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Abstract: Cold atmospheric plasma (CAP) has emerged as a promising therapeutic technology,
distin-guished by its safety, efficiency, and minimal side effects. With increasing applications in
derma-tology, CAP demonstrates antimicrobial efficacy against bacteria, viruses, and fungi,
supports tis-sue proliferation and wound healing, and hinders the growth and migration of tumor
cells. This re-view encompasses the concept, physical characteristics, and current research
applications of CAP in dermatology. CAP, a gas cloud produced by ionizing gases, operates at room
temperature, en-suring safety and efficacy in dermatological use. Its effects are mediated through
active compo-nents like reactive oxygen and nitrogen species (RONS) and ultraviolet radiation. The
extensive research covered in this paper explores CAP's applications in skin infections, immune-
related dis-eases, and tumor diseases. As a biologically suitable technology, cold atmospheric
pressure plas-ma finds widespread use in medicine, including medical device sterilization,
dentistry, oncology, and dermatology. The direct and indirect forms of CAP applications, including
plasma-activated liquids, complement each other. CAP holds promise as a dermatological treatment
technique, but further exploration and research are needed. This article briefly explores CAP's
diverse applica-tions and potential utility within dermatology. The objective is to enhance the
progress of plasma medicine by furnishing a concise overview of the applications of this
groundbreaking technology in dermatological contexts.

Keywords: cold atmospheric plasma; dermatological diseases; skincare

1. Introduction to Plasma Technology

In physics and chemistry, plasma is the fourth state of matter, distinct from solids, liquids, and
gases. Defined as a hot, ionized gas consisting of positively charged ions and free electrons, plasma
manifests under extreme heat and energy conditions [1]. There are several types of plasma, each
distinguished by the specific conditions that give rise to its unique characteristics. In astrophysics, for
instance, stellar plasma dominates the composition of stars, characterized by temperatures exceeding
thousands of degrees Celsius. Terrestrial plasma, found in technologies like fluorescent lights and
plasma TVs, emerges at comparatively lower temperatures but still involves a dynamic interplay of
charged particles [2].

Mechanistically, the transition from a gaseous state to plasma occurs when energy input
surpasses the ionization energy of the constituent atoms or molecules, liberating electrons and
forming a sea of charged particles. The remarkable conductive properties of plasma and its ability to
respond to electromagnetic fields find applications in various technological domains, ranging from
fusion research in controlled nuclear reactions to the field of medicine with plasma sterilization
techniques [1-3]. Plasma has been widely used in many life sciences, such as plasma medicine,
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agriculture, and disinfection against microbial bacteria and fungi [1,4]. Nonthermal plasma-based
technology has recently gained attention for its diverse manifestations and potential advancements,
especially in medical technology [1]. Table 1 concisely summarizes a range of biomedical applications
linked to plasma.

Table 1. Plasma and Its Multifaceted Biomedical Applications.

Application Description
Cold Atmospheric Plasma An' eme'rging mult‘i—ag.ent technology. and r.nulti—rTloda.l therapy
with diverse applications across various biomedical fields [5].
Oral Biofilm-Related Plasma medicine effectively addresses oral biofilm-related
Infections infections, showcasing its efficacy in promoting oral health [6].
Therapeutic Use of Physical  Involves the direct application of physical plasma on or in the
Plasma human body for therapeutic purposes [7].
There is growing interest in utilizing plasmas for biomedical
applications, particularly in plasma medicine, focusing on
therapeutic advancements [8].

Plasma Technology for
Biomedical Applications

Encompasses sterilization, wound healing, blood coagulation,

Bi dical Applicati f
tomedical Appications o oral/dental disease treatment, cancer therapy, and

Cold Atmospheric Plasma immunotherapy [5,7,9].

Demonstrates various applications and advancements, offering
Diverse Range of Applicationsexamples of ideas and applications in the medical and biomedical
domains [10].

This comprehensive review investigates the versatile applications of Cold Atmospheric Plasma
(CAP) in dermatology, underscoring its safety, effectiveness, and minimal side effects [1].
Simultaneously, it explores CAP's distinctive features, its generation at room temperature, and
essential elements such as reactive oxygen and nitrogen species (RONS) and ultraviolet radiation.
Furthermore, the article examines CAP's efficacy in addressing skin infections, immune-related
conditions, and tumors. This concise reference strives to advance the field of plasma medicine,
fostering additional research into CAP-based interventions for dermatological treatments.

2. Plasma Medicine

This interdisciplinary field stands at the forefront of healthcare innovation, seamlessly
integrating plasma physics, life sciences, and clinical medicine [1-4,11,12]. It explores the therapeutic
potential of plasma, an ionized gas, across various medical domains. In disinfection, plasma exhibits
unique capabilities that offer a novel approach to pathogen eradication [13]. In the pursuit of healing
applications, low-temperature atmospheric pressure plasmas are harnessed to facilitate the
controlled release of specific chemically reactive substances [1-3,14].

The expansive scope of plasma medicine extends to the forefront of cancer treatment research,
where experimental investigations unfold at esteemed universities and research centers [15].
Moreover, its influence reaches into the intricate domain of neuroscience, seamlessly weaving
together the disciplines of plasma physics, medicine, biology, plasma chemistry, and engineering to
explore potential applications [1-4,16]. Within the therapeutic landscape, plasma medicine
significantly emphasizes wound healing applications, contributing to the ever-evolving tapestry of
medical advancements. In essence, the promise held by plasma medicine in reshaping healthcare is
underscored by its innovative and diverse applications, creating a paradigm shift in the approach to
medical treatments [1-4,11,12]. Plasma has demonstrated its effectiveness in various medical
applications, such as wound healing, blood coagulation, pollutant degradation, material surface
functionalization, cancer treatment, and dental procedures [1-3,14,17]. Monitoring its performance
and real-time impact on the targeted therapy is crucial to tailor plasma for specific medical needs.
This approach offers a novel perspective on developing clinical systems for plasma-based therapeutic
interventions [17].
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2.1. Medical Applications of Plasma

Medical applications of plasma involve using different types of plasma to achieve specific
therapeutic goals. The studies conducted highlight seven distinct mechanisms through which plasma
directly aids in wound healing [1-3,14]. This multidisciplinary field, plasma medicine, seamlessly
integrates principles from plasma physics, medicine, biology, plasma chemistry, and engineering
[1,17]. The direct application of physical plasma on or within the human body has proven effective
for therapeutic purposes [18]. Researchers have delved into various applications, including wound
healing and cancer treatment, expanding the scope of knowledge in this emerging field [15]. Figure
1 illustrates the cold plasma jet system, featuring a schematic diagram and discharge voltages for
argon and helium feeding gases. Additionally, the figure depicts a helium-fed cold atmospheric
plasma (He-fed CAP) treating a surface with plume spreading and the detection of RONS using
optical emission spectroscopy (exposure: 5000 ms) [19].
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Figure 1. Schematic and discharge voltages of the cold plasma jet device: (a) the device diagram, (b)
discharge voltage with argon, and (c) discharge voltage with helium. Additionally, the left side
illustrates the He-fed plasma jet treating a surface with plume spreading. In contrast, the right side
shows the He-fed plasma jet detected by the optical emission spectrum, containing reactive oxygen

and nitrogen species (RONS). Reproduced with permission from Ref. [4]. Copyright 2022 AIP
publishing.

Plasma medicine demonstrates its relevance in neuroscientific applications, emphasizing its
interdisciplinary nature [17]. This therapeutic approach is not confined to a singular method but
encompasses a spectrum of plasma types tailored for specific therapeutic goals [14]. The potential
applications extend to disinfection, wound healing, and cancer treatment, marking plasma medicine
as a promising avenue in clinical practice [20]. Table 2 presents a comprehensive overview of diverse
medical applications within plasma medicine. Notably, most of the research in plasma medicine is
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conducted in vitro and animal models, highlighting the emerging nature of the field and its
integration of plasma physics, life sciences, and clinical medicine [1-4,17]. Two primary forms of
plasma find application within medical contexts.

Table 2. Various medical applications of plasma medicine.

Medical Applications Description
Direct application of Cold Atmospheric Plasma (CAP) for various
medical treatments [20,21].

Utilizes ionized gas (physical plasma) for disinfection, effectively
inactivating various microorganisms, including viruses, resistant
microbes, fungal cells, bacteria, spores, and biofilms created by
microbes [13,22,23].

