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Abstract

Dermal wound infections are a rising source of morbidity and mortality in patients worldwide as new and worsening complications
reduce the efficacy of traditional treatments. These challenges in wound care are increasingly caused by comorbidities such as obesity
and diabetes as well as surging rates of antibiotic resistance. As a result, there is an urgent need for alternative treatment options. Gaseous
ozone has shown great promise as a potential new treatment for infected dermal wounds. In this brief review of current wound therapy
techniques found in the literature, an in-depth discussion of the mechanisms, benefits, and results of topical ozone gas as a therapy for
infected dermal wounds is presented. This includes studies of ozone applied to wounds performed in vitro, in vivo, and clinical settings, as
well as the use of ozone as an adjunct therapy for increasing the efficacy of traditional treatments. The overwhelming evidence suggests
that ozone exhibits significant antimicrobial properties and has been shown to promote wound healing factors, especially when applied
between 5–60 ppm. As such, this promising alternative therapy warrants a significant investment of time and resources to fully utilize
ozone as an effective treatment against antibiotic resistant bacteria and other rising challenges in wound treatment.
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1. Introduction
Skin is the body’s largest organ and provides a bar-

rier to pathogens, prevents water loss, regulates our tem-
perature, allows us to sense through touch, and many other
crucial functions [1]. Much of this barrier function is pro-
vided by the epidermis, which constitutes the outer layer of
the skin tissue. Disruption of this barrier, in patients with
chronic wounds leads to a significant reduction in the skin’s
ability to prevent microbes like bacteria from colonizing
and causing skin infections [2]. These skin and soft tissue
infections (SSTI) are a major concern in the healthcare in-
dustry. The wound care market in 2021 was estimated at
$17.5 billion and is projected to grow at a compounding
rate of 6% [3]. SSTIs cause an estimated 3.5% of emer-
gency room visits in the US, with each visit costing over
$8000 [4,5]. These costs become even more significant for
patients with other serious comorbidities, such as diabetes
and obesity, which can severely impair the body’s vascular
system and lead to poor blood flow. These conditions are
widespread as currently, over 30% of Americans are obese,
and 10% of the US population has diabetes [6–8].

One of the most common wound types among this
demographic is diabetic foot ulcers (DFU), affecting be-
tween 15–25% of patients with diabetes [9]. Due to
chronic venous insufficiency, neuropathy, and other com-
plications associated with diabetes, DFUs often become
chronic wounds, or wounds that do not progress toward

healing at a standard rate (typically within 30 days), leading
to a greater chance of reinfection and other serious compli-
cations [10]. DFUs that exhibit chronic behavior signifi-
cantly increases the risk of major complications. According
to Apelqvist et al. [11], up to 85% of all lower extremity
amputations in diabetic patients stem from chronic wound
complications. Infections are the most common complica-
tion in DFUs, affecting up to half of all DFUs in healthcare
settings [12,13]. While acute wounds in a healthy adult
can often fight off infection through natural defenses, the
compromised vascular system and immune system in dia-
betic patients make this much more difficult and lead to a
greater risk of infection [14]. In short, this process occurs
as bacteria, either from external contamination or from the
over 600 species that typically inhabit the human skin, en-
ter the wound area and begin to proliferate [15]. A healthy
body will begin to fight this infection and progress through
wound healing through several processes, including the de-
ployment of macrophages to help fight against invading
pathogens like bacteria [16]. In cases where underlying
conditions prevent these native defenses from being able
to eliminate the contamination, the bacteria will proliferate,
and the infection will take root. Common bacteria in wound
infections include Staphylococcus aureus (S. aureus), Pseu-
domonas aeruginosa (P. aeruginosa), Proteus mirabilis (P.
mirabilis), and Escherichia coli (E. coli) [17].
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Fig. 1. The wound infection continuum. Wound infections develop and progress as bacteria attach and proliferate within the tissue.
There are two key locations on the continuum associated with wound treatment and healing. (1) At around 105 CFU/g of tissue, clinical
intervention is required, as the host immune system cannot deal with the increasing number of bacteria. (2) Beyond 107 CFU/g, an
infection begins to develop significant complications, such as biofilm formation, which requires more involved treatments from clinicians,
including surgical debridement.

Once a DFU becomes infected, the ability of the
wound to progress toward healing will be significantly re-
duced [18–21]. These complications progress as the wound
develops along the wound infection continuum (Fig. 1).
The wound infection continuum is broadly categorized into
five stages: contamination, colonization, local infection,
spreading infection, and systemic infection [22,23]. All
open wounds are considered contaminated—hosting small
amounts of bacteria without impacting wound healing or
the host’s health [23]. Once the bacteria within the wound
begin to replicate, the wound is considered to be in the col-
onization stage, though no detrimental effects to the host
are detectable. Here, the body’s defenses must overcome
the growth of the bacteria to prevent a traditional infection
from occurring.

If the replication of bacteria within a wound can over-
come natural infection defenses, either due to a virulent
strain of replicating bacteria or a weakened host immune
system, the bacterial colonization will reach a critical level,
typically 105 colony-forming units (CFU) of bacteria per
gram of tissue [23]. At this critical point, the wound is
considered to have entered the local infection stage of the
wound infection continuum. At this level, wound healing is
impaired by the presence of the infection. Additionally, the
classical signs of an infection, including redness, swelling,
and odor, begin to manifest [24]. At this stage, wound treat-
ment must be administered. Traditional treatments, such as
topical antibiotics or antiseptics, are applied to reduce the
bioburden and enable the wound to progress toward heal-
ing. If this treatment is not applied promptly or ineffec-
tive in reducing the bioburden due to other factors such as
antibiotic resistance, the wound infection will continue to
progress.

As the wound progresses, many infections develop a
protective layer of cells and extracellular matrix called a
biofilm. Biofilms form when bacteria can proliferate in the
necrotic tissue and debris present in the chronic wound and
form a protective colony. A biofilm layer can range be-
tween a few micrometers to a millimeter in thickness and
significantly impairs the wound-healing process [25]. The
protective cell and matrix layer that makes up a biofilm has
been shown to significantly impair the diffusion of antibi-
otics into deep tissues and thereby reduce their efficacy by
up to 1000 times [26,27]. Therefore, treatment of wound
infections with biofilm typically requires physical removal
of the biofilm layer by a process such as a debridement.

