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Cold Plasma Generates a Localized Inflammatory Response

and Promotes Muscle Repair

Carly J. Smith, Amanda R. Watkins, Abigail A. Lucas, Arianna J. Moniodes, Conn Ritchie,
Thomas P. Thompson, Thomas P. Schaer, Brendan F. Gilmore, Noreen J. Hickok,

and Theresa A. Freeman™>

The FDA-approved Renuvion cold plasma device is currently used for dermal
skin tightening procedures and subdermal tightening after liposuction.
Anecdotally, patients report improved tissue healing outcomes following
treatment. The most likely explanation for this is plasma-generated reactive
species which are inflammatory but also activate cellular signaling pathways,
stimulate antioxidant responses, and activate immune cells. In this study, we
aimed to determine the immediate and long-term molecular effects of a single
plasma treatment on surgically injured muscle and the soft tissue envelope.
We used RNA sequencing, histology, and immunohistochemistry to
determine changes to the tissue following treatment. Neutrophils and mast
cells rapidly mobilize 6 h after treatment in conjunction with an upregulated
cellular antioxidant response. Additionally, genes identified by RNAseq
indicate upregulated pro-regenerative muscle-tissue-protective gene
transcripts and downregulated apoptotic pathway transcripts in the muscle
tissue 6 h after treatment. The histology and RNAseq results from 4- and
14-days post plasma treatment indicate that these early inflammatory and
antioxidant events drive muscle regeneration to skew toward myogenic
differentiation over adipogenesis. Thus, we conclude that a single plasma
treatment results in an immediate inflammatory and antioxidant response
that enhances long-term muscle fiber repair through reduced adipogenesis.

1. Introduction

Tissue healing following surgical pro-
cedures can pose several challenges
depending on patient demographics,
comorbidities, anatomical location, extent
of damage, presence of infection, and a
host of other considerations. Enhancing the
ability of tissues to heal after surgery would
provide better patient outcomes and could
prevent additional medical complications
and costs.[!l The relatively new technology
of cold atmospheric plasma may help
achieve these outcomes. To date, cold atmo-
spheric plasma devices have been tested for
a variety of medical applications including
wound healing, cancer treatment, and
infection mitigation.[?3] Cold plasma is an
ionized gas generated when a high energy
electric field is applied to an inert gas,
nitrogen or air. This produces a cocktail
of reactive products including reactive
oxygen and nitrogen species (ROS/RNS),
ions, electrons, heat, UV radiation, and
electromagnetic disturbances.[*® Of these
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products, ROS and RNS are the major com-

ponents that drive plasma bioactivity.[*”#]

It has been shown that the bioactivity of
plasma is mitigated when a reactive species scavenger is used to
reduce the effect of these species.[>!%! Clinical and non-clinical
studies using cold plasma have demonstrated that tissue re-
sponses vary depending on the type of plasma used, the treat-
ment time (dose), and the tissue type.['''2] Based on these fac-
tors, a range of plasma-generated outcomes including cancer and
bacterial cell killing, enhancement of angiogenesis, cell infiltra-
tion, and wound healing have been demonstrated both in vitro
and in vivo.['"13-17] Mechanistic investigations of plasma bioac-
tivity have revealed that plasma-generated ROS/RNS can also ac-
tivate a DNA damage response, antioxidant response, and anti-
inflammatory response while also promoting cell proliferation,
survival, and differentiation in eukaryotic cells.!'®2]

While these studies highlight the potential of cold plasma
in medical applications, the scientific literature detailing these
results consists of a compendium of studies encompassing
thousands of different devices operating in an infinite number
of settings. Unfortunately, this confounds the ability to generate
repeatable, translational outcomes in a clinical setting. There
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are however a few plasma devices that have been characterized
for commercialized use to operate in a reproducible manner,
such as the kINPen (a class IIa medical device approved for use
in Europe), which is reported to have significant wound-healing
capabilities."] However, in the United States, only the Renuvion
plasma device (formerly Bovie J-Plasma) is FDA-approved. Its
approved uses include: 1) general use of cutting, coagulation, and
ablation of soft tissue, 2) dermal resurfacing procedures for the
treatment of severe wrinkles and rhytids, 3) improvement of the
appearance of lax skin in the neck and submental regions, and
4) coagulation of subcutaneous soft tissues following liposuction
for aesthetic body contouring.['*?*?%1 In addition to these FDA-
stated indications, clinicians have used and anecdotally reported
improved success in grafting procedures, breast reductions, and
skin suppleness while using the device.>3%3!l Further, Renu-
vion has been shown to reduce skin injury depth and enhance
granulation tissue deposition, which suggests enhanced tissue
regeneration.[”32] These reported findings suggest the activation
of reactive species-driven pathways that stimulate these pro-
regenerative outcomes.['*2*%] However, an in-depth analysis of
how the Renuvion device mechanistically drives tissue repair
and wound healing processes in vivo has not been performed.

Generally, surgical procedures cut through not just the skin,
but into the soft tissue envelope consisting of subcutaneous tis-
sue, fascia, nerves, blood vessels, and muscle causing tissue dam-
age as a result. Muscle healing after injury, including surgical
incision, is a well-defined and highly regulated process of de-
generation, inflammation, regeneration, and repair.?*3* Injury
drives immune cell invasion and inflammatory cytokine produc-
tion, which are critical for initiating the regeneration process.3!
More specifically, these inflammatory stimuli lead to the acti-
vation of muscle stem cells (satellite cells), which begin rapidly
dividing and differentiating to repair the damaged tissue. Impor-
tantly, the rapid resolution of inflammation is required to ensure
satellite cells direct the restoration of functional muscle (myoge-
nesis) rather than generating fibrotic or fatty replacement tissue
(adipogenesis) during healing.3¢-*] Treatment of muscle tissue
Dby cold plasma-generated reactive species stimulate an transient
inflammatory burst — similar to that produced by activation of im-
mune cells after injury — but in a more intense and rapid man-
ner. These species can also trigger surrounding cells to produce
a robust antioxidant response as a protective mechanism.[202!]
This oxidative burst enhances and speeds ROS-induced signal-
ing which stimulates angiogenesis and an immune response in-
cluding neutrophil and macrophage activation, exceeding that
which is produced by the body alone.[>1##041] This enhanced im-
mune response to plasma treatment can generate an opportunity
for more efficient satellite cell activation and thus more effective
muscle repair after surgical injury.