Under study for its potential in healing, plasma medicine stimulates cell
Healing proliferation and angiogenesis with lower plasma treatment intensity,

contributing to wound healing [17,21,24].

Therapeutic Purposes

Disinfection

Exploration of plasma medicine for cancer treatment can inactivate cells
Cancer Treatment o I . .
and initiate cell death with higher plasma intensity [25-28].

Blood Coagulation Utilization of plasma for blood coagulation [28,29].

Application of ionized gas in plasma medicine for various dental
purposes [20,30].

Sterilization of Implants Plasma-generated active species are harnessed for sterilizing implants

and Surgical Instruments and surgical instruments [31,32].

Dental Applications

Modifying Biomaterial

Surface Properties Plasma medicine can modify biomaterial surface properties [33,34].

Treatment of Skin Ongoing research on the potential of plasma medicine for treating skin
Diseases and Wounds diseases and wounds [17,21,24,35].
e e1s Intersection of scientific domains for diverse research in plasma
Multidisciplinary . . - . .
Research medicine, combining plasma physics, life sciences, and clinical

medicine [1-3,17].

Note: Most of the research in plasma medicine is conducted in vitro and animal models, highlighting the

emerging nature of the field and its integration of plasma physics, life sciences, and clinical medicine [1-4,17].

2.1.1. Cold Atmospheric Plasma (CAP)

CAP is a non-thermal plasma that operates at or near room temperature. CAP has gained
attention in medicine for its diverse applications, including wound healing, sterilization, and cancer
treatment. The operational mechanism of non-thermal biocompatible plasma (NBP) may be
associated with the collaborative effects of its constituents, including ultraviolet radiation and
reactive species [36]. The unique property of CAP is its ability to generate various RONS without
significantly increasing the temperature of the surrounding tissues. This makes CAP suitable for
delicate medical procedures where maintaining a low-temperature environment is crucial. Studies
have shown promising results in using CAP for wound disinfection and promoting tissue
proliferation [5,36,37].

2.1.2. Thermal Plasma

Thermal plasma, in contrast, involves higher temperatures and is widely used in medical
applications such as coagulation, cutting, and tissue ablation. In surgical procedures, thermal plasma
is employed to precisely remove or modify tissues, offering a controlled and efficient approach [11-
14,38]. The ability of thermal plasma to reach higher temperatures allows for a more intense and
targeted application in surgical settings. Thermal plasma devices are commonly used in various
medical specialties, including dermatology and surgery [11-14,38]. These types of plasma exhibit
distinct characteristics that make them suitable for specific medical applications. Researchers
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continue to explore and refine these technologies to enhance their efficacy and broaden their medical
utility.

3. CAP in Dermatology

CAP, which contains low-temperature heavy ions, is the focus of this study. CAP has gained
increasing attention in clinical medicine, particularly dermatology [1-3]. Plasma is formed by
ionizing gases under heat or a strong electromagnetic field, resulting in a cloud of charged particles,
including electrons, ions, metastable species, ultraviolet light, visible light, electromagnetic fields,
and reactive substances [1-3]. Named for its equal distribution of positive and negative charges,
plasma exhibits diverse characteristics based on temperature, categorizing it into thermal plasma
(around 10,000 K), warm plasma (3,000 to 5,000 K), and cold plasma (near room temperature) [39].
CAP, a type of non-equilibrium plasma, has gained attention, especially in dermatology, due to its
ability to operate at room temperature safely and efficiently [1-3]. CAP influences organisms through
active components such as chemical active particles RONS, ultraviolet radiation (UV), and charged
particles (electrons, positive and negative ions) at the molecular level, making it suitable for skin
treatment [18,40,41]. When applied to skin tissues, it should meet three characteristics: operation at
atmospheric pressure below 40 °C, generation of average electron energy for impact excitation
without causing thermal damage to the skin [2,3]. Consequently, as research on plasma medicine
deepens, the rapid development of this field expands its scope of study, with skin being an excellent
site for plasma treatment [2,3]. CAP represents a distinct form of plasma characterized by operating
at or proximal to room temperature and under atmospheric pressure conditions. Unlike conventional
plasmas that typically function at elevated temperatures and low pressures, CAP offers a unique
profile by operating at temperatures conducive to room conditions. This attribute renders it
particularly applicable in diverse domains, including medical, material processing, and surface
treatment, where concerns about excessive heat are pertinent. CAP's operation at atmospheric
pressure is significant, obviating the need for vacuum systems and allowing for facile generation and
sustenance in open-air environments. This accessibility enhances its practical utility across various
settings.

The applications of CAP are broad and encompass medical aspects, such as wound healing,
sterilization of medical apparatus, and potential applications in cancer treatment [17]. Additionally,
CAP finds utility in material processing, where it contributes to enhanced adhesion and modification
of surface properties, as well as in sterilization procedures, leveraging its capacity to generate reactive
species effective against bacteria and microorganisms. Diverse methodologies are employed in CAP
generation, including dielectric barrier discharges and atmospheric pressure glow discharges,
selected based on the specific requisites of the intended application. The resultant plasma generates
an array of reactive species, including ions, electrons, free radicals, and excited atoms and molecules,
all of which play pivotal roles in the varied applications of CAP. Ongoing research continues to
explore novel applications and refine existing technologies. The capability of CAP to operate at room
temperature and atmospheric pressure broadens the horizons of plasma utilization, particularly in
contexts where conventional high-temperature plasmas may pose limitations. Traditional plasmas
are often generated at high temperatures and low pressures, such as in stars or industrial processes
[42]. However, cold atmospheric pressure plasmas are created at temperatures close to or at room
temperature, making them suitable for various applications, including medicine, materials
processing, and surface treatment [15-18,43,44].

3.1. Physical Characteristics and Classification of CAP:

While thermal equilibrium plasma has shown significant potential in medical applications,
patients often struggle with the discomfort caused by increased skin temperature. In contrast, CAP
does not induce such side effects. CAP treatment of biological tissues is feasible, ensuring that the
temperature of the treated skin remains between 37 and 38 °C [15-18]. This is attributed to the faster
heating rate of electrons compared to ions in an electric field, resulting in plasma generation at room
temperature or close to it [2]. Common discharge forms of CAP in laboratories include glow, spark,
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corona, dielectric barrier discharge (DBD), sliding arc discharge, microwave, radiofrequency, etc.
[45,46]. CAP devices can be categorized into three types: direct plasma source, indirect plasma source,
and mixed plasma source. Direct plasma sources use the human body (skin or internal tissues) as an
electrode. In contrast, indirect plasma sources involve exciting plasma between two electrodes, with
the active components acting on the target tissue. Mixed plasma sources combine the advantages of
both types, typically achieved by using a grid-like metal electrode with lower tissue resistance [3].
The main types of plasma sources for medical applications are indirect (Atmospheric Pressure Plasma
Jet, APPJ]) and direct DBD plasma sources [47]. Plasma can be generated from air, rare gases, or
various mixed gases as carrier gases. After activation in multiple forms, discharge produces effective
substances such as positive and negative ions, free electrons, neutral reactive oxygen/nitrogen species
(ROS/RNS), free radicals, and molecular fragments, all of which can interconvert [4]. Plasma health
applications have emerged as a thought model in recent years, representing interdisciplinary
research in medicine, biology, physics, chemistry, and engineering [1-5], with research increasingly
intensifying [48].