While biofilm formation is a significant complication
for local wound treatment, further escalation of infection
severity can lead to more harmful conditions in a patient.
As a wound infection progresses beyond the local infection
stage, it spreads to other body parts. During the spread-
ing infection stage of the wound infection continuum, the
bacteria can be found in new surrounding tissues, muscles,
and local organs [22]. Once the infection is no longer iso-
lated in a single location, systemic antibiotics are needed to
provide treatment. Systemic antibiotic treatments are ef-
fective against infections across the body and have long
been an effective means to reduce bacterial load when pre-
scribed correctly. Unfortunately, these systemic treatments
also present some drawbacks, including the elimination of
healthy gut bacteria and a greater chance of new antibiotic
resistance developing [28,29]. Should treatments continue
to be ineffective, the infection will continue to spread and
become systemic. At this stage, high doses of systemic an-
tibiotics are required for treatment and are typically admin-
istered intravenously. Without proper control, the patient is
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at serious risk of life-threatening complications, including
sepsis. Amputation is commonly utilized to reduce the risk
of sepsis, though it is not without complications. Alongside
the lifelong effects on patient mobility and quality of life,
infection of an amputation stump can perpetuate the prob-
lem and lead to re-amputation [30].

At each stage of the wound infection continuum, the
treatment method chosen by a clinician is critical for im-
proving the patient’s health and reducing the risk of fur-
ther complications. As a result, treating a wound early
is paramount to give the wound the greatest chance to
heal. Unique complications such as spreading infections
and biofilm that occur at later stages of wound infection
require specialized treatments typically necessary as the
wound progresses, complicating the course of treatment.
This emphasizes the necessity of safe, effective treatments
at the early stages of the wound infection continuum.

While each stage of the wound infection continuum
has unique needs for effective treatment, it can be seen that
topical antibiotics and treatments to target wound infec-
tions have many benefits compared to systemic treatments.
These include a lower risk of interference with healthy bac-
teria and the ability to apply higher doses of treatment lev-
els. The topical treatment is even more effective when ad-
ministered early in the wound treatment process. Unfortu-
nately, the efficacy of many antibiotics has lessened as the
emergence of antibiotic resistance in many strains of bac-
teria continues to rise. In recent years, bacteria with resis-
tance to a greater number of antibiotics have been reported.
As a result, there is a unique need to develop alternative
therapies. This review is focused on the particular benefit
of using gaseous ozone as a topical alternative therapy for
the treatment of skin infections.

2. Current Topical Treatment Methods
Currently, there is a limited selection of treatment

methods for infected dermal wounds. The following sec-
tions describe the benefits and limitations of different meth-
ods in detail to provide an understanding of each treatment
option’s scope and what improvements in treatment options
are still necessary. The results have been summarized in Ta-
ble 1. Because of the many benefits of topical treatments,
such as the reduced risk of systemic toxicity and higher ther-
apeutic index, this section mainly reviews different topical
treatment methods used for SSTI.

2.1 Debridement
The first line of treatment for an infected wound com-

monly involves cleaning the wound bed to enable further
therapies. Debridement is the process of removing in-
hibitory factors, such as necrotic tissue and biofilm, from
a wound to increase treatment efficacy and is part of the
wound bed preparation process [31]. Wound bed prepa-
ration is an important step in the topical treatment of in-
fectedwounds because it removes barriers towound healing

and can stimulate natural progression in a non-advancing
wound edge [32]. In chronic wounds, which show slow
or no progression toward complete healing, debridement
is a necessary step for enabling other topical treatments
to be effective [33]. This is especially true when treat-
ing wounds infected with biofilm. As a wound infection
matures, it often creates a protective matrix layer around
outer cells [34]. This biofilm layer, often a fewmicrometers
to a millimeter thick, can significantly affect wound heal-
ing and increase resistance to antibiotic treatment by 1000-
fold when compared to non-biofilm bacteria while prevent-
ing topical treatments from reaching further below [25–27].
Wound bed preparation through debridement is practiced
along with proper dressing, pressure off-loading, and other
crucial steps for the care of all wounds. Each wound’s
specific conditions are unique, requiring multiple methods
of wound bed preparation, including mechanical, surgical,
chemical, or enzymatic debridement. Each method is used
to promote wound healing through removing inhibiting tis-
sue and is described in greater detail below.

2.1.1 Mechanical and Surgical Wound Debridement
Methods

Mechanical and surgical debridement utilize the phys-
ical removal of biofilm, slough, necrotic tissue, and other
inhibitory factors from the wound bed. Mechanical de-
bridement most commonly uses the practice of wet-to-dry
dressings, in which a wet gauze is applied to the wound
area and allowed to dry, which embeds the necrotic tissue
into the gauze before forceful removal [32,35]. Surgical
debridement uses instruments such as scalpels and ultra-
sonic applicators to cut away necrotic tissue to achieve a
similar result. It is more selective but requires a trained
surgeon to perform, so it is often limited to more severe
cases [32,35]. Both mechanical and surgical debridement
can quickly remove significant amounts of inhibiting tis-
sues but are painful and can cause damage to surrounding
tissue, so they are not suitable for every application.

2.1.2 Chemical/Enzymatic Wound Debridement Methods
Chemical debridement, sometimes referred to as en-

zymatic debridement, utilizes natural enzymes, such as col-
lagenase, to speed up the breakdown of necrotic tissue by
placing them in direct contact with the wound bed [35,36].
Wound debridement is a common practice to promote ef-
fective treatment and healing of wounds. Typically, chem-
ical debridement is used in less severe infections, as it is a
slower process, with new enzymatic applications occurring
daily [35]. While removing necrotic tissue takes longer,
chemical debridement is selective and painless for the pa-
tient, it’s often considered a relatively slow process com-
pared to mechanical debridement methods [32].

Though each technique has specific benefits and draw-
backs, the process of cleaning a wound bed is an essential
part of any wound care routine. Despite this necessity, the
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Table 1. Current topical wound infection treatment methods.
Treatment Applicable uses Benefits Drawbacks

Debridement • Removal of factors inhibiting wound healing
• Paired with secondary antimicrobial treatment

• Removes inhibitory factors for wound healing
• Prepares wound bed for healing

• No inherent antimicrobial properties
• Can be painful, nonselective, and damaging to surrounding tissue

Topical Antibiotics • Topical application to infected dermal wounds
• Systemic treatment of spreading infections

•Wide range of possible treatment methods
• Combined treatments exhibit broad coverage of bacteria species

• The rising rate of resistance to traditional antibiotic therapies
• Long, slow process for the development of new drugs

Antiseptics • Cleaning skin wounds • A broad range of efficacy covering bacteria, viruses, and fungi
• Low susceptibility to developed resistances

• Non-selectivity leads to toxicity in healthy skin cells
• Some controversy about the efficacy
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Table 1. Continued.
Treatment Applicable uses Benefits Drawbacks

Silver Nanoparticles • Antimicrobial wound dressings • Strong antimicrobial performance against a broad range of bacteria
• Easy-to-apply structure

• Non-selectivity leads to toxicity in healthy skin cells
• Signs of bacterial resistance developing

Cold Plasma • Application via plasma jet or wand on the skin surface • Broad antimicrobial effect
• Promotion of wound healing factors

• Treatment time limitations due to cell toxicity
• Requires complex, expensive equipment
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debridement process on its own does not eliminate infec-
tion, but prepares the wound for the application of other an-
timicrobials [37]. Therefore, many wound treatment proce-
dures often use debridement paired with another treatment,
such as antibiotics or antimicrobial dressings, to reduce the
rate of bacterial wound infection and improve wound heal-
ing.

