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ABSTRACT: Plasma medicine has developed dramatically in recent years and offers benefits in
numerous areas. Much of the work has been carried out using innovative devices, but there remains
a paucity of approved medical instruments that can be effectively translated into patient care in
markets such as the United States. Although a wide variety of argon plasma coagulators are ap-
proved for medical use, these devices have not been considered to be viable for plasma medicine
applications due to the high thermal energy of argon discharges. We explore the potential of a
commercial helium plasma device to deliver low-energy, nonthermal plasma discharges to wound
sites. The recently launched J-Plasma device (Apyx Medical; Clearwater, FL, USA) uses low-tem-
perature helium plasma and delivers precise plasma power with minimal depth of thermal spread.
We investigate the impact of J-Plasma on nebulized biologic materials and its minimal impact
on protein chemical structure. We discuss the potential to deliver biologic materials and control
modification of wound surfaces, and we present preliminary in vivo data from a rodent burn model.
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I. INTRODUCTION

Plasma medicine has expanded dramatically in recent years and represents a rapidly
growing element in the advanced energy sector within medicine.! Expansion of this sec-
tor is being driven by a combination of academic and clinical input across disciplines
such as wound care,? oncology,’ and infection control.* At present, much of the clinical
evidence for the efficacy of plasma medicine is derived from case reports and small-
scale trials using devices, including KinPen MED,* Cinogy PlasmaDerm,® and Adtec
Steriplas.>” The studies have shown that nonthermal plasma treatment can effectively
reduce bacterial burden and accelerate healing in a variety of wounds and infections.
The instruments have been approved for sale as medical devices within Europe and are
in clinical use in selected European countries. However, they are not currently Food and
Drug Administration (FDA) approved in the United States nor by relevant authorities
in other countries. This has limited clinical testing and adoption of plasma medicine in
many jurisdictions, because ethical review boards are reluctant to approve the use of
unlicensed devices for clinical trials or standard medical-care applications.

A large number of argon plasma coagulation (APC) devices are widely approved
for medical and surgical use,® but in general, these are not considered viable for use in
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plasma medicine due to the production of high-temperature plasma discharges. Despite
this, reports show that APC treatments are used successfully for treating ulcers™'® and
chronic radiation proctitis." However, there is limited scope for applying APC to treat-
ment of other wounds, because thermal damage from the plasma is such that these tools
have been judged as unsuitable for most wound-healing applications.

Recent years have seen the launch of a new low-energy helium plasma device known
as J-Plasma (Apyx Medical; Clearwater, FL, USA). This monopolar device operates at
between 4 and 40 W and 490 kHz and is capable of producing a nonthermal plasma jet.
Recent studies have shown that J-Plasma provides minimal thermal damage. The FDA
has approved its use for treatment of soft tissue during both open and laparoscopic surgi-
cal procedures."? It has also been investigated as a tool to enhance skin rejuvenation.'®
In addition, J-Plasma is Conformité Européene certified for sale in the European Union
and is also approved in many additional jurisdictions. But despite the low-temperature
profile of this approved plasma device, only limited investigation of its use as a tool for
plasma medicine has taken place to date,'* and thus a paucity of published research on
the effects of J-Plasma on tissue healing is available. However, a number of published
studies have examined the potential for other experimental helium plasma devices to en-
hance healing using in vivo methodologies.'>!¢ In light of these studies, there is consid-
erable reason to suspect that J-Plasma can have a positive impact on plasma medicine.

Separate studies have shown that the combination of nonthermal helium plasma
discharge and a biomolecule nebulization system can produce submicron coatings that
are stable and cross linked. A range of polysaccharides and proteins are deposited, and
coatings retain the biological activity of the starting materials.!”" Increased plasma
power can produce biomolecule degradation, but increased energy enhances biomol-
ecule coagulation and hydrolytic stability.!” Preliminary studies have found that plasma-
treated coatings can even be directly applied to wounds to enhance healing,'® thereby
potentially combining the benefits of plasma medicine with traditional biological wound
treatments.