3.2. Direct and Indirect Plasma

Applying cold atmospheric pressure plasma in medicine can be classified into direct and indirect
forms. Direct applications include DBD and APPJ, both devices [47]. Indirect plasma applications
primarily involve plasma-activated liquids (PAL) to exert their effects. Plasma-activated liquids
result from the interaction between plasma and liquid surfaces and include plasma-activated water
(PAW), plasma-activated media (PAM), plasma-activated solution (PAS), plasma-activated oil
(PAO), and plasma-activated hydrogel (PAH) [49]. Even without additional chemical substances,
gaseous plasma interacting with water produces unique chemical reactions and energy transfer,
yielding plasma-activated water (PAW) with significant transient broad-spectrum biological activity
[50], as depicted in Figure 2, RONS play crucial roles in the dermatological application of cold
atmospheric pressure plasma [12,13]. The interaction between plasma and liquids can lead to various
direct reactions at the gas-liquid interface and indirect cascade reactions in the liquid. This results in
plasma-activated liquids containing a mixture of highly reactive species. Reactive nitrogen oxides
(RONS) can be classified into long-lived and short-lived types [51]. Examples of short-lived species
include hydroxyl radicals (OH-), singlet oxygen (1 O2), and superoxide anions (O2-), with lifetimes
ranging from seconds to minutes [52]. In contrast, hydrogen peroxide (H202), nitrite (NO2-), nitrate
(NOB3-), nitrous acid (HNO2), and ozone (O3) belong to long-lived species [53]. Most RONS found in
the liquid phase during the indirect action of cold atmospheric pressure plasma are long-lived [51-
53]. The plasma device and working gas greatly influence the type and concentration of reactive
species in PALs and the liquid used [47]. Given the presence of RONS in plasma-activated liquids,
they also hold potential applications in the biomedical field [1-5,48].
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Figure 2. The formation, penetration, and characterization of CAPs entail complex interactions
influenced by chemical and physical factors. CAPs interact intricately with treated targets, generating
reactive oxygen and nitrogen species. (RONS) from atmospheric gases and water vapor. CAP
exposure enriches aqueous media with species like hydrogen peroxide. Furthermore, CAP therapy
influences the extracellular matrix (ECM), a crucial 3-dimensional network in skin health. This
interaction may modulate skin inflammation and infection, while the ECM's role as a cell scaffold is
essential for tissue development [61,62]. Factors influencing species quantity include plasma settings
and distance from the target. Reproduced with permission from Ref. [19]. Copyright 2020 Elsevier.

The invention of plasma-activated liquids has liberated the plasma application from constraints
related to the size, conditions, and high voltage of plasma sources. This development allows for
producing large, uniform plasma areas, significantly reducing operational challenges in clinical
practice, saving treatment time, and enhancing portability, safety, scope, and depth of effect
compared to direct applications. Remarkably, plasma-activated hydrogels have demonstrated the
capability to sustain the release of RONS [54].

3.3. Penetration and Mechanism of Action of Active Components of CAP in the Skin

The application of CAP in skin diseases includes direct treatment, plasma-activated water, and
activation of matrix injection. However, the epidermis acts as a natural barrier, posing a challenge to
the delivery of drugs or charged active ingredients into the skin [55]. In CAP, colliding gas molecules
with high-energy electrons can generate original reactive substances such as O2 and N2 molecules,
N, O, and H atoms in ground and excited states, and OH radicals. Further reactions between these
original substances produce RONS, including OH, NO, NO2, HNO2, HNO3, and H202 [51-53]. The
transport of active particles from CAP to the skin includes two pathways: transdermal plasma
delivery (plasma puncture) and tissue penetration [55].

Transdermal plasma delivery occurs when the electric field of the plasma generates a voltage
drop on the skin, with most of the voltage drop applied to the high-resistance stratum corneum.
When the surface potential reaches the driving voltage, this voltage distribution leads to corneum
breakdown [49,56]. The CAP air plasma directly applied to the skin surface generates an electric field
of about 170 kV-cm-1 between the skin surface and the underlying layers, eventually penetrating the
skin and forming holes [14]. When CAP acts on the skin, it generates rapid but mild heat, which
breaks down the lipid structure of the stratum corneum, thereby increasing skin permeability without
damaging deeper tissues and improving transdermal delivery [57]. Simultaneously, CAP perforation
promotes the transfer of NO generated on the skin surface to the skin tissue, ultimately leading to
increased vasodilation, blood flow, and tissue oxygenation [19].

The penetration of active particles from CAP into tissues includes penetration through tissue
moisture and direct interaction with skin tissues [58]. The RONS produced by CAP must pass
through three barriers before entering cells: the plasma-tissue fluid barrier, tissue fluid-tissue barrier,
and tissue-cell barrier [14]. CAP affects liquids by changing liquid surface dents and flow patterns,
making the liquid surface charged, causing convection, etc., which promotes the entry of active ions
into the liquid phase [59]. The direct effect of CAP on skin tissues has been mainly studied through
gelatin and agarose models. The results show that CAP jets can penetrate 150 um gelatin directly and
detect plasma effects up to 4 mm in agarose models [19]. In addition, the active components generated
by CAP can create nano-sized pores in the phospholipid bilayer and disrupt the phospholipid bilayer
structure, facilitating the entry of RONS into cells [14,60].

4. CAP for Therapeutic Purposes in Dermatology

In contemporary dermatology, CAP has gained recognition for its diverse applications,
demonstrating potential benefits in treating various skin conditions. Studies by Bernhardt et al.
highlight CAP's capacity to positively affect atopic eczema, itch, and pain, suggesting a promising
therapeutic avenue [2]. Furthermore, a systematic review underscores the effectiveness of CAP in
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providing therapy for various skin diseases [13,22,23]. The emerging potential of CAP for dermo-
cosmetic treatments, including aging prevention, has been acknowledged [19].

This evolving landscape underscores the multifaceted role of CAP in dermatology, with ongoing
research exploring intricate mechanisms and expanding clinical applications [2,13,19,22,23]. Recent
investigations contribute to a nuanced understanding of CAP's impact on skin health. Additionally,
CAP has demonstrated promising applications in dermatology, showing efficacy in inducing
proapoptotic effects more efficiently in tumor cells compared to benign counterparts, highlighting its
potential for targeted therapy in skin-related conditions [1,25-28]. The versatility of CAP in
dermatological applications encompasses decontamination/sterilization, use in dental medicine, and
enhancement of skin therapy [17,21,24,35]. Recent studies further suggest that CAP can ameliorate
various skin diseases, showcasing its therapeutic potential in dermatology [1-3,17]. Its emerging role
in skin therapy presents a novel approach with potential benefits in clinical dermatology, supported
by achievements and ongoing research [1-3,17].

Plasma, formed by ionizing gas under heat or a strong electromagnetic field, constitutes a cloud
of charged particles, including electrons, ions, metastable species, ultraviolet light, visible light,
electromagnetic fields, and reactive substances [1-3]. Due to its equal distribution of positive and
negative charges, plasma represents the fourth state of matter alongside solids, liquids, and gases.
Plasmas can be categorized into thermal, warm, and cold plasma based on gas temperature. CAP, a
non-equilibrium plasma applicable in medical contexts, occurs at atmospheric pressure with
significantly higher electron temperatures than gas temperatures yet remains tolerable for the human
body [5].

Despite the diverse components generated within the plasma, reactive nitrogen oxides are key
active agents. Plasma exhibits broad-spectrum antimicrobial action, cell proliferation, tissue
regeneration stimulation at low doses, and induction of programmed cell death (apoptosis) at high
doses [62]. Since the 20th century, researchers have utilized plasma to eradicate bacteria, leading to
the emergence of plasma medicine. Currently, plasma medicine finds widespread application and
exploration in medical device sterilization, dentistry, oncology, dermatology, and other fields [1-
3,17].

4.1. CAP’s Suppressive Effect on Microbial Infection

4.1.1. Infectious Skin Diseases

The application of CAP has garnered significant attention due to its remarkable oxidative
capabilities mediated by RONS. Various studies have highlighted the potent antimicrobial properties
of CAP and plasma-activated liquids against a spectrum of microorganisms, including bacteria,
fungi, viruses, and parasites [63,64]. Compared to traditional antibiotics, CAP offers distinct
advantages, such as a reduced likelihood of inducing drug resistance and minimal toxicity [65].
Notably, CAP's efficacy extends to inhibiting microbial infections on diverse surfaces, encompassing
non-living surfaces, biofilms, and bacteria and fungi within contaminated or infected tissues [66].

Maisch et al. conducted a comprehensive investigation into the inhibitory effects of CAP on
Gram-positive (methicillin-resistant Staphylococcus aureus, methicillin-sensitive Staphylococcus
aureus) and Gram-negative bacteria (Escherichia coli) [67]. Their study involved inoculating bacteria
on the skin surface of six-month-old pigs, followed by CAP treatment. The results indicated that a
six-minute CAP treatment achieved a sterilization rate of 99.9% for Staphylococcus aureus and
Escherichia coli. In contrast, a four-minute treatment was effective against methicillin-resistant
Staphylococcus aureus. Importantly, no discernible morphological changes in tissues and cells
indicated CAP's safety [67].

Further insights into CAP's inhibitory mechanisms were proposed by Mai-Prochnow et al. [868.
They suggested that CAP components, including reactive oxygen and nitrogen, act directly on cell
walls or membranes. Reactive oxygen triggers lipid peroxidation reactions, leading to deactivation
of iron-dependent dehydrases, destruction of monocyte cell iron proteins, and DNA damage,
ultimately causing cell deactivation [68]. Dezest et al. [69] explored CAP's inhibitory effect on
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Escherichia coli, revealing that CAP induced bacterial death by altering the bacterial structure and
initiating oxidative stress reactions. The study emphasized complex interactions, including electric
field and ion effects [69].