2.2 Topical Antibiotics

The treatment of infections with antibiotics has been
common since the 1940s, after the discovery of Penicillin
by Sir Alexander Flemming in 1928 [38]. Since then,
the number of antibiotics available for treating infections
has increased dramatically compared to the vast number
of bacterial pathogens that can cause infections. Common
means of antibiotic treatment include systemic and topi-
cal approaches. At the same time, systemic antibiotics are
commonly taken orally or intravenously, especially when
an infection has begun to spread throughout the body. This
widespread dispersion of the antibiotic has been shown to
significantly impact the rate at which antibiotic resistance
develops in new strains of bacteria [39]. On the other hand,
topical antibiotics are useful for treating skin and soft tis-
sue infections due to the localized high concentration that
can be applied without reaching toxicity limitations [40].
By localizing the application, topical treatments are able to
apply antibiotics without affecting bacteria in healthy parts
of the patient’s microbiome and reducing the development
and spread of antibiotic-resistant bacteria.

Antibiotics can be broken into different classifi-
cations, including Penicillin, Cephalosporins, Fluoro-
quinolones, Monobactams, carbapenems, and more [41].
Each classification of antibiotics is designed to attack the
bacterial cells uniquely. These methods of action com-
monly include inhibition of cell wall synthesis (penicillin,
glycol-peptides, cephalosporins), inhibition of protein syn-
thesis (macrolides, lincosamides, oxazolidinones), or in-
hibition of nucleic acid synthesis (rifampin) among oth-
ers [41,42]. While the number of antibiotics available is
vast, certain drugs have gained more popularity for the
topical treatment of skin infections. These include Baci-
tracin, Mupirocin, Fusidic Acid, Gentamicin, and Retapa-
mulin. Bacitracin is typically effective against many Gram-
positive (G +ve) bacteria such as Staphylococci and Strep-
tococci species and can be purchased as over-the-counter
medicine, but resistances to Bacitracin are not uncommon
for bacteria to develop, making it less effective over time
[33]. Mupirocin is one of the most effective antibiotics used
commonly as a 2% topical cream [43]. Mupirocin is used to
treat G +ve infections caused by aerobic cocci species (ex-
cept Enterococci) and is widely tolerated by patients, but
extended use can also be in bacteria such as S. aureus [44].
Fusidic Acid is an antibiotic that is more effective at tar-
geting deep tissue infection due to its deeper penetration
into the skin than other antibiotics. Unfortunately, Fusidic

Acid’s spectrum of activity is limited to G +ve bacteria such
as S. aureus and S. epidermidis and can cause severe al-
lergic reactions in some patients [33]. Retapamulin is an-
other antibiotic with wide-ranging efficacy against G +ve
bacteria, including strains resistant to common antibiotics
[33]. While many of the previously mentioned antibiotics
are only effective onG+ve bacteria, Gentamicin has amuch
wider range of bacteria that it is effective against, including
both G +ve strains, such as Staphylococci and Streptococci,
and Gram-negative (G-ve) strains such as P. aeruginosa. To
maintain effectiveness, Gentamicin must be applied multi-
ple times per day and still has a risk of antibiotic resistance
developing, most notably in strains of Enterococci [33,45].
The increasing prevalence of antibiotic resistance signifi-
cantly reduces the number of effective treatment options for
clinicians. Recently, even antibiotics that are typically used
only as a last resort have been shown to develop resistance
as well [46,47]. The development of new drugs has been
unable to keep pace with the rate of developing resistance
due to the costly and time-consuming process necessary for
antibiotics to reach the marketplace [48]. As a result, clini-
cians are increasingly turning to alternative therapies with-
out antibiotics for treating these infections.

2.3 Antiseptics

Antiseptics are a broad category of substances that
prevent the growth of virulent microorganisms, often with
limited selectivity. Antiseptics have been widely used for
treating wound-based infections since the early 19th cen-
tury, with a broader spectrum of activity and lower risk
of bacterial resistance development as compared to antibi-
otics. The most commonly used antiseptic compounds for
treating skin infections in clinical practices today include
povidone-iodine, alcohols (ethanol), and chlorine com-
pounds [49]. Unlike antibiotics that act selectively on spe-
cific targets to eradicate the bacteria, antiseptics have mul-
tiple targets and a broader spectrum of activity with a con-
siderably lower risk of resistance to develop against these
compounds. Their unique broad-spectrum effect on all veg-
etative forms of microorganisms enables them to eradicate
many strains of antibiotic-resistant bacteria such as MRSA
and P. aeruginosa [50]. However, many antiseptics exhibit
toxicity to healthy cells which prohibits their suitability for
topical application on open wounds [33,51]. For more than
a century, iodine has been used as an antiseptic compound
in treating different wounds. Its antibacterial properties
were first demonstrated by Davaine in 1882, and in First
World War, it was found to reduce the risk of gas gangrene
in soldiers’ wounds. Because of its broad use against many
microorganisms, iodine has been commonly used as an an-
tiseptic for cleaning skin, wounds, and oral cavities [50].

Iodine’s broad antimicrobial behavior is due to its
high level of diffusivity through cellular barriers. It dif-
fuses into the cells, and damage nucleic acids, proteins, and
other cellular structures through oxidation [50–52]. Despite
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its unique broad-spectrum antibacterial activity, Iodine is
highly unstable in its elemental form and is often prepared
in the form of a chemical complex containing iodide and an
iodate salt with stabilizing agents. This not only improves
the shelf life but also its dissolution in aqueous media for
more effective and simple topical applications in the form
of liquids and ointments. The most common form of these
Iodine containing chemical complexes is polyvinylpyrroli-
done (PVP) iodide, more commonly called povidone iodide
(PVP-I). The PVP enables a sustained release of iodine par-
ticles when applied to a wound bed to enable iodine to pen-
etrate microbes effectively for treatment [50,52]. In addi-
tion to improved stability, PVP-I has been shown to have
less toxicity and skin irritation than elemental iodine solu-
tions. Finally, although the antibacterial properties of io-
dine and PVP-I have been demonstrated in different stud-
ies, there has been some controversy about their effective-
ness in the wound-healing process [49,53]. Various clini-
cal trials have shown impaired wound healing and reduced
wound strength due to the toxic nature of these antiseptic
compounds to the fibroblast cells. This trend is also preva-
lent in antimicrobials like polihexanide and chlorhexidine,
commonly used to treat wound infection but are observed
to cause high irritation and burns on the wound bed.