Based on this premise, we chose to investigate the molecular
effects of single plasma treatment on surgically injured muscle
and assess how this would alter the repair and healing response.
We utilized a rat model of muscle injury by making an open sur-
gical approach to the mid-diaphysis of the femur and assessed
the molecular (RNA sequencing) and pathologic (histology, im-
munohistochemistry) responses of injured muscle tissue after a
single treatment of Renuvion cold plasma and compared them
to untreated muscle. We assessed pathway and gene activation 6
h after treatment to determine the initial molecular responses to

Adv. Therap. 2025, e00097 €00097 (2 of 13)

www.advtherap.com

plasma. To determine the effect on muscle healing at longer time
points, we used a more challenging revision surgery model and
collected tissue 4- and 14-days after a secondary revision surgery.
The results from this study indicate that a single treatment of
cold plasma from the Renuvion device can influence the initial
inflammatory response and trigger tissue-protective gene expres-
sion. The use of cold plasma on muscle after surgical incision in-
duced muscle injury resulted in a decrease in adipogenesis gene
transcription and a decrease in fatty deposition in the repairing
muscle.

2. Results

2.1. Cold Plasma Treatment of the Soft Tissue Envelope Results
in Iron Oxidation and Collagen Fibril Disruption

The Renuvion device is a commercially available plasma gener-
ation device that includes both an electrosurgical generator and
an interchangeable handpiece. For consistency, all in vitro and
in vivo experiments were conducted using the same parameters:
28 W power and 4 L min~! helium flow rate. We found that when
water is treated with the Renuvion cold plasma device, while
some nitrites and nitrates are generated, hydrogen peroxide is
the predominant type of reactive species produced by the plasma
(Figure 1A). To investigate the effect of plasma treatment on tis-
sues within the surgical site, we employed a rat surgical incision
model. We generated an open surgical approach to the femur, and
the tissue was either untreated or treated with plasma. All inci-
sions regardless of treatment received a saline rinse. After the
rinse, the incisions were closed and 6 h later the tissues were col-
lected for RNA isolation or histology as depicted in Figure 1B. An
example of how the plasma stream looks when it is discharged
on muscle tissue within an incision is depicted in Figure 1C. Im-
mediately following plasma treatment the red, blood-rich mus-
cle tissue was visibly oxidized, changing to a brown color, likely
due to the oxidation of iron in heme (Figure 1D). Visualization of
untreated muscle tissue by scanning electron microscopy (SEM)
revealed parallel bundles of highly structured fibrils organized in
wave patterns (Figure 1D). Fibrils treated with plasma appeared
to lose their organized structure and exhibited ruffling and con-
densation (Figure 1D). Interestingly, in the Masson’s trichrome
stained muscle sections, while the depth of acidification (blue
stain) of the tissue at the incision was similar between untreated
and plasma-treated groups (Figure S1A), the plasma-treated tis-
sue stained a darker blue (Figure 1D). These results suggest that
the plasma tissue interaction is comprised of both the plasma-
generated ROS penetration that causes tissue acidification, and
the condensation of the connective tissue fibril structure that is
observed through SEM.

2.2. Plasma Recruits Innate Inflammatory Cells to the Treated Site

The muscle response to injury is characterized by three major
phases following the initial injury stage: inflammation, regener-
ation, and repair.**! The inflammation stage lasts from 2-24 h
post-injury and is characterized by an influx of neutrophils which
secrete pro-inflammatory cytokines, proteases, and free radicals
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Figure 1. Cold plasma treatment of the soft tissue envelope results in iron oxidation and collagen fibril disruption. (A) Hydrogen peroxide, nitrite, and
nitrate concentrations (UM) in plasma-treated deionized water. Error bars represent +SD, n = 3 wells/timepoint. (B) Diagram of treatment and tissue
collection protocol. (C) Image of cold plasma treatment of incision site tissue. (D) Representative gross images of the untreated and plasma-treated
incision site. Scanning electron microscope (SEM) images of the untreated and plasma-treated incision site connective tissue immediately following
surgery. High-magnification images of the untreated and plasma-treated incision site tissue, 6 h post-surgery. Stained with Masson’s Trichrome.

that further recruit macrophages to remove debris and activate
satellite cells.* Thus, we hypothesized that there would be in-
creased neutrophils at the injured site 6 h after injury. Interest-
ingly, in the absence of injury, plasma is also known to activate
and recruit neutrophils.[*?! We found that 6 h after plasma treat-
ment myeloperoxidase (MPO; a marker of neutrophils) protein
levels were significantly increased (p = 0.032) when compared to
untreated muscle, as measured by Western blot (Figure 2A). Im-
munohistochemistry confirmed that the number of neutrophils
(Light blue arrows) at the incision site was significantly increased
(p < 0.001) with plasma treatment, whereas there was no signifi-
cant increase in neutrophils at the incision site of untreated ani-
mals (Figure 2B).

To further elucidate the inflammatory effects of plasma treat-
ment, we used toluidine blue staining to identify tissue-resident
mast cells (yellow arrows) in the incision site. Plasma treatment
induced a significant increase in mast cells in the treated area
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(Figure 2C). Tissue-resident mast cells, while often associated
with allergic reactions, are also responsible for sensing damage
and infection, and have recently been identified as a required cell
type for initiating muscle regeneration after injury.[*?] Taken to-
gether, these results suggest that plasma treatment initiates an
enhanced, but highly localized innate immune response within
the surgical incision 6 h after treatment and that the responding
cell types may help prime the muscle for regeneration after sur-
gical injury.