CAP's broad-spectrum antimicrobial mechanism, disrupting biofilm matrices and inactivating
bacterial quorum sensing signals, presents a challenge for bacteria in developing resistance [70,71].
In a study of diabetic foot infections, CAP significantly reduced bacterial loads in chronic diabetic
foot ulcers, leading to improved wound healing [72]. The CAP-treated group exhibited a lower
incidence of systemic inflammatory responses and required fewer surgical interventions,
highlighting the potential applications of CAP in treating chronic diabetic foot infections [73]. These
findings collectively underscore the promising role of CAP in combating infectious diseases with
unique advantages over conventional treatments.

4.1.2. Effects of CAP on Bacteria

Extensive in vitro and in vivo research has unequivocally demonstrated atmospheric pressure
cold plasma's direct inhibitory and bactericidal effects on bacteria and their biofilms [63,66,74]. In
both settings, applying atmospheric pressure cold plasma has proven effective in inhibiting and
destroying bacteria and disrupting biofilm structures [75]. Notably, plasma-activated liquids (PALs)
have emerged as a promising avenue for bacterial eradication, with studies showcasing their efficacy
against common strains such as Escherichia coli, Staphylococcus aureus, and Neisseria gonorrhoeae
[76,77]. The mechanism behind this antimicrobial action involves the generation of RONS in Plasma-
Activated Water (PAW), impacting the oxidative-reduction status of antioxidants, penetrating
bacterial cell membranes, disrupting cell structures, and ultimately leading to bacterial death [78,79].
Furthermore, investigations by Liu et al. [80] underscore the potential of plasma-activated saline in
modulating inflammatory factors and genes, altering the morphological structure of pathogens, and
enhancing the host's immune response against Neisseria gonorrhoeae, thereby illustrating its
therapeutic promise in addressing infections associated with biofilms.

Biofilms, intricate communities of microbial cells (bacteria and fungi) adhered to various
surfaces, present a formidable challenge for traditional antibiotics, disinfectants, and standard
immune clearance methods [81]. Their complex structures contribute to chronic and persistent
infections, as these conventional approaches often prove limited efficacy against biofilms. The
dynamic and prolonged presence of RONS (RONS) generated by Plasma-Activated Water (PAW)
plays a pivotal role in disrupting biofilm structures, rendering bacteria more susceptible to
elimination [82,83]. This innovative approach capitalizes on the unique properties of PAW to address
the challenges posed by biofilms, offering a promising avenue for treating biofilm-associated
infections. The interdisciplinary nature of this research, spanning microbiology, chemistry, and
immunology, underscores the multifaceted potential of atmospheric pressure cold plasma and
plasma-activated liquids in revolutionizing our approach to combating bacterial infections and
biofilm-related complications.

4.1.3. Effects of CAP on Fungi

Various fungi, encompassing dermatophytes, Candida, molds, and spore-forming fungi, have
the potential to induce skin infections, with nail fungal infections, particularly onychomycosis,
posing a clinical challenge due to the dense structure of the nail plate, leading to low drug
concentrations and extended treatment durations. Exploratory research has showcased the efficacy
of plasma in combating the causative agents of nail fungal infections across pathogen models,
detached nail models, and clinical trials [1,84,85]. White Candida albicans and Trichophyton
mentagrophytes treated with atmospheric pressure plasma jet (APPJ]) displayed inhibited growth,
reduced adhesion, and decreased infectivity in a nail model [86,87]. Furthermore, findings for other
dermatophytes, such as Epidermophyton floccosum and verrucous Trichophyton, affirmed that CAP
can impede the growth and infection of skin fungi [88,89]. In a pilot study involving 19 participants
with nail fungal infections, the overall clinical cure rate was 53.8%, and the mycological cure rate was
15.4%, with high patient satisfaction and no significant or prolonged adverse reactions, establishing


https://doi.org/10.20944/preprints202312.0934.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 December 2023 doi:10.20944/preprints202312.0934.v1

10

atmospheric pressure cold plasma as a safe method for treating nail fungal infections [90]. In a cohort
of 40 patients with nail fungal infections, the integration of atmospheric pressure cold plasma therapy
with nail plate ablation and refreshment (NPAR) or antifungal drug treatment resulted in clinical
cure rates exceeding 70%, and mycological cure rates increased to 85.7% [90]. Cold plasma emerges
as a promising alternative therapy for skin fungal infections, with longer plasma treatment times
associated with more potent inhibition by plasma-activated hydrogel (PAH) compared to plasma-
activated water (PAW) [91], offering a potential novel approach for future treatments of skin fungal
diseases.

4.1.4. Effects of CAP on Viruses and Parasites

Reports suggest that atmospheric pressure cold plasma has some antiviral effects [92]. However,
its current utilization in dermatology is relatively limited. Friedman et al. [93,94] reported positive
outcomes in treating viral warts using cold plasma in two adults and five pediatric patients. Bunz et
al. [95] observed cold plasma's lower but measurable antiviral effect on HSV-1. Further exploration
is required to investigate the impact of other atmospheric pressure cold plasma devices and
parameters on viruses. Furthermore, studies have shown the efficacy of plasma against parasites like
Demodex mites and head lice. Malik et al. [96] conducted a half-face survey of three patients with
rosacea, comparing bi-weekly cold plasma treatment with daily topical ivermectin. The proportion
of Demodex mites in the follicles and the total number decreased significantly in the ivermectin and
cold plasma treatment sites without adverse reactions. Bosch et al. [97] developed an atmospheric
pressure cold plasma device resembling a comb (CAPComb) for treating head lice. The results
indicated that a single application of a plasma comb on hair could cause death to lice and eggs. The
study concluded the safety of the plasma comb based on ozone concentration, UV emission rate, and
leakage current.

4.2. CAP Promotes Tissue Proliferation and Wound Healing

The effectiveness of CAP in wound healing is evident, showcasing its abilities to foster antiseptic
properties and pro-angiogenic effects. Furthermore, CAP exhibits notable efficacy in promoting
tissue proliferation, thereby contributing significantly to the overall process of wound healing [98,99].
Researchers, including Hasse et al., explored the impact of CAP on skin wounds. In their study, tissue
samples with a 5mm diameter were extracted from normal human skin and subjected to CAP
irradiation [100]. The results revealed that a 1 to 3-minute CAP exposure stimulated cell proliferation,
promoting epidermal repair and facilitating wound healing. Interestingly, partial cell apoptosis was
observed after 3 to 5 minutes of CAP exposure. Another study by Arndt et al. [101] investigated the
influence of CAP on gene expression in keratinocytes, the cells responsible for skin barrier formation.
Using MicroPlaster-p to generate CAP, they treated wounds and found that CAP induced the
expression of genes coding for interleukin (IL)-8, transforming growth factor (TGF)-31, and TGF-32.
Both in vitro and in vivo experiments demonstrated that keratinocytes' proliferation, migration, and
apoptosis processes were not significantly affected during wound healing. The experiments
highlighted the time-dependent nature of CAP in promoting wound healing. Within specific
timeframes and doses, CAP could stimulate the expression of cell factors related to wound healing
without compromising the activity of keratinocytes. This underscores CAP's potential to facilitate
wound healing effectively. The results showed that CAP treatment significantly accelerated wound
healing compared to the control group. Specifically, CAP increased re-epithelialization, fibroblast
proliferation, and collagen synthesis while reducing the inflammatory response. CAP has a
promoting effect on cell proliferation, migration, and angiogenesis [101]. Researchers found that CAP
significantly promoted cell proliferation and the release of growth factors and chemokines, such as
vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF), by activating
fibroblasts. Vascular endothelial growth factor is crucial for angiogenesis and wound healing, while
fibroblast growth is essential for tissue repair and regeneration [102]. The promoting effect of CAP
on wound healing has also been confirmed in a study on human skin wounds. Rat skin wounds were
treated with CAP, and the results showed increased angiogenesis, granulation tissue formation, and
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collagen synthesis [20]. These findings suggest that CAP can accelerate wound healing by promoting
cell proliferation, angiogenesis, and the release of growth factors. It stimulates skin cell proliferation
and migration [103,104]. While a meta-analysis suggested limited clinical benefit for chronic wounds,
smaller studies have associated CAP with positive outcomes, including improved wound infection
and healing [105]. Moreover, atmospheric pressure cold plasma can facilitate wound healing through
other mechanisms. In a randomized clinical trial by Stratmann [106], cold plasma therapy accelerated
the healing of chronic wounds. However, there was no significant difference in microbial load
between atmospheric pressure cold plasma and placebo groups. Even before this clinical trial,
atmospheric pressure cold plasma therapy had been proven beneficial for chronic wounds, not solely
due to its antibacterial effects [105,106]. Nevertheless, basic research indicates CAP's ability to
eliminate refractory skin bacteria in vitro and positively impact wound healing in rat models [107].
Considering the significant role of CAP in treating bacterial infections, it can promote wound healing
by significantly reducing bacterial load in the treated wounds, ensuring safety [105,106].