2.4 Metallic Nanoparticle Containing Dressings

Metallic nanoparticles (NPs) are another alternative to
traditional antibiotic treatments. Thesemetallic NPs aremi-
croscopic particles of metals such as silver, zinc, and cop-
per with dimensions that fall between the 1–100 nm range.
NPs are commonly administered through advanced wound
dressings for treatment of different SSTI because of their
natural antimicrobial properties [54–56]. These particles
are typically generated through physical, chemical, or bi-
ological means. Physical generation typically utilizes high
temperatures or laser ablation to generate particles in the so-
lution. These processes require significant temperature and
can have variations in the size and concentration of parti-
cles produced depending on the temperature, but they are
the fastest method to produce NPs. Chemical fabrication is
achieved through the chemical reduction of the metals at a
higher efficiency than physical methods. The final method
to generate NPs is biological, which uses microbes to re-
duce ionic forms of metal compounds into NPs [57,58].

Once NPs have been fabricated, they are topically ap-
plied to the wound area by integrating them into gels and
dressings in the form of coatings such as Acticoat® and Sil-
vercel®. Once applied, NPs havemultiplemethods through
which they act against microbes. These include blockage of
cell permeability through the aggregation of NPs on the cell
wall, oxidative damage to cell structure through the genera-
tion of ions or reactive oxygen species (ROS), and preven-
tion of DNA replication through cellular uptake of metallic
ions [56]. While there are many beneficial properties of
metallic NPs, there are also drawbacks. Like antiseptics,

NPs are non-selective and can cause damage to skin cells
and have been shown to impair the tissue healing process
[59]. Additionally, it is difficult to utilize controlled release
mechanisms with NPs, making dosage monitoring difficult
[56]. Finally, studies such as the work done by Panáček
et al. [60] have frequently found Silver-resistant bacteria
in particular strains of P. aeruginosa and E. coli which are
amongst the main causes of infections and sepsis in patients
with burn wounds.

2.5 Cold Atmospheric Plasma Therapy

The term plasma describes a medium of ionized gas
that includes disintegrated polyatomic atoms, monoatomic
ions, free electrons, ultraviolet (UV) radiation, and heat
[61,62]. Cold or non-thermal atmospheric plasmas are
those generated at ambient temperature and pressure that
exist briefly in a non-equilibrium state [61,63]. Cold at-
mospheric plasma (CAP) wound treatment is an alternative
treatment method for surface wounds that utilizes charged
and reactive species produced by a high energy source, such
as dielectric barrier discharge (DBD), to eradicate bacteria
in the wound. Due to technological innovations that enable
more efficient production of CAP and its numerous bene-
ficial properties, there has been great interest in develop-
ing portable plasma systems for wound care applications
[64,65].

CAP can be generated by an electric discharge that en-
ables the continuous ionization of gas molecules to eradi-
cate bacteria. The most common forms of this are corona
discharge (CD) and DBD, which can be used to create
plasma jets and other application technologies [62,63,66].
In each case, the high electric field causes the dissocia-
tion of electrons from the outer shells of gas molecules and
causes the breakdown of gas molecules into singular atoms.
This process creates a complex mixture of particles and
radiation that forms the plasma. This “gaseous mixture”
gives CAP its beneficial properties for wound treatment. Of
the different components, ROS is the leading contributor to
the antimicrobial properties of CAP [61,62]. ROS exhibit
antimicrobial behavior through the oxidation of outer cell
structures [67]. Of these species, ozone has been shown to
play a foremost role in the inactivation ofmicrobes due to its
high reactivity and relatively long lifetime [68,69]. In ad-
dition to sterilization of the wound bed, CAP has also been
shown to stimulate wound healing and blood coagulation
and help ablate unwanted tissue [70–73].

Due to the benefits of CAP treatment, several efforts
have been conducted toward the commercialization of this
technology for wound care, including Terraplasma Plasma
Care®, TDK Piezobrush PZ3®, and TPE PlasmaDerm®.
Medical personnel often use these systems as point-of-care
treatment in clinical settings. Typically, the treatment is ap-
plied between 1–3 min once per day for multiple days di-
rectly onto the wound bed.

Although several studies have shown the efficacy of

7

https://www.imrpress.com


many such systems in treating chronic and infected wounds,
they often require complex and costly systems, which lim-
its their accessibility to many patients and health care
providers. Additionally, the high energy of the plasma and
the UV radiation produced in many such systems can cause
degenerative changes in the cells and fibrous tissues around
the site of treatment [62]. Therefore, many of such therapy
methods are often restricted to short durations of treatment
(1–3 min) to reduce the toxic effect on healthy cells, which
limits the penetration and effective interaction time of the
ROS with the wound bed. Due to ozone’s prominent role in
providing beneficial properties in CAP, many efforts have
been made towards utilizing ozone alone as an antimicro-
bial treatment to allow for many of the benefits of CAP sys-
tems while minimizing complications.

3. Ozone as Topical Wound Treatment
Reactive oxygen species such as ozone are often uti-

lized as an antimicrobial treatment by directly applying ion-
ized gas or oils infused with reactive compounds. Initially
used in medicine as a pragmatic technique, ozone therapy
has now progressed to be used for antibacterial effects, im-
munoregulation, antioxidant defenses, and epigenetic alter-
ation. While a 2003 decision by the FDA prohibited com-
mercial use of medical ozone due to “no proof of safety
and effectiveness”, continuing research efforts have shown
overwhelming results that controlled exposure to ozone can
play a significant role in reducing bacterial loads in wounds
and thus warrants further investigation [74,75]. Particu-
larly, microbial inactivation via gaseous ozone exposure
has widely been experimented to treat different infected
topical wounds [76]. Although ozone can damage crucial
cell components at high concentrations and lead to severe
irreversible side effects, with optimal application dosing
strategies it can be used treat necrotizing skin infections,
allergic diseases, and promote wound healing. Though de-
bated, the mechanism of ozone interaction has been gen-
erally accepted to be through the generation the oxygen
species that damage the pathogenic membranes and pro-
mote an immunoregulatory effect. Ozone directly disrupts
the nucleic acid and lysosomes of the microbial structure
and releases oxygen free radicals, destroying the living en-
vironment. Ozone is also observed to accelerate the cell
growth cycle andmodify growth factors by activating redox
transcription factors like nuclear factor kappa B (NFkB)
[77]. These nuclear factors are extremely potent proinflam-
matory activators that promote wound healing. Ozone is
also observed to increase the leukocytes, facilitating the
formation of monocytes, T-cell signaling, and the phago-
cytic capacity of granulocytes. As a cumulative effect,
the immune system initiates the interferons and interleukin-
triggered antibody-dependent cellular cytotoxicity (ADCC)
[78,79]. For example, ozone is used to treat wounds by pa-
tients soaking their skin in ozonized water, called Ozonated
hydrotherapy. Though it is proven to be an effective treat-