2.3. Plasma Treatment Evokes a Tissue-Protective Response in
Muscle Tissue
While an appropriate inflammatory response is critical for

muscle healing after injury, the tissue response to oxidative
stress can either be detrimental or protective depending on the
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Figure 2. Plasma recruits innate inflammatory cells to the treated site. (A) Immunoblot of myeloperoxidase (MPO) protein expression 6 h after surgery in
untreated (n = 4) and plasma-treated (n = 5) incision site muscle. Quantification of relative protein expression of MPO in untreated and plasma-treated
incision site muscle. Relative expression compared to GAPDH. P-values determined using Mann Whitney test (p < 0.05). Data are presented as min. to
max. (B) Representative images of sectioned muscle at the incision site of untreated and plasma-treated animals stained using immunohistochemistry
and a myeloperoxidase (MPO) antibody (1:500) to identify neutrophils. Insets show MPO+ neutrophils (dark brown) marked by light-blue arrows. Non-
MPO+ cells are counterstained with hematoxylin and appear light brown/purple. Quantification of IHC average MPO+ cells mm~2 in the incision site
of untreated (n = 4) and plasma-treated (n = 5) muscle tissue. P-values determined using the student’s t-test (p < 0.05). (C) Representative images of
muscle stained with toluidine blue to identify mast cells in untreated and plasma-treated incision site fibrotic regions. Mast cells are marked with yellow
arrows. Quantification of average mast cells mm=2 in toluidine blue-stained untreated (n = 4) and plasma-treated (n = 5) fibrotic regions of incision
sites. n = 5 images/animal. P-values determined using student’s t-test (p < 0.05).

magnitude of the stress.[***54¢] We used bulk RNA sequencing
of untreated and plasma-treated muscle to determine whether
the tissue response to plasma was protective or detrimental.
Gene Ontology (GO) enrichment analysis highlighted functional
pathways and processes that were upregulated with plasma. The
upregulated biological processes primarily included metabolic
changes, including multiple catabolic processes similar to those
associated with exercise (Figure 3A).*/] In support of the rela-
tionship to exercise-like molecular changes, we also observed

Adv. Therap. 2025, e00097 e00097 (4 of 13)

the upregulation of actin and NAD binding as well as calmod-
ulin activity (Figure 3A). These pathways regulate muscle fiber
adaptation and oxidative capacity in response to exercise through
calcium-dependent transcriptional activation.**’] Taken to-
gether, all the significantly modified gene transcripts trended
toward positively influencing muscle healing (Figure 3B). To
illustrate this, we used gene function to group the significantly
changed transcripts as follows: tissue-protective genes (O),
genes with roles in damaged protein removal (#), genes that
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Figure 3. Plasma treatment evokes a tissue-protective response in muscle tissue. (A) Gene Ontology (GO) pathways from bulk RNA sequencing of
incision site muscle that are significantly (p < 0.05) upregulated 6 h after plasma treatment. (B) Significantly up- and down-regulated gene transcripts 6 h
after plasma treatment. Functional groups are defined by their respective symbols. Data presented as Log2Fold Change. (C) Gene Set Enrichment Analysis
(GSEA) comparing plasma-treated incision site muscle vs untreated incision site muscle 6 h after surgery. MitoCarta curated gene list: APOPTOSIS.
(D) Immunoblot of catalase protein expression 6 h after surgery in untreated and plasma-treated incision site muscle. Quantification of relative protein
expression of catalase in untreated and plasma-treated incision site muscle tissue. Relative expression is compared to GAPDH and p-values were
determined using Mann Whitney test (p < 0.05). Data are presented as Min. to Max. For all groups, n = 4 untreated and n = 5 plasma-treated rats.

respond to calcium release (@), and genes that metabolically
respond to ROS (4) (Figure 3B).

The tissue-protective genes group includes: Cryab, an apopto-
sis inhibitor, Ankrd2 an inhibitor of NF«xB signaling, and Agp7
a protector against ischemia.l¥-% In addition, Gabrr2 indicates
a neuroactive ligand-receptor interaction that may represent in-
creased neuronal, stromal, and T-regulatory cell crosstalk which
is implicated in enhancing muscle repair (Figure 3B).°! The
gene group with roles in damaged protein removal includes:
Klhl34, which targets protein for degradation, Fboxo32, which
clears damaged lysosomes, Flecn, which is important in lyso-
some activity, and Cryab, which binds misfolded proteins and in-
hibits apoptosis (Figure 3B).1*8>24] The third functional group
includes genes that respond to calcium release. Lmcd, a cal-
cineurin activator is upregulated. Calcineurin is activated by mus-
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cle damage-induced calcium release to coordinate the repair
response.®! In coordination, Csrp3, a transcription factor that
maintains muscle structure, is also upregulated.*®! (Figure 3B).
Finally, the fourth functional group includes genes that metabol-
ically respond to ROS. Several metabolic response transcripts are
upregulated in response to plasma including Ndufa1 which pro-
motes ubiquinone production, and Crym which promotes a shift
from glycolysis to catabolism of fatty acids by f-oxidation.l>’-]
(Figure 3B). Additionally, several transcripts involved in fatty
acid metabolism are upregulated in response to plasma includ-
ing Acot2, which aids in free fatty acid production, Fabp3, a
fatty acid binding protein that acts as an indicator of ER stress
via the PERK-elF2a pathway, and Plin5 which induces FGF21,
a longevity indicator.®#¢%61] (Figure 3B). Only two genes were
significantly upregulated in untreated muscle: Birc3 and Fzdl
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Figure 4. Plasma treatment reduces the transcription of inflammation and adipogenesis-associated genes. (A) Diagram indicating treatment and
tissue collection protocol for rat revision model. (B) Gene Set Enrichment Analysis (GSEA) of bulk RNA sequencing results comparing plasma-
treated incision site muscle to untreated incision site muscle 4 days after revision surgery. Hallmarks curated gene lists from MSigDB: HALL-
MARK_IL6_JAK_STAT3_SIGNALING and HALLMARK_NOTCH_SIGNALING. (C) GSEA comparing plasma-treated incision site muscle to untreated
incision site muscle 14 days after revision surgery. Hallmarks curated gene lists from MSigDB: ADIPOGENESIS and OXIDATIVE_PHOSPHORYLATION.

For all groups, n = 5 untreated and n = 4 plasma-treated rats.