Moreover, CAP can facilitate wound healing through other mechanisms. Over the past decade,
a series of in vitro studies have indicated that plasma-triggered wound healing depends on
stimulating cell proliferation and survival [53,54], synthesis of Extracellular Matrix (ECM) proteins
[108-110], changes in adhesion proteins and cytoskeletal structures [11-113], and apoptosis of cells
[114-116]. Additionally, some studies suggest that atmospheric pressure cold plasma treatment can
induce genes involved in wound healing [117] and facilitate oxidative-reductive regulation of known
critical targets for wound healing [118-121]. To ensure a more uniform treatment of wounds, many
scholars have further investigated the mechanisms and applications of plasma-activated liquids in
wound treatment, as depicted in Figure 3. They found that Plasma-Activated Water (PAW) could
accelerate wound healing by reducing bacterial counts in treated wounds [122]. In their study, Lee et
al. [123] cultured keratinocytes with Plasma-Activated Media (PAM) and treated a mouse model with
PAW. PAM treatment promoted the transformation and migration of keratinocytes, attributed to
changes in the expression of integrin-dependent focal adhesion molecules and Matrix
Metalloproteinases (MMPs). The study also identified increased intracellular Reactive Oxygen
Species (ROS) levels as a driving force for cell migration, regulated by NADPH oxidase and changes
in mitochondrial membrane potential. In in vivo experiments using a full-thickness acute skin wound
model in mice, PAW treatment contributed to an increased re-epithelialization rate, emphasizing the
activation of potential intracellular ROS-dependent signaling molecules. Zou et al. [124] produced
plasma-activated oil by treating olive oil with cold plasma. PAO not only killed bacteria on the
wound but also promoted the release of growth factors such as CD34 and Vascular Endothelial
Growth Factor (VEGF), resulting in a 28.5% faster wound healing rate than the control group.
Applying plasma-activated liquid in a Fibroin-Silk Fibroin (SF) composite hydrogel showed that
Plasma-Activated Hydrogel (PAH) significantly enhanced the healing of radiation-induced wounds.
Cell and tissue responses to PAH promoted the regenerative process of wounds, while atmospheric
pressure cold plasma also improved the mechanical and chemical properties of SF gel [125].


https://doi.org/10.20944/preprints202312.0934.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 December 2023 doi:10.20944/preprints202312.0934.v1

12

plasma jet inactivated bacteria

keratinocyte

corneacytes / stimulation
Q macrophage

keratinocytes activation
basal cells ———

fibroblast

- e :
neutrophils L = ;‘ stimulation
S . K ’ - ‘o
monocytes s, ; At =
o =R \ =" e R o J e, extravasation/

differentiated y = L4 chemotaxis

myeloid cells @ Q nats 2, /_l
e —. o =
blood vessels o

cytokines/chemokines/growth factors fibroblasts bacteria hemostasis angiogenesis cytokines/chemokines/growth factors

Figure 3. Gas plasma treatment effects on wound healing targets. Gas plasma treatment influences
key cells (keratinocytes, fibroblasts, immune cells) in and around the wound bed, reducing microbial
growth. It stimulates keratinocytes and fibroblasts, activates macrophages, and attracts neutrophils
and lymphocytes toward the damaged tissue. Reproduced with permission from Ref. [7]. Copyright
2021 Elsevier.

4.3. CAP for the Treatment of Inflammatory Skin Diseases

CAP regulates the formation of stratum corneum cells through the reactive oxygen pathway
[126]. Stratum corneum cells play a crucial role in maintaining skin barrier function. Research
indicates that CAP modulates the redox balance, inducing alterations in the structure and function
of stratum corneum cells [127]. Clinical studies have demonstrated that CAP can improve the
symptoms by reducing skin inflammation and restoring the normal differentiation of stratum
corneum cells [85]. The redox-sensitive transcription factor nuclear factor erythroid 2-related factor 2
(NRF2) plays a key role in mediating the effects of CAP on stratum corneum cells. CAP activates
NREF2, leading to the upregulation of antioxidant enzymes and the restoration of redox homeostasis
in stratum corneum cells [128]. The modulation of NRF2 by CAP may represent a novel therapeutic
approach for skin diseases characterized by oxidative stress and inflammation [126-129]. CAP exerts
its effects by regulating cell viability, proliferation, migration, and inflammatory responses, offering
a novel approach to managing Inflammatory skin disorders [126-129].

4.3.1. Psoriasis

In a recent study by Gan et al. (2019) [130], the therapeutic effects of CAP on psoriasis were
investigated through cellular and animal experimentation. To simulate a psoriatic cell model,
lipopolysaccharide (LPS) or tumor necrosis factor-alpha (TNF-a) was introduced into human
keratinocyte cells (HaCaT cells), and the cells were cultured with plasma-activated medium (PAM).
Subsequently, an atmospheric pressure plasma jet (APP]) was directly applied to a mouse model of
psoriasis induced by imiquimod. Results showed that PAM increased reactive oxygen species (ROS)
in HaCaT cells, leading to cell apoptosis. Interestingly, imiquimod-induced psoriasis-like dermatitis
exhibited gradual improvement following APP] treatment, demonstrating reduced epidermal
hyperplasia and thinning of the epidermal layer. The ROS and reactive nitrogen species (RNS)
generated by cold plasma inhibited excessive proliferation of keratinocytes, promoting apoptosis.


https://doi.org/10.20944/preprints202312.0934.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 December 2023 doi:10.20944/preprints202312.0934.v1

13

Moreover, it suppressed the proliferation of T lymphocytes and enhanced the expression of
programmed death-ligand 1 (PD-L1), which negatively correlates with T lymphocyte proliferation
[131]. Furthermore, ROS and RNS directly regulated the release of inflammatory factors such as IL-
6, IL-12, and VEGEF at the site of skin lesions, contributing to the alleviation of psoriasis [132]. Case
reports also indicated satisfactory outcomes in treating inverse psoriasis and recalcitrant
palmoplantar psoriasis using atmospheric pressure cold plasma [133,134]. Kim et al. (2023) developed
atmospheric pressure cold plasma patches for treating psoriatic skin lesions. These patches produced
ROS and RNS on flexible polymer film surfaces using surface dielectric barrier discharge. The patches
alleviated psoriasis symptoms by inducing the opening of calcium ion channels in keratinocytes and
mitigating the effects of the electric field [135].

4.3.2. Atopic Dermatitis

Researchers have explored the therapeutic effects of atmospheric pressure cold plasma on
different mouse models of atopic dermatitis (AD), demonstrating positive outcomes in alleviating
skin inflammation, endoplasmic reticulum stress, and oxidative stress [136,137]. Scholars have
explored the positive effects of treating AD mice models with non-thermal atmospheric plasma; cold
plasma reduced skin cell apoptosis in a mouse model induced with dinitrofluorobenzene (DNEFB). It
alleviated skin inflammation, endoplasmic reticulum (ER) stress, and oxidative stress mediated by
plasma-induced MANF expression [138].

Furthermore, localized treatment with cold plasma in a mouse model induced by house dust
mite extract decreased the severity of dermatitis, transepidermal water loss (TEWL), and serum IgE
levels [139]. In another dust mite AD model, plasma inhibited the increase in epidermal thickness
recruitment of mast cells and eosinophils and reduced the expression of AD-associated cytokines and
chemokines [140]. Choi et al. demonstrated the positive effects of cold plasma on keratinocytes
stimulated with pro-inflammatory cytokines and in AD model mice induced by 24-
dinitrochlorobenzene (DNCB). The study suggested that non-thermal plasma could improve AD by
modulating NF-kB activity [141].

