
Citation: Bolgeo, T.; Maconi, A.;

Gardalini, M.; Gatti, D.; Di Matteo, R.;

Lapidari, M.; Longhitano, Y.; Savioli,

G.; Piccioni, A.; Zanza, C. The Role of

Cold Atmospheric Plasma in Wound

Healing Processes in Critically Ill

Patients. J. Pers. Med. 2023, 13, 736.

https://doi.org/10.3390/jpm13050736

Academic Editor: Raimund Winter

Received: 10 March 2023

Revised: 17 April 2023

Accepted: 25 April 2023

Published: 26 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Personalized 

Medicine

Review

The Role of Cold Atmospheric Plasma in Wound Healing
Processes in Critically Ill Patients
Tatiana Bolgeo 1,†, Antonio Maconi 1,† , Menada Gardalini 1 , Denise Gatti 1 , Roberta Di Matteo 1,
Marco Lapidari 2, Yaroslava Longhitano 3 , Gabriele Savioli 4 , Andrea Piccioni 5 and Christian Zanza 3,*

1 Department of Integrated Research and Innovation Activities, AON SS. Antonio e Biagio e Cesare Arrigo,
15121 Alessandria, Italy

2 Department of Vascular Surgery, St. Antonio and Biagio and Cesare Arrigo Hospital, 15121 Alessandria, Italy
3 Department of Anesthesiology and Perioperative Medicine, University of Pittsburgh, Pittsburgh, PA 15260, USA
4 Department of Emergency Medicine and Surgery, IRCCS Fondazione Policlinico San Matteo, 27100 Pavia, Italy
5 Department of Emergency Medicine, Fondazione Policlinico Universitario A. Gemelli IRCCS, Università

Cattolica del Sacro Cuore, 00168 Rome, Italy
* Correspondence: christian.zanza@live.it; Tel.: +39-3343261277
† These authors contributed equally to this work.

Abstract: Critically ill patients are at risk of skin wounds, which reduce their quality of life, complicate
their pharmacological regimens, and prolong their hospital stays in intensive care units (ICUs), while
also increasing overall mortality and morbidity rates. Cold atmospheric plasma (CAP) has been
proposed as a viable option for many biological and medical applications, given its capacity to reduce
wound bacterial contamination and promote wound healing. The aim of this narrative review is to
describe how CAP works and its operating mechanisms, as well as reporting its possible applications
in critical care settings. The success of CAP in the treatment of wounds, in particular, bedsores
or pressure sores, presents an innovative path in the prevention of nosocomial infections and an
opportunity of reducing the negative implications of these diseases for the NHS. This narrative review
of the literature was conducted following the ‘Scale for the Assessment of Narrative Review Articles’
(SANRA) methodology. Previous literature highlights three biological effects of plasma: inactivation
of a wide range of microorganisms, including those that are multi-drug-resistant; increased cell
proliferation and angiogenesis with a shorter period of plasma treatment; and apoptosis stimulation
with a longer and more intensive treatment. CAP is effective in many areas of the medical field, with
no significant adverse effects on healthy cells. However, its use can produce potentially serious side
effects and should, therefore, be used under expert supervision and in appropriate doses.

Keywords: cold atmospheric plasma; wound; critical care; infection

1. Background

Intensive care units (ICUs) are specialized hospital facilities where critically ill patients
with high mortality and morbidity risks are treated.

ICU patients may have skin injuries due to trauma or accidents, such as burn wounds,
or due to other causes. They can also be the outcome of primary diseases or their complica-
tions, as well as clinical circumstances, along with complex therapy regimens [1].

Trauma patients admitted to intensive care units may present different types of skin
injuries, ranging from abrasions and excoriations to penetrating wounds, puncture wounds,
cutting wounds, blunt-force trauma wounds, lacerated wounds, and lacerated-contused
wounds [2], all possibly due to different causes, such as traffic accidents, stab wounds,
falls, etc.