(Figure 3B). Increased expression of Fzd1 in aged mice inhibits
myogenic differentiation of satellite cells.[®2] Increased expres-
sion of Birc3 has been implicated in the protection of nerves af-
ter crush injury by inhibition of apoptosis, but interestingly it
has no protective effect in response to reactive species-induced
apoptosis.[®¥] These findings, along with the GO functional
changes in Figure 3A, suggest that plasma treatment triggers cal-
cium signaling through calcineurin, alterations in mitochondrial
metabolic activity, and muscle repair pathways above the levels
that occur in normal muscle tissue when healing from surgery.
To more conclusively decipher how several genes work to-
gether to affect tissue function, we performed Gene Set Enrich-
ment Analysis (GSEA). In support of the significant individual
gene transcript changes in the treated tissue, GSEA revealed that
the only significant pathway change in response to plasma treat-
ment was the downregulation of apoptosis (Figure 3C). Based
on these results, and the established protective antioxidant
response known to be triggered by plasma-generated ROS, we
performed a Western blot for the most stable tissue-associated
antioxidant, catalase, and found that it is significantly (p = 0.016)
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upregulated with plasma treatment (Figure 3D). Upregulation
of tissue-protective gene transcripts strongly suggests that the
early (6 h) tissue response to plasma treatment is the creation
of a pro-regenerative environment that may lead to improved
muscle regeneration at later timepoints. We hypothesize that
this effect is due to the tissue response to the local inflammatory
signaling cascade caused by plasma treatment coupled with the
upregulation of the antioxidant catalase. However, other factors
may be involved.

2.4. Plasma Treatment Reduces Transcription of Inflammation
and Adipogenesis-Associated Genes

To test if stimulation of these molecular pathways by a single
plasma treatment would have a more lasting effect on the out-
come of muscle healing, we employed a more challenging sur-
gical model. This second model has two separate surgical proce-
dures: an index surgery during which all rats receive an identical
operation, and a revision surgery 1 week later (Figure 4A). The
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Table 1. Cytokine expression levels (pg mL™") determined by ELISA array in the homogenized muscle of untreated and plasma-treated animals 4- and
14-days post-revision surgery. The table includes only cytokines that were significantly changed (p < 0.05) with plasma treatment. n>3 at all timepoints
and treatments. P-values determined by student’s t-test. Expression Levels of Cytokines which were Significantly Lowered with Plasma Treatment.

Average Cytokine Expression [pg mL~'] + SEM

Cytokine Day 4 Untreated Day 4 Plasma p-Value @ Day 14 Untreated Day 14 Plasma p-Value @
IL-4 0.91+0.21 0.11+0.10 0.015 0.31+0.12 0.30+0.18 0.943
CINC2 16.79 + 2.76 15.67 + 5.40 0.866 27.74 +3.04 10.50 + 5.63 0.046
IL-13 5.66 + 3.49 9.33+£0.90 0.361 17.36 + 1.23 4.58 +1.96 0.002
L-Selectin 20.62 + 8.34 13.71 + 4.30 0.492 29.97 + 6.02 4.58 +2.00 0.011
RAGE 91.89 + 47.40 61.76 + 32.60 0.619 53.55+9.15 12.79 + 6.59 0.009

2 p-Value determined by student’s t-test.

revision surgery reopens the original incision site and either no
treatment (control) or plasma treatment is administered. Tissue
is collected 4- or 14-days post-revision for analysis. Clinically, re-
vision surgery is more damaging to tissue and associated with in-
creased risk for complications including poor or delayed wound
healing and infection, making this model more suitable to deter-
mine if plasma treatment enhances muscle healing.[64-6]

We used bulk RNA sequencing of untreated and plasma-
treated muscle to determine transcriptional changes in the mus-
cle 4- and 14-days post-revision. The GSEA results from 4
days post-revision revealed a significant downregulation in IL-6
JAK/STAT and Notch signaling (Figure 4B). The activation of the
IL-6 JAK/STAT pathway is necessary for muscle repair, however,
prolonged activation is often associated with increased inflamma-
tion and adipogenesis in muscle tissue.[”] Similarly, the Notch
pathway is important for satellite cell activation in the short term,
butif present for too long can suppress myogenesis by preventing
satellite cells from differentiating.[®®! In coordination with these
results, cytokine levels of IL-4 protein, a potent activator of the
JAK/STAT signaling pathway, were also significantly decreased
4-days post-revision surgery in plasma-treated rats (Table 1).[¢%]

The GSEA results from 14 days post-treatment show sig-
nificant downregulation of both adipogenesis and oxidative
phosphorylation signaling pathways (Figure 4C). Oxidative phos-
phorylation of immune cells represents increased inflammatory
status, while in muscle decreased oxidative phosphorylation is
often associated with slow-muscle fiber generation.**”°! In sup-
port of reduced inflammation associated with plasma treatment,
cytokine expression levels of CINC-2, IL-13, L-Selectin, and
RAGE, which are largely involved in inflammatory and leuko-
cyte homing responses, were also significantly downregulated
(Table 1).[%97172] These findings suggest that plasma treatment
has long-term healing effects on muscle tissue that may drive
quicker resolution of inflammation to speed the muscle regen-
erative process toward functional myogenesis and away from
adipogenesis.

2.5. Plasma Treatment Decreases Fat Accumulation and
Promotes Healthy Muscle Regeneration

Muscle repair can result in myogenesis, fibrogenesis, or adipo-
genesis depending on the efficiency of repair.**-*") Based on the
RNA sequencing results, we used picrosirius red staining to in-
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vestigate the repair of the incision site muscle using histology
(Figure 5A). This method specifically stains collagen connective
tissue (red) and healthy muscle fibers (yellow). We stained a
cross—section of the vastus lateralis muscle, and the staining ex-
hibited a band of red collagen tissue at the incision site, which
represents the area of ongoing muscle repair (Figure 5A). There
was no significant difference in the size of this region between
the untreated and plasma-treated groups (Figure S1B). Higher
magnification images of this region (black box) show that the
differences in collagen compaction observed in the 6 h samples
(Figure 1D) are maintained at these longer time points. In this re-
gion of active tissue repair, different cell/tissue types are visible
as: white (fat), yellow (muscle), and red (fibrotic). Thus, to assess
the outcome of repair, we quantified the percent fat and deter-
mined that at day 14 (Figure 5B), but not at day 4 (Figure S1C)
the untreated animals had significantly more inter-fibrotic fat
presentin the repairing area. These results suggest that the single
plasma treatment at surgical revision has a long-term impact that
promotes better muscle repair. We also quantified the percent
myofibrils in the healing region, and while there was no signifi-
cant difference at either day 4 (Figure S1D) or day 14 (Figure 5C),
there is a trending increase in myofibrils in the region, which
we hypothesize would become significantly different with plasma
treatment at longer time points. These findings further support
the conclusion that plasma treatment is beneficial and has long-
term effects, likely mediated through a rapid increase in inflam-
matory cytokine signaling, that is quickly quenched by antiox-
idant production which produces enhanced cell protection and
reduced cell death. This in turn promotes enhanced stem cell dif-
ferentiation into muscle to promote better outcomes in muscle
regeneration following injury.