In summary, plasma treatment can inhibit the production and release of inflammatory factors.
IgE reduces the number of inflammatory cells, thus mitigating the severity of dermatitis and
protecting the skin barrier. Clinical studies on mild to moderate atopic dermatitis patients with
symmetrical skin lesions revealed improvements in skin lesions and itching through treatment with
non-thermal atmospheric plasma. Microbiome analysis further indicated a significant reduction in
the proportion of Staphylococcus aureus in the treated group [142].

4.3.3. Vitiligo

As of the most recent advancements in dermatology, there have been notable updates in the
application of CAP for the treatment of Vitiligo. This innovative therapeutic approach harnesses the
power of low-temperature plasma to stimulate repigmentation in areas affected by Vitiligo, a chronic
skin disorder characterized by depigmented patches. Research studies and clinical trials have shown
promising results, highlighting the potential of CAP in enhancing melanocyte activity and promoting
the restoration of normal pigmentation [143]. Zhai et al. [144] conducted a study on the efficacy and
safety of PAH (Cold Atmospheric Plasma) in vitiligo, utilizing mouse models and patients with active
focal vitiligo. Skin biopsies revealed that local treatment of vitiligo-like lesions on the dorsal skin of
mice with cold atmospheric plasma restored melanin distribution. This treatment led to a reduction
in T cells and dendritic cell infiltration and a decrease in the release of inflammatory factors. The
study observed an enhancement in the expression of the transcription factor NRF2 and a reduction
in inducible nitric oxide synthase activity, thereby increasing cellular resistance to oxidative stress
and excessive immune responses. In this randomized controlled trial, atmospheric pressure cold
plasma treatment achieved partial and complete pigmentation in 80% and 20% of vitiligo skin lesions.
Notably, during the treatment and follow-up periods, there were no occurrences of pigmentation or
other adverse events in the surrounding areas [144].


https://doi.org/10.20944/preprints202312.0934.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 December 2023 doi:10.20944/preprints202312.0934.v1

14

4.4. CAP Suppresses Tumor Cell Proliferation and Migration

The research on the use of plasma in treating tumors has rapidly expanded from cellular studies
to animal models [145,146]. Among various potential anti-tumor mechanisms, apoptosis induced by
cold atmospheric plasma under atmospheric pressure has been extensively studied [147,148]. This
process involves the activation of different signaling pathways, including MAPK and PI3K/Akt
pathways, leading to cell death [149]. Other possible mechanisms include induction of autophagy
[150,151], pyroptosis [152], ferroptosis [153,154], and regulation of cancer cell metabolism [155] and
cause cell cycle arrest, DNA damage, and mitochondrial dysfunction [156].

Studies indicate exceptional responsiveness of melanoma cells to cold plasma, with melanoma
cells exhibiting higher sensitivity to reactive oxygen and nitrogen species (RONS) induced by cold
plasma compared to normal skin cells [157]. This heightened sensitivity suggests cold plasma's
potential applicability and safety in anticancer treatments [157]. Researchers investigated the
inhibitory effect of CAP on melanoma cells in vitro. The study found that CAP could induce apoptosis
in melanoma cells, significantly increasing intracellular ROS levels [158]. CAP treatment also caused
DNA damage, cell cycle arrest, and reduced cell migration. Furthermore, CAP inhibited the growth
of melanoma xenografts in mice, demonstrating its potential as a novel therapy for melanoma.
Another study investigated varying induction of apoptosis or senescence in melanoma tumor cells in
response to different doses of a novel cold atmospheric plasma (CAP) device, revealing a previously
undocumented mechanism of senescence critical for the therapeutic potential of CAP [159]. Many
studies indicate melanoma cells react remarkably to cold plasma [160-163]. When normal skin and
melanoma cells are treated with cold plasma, melanoma cells show higher sensitivity to the RONS
induced by cold plasma, making cold plasma applicable and safe in cancer therapy [164].

The skin tumor includes basal cell carcinoma (BCC) and squamous cell carcinoma (SCC), and
there is also a significant effect of using atmospheric pressure cold plasma indirectly [165-167]. Ina
study on skin squamous cell carcinoma, CAP inhibited tumor cell proliferation and induced
apoptosis through the generation of ROS [165-167]. Additionally, CAP reduced squamous cell
carcinoma cells' invasive and migratory abilities, suggesting its potential as an adjuvant therapy for
skin cancer. CAP-induced apoptosis in tumor cells is thought to be related to the selective activation
of pro-apoptotic pathways while sparing normal cells. The increased sensitivity of tumor cells to
CAP-induced apoptosis may be attributed to their higher intracellular ROS levels, making them more
susceptible to additional oxidative stress [165-167]. The anti-tumor effects of CAP have also been
demonstrated in other types of cancer, including breast cancer, lung cancer, and pancreatic cancer
[168,169].

Wang et al. studied the effects of Plasma-Activated Medium (PAM) on squamous cell carcinoma
cells and its mechanisms [170]. They chose the A431 epidermal cancer cell line and cultured A431
cells with PAM for 2 hours. The results showed that PAM increased intracellular reactive oxygen
species (ROS) levels in a dose/time-dependent manner and reduced A431 cell proliferation.
Furthermore, PAM induced apoptosis in A431 cells. Another group of researchers prepared PAM
using atmospheric pressure cold plasma irradiation with DMEM and PBS. In vitro, treatment of
TE354T cells with PAM showed that PAM induced apoptosis signals in basal cell carcinoma cells,
and this effect was associated with the activation of the MAPK signaling pathway [171]. However,
due to the penetration ability of atmospheric pressure cold plasma ranging from nanometers to
millimeters [172], it isn't easy to penetrate deep into tissues. PAM has strong flowability, making it
difficult to control its range of action inside the body, and it can be diluted. Plasma-activated hydrogel
(PAH) can help overcome some clinical limitations and provide a convenient carrier to combine cold
plasma with existing drugs, enhancing treatment response and contributing to the clinical translation
of cold plasma. A review offers practical considerations and prospects for the development of PAH
by integrating expertise in biomaterials and plasma medicine [173]. Zhang et al.'s study indicates that
plasma-activated thermosensitive biological hydrogels can eliminate residual tumor tissue after
surgical resection, inhibit in situ recurrence, and exhibit no apparent systemic toxicity [174]. The
biological hydrogel has excellent storage capacity, can slowly release plasma-generated ROS, and
demonstrates sound ROS-mediated anticancer effects in vitro. The research results indicate that this
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novel plasma-activated biological hydrogel is an effective therapeutic agent for postoperative local
cancer treatment.

4.5. Cosmetic and Skincare Applications of CAP

Microplasma radiofrequency technology, acting through thermal effects and high-energy
generation, has been clinically used to treat atrophic scars and seborrheic keratosis [175-177].
Meanwhile, atmospheric pressure cold plasma at room temperature also finds applications in beauty
[178]. Stretch marks or striae are common skin lesions, typically caused by rapid changes in body
weight, hormonal imbalance, or excessive use of steroids [179-181]. In Suwanchinda's clinical study,
23 patients with striae distensae were divided into two halves. One side received biweekly CAP
treatment for five sessions, followed by a 30-day follow-up, while the other half remained untreated
[182]. In a separate hypertrophic scars clinical trial conducted by Suwanchinda, objective assessment
demonstrated noteworthy enhancement in color, melanin, hemoglobin, and texture on the treated
side compared to the untreated side, except for volume. Patient satisfaction levels were 72.2%
moderate, 11.1% significant, 11.1% slight, and 5.6% reported no change. Notably, only one patient
reported a small scab as an adverse effect. Following atmospheric pressure cold plasma treatment,
diverse subjective and objective indicators exhibited significant improvement [183].

Moreover, the ROS in plasma alters the connective network, promotes tissue oxygenation,
oxidizes sebaceous lipids, and limits the penetration of the model drug curcumin. This suggests that
plasma may provide a new, sensitive tool for regulating the skin barrier, offering a novel treatment
for sensitive and barrier-damaged skin [18,110,152]. In a study, researchers designed a portable
atmospheric pressure cold plasma device for skin regeneration and studied its effects on rat skin
when combined with vitamin C ointment. Mechanical measurements showed positive effects of
atmospheric pressure cold plasma on treated tissues compared to the control group. Additionally,
changes in collagen levels and epidermal thickness were examined histologically. The results showed
increased collagen levels after plasma treatment alone, and the skin response was accelerated when
both were used. After applying high-voltage cold plasma, the thickness of the epidermis increased,
indicating improved skin elasticity. This research suggests that using a portable plasma device
combined with vitamin C ointment positively affects skin beauty [184].

