to be
fully understood.!” ! However, reactive oxygen and nitrogen
species (ROS; RNS) created by plasma are believed to play a
major role in these processes, while electrons, charged par-
ticles, and electric field effects may also contribute to plasma-
target interactions, depending on the plasma source config-
uration, the physical conditions used, and the proces-
sing mode.

Among plasma-related biomedical applications, the
treatment of onychomycosis is a nascent technique that has
received increasing attention recently. Onychomycosis is a
fungal infection of the nail, with such infections estimated to
affect 10% of adults worldwide.'?! The global onychomycosis
therapeutics market is projected to expand at a compound
annual growth rate of 7.6% from 2018 to 2026, and reach a
value of $6741.6 million by the end of this period.!"*! Unlike
ordinary nail surface infections, the microorganisms in-
volved in onychomycosis usually live within or under the
nail plate. The nail plate consists predominantly of keratin,
which contains 18 kinds of amino acid and shows high
stability and low solubility owing to the disulfide bridges
between cysteine amino acid residues.*'*! Owing to its high
keratin content and composition of tightly packed dead cells,
the nail plate exhibits poor permeability, which limits the
effectiveness of traditional topical therapies.!'® Additionally,
antifungal therapies involving oral medication have also
been proven to have limited success, with their dis-
advantages, including drug interactions, side effects, and the
need for high financial and time investments, whereas they
have also been considered to increase the resistance to an-
tifungal agents."”'*! Consequently, there is a great demand
for new methods that can treat onychomycosis more
efficiently.

Previously, we reported a remarkable in vitro anti-
onychomycosis effect using three different CAPs"™ A
2-6log reduction of both Escherichia coli and Tricophyton
rubrum located on the ventral side of a sealed nail plate was
achieved within 20-45min of CAP treatment. Bulson
et all””! also investigated the antifungal effect of applying
pulsed dielectric barrier discharge to treat onychomycosis for
a human nail model. The authors reported that Candida
albicans and Trichophyton mentagrophytes were effectively
inactivated by short-term plasma treatment. Alternatively,
Lipner et al.”! used a CAP device to conduct a preliminary
study on the effect of plasma treatment of onychomycosis for
10 patients and evaluated the safety of the procedure. They
found that more than 50% of the patients were clinically
cured without experiencing side effects. However, these
studies focused mainly on discovering the preliminary
plasma-induced antionychomycosis effect both in vitro and

in vivo; however, the mechanisms by which plasma interacts
with the nail plate and the mechanisms underlying plasma-
induced onychomycosis resistance are not clear. The anti-
onychomycosis effects reported for in vitro nail models and
in vivo clinical trials encompass both instantaneous anti-
microbial processes involving the nail plate and long-term
microorganism inhibition posttreatment. Therefore, in this
study, we investigated possible mechanisms active in the
indirect CAP treatment of onychomycosis, including gas
penetration, uptake, and the chemical reactions between
plasma and the nail plate.

The CAP device used in this study was a surface mi-
crodischarge (SMD) plasma source, with the details of the
experimental setup depicted in Figure la. The powered
electrode was made of copper with a diameter of 20 mm and
a thickness of 5mm and was covered by polytetra-
fluoroethylene. A woven wire mesh of stainless steel (dia-
meter: 0.5 mm, mesh density: 4 X 4 cells cm_z) was used as
the ground electrode. A ceramic sheet (diameter: 40 mm,
thickness: 1 mm) was used as a dielectric layer between the
copper sheet and the woven wire mesh. Further details on
the device structure can be found in Reference [22]. The
SMD device was driven by a high-voltage AC power supply
(CTP-2000K; Corona Lab), which was operated under V;,_,
11kV and 8 kHz using ambient air as the working gas. The
applied voltage and current waveforms were measured using
high-voltage (P6015A; Tektronix) and current probes (P6585;
Pearson), respectively, whereas the voltage across the capa-
citor was detected using a differential voltage probe (P5200A,
50 MHz/1300 V; Tektronix). All probes were connected to an
oscilloscope (MDO3034, 350 MHz; Tektronix). The voltage
and current waveforms are shown in Figure 1b. The dis-
charge power was measured using the Lissajous method and
was fixed at 8 W. The gas-phase products created under
these conditions were detected via Fourier-transform infra-
red spectroscopy (FTIR) spectroscopy (VERTEX 70; Bruker),
as shown in Figure 1c. It has been reported that the SMD
could operate in two main modes according to the dom-
inating products by varying the input power density.[B]
Under low input power density, the gaseous products are
dominated by O3, and this was called O; mode. The other
one is named NO, mode when operating at higher input
power density with NO, as the dominating product. The
FTIR spectrum clearly shows that the SMD plasma source
was operating in NO, mode during this investigation;
therefore, the dominant products of the active species (other
than O;) were NO,. More specifically, the main gas-phase
products in NO, mode were NO, NO,, and N,0O, whereas the
water vapor in the ambient air gives rise to H,0,.**!