3. Conclusion

Here we show that cold plasma treatment of the surgical soft
tissue envelope stimulates an increased inflammatory reaction
accompanied by tissue protective signaling. Together these sig-
naling events drive muscle repair toward myofibril regeneration
over adipogenesis. The direct interaction of the plasma stream
with the loose connective tissue surrounding the muscle results
in collagen fibril condensation and bunching. After 6 h there is
a significant influx of innate immune cells, such as neutrophils
and tissue-resident mast cells, localized to the plasma treatment
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Figure 5. Plasma treatment reduces the long-term accumulation of fat in healing connective tissue and promotes healthy muscle regeneration. (A)
Representative images of Picrosirius-red stained incision site muscle tissue in untreated and plasma-treated animals. Collagen fibers stain red. Muscle
fibers stain yellow. The Muscle: Fibrosis Interface represents the location at the incision site where the muscle fibers contact the collagen layer. Purple
arrows mark areas where the collagen fibers integrate between muscle fiber bundles. The asterisk (*) marks where there are identifiable inter-fibrotic fat
deposits. High-magnification Fibrotic Structure images show detail in the structure of incision site cartilage fibers and inter-fibrotic fat (marked with an
asterisk). Inter-fibrotic muscle fibers are stained yellow. (B) Quantification of percent fat within the fibrotic tissue in untreated and plasma-treated rats at
day 14 post-revision surgery. P-values determined using the student’s t-test (p < 0.05). (C) Quantification of percent myofibrils within the fibrotic tissue

in untreated and plasma-treated rats at day 14 post-revision surgery. P-values determined using the student’s t-test (p < 0.05).

site. Molecularly, these events are accompanied by significant up-
regulation of tissue-protective antioxidants, decreased apoptosis,
and enhanced fatty acid metabolism. Evidence that this single
treatment with cold plasma leads to an enhanced regenerative
response is confirmed when we employ the more challenging
surgical revision model. The long-term outcomes of cold plasma
treatment in this model reveal decreased adipogenesis gene en-
richment and less adipose tissue within the regenerating muscle.
Taken together this study serves to identify the molecular events
initiated by a single cold plasma treatment to enhance muscle
tissue regeneration over adipogenesis. It may also represent an
interesting explanation for the positive clinical outcomes associ-
ated with Renuvion and other cold plasma devices when promot-
ing tissue healing.

Previously, several different gas plasma devices have been
shown to promote enhanced wound healing when applied to dif-
ferent tissues.!'*17] However, the only FDA-approved plasma de-
vice for use on humans, the Renuvion device, has not been char-
acterized for wound-healing effects, despite anecdotal accounts
from patients who report enhanced healing following fat graft
procedures.!>739-32] In this study, we utilized a rat model of sur-
gical incision to determine the immediate, short-term, and long-
term effects of Renuvion plasma treatment on muscle repair. The
physical interaction of plasma with the treated tissue, character-
ized by SEM and histology, was consistent with local oxidation
and the efficient transfer of heat.[?®! This finding is demonstrated
by the tissue discoloration (brownish coloration consistent with
iron oxidation) and dehydration visible during surgery, resulting
in observable compaction and condensation of the collagen fib-
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rils. Both patient accounts and the established mechanism of ac-
tion for the Renuvion device describe skin “tightening” consis-
tent with this effect.?*3! In addition to these immediate effects,
we and others report that plasma devices, including the Renuvion
device, produce highly bio-active reactive species including both
reactive oxygen (ROS) and reactive nitrogen (RNS) species.[*”]
The high-voltage plasma energy causes additional species gener-
ation as it interacts with molecules specific to each target surface.
For example, proteins can be nitrosylated, lipids peroxidized, and
inorganic molecules (Na, Cl, etc) can be combined with oxygen
or nitrogen ions.!”>7° This combination of effects differentiates
plasma treatment from the simple addition of a bolus of hydro-
gen peroxide into a wound. The resultant cell signaling from
plasma can drive cell proliferation, differentiation, and tissue re-
pair pathways that trigger tissue healing.!”%”]

While surgical techniques try to avoid muscle trauma by using
blunt dissection along natural fascial planes, an injury response
is unavoidable. In fact, the innate immune response is essen-
tial to wound healing, as leukocyte populations are responsible
for secreting the signals for blood clotting, scar formation, tissue
regeneration, and angiogenesis.l’”®! Our study suggests reactive
species locally generated by Renuvion plasma treatment increase
the innate immune inflammatory response and simultaneously
generate a tissue-protective antioxidant response. Together, this
drives muscle regeneration.[*0-#2]

Muscle is a naturally regenerative tissue that strengthens
through daily repeated cycles of injury and repair, such as
exercise.[*67980] Molecularly during these cycles, calcium sig-
naling is rapidly initiated by injury to recruit muscle-resident
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satellite cells that begin the process of muscle regenera-
tion.[*6798% [nterestingly, our analysis of significantly upregu-
lated gene transcripts 6 h after plasma treatment identifies many
genes that are involved in these same processes including cal-
cium release, muscle repair, and antioxidant response pathways.
As reactive species signaling is tightly intertwined with calcium
signaling, an enhanced calcium release following plasma treat-
ment would not be unexpected.!®! Indeed, in this context, the en-
hanced mobilization of repair pathways observed at the 6 h time-
point seems to indicate that the response to plasma treatment
may operate through these natural injury and repair pathways.