Trauma accounts for 4.3 million annual deaths globally, with road traffic injuries pre-
vailing among adolescents and young adults, while falls predominate among the elderly [3].
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Burn injuries are the most common and destructive type of trauma caused by thermal, chem-
ical, electrical, or radiation contact; they are classified based on their depth (first-degree,
superficial burns; second-degree, partial-thickness burns; and third-degree, full-thickness
burns) and the percentage of total body area affected [4].

According to the WHO, 11 million burns of all types occur worldwide each year, of
which 180,000 fatal [5]. Patients with severe burns (>20% of the total body surface area)
will require ICU hospitalization to reduce the risk of mortality [6].

Another significant challenge for these types of trauma patients in ICUs is health
care-associated infections (HCAIs), which are infections acquired while seeking treat-
ment for medical or surgical conditions and are the most common adverse event during
care delivery [7].

HCAIs are a severe issue for patient safety, and their consequences might include
longer hospitalizations, long-term disabilities, increased antimicrobial agent resistance, a
significant additional financial burden for the health system, high expenditures for individ-
uals and their families, and a mortality increase [8,9]. In Europe, HCAIs cause 16 million
extra hospital days and almost 37,000 fatalities, with an annual cost of 7 billion euros [10].

With an incidence ranging from 3.3% to 52.9% [11], critically ill patients, particularly
those with HCAIs, are at high risk of developing pressure injuries; the causes are related
to prolonged hospitalization, immobility, deep sedation, the use of vasoactive drugs,
hypotension, anasarca, organ dysfunction, and altered nutritional status [12].

Pressure sores are areas of localized skin damage and underlying tissues, caused by
pressure, friction, and cutting. Their predisposing factors are related to the patient’s char-
acteristics (hypo-trophy, malnutrition, diabetes, hypo-perfusion, skin constantly exposed
to moisture, altered sensory perception, limited mobility, and age) [13], as well as factors
directly related to the care procedures adopted during hospitalization (prolonged bed rest,
drug side-effects, and surgical operations) [14].

Pressure sores are a clinically significant issue. Their occurrence can impair functional
recovery and lead to infectious challenges, as they create a breeding ground for bacte-
rial super infections that can be localized or escalate to generalized sepsis, lengthening
hospitalizations [15] as well as increasing morbidity and mortality [16].

These patients also require the use of modern monitoring and treatment techniques,
both invasive and noninvasive, which can result in varying degrees of skin damage. Com-
plications caused by medical devices are related to their capacity to induce infections [17]
and also issues related to their implementation [18]. Wounds caused by infectious agents
are the most common in intensive care settings and occur during severe diseases. Bed rest,
moisture, and obesity all contribute to inflammatory dermatitis in the major skin folds,
with stratum corneum damage promoting the entrance of germs such as Candida albicans
or beta-hemolytic Streptococcus bacteria [19].

Management of skin wounds in critically ill patients is crucial, as these wounds reduce
quality of life, complicate treatment regimens, lengthen ICU stays, and increase mortality
and morbidity [20,21].

Cold atmospheric plasma (CAP) has been proposed as an option for many different
biological and medical applications as a result of its ability to reduce the bacterial count
within a wound and promote wound healing.

Plasma is a form of ionized gas that has a high concentration of charged particles (OH−,
H2O+, and electrons), reactive chemicals (oxygen free radicals, or “ROS,” and reactive nitro-
gen species, or “RNS”), excited molecules, and UV photons (UVB, UVC) [22]. The physical-
chemical properties of plasma are affected by a variety of factors, including the kind of gas
or mixture of gases employed and the applied energy, pressure, and atmosphere [23].

The use of physical plasma enables two approaches: the use of plasma-based or plasma-
integrated procedures to treat surfaces/materials/devices in order to apply particular
dressings and the direct application of physical plasma in the human or animal body in
order to use its therapeutic benefits [23]. Its application is reported in a large and growing
number of articles that consider it a very promising therapy [24,25].
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The aim of this narrative review is to discuss the functioning mechanisms of CAP treat-
ment and to report on its potential uses in the critical care setting. As a result, this review
focuses on research that has addressed situations common in critically ill patients, such as
acute wounds, burn wounds, skin grafts, and secondary injuries such as pressure sores.