In this study, we examine whether J-Plasma can be combined with a nebulizer
(TheraDep Inc.; San Jose, CA) to operate as a low-temperature plasma medicine tool for
the deposition of biologic materials directly onto injured tissue, with a particular focus
on burn treatment. We investigate the interaction of J-Plasma discharge with a protein
commonly found in skin (collagen) and report results of a preliminary animal trial. We
pay particular attention to deposition of collagen coating to burns to accelerate healing
in a rodent model.

Il. EXPERIMENT
A. Materials

We used type 1 collagen (Advanced BioMatrix; Carlsbad, CA), without aditional pro-
cessing, at 3 mg/mL as the liquid solution. Industrial grade helium was supplied by Air
Products and Chemicals (Allentown, PA).
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B. Plasma Deposition

All experiments were carried out with a J-Plasma surgical handpiece powered by an
Apyx Ultimate generator. The J-Plasma device is a monopolar helium plasma jet, con-
sisting of a retractable metal blade contained within a ceramic tube. The Apyx Ultimate
generator produces radio-frequency energy of 492 kHz with maximum voltage output
of 6.5 kV peak to peak, and power can vary between 4 and 40 W (10%—-100% power).
A more complete description is provided by Bareksi et al.!4

For deposition experiments, we fitted the J-Plasma device with a TheraDep snap-on
attachment, comprised of a cylindrical pressure equalizing tube that has internal diam-
eter of 19 mm and length of 35 mm. One end was capped with a polyethylene block,
into which two apertures were machined. The first aperture was designed to hold the end
of the J-Plasma hand-piece. The second aperture held a T2100 nebulizer (Burgener Re-
search, Inc.; Ontario, Canada). The device is shown in Fig. 1 and schematically in Fig. 2.

All deposition experiments were carried out with a helium flow of 4 slm from the
J-Plasma unit and an additional 2—4 slm from the T2100 nebulizer. J-Plasma was set to
operate at 100% available power (40 W), unless otherwise stated. We used the target
substrate as the ground in all experiments. When used in conjunction with the cylindri-
cal tube, the physical separation of the J-Plasma handpiece from the target substrate
prevented formation of high-energy arcs, and J-Plasma produced stable and constant
low-energy plasma. Infrared sensors that were directed at the discharge detected only a
mild increase in temperature (< 2°C) inside the tube after several minutes of operation.
When operated in this mode, plasma gave rise to a warm flow of active species with no
evidence of thermal damage.

Collagen was introduced into the system via the nebulizer that was connected to a
syringe pump. This allowed collagen flow rate to vary from 10 to 500 uL/min. Introduc-
ing the collagen produced an immediate reduction in optical emission from the discharge
that may be attributed to liquid droplets that partially quench the plasma discharge.

For gravimetric and contact-angle experiments, plasma-treated collagen was de-
posited onto cleaned glass slides. For Fourier-transform infrared (FTIR) analysis, we
deposited plasma-treated collagen onto potassium bromide (KBr) disks. During in vivo
experiments, collagen was deposited directly onto the target wound, as described below.

C. Surface Analysis

FTIR spectra were recorded on a Spectrum 2000 spectrometer (PerkinElmer; Waltham,
MA) that operated in absorbance mode, with 16 scans and a peak resolution of 2 cm™'.
Spectra were analyzed using Spectrum One software (PerkinElmer). Water contact-an-
gle measurements were made with a TVA100B (KRUSS GmbH; Hamburg, Germany)
instrument, using a 2-uL droplet size and analyzed using a Kruss Advance Dropshape
contact-angle module. We performed gravimetric determination of coating deposition
weight by weighing at least ten samples before and after coating, using a XS105DU bal-
ance (Mettler Toledo; Columbus, OH) with a resolution of 0.01 mg.
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FIG. 1: J-Plasma handpiece with nebulizer and spray chamber