Based on previous work on muscle regeneration, we selected
our timepoints to reflect the three main stages of injury and
repair: inflammation, regeneration, and remodeling.”””! The in-
flammation stage, which dominates the first 48 h after injury, is
characterized in our model by the significant influx and expan-
sion of innate immune cell populations in the incision site, par-
ticularly with plasma treatment. The regeneration stage, which
occurs from 2-10 days post-injury, is characterized by the ac-
tivation of either satellite cells or fibro-adipogenic progenitors
(FAPs) which can differentiate into pro-myogenic myofibrob-
lasts or adipocytes.l®”] Finally, the remodeling stage occurs 10+
days post-injury and is characterized by either functional matu-
ration of myofibrils (if satellite cells are activated during regen-
eration), or adipogenesis (if FAPs are activated during regener-
ation and differentiate into adipocytes). While we were unable
to study these populations directly as they are dynamic and not
yet well-defined in rat models, we inferred their activity based
on tissue-specific outcomes at our selected timepoints. Our 4-
day timepoint captures the regeneration stage of muscle healing
and our 14-day timepoint captures the remodeling stage. At day
4 post-revision there are reduced inflammatory markers and re-
duced IL-6 and Notch signaling in response to plasma. We sug-
gest that these changes contribute directly to the pro-myogenic
activation of satellite cells and a shift in FAP activity toward my-
ofibroblast differentiation over adipogenesis. This is supported
by 1) the decrease in transcripts associated with the adipogen-
esis pathway at day 14 following plasma treatment, and 2) the
decrease in inter-fibrotic fat deposits in the plasma-treated rats.
Together, this suggests that plasma’s contribution to muscle heal-
ing is through early upregulation and resolution of inflamma-
tion, which drives the downregulation of adipogenic FAP ac-
tivity. While both inflammation and FAP activity are required
to activate satellite cell function, timing is critical as prolonga-
tion of these stimuli reduces myogenic-specific differentiation.
Thus, it is likely that plasma-induced molecular changes speed
up and/or reduce negative events to drive more productive heal-
ing and healthier muscle tissue by 14 days post-treatment. The
outcomes we show are limited to histological rather than func-
tional changes, as the changes in the muscle are unlikely to mea-
surably decrease function in this model. To test the functional
impact of these changes, it may be beneficial to use plasma in a
more complicated surgery or in an aged model to determine if
it could reduce scar tissue, and fibrosis, or functionally enhance
long-term healing.

Importantly, plasma can stimulate cellular processes, pro-
mote tissue regeneration, and modulate inflammation non-
pharmacologically. Each plasma device produces a unique cock-
tail of reactive products, and thus plasma devices can be used
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in combination to tailor a desired outcome.®) Plasma devices
may also be used in combination with other non-pharmacological
therapies, such as electrical stimulation devices, which have been
shown to promote similar tissue-specific outcomes such as en-
hanced angiogenesis and wound contraction.®*! In fact, plasma
and electrical stimulation devices have been used in combina-
tion in previous studies and have shown synergy in promoting
cancer cytotoxicity.®] Finally, because plasma is not a drug-based
therapy, it could be integrated into the clinical standard of post-
operative care. Plasma has shown synergistic effects with antibi-
otics, and because the treatment times for plasma are relatively
short, it could easily be integrated into operating room protocols
to promote healing and prevent infection.[5]

Our study has limitations. The design of the in vivo study does
not show a direct link between the reactive products produced
by plasma and the effects that are observed in the treated tissue.
However, we show that the plasma device does produce reactive
species including ROS and RNS, and while the published mech-
anism of action for the device is considered the local and effi-
cient transfer of heat, our method of moving the plume around
the treated site greatly reduces the heat exposure of any single
area of treated tissue.[?] Additionally, the device itself only shows
heat effects on tissue up to 0.2 mm deep, which is a highly lim-
ited area even without movement of the plume.[®”] Further, the
catalase protein and transcriptional changes observed 6 h after
treatment, and the long-term changes to tissue and signaling
pathways are not characteristic of heat exposure, but of reactive
species exposure.8839] Despite this, we acknowledge that upreg-
ulation of catalase is a downstream effect of ROS/RNS pathway
signaling and does not represent a direct readout of the propor-
tion of these species that are present in the treated incision site. A
second limitation of the study is the inherent variability present
in the model. While using an outbred strain of rats is benefi-
cial to explore how plasma treatment may have variable effects
in a diverse population, it presents a challenge when drawing
conclusions about the effect of plasma treatment on tissue. Fur-
ther, rat and human skins differ in their healing processes. Rats
tend to heal through a process of wound contraction whereas hu-
mans heal through a process of re-epithelialization.!”! Thus, the
effect of plasma treatment on connective tissue, collagen struc-
tures, and muscle fibers in rats does not directly translate to hu-
man biology. Finally, the timepoints chosen provide only a small
snapshot of a highly complex process. Longer timepoints of 20+
days post-surgery would be needed to draw more definitive con-
clusions about functional muscle repair following plasma treat-
ment. Thus, we did our best to interpret the results, but it should
be noted that the overall effects of reactive species on signaling
and satellite cell differentiation in muscle repair can be highly
variable and remain controversial.

Our study reveals that Renuvion plasma treatment of a sur-
gical incision enhances muscle regeneration through immedi-
ate changes to the treated tissue in a localized, tissue-specific
manner. Plasma also stimulates an immune response that sur-
passes the normal immune response to tissue injury. Antioxi-
dant and damage repair pathways are upregulated at 6 h in re-
sponse to plasma treatment with a corresponding decrease in
apoptosis pathway activity. Ultimately these early changes to the
plasma-treated tissue result in reduced inter-fibrotic fat and adi-
pogenesis during the later stages of healing. Our results provide
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new insights into the immediate and long-term effects of plasma
treatment of muscle tissue within a surgical incision and provide
merit to further investigate the clinical use of cold plasma as an
accompanying therapeutic in surgical procedures.

4. Experimental Section

Renuvion Device:  All experiments were conducted using the Renuvion
device (Apyx Medical Corporation, Clearwater, FL). Plasma was generated
using the Bovie Ultimate Electrosurgical Generator (Ref: BVX-200H). An-
imals were treated with the Apyx 44 Derm Handpiece (Ref: APYX-044-
DERM). All treatments used the settings: 28 W, and 4 L min~" helium flow
rate. These settings were based on the safety and efficacy documentation
used for FDA approval of the device and the settings used by clinicians for
dermal and subdermal treatments.[°1]