The antimicrobial effect through the nail plate was
evaluated to show the instantaneous effects of the treatment.
The bacterial experiments used in this involved the pathogen
Pseudomonas aeruginosa (CGMCC 1.15148), which was
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FIGURE 1 (a)Experimental setup; (b) applied voltage and current waveform; (c) Fourier-transform infrared spectrum measurement of

the gas-phase products in NO, mode

procured from the China General Microbiological Culture
Collection Center. P. aeruginosa is a versatile pathogen as-
sociated with a variety of human infections, especially in
immunosuppressed individuals and patients in intensive
care units. Some infections, such as folliculitis, green nail,
and hot foot syndromes, are common in community set-
tings.!*! Samples of P. aeruginosa were prepared following a
similar approach as in our previous work.!""! First, P. aeru-
ginosa was grown in Nutrient Broth medium, obtaining
approximately 10° colony-forming units per milliliter
(CFU ml ™). Next, suspensions of P. aeruginosa were pelleted
in 50-ul aliquots via centrifugation at 7000 rpm. Before
treatment, P. aeruginosa was spread and dried on the surface
of a bovine hoof slice for use.

The nail model used in this investigation was made
from the bovine hoof, a well-recognized surrogate for
human nails.”*®! Moreover, it has been reported that the
difference in the mean surface pore size between bovine
hooves and human nails is negligible.”””! The bovine hoof
was purchased from a slaughterhouse and was cut,
shaped, and ground into 1.5-cm-diameter slices of dif-
ferent thicknesses. To measure the instantaneous anti-
microbial effect and gas product penetration through the
nail plate, a slice of the bovine hoof was mounted cen-
trally to separate the upper and lower chambers
(Figure 1a). When conducting the antimicrobial experi-
ments, the side with P. aeruginosa was facing the lower
chamber and called the backside. The edge of the hoof
slice was sealed with an O-ring and vacuum resin to
eliminate gas leakage into the lower chamber. Therefore,
the effective diameter for gas penetration was 1cm.

Additionally, the separation distance between the ground
mesh and the nail plate surface was fixed at 5 mm.

Plasma was then applied to the top of the hoof slice for a
range of durations to represent different treatment times.
Each treatment time was tested for six samples. After treat-
ment, each hoof slice was placed in a container with 1ml
phosphate-buffered saline (PBS) and vortexed for 10 min to
wash the cells from the hoof plate. Next, the suspension was
serially diluted (six dilutions, each by a factor of 10) using
sterile PBS. At each dilution stage, 20 ul of the solution was
transferred onto an agar plate and incubated overnight at
37°C. As in our previous study, the antimicrobial effect of
each treatment was assessed by calculating both the % re-
duction and the logarithmic (log) reduction factor (RF) using
RF:logIO (CFUunt.reated plate)_loglo (CFUtreated plate); the
antimicrobial results are shown in Figure 2. The survival of
P. aeruginosa decreased as treatment time increased. No-
tably, the log reduction of the 20-min plasma treatment was
~2, showing similarity with our previous results."”! After
30 min of treatment, the average log reduction was ~5, de-
monstrating the excellent instantaneous antimicrobial per-
formance of plasma treatment through the hoof plate.