D. In Vivo Parameters

We investigated properties of J-Plasma and J-Plasma—treated collagen using a rodent
burn-healing model. Three female Sprague Dawley rats aged 7-8 wk were anesthetized,
and their backs were shaven. We drew three 15 % 15 mm boxes on the back of each rat
using a permanent marker. These were marked as boxes 1, 2, and 3. A second-degree
burn injury was simulated by treating each box with J-Plasma at 40% power (16 W)
and 4-L/min helium flow, with a gap of < 10 mm. We moved J-Plasma steadily over the
surface in a uniform manner (~ 8 s/cm?) to ensure that the entire surface area within each
box was affected. When operated in this manner, with direct contact between discharge
from monopolar electrode and tissue, we produced a clear burn on each target. Follow-
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FIG. 2: Schematic of plasma chamber with integrated nebulizer designed to fit onto the J-Plasma
handpiece

ing this, we removed the eschar by wiping with an alcohol swab. The individual boxes
on each rat were then treated as follows.

Box 1: No further treatment; allowed to heal naturally as a control surface.

Box 2: Plasma treatment only. J-Plasma operated at 100% power and 4-L/min
helium flow. We introduced a cylindrical spacer (35 mm long with a 19-mm inner diam-
eter, as described above) to separate the plasma electrode from the burn by a distance
of 30 mm, thereby producing low-temperature downstream plasma treatment. The burn
was exposed to plasma for 30 s.

Box 3: Plasma plus collagen treatment. This device was operated in the same man-
ner as that of box 2, with the addition of the T2100 pneumatic nebulizer, through which
collagen was pumped at a flow rate of 25 pL/min. Helium (50 psi; ~ 2 slm) was used as
nebulizer gas, and treatment was conducted for 30 s.

On day 13, the rats were sacrificed and their wounds photographed using a digital
camera.
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Ill. RESULTS

Initial experimentation focused on producing a cured collagen coating by exposing the
liquid solution to plasma discharge. Attempts to deposit a layer of collagen in a first step
and cure it in a separate plasma treatment were of limited success. Although the top col-
lagen layer appeared to cure, the deposited material was not uniformly cured throughout
and did not adhered to the substrates. Therefore, a different approach was undertaken,
wherein the collagen solution was instead sprayed into the plasma discharge as a fine
acrosol. This ensured that the collagen droplets were exposed to a high degree of inter-
action with plasma discharge because the sprayed material has a higher surface area in
the aerosol format. A range of cure states were observed.

At high liquid-flow rates (> 75 pL/min), plasma was unable to cure the spray, and
a wet deposit was produced, irrespective of other experimental parameters. At lower
collagen-flow rates, the conversion of wet precursor to dry deposit depended on applied
plasma power. Higher plasma power (> 80% power; 32 W) and lower precursor flow
rates (< 50 uL/min) produced thin, dry coatings. Dropping plasma power to below 80%
or increasing precursor flow above 50 uL/min gave rise to wet coatings that were only
partially cured. These data points mimic the results published by Yasuda and Hirotsu
for gas-phase polymerization in traditional plasma-enhanced chemical vapor deposition
systems, in which conversion depended on plasma power and precursor flow rate.?’ This
suggests that the reaction mechanism in the J-Plasma—collagen system follows a tradi-
tional plasma polymerization model, in which power per unit monomer drives conver-
sion of the wet precursor into a dry coating.

For all experiments reported here, the coatings were deposited at 100% power
(40 W) and with a liquid flow rate of 25 pL/min to ensure formation of a cured coating.
This produced a thick deposit directly under the plasma tube. Outside of this zone, the
coating became increasingly thinner the further from the center. We used gravimetric
measurements to monitor deposition rate. The average weight gain was 0.03 mg/min,
which corresponds to a process efficiency of ~ 40%.