Renuvion pH and Chemical Product Analysis: ~ MilliQ H20 (1 mL, 3 repli-
cates) was treated with Renuvion at 28 W, and 4 L min~" helium flow rate
at ~2 mm from the water surface at timepoints of 0, 5, 10, 20, 30, and
60 s in a flat-bottom 24-well plate (Thermo Fisher Scientific Inc., Waltham,
MA USA). The applicator was moved across the water surface during each
treatment session to ensure maximum exposure. The treated water was
probed using a pH meter (Thermo Fisher Scientific Inc. Waltham, MA
USA). For chemical product analysis, the treated water was prepared in
a 96-well plate for the quantification of species. For the detection of hy-
drogen peroxide, 100 pL of 1 m potassium iodide and 50 pL of 10 mm
phosphate buffer at a pH of 7 was added to 50 pL of plasma-treated water,
incubated for 30 min in the dark, and measured at 390 nm using a plate
reader (Tecan Infinite M1000 spectrometer). For the detection of nitrite
species, 50 uL of Griess reagent (Thermo Fisher Scientific Inc., Waltham,
MA USA) was added to 50 pL of plasma-treated water, incubated in the
dark for 30 min, and measured at 548 nm on a plate reader (Tecan In-
finite M1000 spectrometer). For the detection of nitrate species, the Ni-
trate Spectraquant Assay (Sigma-Aldrich, Dorset UK) was used. 10 pL of
plasma-treated water was added to 80 uL of NO3~', and 10 uL of NO3~2,
incubated in the dark for 10 min, and measured at 548 nm on a plate
reader. Values were converted to um using a standard concentration curve.

Orthopedic Animal Model and Plasma Treatment: 6 h Post-Plasma Treat-
ment Rats: A total of 12 (n = 6 untreated and n = 6 plasma-treated)
10-17-week-old male Sprague-Dawley rats (360-506 g) were used for this
study. All procedures were approved by the University of Pennsylvania
IACUC protocol #806810. Animals were anesthetized via cage induction
using Isoflurane in an O, carrier. Perioperative medications administered
included a single dose of meloxicam (2 mg kg™! subcutaneously) (Loxi-
com, Biloxi, MS), buprenorphine extended-release injectable suspension
(0.65 mg kg™' bwt subcutaneously) (Fidelis Animal Health, Inc, North
Brunswick, NJ) and subcutaneous Lactated Ringers solution (10 mL kg™")
(Medex Medical Supply, Passaic, NJ). The femur was accessed via a lateral
approach through the anatomical tissue plane between the vastus lateralis
and the biceps femoris. A combination of blunt and sharp dissection was
used to expose the lateral surface of the femur. Renuvion plasma was ap-
plied to all muscle areas of the incision until slightly discolored. The dis-
tance between the plasma device and the tissue was between 6—-10 mm
from the surface of the incision, and the incision treatment time was ~30
s (or until all exposed tissue was contacted by the plasma). The incisions
of all animals, regardless of treatment, were lavaged copiously with 20 mL
sterile saline, and the discolored tissue was gently debrided from plasma-
treated animals. The muscle was closed in a simple continuous pattern
using 4/0 polyglactin 910 and the skin was closed in a simple continuous
pattern using 4/0 polyglecaprone. The animals were sacrificed 6 h after
surgery via intracardiac injection of a pentobarbital-based euthanasia so-
lution under general anesthesia (Vortech Pharmaceuticals Ltd, Dearborn,
MI). The vastus lateralis was excised and processed for histology and the
biceps femoris was excised and processed for RNA extraction and protein
isolation. Day 4 and 14 post-plasma treatment rats: A total of 12 (n =6 un-
treated and n = 6 plasma-treated) 10-11-week-old male Sprague-Dawley
rats were used for each day 4 and day 14 groups. For index surgery, anes-
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thetic, and medication protocols were identical to those previously de-
scribed except for animals receiving 3 doses of meloxicam 24 h apart. The
femur was accessed through the same surgical plane as described above.
A combination of blunt and sharp dissection was used to expose the lat-
eral surface of the femur. A 0.8 mm screw (RISystem AG, Switzerland) was
placed at the proximal and distal-most extents of the exposed femur. A uni-
cortical open drill hole was created in the center of the lateral aspect of the
femur to mimic a fracture. A collagen sponge (Davol Inc., Warwick, RI)
was then placed over the screw heads and saturated with 250 uL of sterile
saline. The muscle was closed in a simple continuous pattern using 4/0
polyglactin 910 and the skin was closed in a simple continuous pattern
using 4/0 polyglecaprone. A subcutaneous peri-incisional infiltration was
performed with liposome injectable suspension (Elanco, Greenfield, IN).
One week later the animals were anesthetized and administered the same
medications as previously described. An identical approach to the lateral
femur was made and the screws were removed. Renuvion plasma was ap-
plied to all muscle areas of the incision as described above. The incision
was lavaged copiously and the discolored tissue was gently debrided. The
incision was lavaged with 20 mL of sterile saline (in treated animals) or 3%
iodine solution (in untreated animals) with a contact time of 5 min. An 8-
hole polyetheretherketone (PEEK) plate (RISystem AG, Switzerland) was
then placed on the lateral aspect of the femur and secured with 4 screws
to avoid the previously made holes in the cortex. The muscle was closed
in a simple continuous pattern using 4/0 polyglactin 910 and the skin was
closed in a simple continuous pattern using 4/0 polyglecaprone. A sub-
cutaneous peri-incisional infiltration was performed with bupivacaine li-
posome injectable suspension (Elanco, Greenfield, IN). The animals were
humanely euthanized either 4 or 14 days after surgery via intracardiac in-
jection of a pentobarbital-based euthanasia solution under general anes-
thesia (Vortech Pharmaceuticals Ltd, Dearborn, Ml).