For nail plates with a thickness of hundreds of mi-
crons, only long-lived species from the gas-phase pro-
ducts of SMD treatment can penetrate through the nail
plate to reach the backside. Therefore, we measured the
penetration of possible long-lived species through nail
plates with different thicknesses as a function of treat-
ment time. Penetration measurements were performed
for thicknesses of 50, 100, 200, and 300 um. A container
with a 2-ml mixture of water and specific reagents was
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FIGURE 2
plasma treatment on the backside of bovine hoof slices for various

Instantaneous antimicrobial effect caused by
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placed under the nail plate to measure the penetration of
reactive species. Because the mixed solution was im-
mediately beneath the sealed nail plate, if the penetration
of long-lived reactive species through the nail plate was
detected by the mixed solution, it would change from
colorless to a related color. The possible long-lived re-
active species capable of penetrating the nail plate in-
clude NO, NO,, and H,0,; however, we did not detect
either NO;~ or H,0,. Only NO,~ was detected in the
mixed solution (via the Griess method!**). After a period
of discharge, the container was removed and the mixture
was shaken. Then, the solution was transferred to a
cuvette and kept in the dark for 30 min before the UV-Vis
absorption spectrum was recorded (absorbance at
540 nm). An NO,  concentration control was measured
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using an aluminum plate of the same size as the hoof
slice. At least three samples were analyzed for each
testing point.

Figure 3 shows the NO,™ concentration in solution (an
indicator of reactive species penetrating through the nail
plate) as a function of treatment time and nail thickness. As
expected, the degree of penetration increases with treatment
time and decreases with nail thickness. For 5 min of treat-
ment, no penetration was observed for the 200 and 300-um
nail plates. For the 300-um plates, penetration began after
approximately 10 min and increased to ~8 nM after 20 min.
These results confirm that the reactive species created by
SMD operating in NO, mode can penetrate through nail
plates with thicknesses up to 300 um using treatment times
on the order of tens of minutes. The penetration of reactive
species may contribute to instantaneous antimicrobial
effects.

As mentioned above, the keratinous nail plate is a
porous material, and water sorption in keratinous tissues
has been reported.”””! During the penetration process,
reactive species can be taken up by the keratin-based
material. Therefore, we also measured the uptake of re-
active species by the treated nail plate using the following
procedure: (1) The nail plate was placed in 5ml of PBS
immediately after treatment; (2) the nail plate in PBS was
soaked for at least 1h to allow the uptake species to
diffuse into the solution (provided uptake occurs, certain
species can be detected in solution); (3) the NO,™, NO;™,
and H,O, concentrations were measured using Griess
reagent (Sigma-Aldrich), 2,6-dimethylphenol (Sinopharm),
and H,SO,-dissolved Ti(SO,4), solution (Sinopharm) via
UV-Vis absorption at 540, 340, and 407 nm, respectively.

FIGURE 3 Concentration of nitrite in
20 solution (an indicator of NO, penetrating
through the nail plate) as a function of

treatment time for different nail thicknesses



XIONG ET AL.

PLASMA PROCESSES Sof7

The detection method of NO,~ was the same as that in the
penetration experiment above. A more detailed procedure
for NO;~ and H,0, detection could be found in References
[30] and [24], respectively. As in the penetration detection,
H,0, was not detected in the solution. Figure 4 shows the
amount of NO,  and NO;~ uptake by the nail plate as a
function of treatment time. The thickness of the nail plate
used in this experiment was fixed at 300 um. No NO,™ or
NO;~ was detected in the control group. As shown in
Figure 4, the NO,™ concentration remained relatively stable
as the treatment time changes; however, the amount
of NO;™ increased sharply with treatment time. For the
300-um-thick nail plates, 20 min of SMD treatment resulted
in an NO;~ uptake approximately 20 times larger than that
of NO, . Meanwhile, the amount of NO,  detected in the
uptake experiment was approximately 25 times higher than
that detected in the penetration experiment.

To investigate the interaction between the nail plate
and the SMD plasma, attenuated total reflectance-FTIR
(ATR-FTIR) and X-ray photoelectron spectroscopy (XPS)
measurements were conducted. A clean, dry, untreated
sample served as the control for ATR-FTIR (VERTEX 70;
Bruker) measurements. Measurements were performed
for at least six samples (both for untreated and treated
samples). Figure 5a shows ATR-FTIR spectra represent-
ing an untreated sample and a sample that underwent
20 min of SMD treatment. Identical amide I (1650 cm™"),
amide II (1540 cm ™), and NH stretch (3300 cm ™) bonds
are observed in both cases.*'! Following 20 min of plas-
ma treatment, several new bonds are detected on the
surface of the treated sample: N-O stretch at ~823 cm™Y,
S=0 stretch at ~1040cm™', N=O (Nitro) at
~1315-1355cm ™', S-NO at 1405-1438 cm™', and C=0

AND POLYMERS

stretch at ~1722 cm™".***! The most obvious change is a
significant group bond over 1100-1480cm™', with this
region including the related N=0O and S-NO bonds. In
addition, the presence of S-nitrosothiols (S-NO), which
possess antifungal properties, has been reported in
acidified nitrite-treated nail plates.**! As untreated nail
plates are devoid of N=0O bonds, this result indicates that
oxidation reactions occur between keratin and the NO,
created by SMD plasma.