We used optical microscopy to monitor morphology of the deposited material. As
shown in Fig. 3, depositing collagen material in the presence of J-Plasma discharge
produces a largely uneven deposit, in which individual aerosol droplet shapes are still
evident. These dried droplets vary in size from 150 um to a few microns. In addition, a
background layer of collagen does not deposit as spherical droplets and is instead pres-
ent as a continuous layer. The presence of spherical deposits suggests that at least some
of the coating converts from a wet solution to a dry deposit while still in the gas stream.
As droplets adhere and are not loose, dry powder, it is likely that conversion from solu-
tion to solid phase is not completed in the gas phase and continues on the target surface.
In contrast, allowing aerosol spray to impinge on the target with plasma power turned
off results in a pool of nonadherent, wet material. We allowed this to dry overnight, and
images then revealed a soft layer with uneven geometry. Interestingly, several strands of
material were visible in the air-dried layer. These may reflect collagen fibers that have
precipitated from solution during the air-drying process. These effects were not seen in
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FIG. 3: Optical microscope image of J-Plasma—deposited coating (left) and air-dried coating (right)

the plasma-deposited samples. The lack of precipitated material in plasma deposits may
reflect a rapid conversion rate that prevents the precipitation reaction from proceeding.

We tested coating adhesion using the American Society for Testing and Materials
(ASTM) tape adhesion test. Coatings were deposited onto cleaned glass slides and we
evaluated adhesion of plasma-deposited coatings by inscribing an X-shaped cut with a
scalpel, applying adhesive tape and removing it again as per ASTM D-3359-7. We then
visually examined the deposit. We saw no evidence of coating delamination, indicating
that the coating did not adhesively fail. It is possible that the coating failed cohesively
and some of the top layers were removed, but this could not be determined from visual
observation of the substrate; a coating was still visible on all sections.

We used water contact-angle measurements to probe the deposit structure. Measure-
ments were found to vary considerably as the water droplet soaked into the collagen
layer over time. The contact angle was thus found to decrease over time, consistent with
previous reports.?! As a result, we decided to measure all contact-angle values at 60 s,
after placing the drop on the surface to standardize measurements. These measurements
revealed that J-Plasma—deposited material had a contact angle of 55° + 1°. When col-
lagen was sprayed on without plasma and then air dried, contact angle measured 66° +
9°. The lower contact angle of the J-Plasma—deposited material may be in part due to
plasma activation and partial oxidation of substrate and deposit, rendering the surface
more hydrophilic. Alternatively, it may reflect the different structures of plasma and
air-dried deposits arising from the different deposition mechanisms. These results are
consistent with previous measurements for collagen coatings. '8!

Previous studies'*?*2¢ have also shown that exposure of amino acids to plasma dis-
charges alter the chemistry of the amino acids. The degree of alteration is linked to
exposure time and choice of plasma source. Unsurprisingly, a low-temperature helium
plasma source was found to have minimal impact on structure or chemistry of cysteine,
when compared to other plasma sources using argon or a mixture of gases. However,
prolonged exposure times of 10 min allowed the helium plasma jet to induce some reac-
tions involving the thiol group of this amino acid.” Similar results have been reported in
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treatment of large protein molecules, where air plasma was found to induce large reduc-
tions in intact protein concentration over time,* but cold helium plasma jets had only
minimal impact on protein solutions.**** Enzyme studies have shown that prolonged
exposure and higher voltages in helium plasma systems can denature these complex pro-
teins in a dose-dependent manner.'** However, these studies all used prolonged plasma
exposure times of at least 30 s to alter protein chemistry. It is worth noting that previous
studies, in which enzymes were exposed for a short time to nonthermal helium plasma,
resulted in successful deposition of intact, functional molecules.!”-"