2. Methods

A narrative review of the literature was conducted [26] following the ‘Scale for the
Assessment of Narrative Review Articles’ (SANRA) methodology. It involves 6 stages:
(1) justify the importance of the review; (2) state the specific purposes or pose research
questions; (3) describe the adopted research strategy; (4) attribute references to the summa-
rized statements; (5) demonstrate scientific reasoning in the discussion; and (6) report data
appropriately [27].

At the initial stage, the following research questions were raised:

• What are the working mechanisms of CAP therapy on wounds in critically ill patients?
• What are the implications of CAP to date, related to wounds in critically ill patients,

as reported in the literature?

The literature research was conducted between June and September 2022 using
PubMed, Scopus, and Cochrane Central Register databases. The keywords CAP, wound,
critical care, and infection were searched as MeSH or major terms or as accessible terms and
were related in various ways, depending on the syntax of the databases consulted. For re-
view purposes, the following studies were included: (a) in English or Italian, (b) conducted
using whichever research methodology, and (c) both primary and secondary sources.

No time limits were imposed in relation to the date of publication. After reviewing
the literature, two authors (R.D. and M.G.) made the article selections, and any doubts
were resolved by consulting with a third researcher (D.G.). The key data from the included
studies were extracted into an Excel® sheet in line with the research questions, analyzed,
and debated as a group. Subsequently, the researchers developed a narrative presentation
of the results that was divided into three macro-areas concerning (a) the characteristics of
CAP; (b) the reduction in wound area; and (c) the reduction in bacterial load.

3. Results
3.1. Characteristics of Cold Atmospheric Plasma

In physics, plasma is referred to as the fourth state of matter (after the solid, liquid, and
gas phases), or ionized gas, depending on its temperature, and it can be divided into hot
plasma and cold plasma. Plasma can be distinguished into standard (“thermal”) plasma, at
4000–5000 K, and low-temperature (“cold” or “non-thermal”) plasma, at 30–50 ◦C, which
generates oxygen and nitrogen free radicals with positive and/or negative ions [28].

Since high temperatures can cause thermal damage to organisms, the medical field
must consider a type of plasma at atmospheric pressure with its temperature close to
room temperature [29]. To be considered “plasma,” a gas must meet certain criteria,
including being molecularly neutral (or near-neutral), having a Debye shield (charged
particles capable of counteracting an electrostatic field within a Debye), and having a
plasma frequency, defined as the natural oscillation frequency that determines particle
movement, causing the gas to return to its neutral state [30].

The main components of CAP include ions, electrons, metastables, photons, and
electromagnetic fields. After a reaction with environmental air, CAP forms a hierarchical
group of reactive oxygen and nitrogen species (RONS) that promote increased skin tissue
microcirculation, increased monocyte stimulation, increased cell migration, and stimulation
of the keratinocytes and fibroblasts primarily involved in wound healing.

Plasma can be applied directly or indirectly. In the former case, cell lines receive
plasma discharges in vitro and animal or human tissue in vivo; in the latter case, a plasma-
activated solution is used [30]. To improve CAP efficiency, helium (He), argon (Ar), nitrogen
(N2), oxygen (O2), artificial air, and two or more mixtures of these gases can be used to
generate CAP [31].
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Energy is required to produce and maintain the plasma. Several devices have been
developed in the biomedical field that use electrical energy. Some methods used to produce
CAP include: dielectric barrier discharge (DBD), atmospheric-pressure plasma jets (APPJ),
plasma needles, and plasma pencils [32].

3.2. Wound Area Reduction

Wound healing is a complex process involving four distinct phases: hemostasis,
inflammation, skin proliferation, and remodeling [33]. Wounds can typically be classified as
acute and chronic wounds. Acute wounds include abrasions, scalds, burns, or postoperative
incisions; chronic wounds do not heal in an orderly manner, frequently remaining in the
inflammatory phase for too long and sometimes being complicated by systemic diseases,
age, and repeated trauma, such as diabetic ulcers, venous ulcers, arterial ulcers, and
pressure sores [34].