XPS measurements were performed to investigate the
surface changes in greater detail. Nail plates were
cleaned and dried before treatment, with the control and
treated samples both obtained from the same nail plate.
After treatment, the samples were dried overnight in an
oven at 85°C before XPS (PHI 5600; Perkin Elmer)
measurements were performed. As shown in Figure 5b,
the XPS results were consistent with those of ATR-FTIR.
The long-range XPS survey clearly presents a new peak at
408 eV, which corresponds to -NO; bonding (N1s). In the
high-resolution spectra of Cls, N1s, and Ols, new peaks
indicating the presence of R-O-NO, and -NO; on the
keratin surface are observed. The same surface-bound
-NO; has been detected on SMD-treated lipopoly-
saccharide, polymethyl methacrylate, polypropylene, and
polystyrene and likely play a significant role in de-
termining their antibacterial properties.”*”!

As mentioned above, the SMD device was operated in
NO, mode during all experiments, with NO, NO,, and H,0,
anticipated as long-lived reactive species accordingly. Be-
cause the mesh is ground, the plasma cannot make direct
contact with the nail surface during treatment. Therefore,
reactive species created by the SMD plasma are the pre-
dominant factor in determining onychomycosis resistance.

S=
B NO,
B NO,
4+ - N02-+NO3_
=
=
=}
E 27
<
14
04

FIGURE 4 Concentrations of NO,™ and
NO;™ (indicators of active species uptake) in the
nail plate as a function of treatment time
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FIGURE 5 Surface characteristics of untreated and surface microdischarge (SMD)-treated (for 20 min) nail plates measured by
attenuated total reflectance-Fourier-transform infrared spectroscopy (ATR-FTIR) and X-ray photoelectron spectroscopy (XPS). (a) The
ATR-FTIR spectra show that several new peaks emerge after SMD treatment; (b) Large-scale survey and high-resolution spectra of C1s, N1s,

and Ols bonding obtained using XPS

Notably, NO,~, NO;, and H,0, can be formed in water
through the following reactions!**):

2NO, + H,0 — NOj + NOj + 2H*,

4NO + 0, + 2H,0 — 4NO; + 4H*,

4NO, + O, + 2H,0 — 4NOj + 4H",
OH. + OH, » H,0,.

From the penetration results, it is evident that long-
lived NO, and NO could penetrate the nail plate, arrive at
the backside, and form NO,  in the detection solution,
thus contributing to the instantaneous antimicrobial ef-
fects induced by the SMD treatment of onychomycosis.
During the penetration process, a relatively large amount
of reactive species was taken up by the nail plate and
trapped in its porous structure. These reactive species

could work continuously to combat microorganisms
within the nail plate, acting in a manner analogous to a
drug-delivery system and leading to long-term onycho-
mycosis protection. Moreover, during the penetration
and uptake processes, the reactive species could also in-
teract with keratinous material to form similar anti-
microbial compounds within the nail plate as on the
surface. These antimicrobial compounds may also con-
tribute to long-term antionychomycosis properties.

In summary, CAP treatment is an effective and promis-
ing technique for onychomycosis therapy. This study de-
monstrates the mechanisms underlying SMD plasma (in
NO, mode) treatment of onychomycosis. It was established
that the long-lived reactive species NO and NO, can effec-
tively penetrate nail plates and play an active role in in-
stantaneous antimicrobial effects on the backside of the
plate. The degree of reactive species uptake by the nail plate
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far exceeds the degree of penetration, with these active
species working continuously within the nail plate to sustain
their long-term microbial resistance. Antimicrobial com-
pounds were found on the keratin surface following SMD
treatment and also formed inside the nail plate during the
penetration and uptake processes. Therefore, the penetra-
tion, uptake, and antimicrobial compound formation invol-
ving reactive species all contribute to the antionychomycosis
effects induced by SMD plasma.
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