Because the aerosol droplets spent < 1 s in the plasma tube used in this experiment, it
is likely that the short exposure time would produce minimal manipulation of the protein
species, and this was borne out by FTIR spectroscopy. We prepared samples by spraying
collagen onto KBr disks, with J-Plasma power turned on or off. The sample deposited
via a wet spray (without plasma) was found to form a wet deposit on the substrate that
required 24 h to form a dry deposit. The sample deposited with J-Plasma power at 40 W
produced a thin, clear, dry layer immediately upon deposition. As shown in Fig. 4, spectra
of both methods contain the dominant twin amide peaks between 1400 and 1700 cm™,
along with CH, peaks from 2800 to 3200 cm™ and a broad band from 3000 to 3800 cm.
This can be attributed to the N-H stretch at 3300 cm™' and a combination of hydroxyl
and carboxylic functionalities at higher wave numbers. Various additional peaks can be
assigned to numerous C—H adsorptions (1480-1350 cm™). Amide III peaks are due to
the C—N stretch and N-H bend (1202 cm™) and additional C—O and C—O—C vibrations
(1100-1005 cm™).%*” No new peaks are evident in J-Plasma—treated material, and all
peaks in the wet spray spectrum are still present in the J-Plasma deposit. In addition, no
significant changes in peak positions occurred. This suggests that no significant alter-
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FIG. 4: FTIR Spectrum of collagen deposited via J-Plasma (top) and air drying of wet spray
(bottom)
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ation in chemistry or structure resulted. Of particular significance is the amide I band,
centered at 1650 cm™ in both spectra, that can be attributed to the C=O stretch of the
amide bond. This peak is particularly susceptible to alterations in secondary structure.
Conversion to -sheet conformation or protein unfolding has previously been reported to
result in a shift to lower wave numbers or broadening of this peak; this was not observed
here.?” This suggests that the deposited material is formed from chemically and structur-
ally intact collagen strands.

Although chemical analysis indicates that a chemically intact collagen molecule
was deposited by this plasma process, biological efficacy can be altered through confor-
mational changes or minor chemical changes that are below the detectable limit of the
analysis techniques used above. Cross-linked collagen dressings are commonly applied
for treatment of primary and second-degree burns,?®* so we decided to investigate bio-
logical efficacy by testing whether collagen deposit could enhance healing in a small an-
imal model. As detailed above, we chose a rodent burn model for this study, using three
burn targets on each rodent. A second-degree burn was created in each target area using
J-Plasma in standard tissue treatment mode. For each rodent, one burn was allowed to
heal normally without any further treatment, acting as control. One burn on each animal
was treated with J-Plasma operated in a downstream plasma mode. The purpose of this
treatment was to isolate any potential healing properties from plasma treatment alone.
The final burn on each animal was treated with a combination of collagen and plasma.
This combination produced a cured coating on the burn surface and no evidence of a wet
collagen deposit. After 13 days, rodents were all in good physical health and showed no
negative response to either plasma treatment or combined plasma and collagen.

In this provisional study, the plasma treatment alone had no discernible effect on
the healing rate and the treated burns were similar in appearance to the control sites.
However, the combination of plasma plus collagen did produce notable changes in the
recovery rate of the burns. On rat number one, there was clear evidence that the collagen
treatment accelerated healing of the burn wounds by day 13, as shown in Fig. 5. Both
the control and the plasma only sites still exhibited a high degree of redness, indicat-
ing that the burn was still inflamed and not healed. In contrast, the burn treated with a
combination of J-Plasma and collagen had transitioned from a dark red burn to a more
normal skin colour, indicating that the wound had effectively healed by this time point.
The burn had been re-epithelialized and there was no evidence of a discrete collagen
deposit on the healed area. Rat number 2 exhibited a similar healing progression with
the collagen plus plasma treatment giving rise to a well healed skin that included sig-
nificant hair regrowth. On the third rat, all three sites showed equivalent healing and the
comparison to the control was inconclusive.

IV. DISCUSSION

Although the in vivo data presented here is limited to results of a small-scale prelimi-
nary study, the combination of plasma plus collagen showed considerable benefit and
holds potential for application in the area of wound treatment. This is perhaps not too
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FIG. 5: Digital photograph showing healing wounds of rat in in box 1 on day 13

surprising, because one of the key steps in wound healing is deposition of endoge-
nous collagen that promotes cell recruitment and tissue regrowth across various wound
types.?®* This has led to the development of numerous exogenous collagen sponges,
films, and membranes to aid in wound healing. These products are all based on the
established ability of collagen to transition a wound from inflammatory to proliferative
phase, thereby promoting rapid tissue growth and re-epithelialization.”® Deposition of
low levels (< 1 mg) of collagen in this study may be sufficient to provide local levels
of collagen that is required to accelerate cell attachment, proliferation, and healing at
the burn site.