CAP may promote wound healing through its antiseptic effects, stimulating the
proliferation and migration of skin cells by activating or inhibiting integrin receptors on
the cell surface or through its pro-angiogenic effect [35]. It also appears to act by triggering
the production of nitric oxide (NO), which promotes cell migration and the assembly of
endothelial cells into vessel-like structures useful for wound neo-vascularization [36].

Treatment with CAP can be adapted according to the different stages of wound healing;
argon plasma was found to be better in promoting coagulation, while helium plasma was
more effective in healing [37].

Amini et al. [38] demonstrated that treatment with CAP modifies the persistence
levels of inflammatory cytokines and growth factors including IL-1, IL-8, TGF-β, TNF-α,
and INF-γ, promoting healing through a more rapid initiation of the proliferative phase.
In addition, CAP generates reactive oxygen species (ROS) and nitrogen species (RNS),
which can increase the synthesis of pro-angiogenic factors, consequently promoting wound
healing [39] (Figures 1 and 2).
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Figure 1. With the application of CAP on the wound, there is an increase in growth factors such
as Tumor Growth Factor-β 1 and 2; Insulin Growth Factor 1 and 2; Vascular-Endothelial Growth
Factor-α; Granulocyte-Macrophage Colony-Stimulating Factor, which facilitate angiogenesis with
the anti-inflammatory effect of interleukin-8. Finally, the wound heals with re-epithelialization and
synthesis of a new matrix, thanks to the fibroblasts and cytokines, Membrane Cofactor Protein-1
and Interleukin-6.
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Figure 2. Reactive oxygen and reactive nitrogen species (ROS and RNS) related to CAP are divided
into short- and long-lived molecules, which play different roles in the treating skin diseases. CAP
promotes wound healing through antiseptic and pro-angiogenic effects, stimulating the proliferation
and migration of skin cells by activating/inhibiting integrin receptors.

The duration of CAP therapy should be carefully monitored during wound treatment,
as overdosage could cause necrosis or apoptosis, invalidating the wound healing process [40].

Gao et al. [41] studied the effect of CAP on two traumatic wounds. The authors
employed plasma equipment, treating patients as a counter-electrode, with a power of
roughly 50 mW to study the impact of CAP on two traumatic wounds. The first patient
had utilized ineffective self-treatment, resulting in secondary eczema with exudation and
scab development. Treatment with CAP for 20 min every other day prevented the wound
exudation; wound healing was visible after three consecutive treatment cycles. The wound
of the second patient had been treated unsuccessfully with antibiotics, and complete wound
healing was noted following three consecutive cycles of CAP administration.

This research also included a patient with a big genital wart that was treated with
CAP; the ablation site was treated with CAP for 40 min after the wart was removed, and
this was repeated three days later; full healing became apparent after two re-applications.
In another study [42], CAP direct application was used on 27 wounds (19 hard-to-heal
wounds and 8 acute wounds), with an average wound area of 15 cm2, for 180 s three times
a week in addition to standard therapy. All acute wounds and 68% of the hard-to-heal
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wounds healed after an average treatment period of 14 weeks; the therapy was only not
effective on two hard-to-heal wounds.

Additionally, skin grafting is a unique procedure that removes healthy skin from
an area of the body and transplants it into a damaged area. Heinlin et al. [43] enrolled
40 patients to evaluate the impact of cold atmospheric argon plasma on the healing process
of the donor site of skin grafts on the upper leg. The investigated wound sites were
separated into two distinct areas of the same size and received either CAP indirect therapy
or a placebo at random (argon gas) for 2 min. From the second day of treatment, positive
effects in terms of improved re-epithelialization, reduction in fibrin layers, and blood crusts
were observed in the plasma-treated areas, compared with the placebo-treated areas.

In the recipient site, Frescaline et al. found that CAP could improve extracellular
matrix (ECM) formation through activation of the canonical TGF-β1 SMAD-dependent
pathway [44] (Figure 1).

An experimental study investigating the effects of argon-jet plasma on donor sites of
skin grafts in an environment that was not protein-colonized by bacteria found a positive
outcome on wound healing, compared with untreated controls [43].