ment against infections and wound healing, the half-life of
the ozone in water is just 30 min at room temperature. This
has led to new developments towards creating more sta-
ble methods for storing ozone at room temperature [80].
Among these efforts, studies have demonstrated that ozone
diffused into oil was observed to have an increased life-
time of 10 h at room temperature and around 5 days when
stored in a refrigerator [81]. This increase in the shelf life
was due to the formation of double bonds between ozone
molecules and monounsaturated fatty acids such as oleic
acid. This has proven to be an effective means of enhanc-
ing the storability and applicability of ozone for patients in
a clinical or household scenario. Another novel method
for ozone therapy is ozonated autohemotherapy, in which
ozone is directly applied to the body through blood infu-
sion and has been shown to promote bactericidal proper-
ties [76,82]. These techniques, in comparison to conven-
tional techniques, are more cost-effective. Though proven
effective, such ozonized oil-based treatment techniques and
ozonated autohemotherapy require significant infrastruc-
ture for developing and storing necessary components. Di-
rectly applying gaseous ozone to the wound surface us-
ing a portable system can provide a means to administer
the promising ozone therapy while eliminating the complex
storage requirements and higher efficacy.

3.1 Generation of Gaseous Ozone and Wound Therapy

Gaseous ozone-based treatment is the process of ad-
ministering highly unstable gaseous ozone molecules to
treat a wound or a disease. The fundamental process in-
volves the generation and application of gaseous directly
to the skin surface to promote wound healing, antibacterial
effect, and immunoregulation. In fact, a significant por-
tion of the CAP treatment benefits is due to the presence of
ozone in the plasma generation process. This was shown
in a study where the antimicrobial properties of common
plasma components, including ozone, air ions, and electric
charges, were individually tested [69]. The authors show
that most of the antimicrobial performance was due to the
presence of ozone by using designed filters to isolate spe-
cific compounds developed using electric discharge. Bacte-
ria of various strains were exposed to each filtered plasma,
and it was observed that the ozone alone performed almost
identically to the full plasma with air ions. Additionally,
because ozone has a long lifetime outside of the plasma
region and can be delivered as a gas flow, it can increase
the accessibility and application time significantly through
simplified systems without the direct application of high-
energy plasma that can lead to toxic and harmful effects to
the skin tissue.

While gaseous ozone has shown promise as an alter-
native means for antimicrobial therapy, it is worthwhile to
note that ozone is a highly unstable gas (half-life of ozone
is around 20~60 min) and cannot be stored by any means
directly as a gas under normal working conditions [83].
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Thus, it is necessary to develop a technique to generate
ozone for direct delivery of the gas into the region of in-
fection/wounds. Nevertheless, to consider the applicability
of ozone as a treatment protocol, it is crucial to eliminate the
possible inhalation and other side effects of ozone exposure
by monitoring the level of ozone infusion [76]. It is neces-
sary to note that the existing short-term exposure guidelines
for ozone are about 1 ppm (for 1 h) for humans [84]. With
such healthcare guidelines consideration, it is crucial to de-
velop a simple and swift reliable technique for controlled
and localized delivery of ozone gases into the administra-
tion region. Therefore, there is a crucial need for a localized
wearable ozone delivery system with portable functional-
ity to provide ambulatory property [85]. In general, ozone
can be created by three methods: Ultraviolet (UV) light,
electrolytic generation, and electric discharge (Fig. 2). UV
light-powered ozone generation system utilizes a UV lamp
(with a peak radiation wavelength of 185 nm) to break the
oxygen molecules in ambient air and form highly unsta-
ble singlet oxygen radicals that react with another oxygen
molecule to form O3 gas [86]. This is one of the simplest
methods to develop ozone gas in atmospheric conditions
with the minimal production of unwanted byproducts such
as nitrogen oxide species [87]. Traditionally, UV is used
as a means for ozone development in an indoor environ-
ment. Though this technique has good merits in selective
ozone production, the output quantity is extremely low and
thus needs an extended period of UV exposure to develop
ozone gas [85]. This dramatically increases the cost and
power consumption of the instrument as well as the time of
exposure to provide the required dosage for the treatment
of wounds. A second technique is the electrolytic reaction
system, where ozone is produced by passing an electrical
current through water to split the water molecule into hy-
drogen and oxygen. The produce oxygen molecules can
also be split into singlet oxygen radicals and combine to cre-
ate ozone [88]. Despite this method’s high ozone produc-
tion rate, the required water and high-power consumption
of electrolytic reactions limit its practical implementation
for a cost-effective and portable system [89]. Alternatively,
ozone can also be produced by electrical discharge (e.g.,
corona discharge, dielectric barrier discharge), wherein the
electrostatic discharge between the two electrodes induces
a rapid rupturing of two stable oxygen molecules from two
oxygen radicals [90]. Similar to that of the previous meth-
ods, this unstable radical oxygen then interacts with the sta-
ble oxygen molecule to form triatomic oxygen or ozone
gas. The rate and type of reactive oxygen species created
through this process can be controlled by calibrating the po-
tential applied between the dielectric and enclosing equip-
ment in a glass/ceramic chamber.

Many corona discharge techniques require a high volt-
age electrical transformer to initiate this ozone formation
effect and a feed gas system to have a constant oxygen flow
[91,92]. Also, simple corona discharge systems create a sin-

Fig. 2. The three primary methods of ozone generation are
UV light, electrolytic reactions, and electrical discharge, such
as corona discharge. Corona discharge system has the benefit of
portability and high production rate of ozone.

gle discharge location at a point, leading to an inefficient
ozone generation. To improve the generation efficiency,
alternative discharge methods like Dielectric Barrier Dis-
charge (DBD) are also commonly used to overcome the
shortcomings of corona discharge systems. In DBD setups,
an electrical discharge is created between two electrodes
separated by a dielectric barrier [93]. The presence of the
dielectric layer causes the breakdown location to disperse
across the surface of the electrodes as a series of short arcs
instead of a singular arc discharge [94]. Due to these dis-
charge characteristics, DBD contributes to a greater space
efficiency in generating ozone gas and thus is the most
common commercial method for ozone generation. DBD
route of ozone generation shares many commonalities with
plasma treatment discussed previously, as both are gen-
erated using electric discharge. The key functionality of
DBD-based ozone generation systems is their ability to be
powered through simple and low-power electronics, which
can aid their portability. Furthermore, many of such ozone-
generating setups are highly effective in generating ozone
at room temperature with ambient air, which is necessary to
develop a portable device.