Histology and Immunohistochemistry: Tissue Preparation: Excised tis-
sue was fixed in 4% paraformaldehyde (PFA) for up to 48 h and then trans-
ferred to 70% ethanol for 24 h. The tissue was then progressively dehy-
drated in graded alcohols and xylenes before being embedded in paraffin
wax blocks (Thermo Fisher Scientific Inc., Waltham, MA USA). The orien-
tation of the sample when embedding in paraffin was bisected perpendic-
ular to and in the center of each incision. SEM Imaging: The incision site
or treated site was excised from the larger muscle sample and fixed in 4%
paraformaldehyde for at least 24 h. After fixation, the muscle was serially
dehydrated through a graded alcohol series from 70 to 100% with each
phase lasting at least 6 h. After dehydration, the samples were dried for
72 h. The samples were then sputter-coated with gold and imaged with
a Tabletop Hitachi Scanning Electron Microscope. Masson’s Trichrome
Staining: Masson’s Trichrome was used to visualize muscle fiber and con-
nective tissue structure (Millipore, Burlington, MA USA). Toluidine Blue
Staining: Toluidine Blue staining (Toluidine Blue O, Thermo Fisher Scien-
tific Inc., Waltham, MA, USA, 1.1 mg mL~" in 1% NaCl, 8% ethanol solu-
tion) was used to visualize mast cells (dark purple) between the muscle
fibers and connective tissue (light blue). Slides were imaged at 20x with
5 images being taken of different non-overlapping regions of the fibrotic
tissue for each animal. Mast cell counts/area were calculated for each of
the technical replicates and averaged to report the number of mast cells
present in the fibrotic tissue in the treated site of each animal. Immuno-
histochemistry: Immunohistochemistry (IHC) DAB kit (Vector, Newark,
CA USA) and an antibody against myeloperoxidase (Abcam, Waltham, MA
USA) were used to visualize neutrophils in the fibrotic tissue. Slides were
imaged at 20x with 5 images being taken of different non-overlapping re-
gions of the fibrotic tissue in the treated site of each animal. MPO+ cell
counts/area were calculated for each of the technical replicates and av-
eraged to report the number of neutrophils present in the fibrotic tissue
of each animal. Picrosirius Red Staining: Picrosirius red staining (Thermo
Fisher Scientific Inc., Waltham, MA USA) was used to visualize collagen
fibers (red) and muscle tissue (orange/yellow). 3-10 nonoverlapping im-
ages were taken at 20% of each incision site. Fat area per total fibrotic area
was calculated for each image and averaged to report the total percent fat
area within the fibrotic region of each animal.

Protein Extraction and Quantification: Protein was isolated from ex-
cised muscle tissue using tissue protein extraction reagent (TPER)
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(Thermo Fisher Scientific Inc., Waltham, MA USA) and M tubes (Mil-
tenyi Biotec, Gaithersburg, MD) to homogenize the tissue using a gen-
tleMACS tissue dissociator (Miltenyi Biotec, Gaithersburg, MD). The su-
pernatant was collected from the homogenate after it was spun down at
1000 g for 5 min, followed by another centrifuge step at 10 000 g for 5
min. Protein concentration was quantified using the BCA assay (Thermo
Fisher Scientific Inc., Waltham, MA USA). Protein was separated using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto a membrane (BioRad, Philadelphia, PA). The proteins
were detected using the following rat anti-rabbit primary antibodies: anti-
catalase (1:1000) (Abclonal, Woburn, MA), anti-myeloperoxidase (1:1000)
(Abcam, Waltham, MA), and anti-GAPDH (1:20 000) (Abclonal, Woburn,
MA). The protein was visualized using a chemiluminescence detector and
developer (Azure Biosystems, Dublin, CA). The bands were analyzed in
Image).

RNA Isolation, Library Construction, and Sequencing Analysis: RNA Iso-
lation: The muscle tissue was homogenized by resuspending crushed
muscle in TRIzol reagent (Invitrogen, Waltham, MA USA) at 1T mL of
reagent per 0.1 g of muscle. Then the tissue was dissociated by using
M tubes and a gentle MACS tissue dissociator (Miltenyi Biotec, Gaithers-
burg, MD USA). The RNA was extracted using the Macherey-Nagel Nu-
cleoSpin RNA Midi Kit (Macherey-Nagel, Allentown, PA USA) after chlo-
roform phase separation. RNA Sequencing: RNA samples were sent to
an off-site laboratory (Novogene, Sacramento, CA USA) for validation of
RNA integrity and sequencing using standard procedures for library con-
struction, amplification, and sequencing. For the analysis, the sequencing
data was converted to raw read counts from gene expression values and
mapped to the reference genome Rattus norvegicus by Novogene. Out-
lier and DEG Analysis: Differential gene expression, gene ontology, and
robust principal component analysis were done in R Statistical Software
(v.4.3.3; R Core Team 2024) using the DESeq2, clusterProfiler, and rrcov
packages.[®2°*] The transcripts of ~32 500 genes were measured. First,
the raw counts were normalized, and the variance of the samples was vi-
sualized using robust principal component analysis. The identified outlier
samples were discarded (n = 3 per timepoint) and the remaining sam-
ples (n =9 per timepoint) were analyzed for differentially expressed genes
(DEGs). The significant DEGs presented an adjusted p-value < 0.05 using
the Benjamini-Hochberg-adjusted value. Gene Set Enrichment Analysis:
Gene set enrichment analysis (GSEA) was done using the GSEA software
from the Molecular Signature Database (MSigDB).[%] The input gene list
for GSEA was extracted from the DESeq2 analysis. Gene transcripts with
an average expression value <10 across all nine samples/timepoint were
removed prior to running GSEA. GSEA was run with the phenotype per-
mutation and a minimum gene list set to 10 for clustering. The genesets
used were the molecular signatures databases curated and Hallmark and
the mitocarta 3.0 database.[°]

Cytokine Array:  Protein was isolated as described above. Protein sam-
ples were sent to an off-site laboratory (RayBiotech, Peachtree Corners,
GA) and quantitative proteomics were performed using a Multiplex ELISA
panel of rat-specific cytokines. Expression data for each treatment group
(untreated and plasma-treated) and timepoint (day 4 and day 14) were av-
eraged, and a student’s t-test was used to determine the significance of
the difference in expression.

Statistical Analysis: For Figure 1A, n = 3 for all timepoints. For
Figures 2A and 3D, the untreated group had n = 4 and the treated group
had n = 5. A Mann-Whitney test was used to determine the significance
between the groups. For Figure 2B,C the untreated group had n = 4 and
the treated group had n = 5. A student’s t-test was used to determine the
significance between the groups. For Figures 3 and 4, the RNA sequencing
data was analyzed using a robust PCA using R Statistical Software (v.4.3.3;
R Core Team 2024) using the DESeq2, clusterProfiler, and rrcov packages
to exclude outliers. After excluding outliers, the RNA sequencing data in-
cluded n = 4 for the untreated group and n =5 for the treated group. For
Figure 3D a Man Whitney test was used to determine significance between
groups. For Table 1, a student’s t-test was used to determine the signifi-
cance between groups. Day 4 untreated n = 5, Day 4 treated n = 3, Day
14 untreated n = 5, Day 14 treated n = 4. For Figure 5B,C n = 4 for both
groups, and a student’s t-test was used to determine statistical signifi-
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cance. p < 0.05 indicates statistical significance. GraphPad Prism 10.4.1
was used for all analyses.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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