CAP has also been used to treat burn wounds, hypothesizing an increase in angio-
genesis as a determinant of healing. In the study by Betancourt-Angeles et al. [45] on
the treatment of human burn wounds, a reduction in pain and itching was found after
a three-minute helium CAP application; an extra three-minute treatment after 16 h sig-
nificantly accelerated healing and the development of new tissue. The authors did not
analyze molecular pathways during or after CAP administration since this research was a
case report.

The ICU patient very often has wounds due to protracted immobility, critical con-
ditions, or comorbidities, which can cause further complications [46]. Nguyen et al. [47]
treated wounds (soft tissue skin lesions, burns, pressure ulcers, shingles, contact, and atopic
dermatitis) with CAP at all stages in patients admitted to the ICU with severe COVID-19
infections. A total of 70% of patients who underwent irradiation with CAP as a supportive
treatment showed complete epithelialization after 14 days; in addition, cessation of exuda-
tion and a reduction in wound pain were noted. The authors point out that in the period
before they introduced CAP, these wounds took longer to heal.

Considering the effects of CAP on the activation of biological processes to promote the
regeneration and proliferation of various cell types, CAP has also been studied in neuronal
regeneration; according to some studies, CAP could promote in vitro differentiation of
neuronal stem cells and protect against oxidative stress [48,49].

Nervous system trauma and neurodegeneration often result in permanent functional
deficits due to the limited regenerative capacity of the brain and spinal cord. It is known
that the central nervous system (CNS) has a limited ability to regenerate following an
injury or neurodegenerative disease [50], with a major impact on quality of life for patients.
Kativar et al. [51] concluded that astrocytes, glial cells that support neurons through protein
secretion of and neurotrophic factors, can respond to properly calibrated nanosecond-
pulse dielectric discharge plasma treatment, which can directly promote their growth and
improve their ability to enhance neuronal regeneration after an injury. It is interesting to
note the importance of the therapeutic dose on responses: low intensities (≤10 mJ) caused
no measurable changes, while high intensities (≥90 mJ) generally resulted in widespread
cell death. Intermediate intensities (10–50 mJ) elicited a physiological response, resulting in
improved cell regeneration (Figures 1 and 3)
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Figure 3. The treatment of CAP on a wound. When the skin was injured, the first step was to form a
blood scab to protect the wound. CAP could accomplish wound healing through short-lived and
long-lived ROS and RNS. CAP could promote the formation of new blood vessels, strengthen the
release of Connective Tissue Growth Factor (CTGF) and Vascular Endothelial Growth Factor (VEGF),
activate the Yes-Associated Protein (YAP) pathway, and upregulate the expression of Connexin 43
(Cx43) and Cysteine-rich angiogenic inducer 61 (Cyr61).

3.3. Bacterial Load Reduction

CAP’s bactericidal activity has received 20 years of attention and investigation [50].
The potential uses of CAP for infection control in clinical settings have grown significantly
during the last two decades. The ability of CAP to effectively eradicate bacterial biofilms
has been demonstrated by several bacterial studies [51–54]. This is what inspired the
concept of utilizing CAP to lower the bacterial wound burden and so improve healing [55].
Early published studies employed jet plasma using argon as the carrier gas. In 2010, a
prospective study used argon plasma treatment for 5 min via a CAP device called Mi-
croPlaSter alpha, which resulted in a very significant reduction in bacterial load, compared
to standard wound care alone [55]. In fact, after the application of CAP, a mean reduc-
tion of 1.10 log10 was observed in the intervention group and a reduction of 0.41 log10 in
the control group. Although the difference in the mean reduction between the two arms
of the study is significant, an intervention that achieves a bacterial reduction of 1 log10
would hardly be considered relevant as “bactericidal” or “antimicrobial.” In fact, general
agreement indicates that the effective bactericidal action of a device refers to a reduction
of at least 3 log10 in the number of viable bacterial cells tested [56,57]. A following study
used a second-generation device known as the MicroPlaSter beta, which has a flexible
four-joint therapy arm which enables treatment of difficult-to-reach areas. A patient with
Hailey-Hailey illness (also known as benign chronic pemphigus) and secondary infections
with Candida albicans and Proteus mirabilis saw rapid clinical recovery. Another study [58]
clearly demonstrates that a short CAP treatment of 2 min is sufficient to achieve significant
reduction in the bacterial load on chronic infected wounds in vivo. Efficacy and tolerability
were demonstrated in both generations of devices (MicroPlaSter alpha and MicroPlaSter
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beta). These studies treated venous, arterial, diabetic, and traumatic ulcers, and reduced
bacterial infection was observed regardless of bacterial type.