For applications where large amounts of ozone is
needed (>200 ppm), DBD systems will require high volt-
age loads of 6 to 20 kV and oxygen-bearing gas chambers
with a cooling systems to remove excess heat during oper-
ation [95,96]. In contrast for applications where low con-
centrations of ozone are needed, these additional compo-
nents are not necessary as the concentration of ozone gen-
erated is not high (>100 ppm), and the residual heat is re-
moved with a natural air-cooling system [91]. DBD sys-
tems are generally considered extremely effective as they
can produce ozone 20X faster than UV lamp systems. Ad-
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ditionally, these systems comprise smaller parts, allowing
greater flexibility and portability compared to the other sys-
tems [97]. However, the selective generation of ozone from
the air using DBD can be more difficult to control due to the
presence of ambient nitrogen and water molecules. Careful
and proper adaptation of the discharge medium is vital as
the ozone generation levels vary drastically with the elec-
trode size, temperature, air velocity, relative humidity, and
polarity of the applied discharge [98]. For instance, a minor
change in the outer side of the electrodes has been shown
to negatively influence ozone production [99]. Also, with a
time-modulated power supplies, a maximum improvement
of 20% ozone production has been observed compared to
continuously applied AC signals [100]. Micro discharges
generated with the electrode configuration were found to
be strongly correlated to the ozone yield and its concentra-
tion [101]. Likewise, the discharge condition of a tight gap
between an electrode with an optimal high gas pressure was
observed to be one of the most effective techniques of ef-
ficient ozone formation for an air-fed ozone generator, ac-
cording to the findings by Kitayama et al. [102].

One potential drawback ofDBD is that ozone develop-
ment using this technique will inevitably form reactive ni-
trogen species, which can be harmful at high concentrations
[103]. An integrated circuitry system containing an ozone
generator system and a blower circuit could effectively de-
liver ozone to the region of an infection/wound. One such
custom-designed ozone generator system was previously
reported by our research group for continuous ozone deliv-
ery [75] (Fig. 3, Ref. [75]). The developed system includes
a portable ozone delivery unit equipped with a DBD ozone
generation device and micro blower. Ozone was locally ap-
plied to the wound by using a disposable and low-cost hy-
drophobic and gas-permeable dressing. This portable sys-
tem was able to provide a controllable dosage of ozone be-
tween 0 to 4 mg/h (0–100 ppm) from ambient air and con-
tinuously operate for over 12 h on a standard rechargeable
battery. Systematic in vitro studies of the platform with
different strains of bacteria indicated the complete removal
of P. aeruginosa and a significant reduction in the number
of S. epidermidis colonies after 6 h of exposure. Thus, by
adapting such techniques, it is possible to develop a portable
system that can easily release ozone for the development of
wound healing therapeutics.

3.2 Gaseous Ozone for the Treatment of Wound Infections

Because ozone therapy for treating superficial wounds
is still considered controversial in many regards, the full
extent of the technology is still being developed even with
extremely promising results. The most important focus of
wound treatment with ozone is its ability to eliminate bac-
terial growth and population. Ozone particularly disrupts
the cell walls of bacterium via oxidation of phospholipids
and lipoproteins [82,104] but needs to be limited as it can
also cause permanent damage to the cell DNA [105]. It has

Fig. 3. A portable ozone generation system for treating dermal
wounds as developed by Roth et al. [75]. (a) Multilayered dis-
posable dressing for uniform application of gaseous ozone onto the
wound. (b) Photograph of dressing applied onto users’ skin and
connected to the portable ozone delivery unit (Reproduced with
permission from Ref. [75], copyright Frontiers 2020).

been postulated that ozone’s disinfectant and antibacterial
properties are caused by its ability to induce irreversibly ox-
idative damage of lipids and lipoproteins in the DNA and
cell walls of bacteria [105]. However, ozone at controlled
concentrations does not have an as significant effect on the
eukaryotic cell wall of healthy skin cells, likely due to the
higher ability of eukaryotic cells to compensate for the ox-
idative as compared to pathogenic microbes [106,107]. Ad-
ditionally, the interferon-triggering effect of ozone helps
stimulate the body’s immune system to better fight the in-
fection and increase wound healing [108]. Thus, various re-
search groups have conducted experimental studies to treat
infections using ozone. To give a perspective of ozone ther-
apy, the following section reviews various studies, includ-
ing in-vitro, animal, and human clinical trials that have been
conducted with ozone for the treatment of infections.

3.2.1 In-Vitro Studies

In this section, a survey on some of the conducted
in-vitro studies to evaluate the effect of ozone on the tox-
icity of the cells and the antibacterial effect is presented.
In 1963, Scott et al. [109] reported a 50% eradication
of E. coli bacteria with an ozone concentration of 2 ×
107 molecules per 109 bacteria. Progressively, through
the years, multiple studies have been reported to expand
this technology to effectively eradicate bacterial infec-
tions. Notably, Fontes et al. [110] utilized eight differ-
ent species of bacteria, namely E. coli, oxacillin-resistant
S. aureus, oxacillin-susceptible S. aureus, vancomycin-
resistant Enterococcus faecalis, extended-spectrum beta-
lactamase-producing Klebsiella pneumoniae, carbapenem-
resistant Acinetobacter baumannii, Acinetobacter bauman-
nii susceptible only to carbapenems, and P. aeruginosa sus-
ceptible to imipenem and meropenem were tested towards
ozone treatment with the initial concentration of the bacte-
ria around 103 CFU/mL. In this study, 20 µg/mL (20 ppm)
ozone was exposed to the bacterial surface for 5 min under
normal atmospheric conditions. All pathogenic bacterial
strains, along with superbugs, were found to be inhibited
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Fig. 4. Cytotoxicity of ozone was tested on keratinocytes (HaCaT) and fibroblasts (L929) using two evaluations methods. Rela-
tivistic area change in % (a) HaCat cells and (b) L929 cells and cell migrated characteristics in the transwell migration assay for (c) HaCat
cells and (d) L929 cells all showed no significant change between ozone and control groups. This study shows a significant change in the
ozone group elucidating the better remodeling wound remodeling characteristics *indicates p < 0.05 compared to control (reproduced
with permission from Ref. [113], copyright Elsevier 2017).

within the duration of the treatment [110].