4.6. CAP's Role in Treating Immune-Mediated Skin Diseases

Immune skin diseases are diseases caused by the imbalance of immune regulation, affecting the
body's immune response [185]. Among them, psoriasis, atopic dermatitis, and vitiligo are highly
prevalent and representative immune skin diseases. CAP has been reported to have a specific
therapeutic effect on these diseases in laboratory and clinical settings. Researchers have conducted a
series of studies to explore the therapeutic effects of CAP on psoriasis. The results showed that CAP
jets alleviated imiquimod-induced psoriasis-like dermatitis in mice, and in vitro experiments showed
that CAP upregulated ROS levels in HaCaT cells and induced apoptosis [186]. In addition, our
developed CAP jet array enhanced the transdermal delivery of drugs, and its combination with
topically applied Tripterygium glycosides significantly reduced imiquimod-induced psoriasis-like
dermatitis in mice [187]. The active components RONS in CAP inhibit the excessive proliferation of
keratinocytes and promote their apoptosis. They can also inhibit T lymphocyte proliferation by
upregulating the expression of PDGL1 protein [188].

In addition, ROS and Reactive Nitrogen Species (RNS) can directly stimulate the release of
inflammatory factors such as IL-6, IL-12, and VEGF within skin lesions, thereby alleviating psoriasis
[189]. Clinical experiments have also reported the effectiveness of CAP in the treatment of psoriasis:
a cold plasma patch used for treating psoriatic skin lesions blocks discharge-induced ROS and
Reactive Nitrogen Species (RNS) on the surface of flexible polymer films, thereby regulating calcium
channels in keratinocytes to alleviate psoriatic skin lesions [190]. Reports show that handheld
dielectric barrier discharge (DBD) plasma devices have achieved good clinical results in treating two
cases of inverse psoriasis and one of palmoplantar psoriasis [191,192].
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CAP has shown positive effects in different models of atopic dermatitis (AD) in mice. In a mouse
model induced by 2,4-dinitrofluorobenzene (DNFB), CAP reduced skin cell apoptosis and alleviated
skin inflammation, endoplasmic reticulum stress, and oxidative stress, and this anti-inflammatory
effect was mediated by MANF expression [193]. In a mouse model induced by house dust mite extract
(DFE), local treatment with CAP reduced the severity of dermatitis, transepidermal water loss
(TEWL), and serum IgE levels [194]. CAP inhibited the epidermal thickness and the recruitment of
mast cells and eosinophils in the AD mouse model induced by house dust mite (HDM) while
reducing the expression of AD-related cytokines and chemokines [195]. CAP inhibited the release of
inflammatory factors, the number of mast cells and eosinophils in the AD mouse model induced by
2,4-dinitrochlorobenzene (DNCB), and significantly suppressed AD-related immune reactions
compared to the use of 1% hydrocortisone ointment alone [196]. Clinical studies have also
demonstrated the therapeutic potential of CAP for AD. In a clinical study involving 22 patients with
mild to moderate AD, CAP improved AD skin lesions and itching. Microbiome analysis showed a
significant reduction in the proportion of Staphylococcus aureus in the CAP treatment group [197].

Plasma-activated hydrogel (PAH) has shown promising efficacy and safety in mouse models of
vitiligo and active localized vitiligo patients. Skin biopsies showed that local treatment with PAH
increased melanin distribution in depigmented lesions on the backs of mice reduced T-cell and
dendritic cell infiltration, and decreased the release of inflammatory factors. CAP upregulated the
expression of the transcription factor NRF2 and weakened nitric oxide synthase activity to enhance
cell resistance to oxidative stress and excessive immune responses. In a randomized controlled trial,
CAP treatment partially and completely pigmented 80% and 20% of vitiligo lesions, respectively,
with no excessive pigmentation or other adverse events during treatment and follow-up [198]. Table
3 delineates the various applications of cold atmospheric plasma in dermatology.

Table 3. Cold Atmospheric Plasma Applications in Dermatology.

Application Description
1. CAP's With advantages over traditional antibiotics, CAP effectively inhibits
. infections on diverse surfaces. Studies demonstrate its safety and efficacy in
Suppressive Effect o . . . . . .
. . . sterilizing bacteria, disrupting biofilms, and reducing bacterial loads in
on Microbial Skin . ) . . )
Infection diabetic foot ulcers. CAP's broad-spectrum mechanism challenges bacterial
resistance, making it promising for combating infectious diseases.
Research confirms CAP's efficacy against bacteria and biofilms, including
1.1 Effects of CAP _ common strains like Escherichia coli. Plasma-activated liquids, especially

Plasma-Activated Water (PAW), show promise by generating reactive species,
disrupting biofilms, and modulating inflammation, offering a novel approach
to address biofilm-related infections.

on Bacteria

CAP has shown efficacy in treating nail fungal infections, inhibiting the
growth of causative agents in pathogen models and clinical trials. A pilot

1.2 Effects of CAP
ecs o . study and a cohort of 40 patients demonstrated overall clinical cure rates
on Fungi . o 1 .
exceeding 70%, establishing atmospheric pressure cold plasma as a safe and
promising alternative therapy for skin fungal infections.
CAP shows potential antiviral effects, with positive outcomes reported in
1.3 Effects of CAP treating viral warts and lower but measurable results on HSV-1. It also
on Virusesand  demonstrates efficacy against parasites like Demodex mites and head lice,
Parasites suggesting its possible use in dermatology pending further exploration and

studies.
CAP is effective in wound healing by promoting antiseptic properties, pro-

2. CAP Promotes . . . . . .
angiogenic effects, tissue proliferation, and the expression of growth factors

Ti
. 1551'1e and chemokines. CAP accelerates wound healing by reducing bacterial load,

Proliferation and stimulating cell proliferation, and inducing gene expression, offering a

Wound Healing watng cellp a ucing g p : 8

promising approach for improved wound treatment, including the use of
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plasma-activated liquids like Plasma-Activated Water (PAW) and Plasma-
Activated Hydrogel (PAH).

CAP regulates the formation of stratum corneum cells by modulating the
3. CAP forthe  redox balance and activating the NRF2 pathway. Clinical studies show that
Treatment of CAP can alleviate skin inflammation, restore normal cell differentiation, and
Inflammatory  may represent a novel therapeutic approach for inflammatory skin disorders
Skin Diseases by regulating cell viability, proliferation, migration, and inflammatory

responses.

CAP demonstrated therapeutic effects on psoriasis in cellular and animal
studies, reducing epidermal hyperplasia and improving symptoms by
inducing apoptosis and regulating reactive species. Atmospheric pressure cold
plasma patches also showed promise in treating psoriatic skin lesions by
mitigating electric field effects and inducing calcium ion channel opening in
keratinocytes.

CAP has shown positive effects in alleviating atopic dermatitis (AD) in mouse

. models by reducing skin inflammation, oxidative stress, and dermatitis
3.2 Atopic . .. . . . . .
severity. Clinical studies on AD patients revealed improvements in skin
lesions, itching, and a reduction in Staphylococcus aureus proportion after
plasma treatment.
CAP) shows promise in treating Vitiligo by stimulating repigmentation in
affected areas. Studies, including one by Zhai et al., demonstrate CAP's
3.3 Vitiligo efficacy and safety in enhancing melanocyte activity, reducing inflammation,
and achieving partial or complete pigmentation in vitiligo skin lesions
without adverse events.

3.1 Psoriasis

Dermatitis

CAP demonstrated therapeutic efficacy in tumor treatment, inducing
4. CAP Suppresses apoptosis in melanoma and skin cancer cells, with potential applications in

Tumor Cell various cancers. Plasma-activated hydrogel (PAH) is a carrier for CAP,
Proliferation and enhancing treatment response, and a novel plasma-activated biological
Migration hydrogel demonstrates efficacy in eliminating residual tumor tissue without

systemic toxicity after surgical resection.
Microplasma radiofrequency treats scars, while CAP benefits beauty.
Skincare Suwanchinda's studies show improvements in striae and hypertrophic scars
. with high satisfaction. Plasma's reactive oxygen species offer a novel approach
Applications of i . . o Y
CAP to skin barrier regulation. Combining cold plasma with vitamin C boosts
collagen and skin elasticity, promoting skin beauty.
CAP has demonstrated therapeutic effects on immune skin diseases. It
showed positive results in reducing inflammation and oxidative stress and
6. CAP's Role in improving skin lesions. Additionally, CAP, delivered through a plasma-
Treating Immune- activated hydrogel, proved effective and safe in mouse models and vitiligo
Mediated Skin patients, enhancing melanin distribution and reducing inflammatory factors.
Diseases Overall, CAP presents a promising and safe approach for managing immune
skin diseases, supported by laboratory and clinical evidence.