Maisch et al. [54] reported the efficacy of CAP treatment in decolonizing methicillin-
resistant Staphylococcus aureus (MRSA) and Escherichia coli without causing any cellular damage.

Subsequent study results suggest that CAP could be effective for different types
of bacteria, including gram-positive and gram-negative bacteria, anaerobes, aerobes, or
facultative anaerobes [59]. However, some studies have found resistance of some bacteria
to CAP [60,61]. The response of bacteria to CAPs is species-dependent, and gram-positive
bacteria have shown greater resistance, indicating the importance of cell wall thickness for
the CAP-mediated inactivation time [62]. CAP treatment has been shown to be effective
in inhibiting beta-hemolytic streptococci and S. aureus [63], gram-positive aerobic cocci
mainly responsible for acute bacterial skin infections [64].

Infection in burn wounds is the most serious consequence of this type of trauma due
to the delay in wound recovery and healing; it can also cause bacteremia, sepsis, and multi-
organ dysfunction syndromes in the most severe cases, resulting in increased mortality,
disease exacerbation, and increased health care burdens [6].

A case report describes the state of a man who suffered two lower-extremity wounds
from second-degree burns produced by boiling oil, one with a damaged area of 15 cm2

and the other with a damaged area of 79 cm2. The wounds were inflamed, and the patient
experienced severe pain. Three hours after the first treatment with CAP, it was repeated on
both wounds for three minutes each. The patient, 16 h after the application of the second
treatment, reported no discomfort, whereas a process of re-epithelialization of both wounds
and an absence of bacterial infection were observed [45].

Furthermore, CAP displays antibacterial activity via electrostatic stress [65,66];
Das et al.’s [67] findings suggest that the oxidative stress induced by reactive oxygen and
nitrogen species could play a key role in bacterial inactivation.

In 2021, Abbasi et al. [68] examined the effect of CAP on P. aeruginosa isolated from
burn infections in vitro and in vivo. The research results showed no bacterial growth, as
well as wound healing in mice. The study concluded that CAP decreased the expression of
the alp gene that is one of the virulence factors of P. aeruginosa (Figure 4).
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Some studies have described a hybrid treatment for wound healing: CAP therapy
combined with antibiotic treatment.

Nguyen et al. [47] applied cold plasma in treating patients with severe COVID-19
who had skin injuries such as burns, pressure ulcers, shingles, and contact or atopic
dermatitis. Before the plasma application, all the skin injuries were treated with antibiotics
and albumin infusions. After 14 days of cold plasma irradiation, 14/20 patients had
complete epithelialization. Previously, when cold plasma irradiation was not applied, these
lesions took longer to epithelialize or ulcerated even further, with more exudation despite
the use of antibiotics.

In a randomized clinical trial, Stratmann et al. [69] applied CAP therapy on patients
with diabetic foot ulcers. All wounds were treated with systemic antibiotics during the
study and were Wagner Armstrong Grade 1B or 2B. Eligible wounds were randomized to
receive either a placebo or CAP. In this randomized clinical trial, CAP therapy emerged as
an efficient treatment in terms of wound surface reduction and wound closure time.

4. Discussion

Patients admitted to intensive care units are at high risk of increased morbidity and
mortality from skin infections and deep wounds [70]. CAP potentially influences various
stages of wound healing by assisting in the activation of microorganisms in the early stage
and boosting the proliferation and migration of skin-bound cells afterward.

The studies included in this review of CAP devices employed for biological applica-
tions can be divided into two groups, depending on the technology used to generate the
plasma. One kind generates plasma within the device, which is then transferred to the
treatment area through a carrier gas, such as argon. Techniques include everything from
tiny plasma needles to large spotlights.