To evaluate the cytotoxic effects of ozone, in another
study, two different ozone gas concentrations of 10 and
35 µg O3/mL in O2 were exposed to the sterile 200 µL
pipette, which could be translated to around 10~35 ppm
of ozone. It was also observed that at such low concen-
trations, in vitro conditions proved not to alter cytomor-
phology, migration features, or cell proliferation of HeLa
cells. This supports the lack of toxicity observed on dermal
cells compared to bacterial cells at low ozone concentra-
tions [111]. As such, apart from direct cytotoxicity, it is
necessary to evaluate the effect of ozone to not start a se-
vere immune response which might defeat the purpose of
the ozone treatment. Hence, Kucuksezer et al. [79] val-
idated this effect by testing the effect of ozone exposure
to PBMC-isolated heparinized venous blood samples with
natural killer (NK) cells. The ozone exposure levels were
varied from 1–50 µg/mL (1–50 ppm) to evaluate its toxicity
effects by measuring the ratio of the levels of living cells to
the total counted cells. The percentage of the live cells to-
wards 1 and 5 µg/mL (1–5 ppm) ozone treatment observed
almost the same level of viability as the control samples. It
was also observed that the NK cell proliferation activity in-
creased in response to ozone concentration above 1 µg/mL
[78]. The ozone-triggered wound healing effect of the fi-
broblast cells was tested under in vitro conditions using a

scratch assay with human keratinocytes (HaCaT) cells by
Valacchi et al. [112]. In this study, an ozonated saline so-
lution (2, 10, 20, 60, 200, 300 µM) was administered to the
HaCaT cells to evaluate the effect of ozone in an in vitro
wound model. A commercial ozone generator, able to gen-
erate between 2 to 300 µMof ozone gas (2 to 300 ppm), was
used for this study. The keratinocytes showed an enhanced
increase in wound healing properties compared to wounds
treated with hydrogen peroxide and human neutrophil elas-
tase. This proved factual evidence that ozone effectively
promotes wound healing properties in the cells.

Similarly, another study evaluated wound healing
properties and antimicrobial effect of fibroblasts (L929) and
keratinocytes (HaCaT) cell lines with an inhibitory analysis
towards Candida albicans and S. aureus [113]. Ozonized
phosphate buffered saline solutions (8, 4, 2, 1, 0.5, and
0.25 µg/mL of ozone (0.25–8 ppm)) were used to evalu-
ate the cell migration and wound healing properties. In this
study, the effect of ozonized saline was compared against
a buffer solution containing 0.2% chlorhexidine. The 0.2%
chlorhexidine and ozonized solutions showed similar an-
tibacterial properties in both strains of bacteria. Further,
the ozonized samples observed no decipherable change in
the cell viability, and a considerable increase in fibroblast
migration was observed with the 8 µg/mL of ozone (Fig. 4,
Ref. [113]). This study revealed that combination therapy
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Fig. 5. Wound healing characteristics of ozone treatment in mice models. The figure shows the histopathological and macroscopic
aspect image of the lesions for the ozone group (a) day 1, (c) day 3, and (e) day 7 and the control group (b) day 1, (d) day 3 and (f) day 7
showing enhanced remodeling of the wounds with the migration of fibroblast cells with significantly higher levels of fibroplasia in the
ozone group in comparison to control group (reproduced with permission from Ref. [114], copyright Elsevier 2020).

with chlorhexidine showed enhanced antimicrobial proper-
ties and wound healing at lower concentrations of ozone
[113].

3.2.2 Animal Studies

With factual in-vitro antimicrobial and biocompatible
evidence, many researchers have extended ozone therapy
in various animal models. To mention a few, Pchepiorka et
al. [114] investigated the implications of ozone treatment
on wound healing in buccal mucosa rats in oral cavities.
In this study, surgical wounds were artificially created on
the cheeks of Wistar rats bilaterally, and the wounds were
classified into two groups (control and experiment group).
A systemic analysis was performed by exposing 60 µg/mL
ozone concentration to the surgical wounds, and the change
in the wound healing characteristics was monitored for 1, 3,
and 7 days. Day 1 control and the treatment group wounds
expressed an open blood wound with minor bleeding which
progressed to enhanced refurbishment and angiogenesis on
day 3 on ozone exposure. Interestingly, the control group

without ozone treatment persisted with bloody wounds and
low blood vessel counts. On day 7, all the wounds were re-
modeled with the migration of fibroblast cells with signif-
icantly higher fibroplasia for the ozone group (Fig. 5, Ref.
[114]) [114].

In another study, a mouse model with excisional
wounds was tested with untreated control and ozonized oil
group (99% of ozonide) purchased commercially from an
external source. The granulation tissues were then iso-
lated from the mice, and the healing efficacy was esti-
mated. Ozone-treated samples were observed to have better
wound-healing properties via fibroblast activation and mi-
gration [115]. Further, these results demonstrate that the
ozone oil facilitated wound healing via increasing fibrob-
last migration in both in vivo and in vitro. The cell migra-
tion distance was significantly higher, ~50 µm in the ozone
group compared to that of the control group with enhanced
signaling pathway for wound healing.

Similarly, Lim et al. [116] studied the effect of the
topical application of ozone (0.5 ppm × 6 h/day) on cuta-
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neous wound healing of young and old mice. It was evi-
dent that the young mouse exhibited a faster rate of wound
healing with ozone compared to the control, while the older
mouse did not show such a change [116]. Thus, the host im-
mune system and body can heavily influence wound heal-
ing with ozone exposure. Another study investigated the
wound healing effect of ozone therapy by utilizing a 70
µg/dL (~70 ppm) dose of ozone therapy over 30 days in 10
sessions to derive such results. A preoperative ozone ther-
apy on the surgical wound was developed with 20 rabbits
split into three groups with a therapeutic concentration of 70
µg/dL (~70 ppm). Surgical wounds were treated with and
without ozone and compared to control wounds. It was ob-
served that the surgical wounds treatedwith ozone had signs
of increased angiogenesis, reduced inflammatory cells, and
dermal/epidermal generation [117,118]. In another study
by our group, we investigated the safety of the previously
reported portable ozone delivery platform in three juvenile
pigs [119]. The pig’s heath was continuously monitored us-
ing a board-certified veteran, and the ozone treatment was
applied at a concentration of 4 mg/h for 6 h per day for 5
days. Results from the biopsied skin samples and blood
analysis showed that the topical application of ozone caused
no signs of localized or systemic toxicity.

3.2.3 Human Studies

Ozone effects in the treatment of infected wounds
were first experimented in World War I by German soldiers
to eradicate Clostridium anaerobic [120]. From that instant,
various modes of ozone-based treatment like ozonized wa-
ter and ozonized oil, have been experimented for the treat-
ment of different dermal wounds [120]. However, much
of the toxicity effects of ozone were largely unknown by
those times and were administered nevertheless until its ban
by FDA [76,82]. However, by leveraging the optimal level
of ozone concentrations, the previous sections briefly elu-
cidate the bactericidal and promoted wound healing capa-
bilities of topical ozone treatment. The key idea of ozone
treatment is not just to delineate bacterial growth but also
to promote anti-inflammatory and wound-healing proper-
ties at the site of infection. The presence of ozone ensures
a sharp reduction in the microbes and eradicating the infec-
tion without any severe patient discomfort.