Further research is needed to clarify whether collagen alone is responsible for heal-
ing effects or plasma also plays a part. We considered spraying a layer of collagen on the
burn without plasma as an additional control in this study, but simply applying a layer
of wet collagen has limited benefits because it would not have adhered to the damaged
tissue. Such a deposit would easily be wiped off and could also run onto other burns,
thereby compromising the study. Wet collagen treatments are currently not used to treat
burns, due to lack of adhesion to the wound site. Conventional collagen treatments are
instead supplied as thick, dry patches of fixed sizes that are held in place using bandages,
tape, sutures, or adhesives. These dressings are periodically changed. This is a signifi-
cant issue, because extracting old dressings can often remove fresh granulation tissue
that has adhered to the dressing, thereby reversing some of the healing steps that may
have occurred. The combined plasma—collagen therapy described herein can be sprayed
onto any wound size area, requires no further covering, and does not need periodic re-
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moval. As shown by this study, deposited material is thin and biocompatible and appears
to be naturally adsorbed as the burn heals, thereby eradicating the need to periodically
change dressings and the damage associated with traditional dressing changes.

On the basis of these criteria, this technique may offer a number of practical advan-
tages over traditional collagen dressings for burn patients. We suspect that this approach
could also offer significant therapeutic advantages over traditional treatments. The in-
cidence of infection in burns is still very high and one of the main challenges in burn
treatment.”*° Because dermis is damaged by a burn, it no longer functions as a protective
barrier. Bacteria can thus penetrate underlying tissue to create severe infections. Plasma
has been shown to reduce bacterial bioburden in numerous clinical trials,'** so it is pos-
sible that the combination of nonthermal plasma and collagen dressing may offer a syn-
ergistic blend of enhanced healing and reduced bacterial bioburden in a single treatment
modality. In addition, the emerging field of plasma medicine has clearly demonstrated
that nonthermal plasma treatment can enhance wound healing, which has been illustrated
through various antimicrobial, immunological, and other mechanisms."* To maximize
patient treatment, it is normal practice to combine plasma medicine and standard thera-
pies. The combination of a biologic (collagen) deposition tool and cold plasma treatment
from J-Plasma presented here may represent the ideal opportunity to combine benefits of
plasma medicine with prohealing properties of biological dressings in a single treatment.
This may have potential to produce reduced-cost, high-efficacy plasma treatment for a
range of wounds. Further in vivo studies are required to probe this possibility and to com-
pare combined plasma—collagen dressing to standard collagen therapies.

The J-Plasma device was chosen for this study because it is widely available and
has an established efficacy and safety profile that could facilitate rapid dissemination
of plasma medicine into routine care, when the regulatory authorities approve its use.
Additional studies in larger animals are required to optimize treatment and determine
whether multiple plasma treatments can offer additional improvement in wound-healing
outcomes. Ultimately, clinical trials are necessary to benchmark this process against
established treatment options, but early indications are positive for the potential of J-
Plasma and the TheraDep collagen nebulizer described here to make a contribution to
plasma medicine. This intriguing possibility is worthy of further investigation.

V. CONCLUSIONS

Spraying collagen solution into the nonthermal plasma discharge produced by J-Plasma
produces a coagulated deposit on target surfaces. When using high plasma power and
low liquid flows, the coating appears as a thin, dry, adherent film. The plasma appears
to initiate coagulation of protein molecules on initial contact, resulting in deposition of
an adherent layer on the target surface. Spectroscopic surface analyses suggest that de-
posited material retains chemical properties of the dissolved collagen and produces no
measurable chemical changes.

Because collagen dressings are frequently used in treating second-degree burns, we
used a rodent burn model to evaluate healing potential of the plasma-deposited collagen
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layer. The preliminary in vivo data suggest that the combination of plasma and collagen
enhanced healing in two of three rats. On the basis of these preliminary outcomes, it ap-
pears that the J-Plasma system has potential to be used as a tool in plasma medicine for
the deposition of biologic therapies. Additional studies are required to further explore
these findings and compare this approach to traditional collagen dressings, but the initial
data support the potential of this approved plasma device to deposit therapeutic mol-
ecules onto wound surfaces to enhance healing.
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