In the other kind, plasma is created in ambient air using dielectric barrier discharge
(DBD) devices at the treatment location by applying high voltage [24].

Three biological effects of CAP are evidenced in the relevant literature: inactivation
of a broad spectrum of microorganisms, including multi-drug-resistant microorganisms;
increased cell proliferation and increased angiogenesis with a shorter period of CAP
treatment; and apoptosis onset with a longer and more intensive treatment period, partic-
ularly for tumor cells [23]. What has been observed following treatments with physical
plasma is the production of NO, a powerful vasodilator, due to the pH reduction in the
treated tissue [71].

Infections can considerably slow the healing of skin wounds, resulting in an increase
in healthcare expenses [72]. Likewise, additional expenditures to the care facility for the
use of particular devices, suitable dressings, and the commitment of human resources for
nursing care are unavoidable [73].

Treatment with CAP is effective in lowering the microbial load [74] and can be applied
directly to cells and tissues [75]. Its ability to reduce the bacterial load makes it a valid sub-
stitute for antibiotics and a viable therapy to block antibiotic-resistant bacterial strains [75].

The effectiveness of CAP treatment depends on several factors, including device
design, treatment time, gas flow and composition, plasma jet intensity and frequency,
distance from the sample, and factors such as wound type, extracellular matrix, and
exudate [76]. The adaptability of CAP is evident not only in its operating concept but also
in its capacity to collaborate with other forms of therapy.

A further advantage of CAP-generating devices is their relatively low production
cost [60]. Therefore, accessible, efficient, and less expensive CAP devices can most likely
reduce the financial burden imposed on the healthcare budget by conventional treatments.
Engineering advances play an important role in the future of CAP wound treatment; the
development of portable devices increases access to treatments. Fine tuning of plasma
settings can also help optimize delivery to achieve maximum bacterial inhibition and
wound healing induction while reducing the frequency of treatment to create an effective
and practical solution.
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In the future, more possibilities and more benefits of CAP use in clinical practice
will be reported, as most studies on CAP have taken place in the last two decades [17,60].
Current analyses of the effects of cold plasma still only focus on cell lines and animal
models. Although these experiments are more accessible and easier to conduct, there
is a need for further, larger studies specifically with critically ill patients, as to date no
studies have been conducted in intensive care settings. Despite differences in research
designs, treatment techniques, wound types, and outcome reporting, the data presented
by the evaluated studies provide an overview of possible study areas to be implemented,
including in the critical care context. CAP has shown great potential for wound healing and
may become a promising therapy to replace or supplement existing wound care approaches
for critically sick patients. In this regard, the CAP appears to be a very relevant therapeutic
alternative when considering the speedier resolution that it may offer for wounds, owing
to its potential to reduce the bacterial count in a wound and promote wound healing [77].
Several CAP products have been certified; therefore, further criteria and procedures for
plasma treatments should exist.

5. Study Limits

The narrative approach used reflects the main limitation of this review. In particular, in
order to provide a broad view of CAP use, considering as inclusive a method as possible as
is typical of narrative reviews, (a) we did not provide a detailed description of the selection
process, which is, therefore, not very replicable, (b) the studies included were not subjected
to a qualitative assessment, and (c) the analysis was carried out using a thematic approach
established by the researchers in advance [77].

6. Conclusions

CAP is effective in many areas of medicine, without significant negative effects on
healthy cells. However, its use might have potentially serious side effects and should,
thus, be used under expert supervision and with adequate dosages. In this context, this
procedure may be standardized and implemented to clinical practice in the future to achieve
favorable outcomes in a safe and effective manner. Furthermore, the efficacy of CAP in the
treatment of wounds, particularly pressure sores, will allow for a reduction in nosocomial
infections, resulting in an improvement in the quality of hospital life and, as a result, a
significant reduction in morbidity and mortality associated with HCAIs and bedsores,
which also covers the legal implications of this type of therapy. As a result, the focus on the
use of CAP and the findings of numerous studies may drive the advancement of technical
research, allowing the creation of ever-smaller devices capable of delivering plasma to
inside structures.
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