5. Cosmetic and

5. Safety and Tolerance of CAP Applications

Studies conducted by Kos et al. [199] used an Atmospheric Pressure Plasma Jet (APPJ) generator
for skin wound models in mice. The results indicated that CAP treatment was safe and effective
within a particular treatment time and dosage. However, prolonged CAP treatment could cause
direct skin damage. Additionally, as helium gas release increased, the skin's surface temperature
irradiated with CAP gradually increased, accompanied by an increase in the crucial substance RONS
[199]. Daeschlein et al. [8] studied three different sources of plasma. They treated the fingers of
healthy male volunteers with CAP for 3 to 240 seconds per session for three consecutive days,
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monitoring skin humidity. The results showed no plasma treatments damaged the skin barrier or
caused skin dryness [200]. In a prospective randomized controlled study, Isbary et al. [9] treated 24
patients with chronic skin infections with CAP for two minutes each day. The results showed a
significant reduction in wound bacterial proliferation after plasma treatment, regardless of the
bacterial species, and all patients tolerated the treatment well without side effects [201]. These studies
suggest that CAP can achieve effective therapeutic results within a specific time and dosage without
causing damage to normal tissues and structures. As explored in these studies, CAP treatment
demonstrated safety and effectiveness within particular time and dosage parameters [199-201].
However, prolonged treatment may lead to skin damage, and helium gas release during CAP
irradiation can elevate skin temperature and RONS levels. CAP does not harm the skin barrier or
induce dryness, as observed in trials involving healthy volunteers and patients with chronic skin
infections [202,203].

6. Challenges and Solutions in CAP Applications for Skin Disease Treatment and Skincare:

CAP has emerged as a promising modality for treating various skin diseases and addressing
skincare concerns. However, the field encounters several challenges that impede its seamless
integration into clinical practice. This discussion delves into critical challenges associated with CAP
applications, offering insightful solutions and recommendations to propel the field forward. One
significant challenge is more standardization across CAP protocols for skin disease treatment. The
absence of standardized guidelines impedes reproducibility and effective assessment of CAP efficacy
[204,205]. It is imperative to establish comprehensive treatment guidelines and parameters to address
this, accounting for device variations and treatment conditions. This step is crucial for fostering
consistency and reliability in CAP applications.

Safety concerns constitute another pivotal challenge requiring meticulous attention. A thorough
examination of potential risks and adverse effects is paramount for broader clinical adoption [199—
203]. Comprehensive safety analyses must be conducted, identifying potential risks and proposing
effective mitigation measures to ensure the safe application of CAP. This thorough examination
contributes to establishing CAP as a safe and reliable therapeutic option. Variable patient response
challenges personalized medicine approaches in CAP treatment. To address this, implementing
customized treatment plans that consider individual patient factors, such as skin type, medical
history, and genetic predispositions, is essential. This approach ensures tailored interventions that
optimize the effectiveness of CAP treatment [204,205].

Controlled trials are imperative to optimize CAP treatment duration. These trials should identify
the most effective treatment durations for specific skin diseases while minimizing potential
discomfort. This approach balances treatment effectiveness and patient comfort, improving patient
adherence. Nevertheless, the limited understanding of CAP's precise mechanisms of action poses a
hurdle to optimization [204,205]. Therefore, substantial investment in comprehensive research is
necessary to elucidate the molecular and cellular mechanisms underlying CAP's therapeutic effects
in skin disease treatment. This knowledge is fundamental for refining and enhancing the efficacy of
CAP applications. Integration challenges with standard skincare and dermatological therapies call
for exploring synergistic effects [1-6]. Investigating the combined impact of CAP with traditional
therapies and optimizing combination treatment strategies is crucial for achieving enhanced efficacy
in skincare and dermatology. Addressing the potentially high cost of CAP devices and treatments is
paramount for ensuring accessibility [205]. Research and development efforts should focus on
creating cost-effective CAP devices and treatment modalities without compromising efficacy. This
initiative aims to democratize access to CAP therapy, making it available to a broader spectrum of
patients. Critical considerations include understanding the long-term effects of repeated CAP
treatments and ensuring sustainability [202,203]. Conducting longitudinal studies is essential for
assessing CAP's enduring impacts and establishing sustainable therapy practices. This knowledge is
vital for shaping the future trajectory of CAP applications in dermatology and skincare. Table 4
provides an overview of the challenges and corresponding solutions in applying CAP for treating
skin diseases and skincare. Addressing CAP application challenges requires a multifaceted approach
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encompassing standardization, safety analysis, personalized medicine, optimization strategies,
mechanistic understanding, integration with existing therapies, cost considerations, and long-term
sustainability. By navigating these challenges with precision and diligence, the field of CAP for skin
disease treatment and skincare can advance with confidence and efficacy.

Table 4. Challenges and Solutions in CAP for Skin Disease Treatment and Skincare.

Challenge Elaboration Possible Solutions References
The absence of standardized Establish standardized treatment
1.Lack of protocols in CAP applications for ~ guidelines and parameters for

Standardizati skin diseases hinders CAP applications, considering [2][6]
on reproducibility and efficacy variations in devices and
assessment. conditions.

Conduct comprehensive safety

Safety aspects, including potential analyses, identify potential risks,

2. Safety risks and adverse effects, require

o . and propose mitigation measures 1][5
Concerns  thorough examination for wider prop & o [1113]
- . to ensure the safe application of
clinical adoption. CAP

Implement personalized treatment
Variability in individual patient T p .

3. Variable plans by considering patient-
. responses to CAP treatment . .
Patient . .. specific factors, such as skin type, [2][6]
challenges personalized medicine . . X
Response medical history, and genetic

approaches. factors.

Conduct controlled trials to

Determining the optimal duration . . .

identify the most effective
of CAP treatment to balance . o
Treatment treatment durations for specific [3115]

effectiveness and patient comfort is

4. Optimizing

Duration . skin diseases while minimizing
challenging. g
potential discomfort.
5. Invest in comprehensive research
. Limited understanding of the P .
Understandin . ) . to elucidate CAP action's
precise mechanisms underlying
5 CAP's therapeutic effects impedes molecular and cellular [4176]
Mechanisms pere € P mechanisms in skin disease
. optimization.
of Action treatment.
6. Integration Integrating CAP into existing Explore synergistic effects with
with standard skincare and traditional therapies and optimize 2161
Standard dermatological therapies poses  combination treatment strategies
Therapies integration challenges. for enhanced efficacy.
Foster research and development
The potential high cost of CAP VEoP
7. Cost of ) . to create cost-effective CAP
devices and treatments may limit ) . [31[5]
Treatment devices and treatment modalities

accessibility for some patients. . .. .
Y P without compromising efficacy.

8. Long-Term Understanding the long-term Conduct longitudinal studies to

Effects and effects of repeated CAP treatments assess the long-term effects and

Sustainabilit and ensuring sustainability is  establish sustainable practices in
y crucial. CAP therapy.

[1][6]

7. Conclusion and Future Prospects of CAP in Dermatology

Despite the promising results of CAP in dermatology, several challenges must be addressed
before its widespread clinical application. Standardizing treatment protocols, encompassing optimal
duration, frequency, and dosage, is crucial for ensuring CAP's safety and efficacy. Further research
is needed to understand CAP's underlying mechanisms in dermatological conditions and identify
potential treatment response biomarkers. Long-term safety studies are necessary to assess the
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potential side effects and risks of repeated CAP treatments. Developing portable and user-friendly
CAP devices will also facilitate implementation in various clinical settings.

In conclusion, CAP is a promising therapeutic modality in dermatology, demonstrating
applications from antimicrobial treatment to wound healing and cancer therapy [4]. Its unique
physical characteristics, including low temperature and the ability to generate RONS, make it a safe
and versatile tool for various dermatological conditions. As research advances, CAP holds the
potential to become a valuable addition to the armamentarium of dermatological treatments, offering
new options for patients with diverse skin disorders.
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