Various research groups have experimented with the
use of gaseous ozone in human trials for the effective treat-
ment of diabetic patients. For instance, gaseous ozone ther-
apeutics have been considered by Martinez-Sanchez et al.
[121] to treat chronic wounds in diabetic patients with three
control groups of ozone insufflations (with an ozone dose
50 mg/L approx..0 ppm), topical ozone treatment (60 mg/L
approx..60 ppm), and plaster dressing with ozonized oil.
The ozone group observed a higher wound healing rate
and low hospitalization rate than the control group. An-
other study showed that five-week administration of ozone
(52 µg/mL approx..52 ppm) provided a significantly faster

healing rate of postsurgical amputation wounds of the right
tibia and fibula compared to standard dressing [122]. Ad-
ditionally, 50 µg/mL (~50 ppm) ozone infusion was found
to be extremely effective in treating patients with necrotiz-
ing diabetic foot ulcers with accelerated wound closure in a
mean time of 20 days, as shown in Fig. 6 (Ref. [123]).

In another case report, ozone oil was tested to treat
a 68-year-old patient with necrotic vasculitis wounds and
diagnosed with antiphospholipid syndrome. In this study,
different concentrations of ozone 20, 30, 40, 60, 70 µg/mL
were applied to ulcerative wounds every other day. The
treatment showed increased circulation, inflammatory mi-
gration, and activation of interleukin-10 via TNF-α. Thus,
the entire process exhibited antimicrobial and tissue regen-
eration [76,82,104]. Another study investigated the healing
property of ozone on a wide-ranging 200 patients from age
range of 18 to 85 by Izadi et al. [124]. All patients who
underwent ozone therapy observed a complete closure of
the wound in comparison to another control group. The di-
abetic foot patients in this study had a larger wound range
of 1–70 cm2 with the control group of 1–64 cm2. It is also
to be noted that the young patients who underwent ozone
treatment had better and faster healing statistics than their
counterparts.

Fitzpatrick et al. [105] reported a systemic review
of ozone-based chronic wound treatment studies extracted
from various online systems with a set of nine studies (n
= 453) patients. The meta-analysis revealed that the re-
sults consistently favor ozone treatment in wound heal-
ing [105]. Thus, such treatment methods are also receiv-
ing considerable funding from various government agen-
cies for larger and more systematic clinical trial studies,
including Zekeriya Tasdemir from TC Erciyes University
who conducted a triple-blind clinical trial investigating the
wound healing properties of ozone on 36 participants who
had undergone gingivectomy surgery [125]. For such ther-
apies to be approved by FDA and be potentially used in
standard clinical practices, the development of solid ev-
idence backed by clinical trials is necessary. Thus, Er-
ciyes University investigated the effect of Ozone treatment
in wound healing using an ozone device procured from
Ozonytron XL. The work involved 36 participants with ran-
domized applications and parallel assignments. A split-
mouth placebo-controlled design intervention model was
used, and the ozone therapeutics efficacy was evaluated
[126]. The patients with ozone exposure observed a clear
change in stained surface area and lower postoperative pain
on the 3rd day of exposure compared to the control, which
showed minimal change.

St. John’s Research Institute clinical trials investi-
gated the effect of the Local Application of Ozone Gas on
Infected Ulcers [127]. This study involved 68 patients with
a conventional ozone generator applied for 1 h each day and
a placebo alternative [128]. Other trivial processes for ul-
cer treatment, such as daily dressings, debridement, and an-
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Fig. 6. Treatment of DFUswithOzone Therapy. Oxygen-Ozone therapywith (a) Grading the wound level and the wound size each time
of visit before and after treatment, with (b) collagen fibers in tissue specimens byMasson’s staining showing no collagen difference in the
pretreatment and significant increase with ozone treatment elucidating its wound healing characteristics, (c) comparative concentration
plot for collagen concentration before and after ozone treatment (Reproduced with permission from Ref. [123], copyright Hindawi 2014).

tibiotics, were administered to both groups throughout the
study. These clinical trials prove that ozone is being consid-
ered as a serious alternative to topical antibiotics and other
conventional wound therapy strategies. In another double-
blind, randomized clinical trial, the ozone efficacy in the
treatment of diabetic foot ulcers with 61 patients that par-
ticipated in the study (32 were randomized to ozone treat-
ment, and 29 to placebo). The study showed a significantly
higher rate of complete wound closure in the group with
ozone treatment (81% vs. 44%, p = 0.03) as compared to
the group with placebo treatment. Wounds with sizes of
<5 cm2 showed a total wound closure (100%) with ozone
treatment versus 50% in the control treatment group [117].

3.3 Ozone as an Adjunct Therapy
Beyond such efforts to develop ozone as a standalone

technique, the development of adjunct therapy with vari-
ous antibiotics and antimicrobial surfaces could effectively
eradicate microbial-invaded wounds. One serious compli-
cation drawback of ozone therapy is the toxicity of ozone
when applied at high concentrations. This limits the max-
imum application of ozone therapy to low concentrations.
By utilizing a novel approach, such as ozone adjunct ther-
apy with antibiotics, new treatments could provide a more

effective treatment without relying on high doses of ozone
or drugs. Particularly, as discussed before, the microbial
cell walls, on oxidation with the ozone molecules, com-
promises the structural integrity of the cells by collaps-
ing/weakening the lining membranes and creating pores.
The created pores in the membrane facilitate passive drug
transport into the bacteria/fungus and enhanced the effec-
tiveness of antibiotics. For example, Faraji et al. [129] de-
veloped a combination therapy based on silver-containing
wound dressing combined with ozone as an adjunct therapy
for diabetic foot ulcers (70 µg/dL). For an otherwise ampu-
tation scenario, ozone therapy helped in healing the wound
over a 30-day treatment in 10 sessions (Fig. 7, Ref. [129]).
In the same line, antibiotics combined with ozone delivery
could be a prospective way to exterminate the formation of
bacterial biofilms on dermal wounds. Gulmen et al. [129]
investigated this idea by using ozone (70µg/mL) to enhance
the bacterial elimination effect of vancomycin specific to
methicillin-resistant S. aureus bacteria. The group included
fortyWistar-albino rats divided into five groups: uncontam-
inated group, untreated contaminated group, ozone group,
vancomycin group, and vancomycin + ozone group. As ex-
pected, the vancomycin and ozone groups showed a high
reduction in bacterial colonies, with the combination ther-
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Fig. 7. Adjunct silver and ozone therapy of a patient with a diabetic foot ulcer. (a) Stitched diabetic foot ulcer after discharge from
hospital. (b) Diabetic foot ulcer after removing the stitches. (c) The silver dressing was applied, followed by ozone therapy. (d) After
6 sessions of ozone therapy. (e) After 1 month of ozone therapy. (f) Diabetic foot ulcer of the patient after about 4 months of therapy
(reproduced with permission from Ref. [129], copyright Springer nature 2021).

apy showing peak reduction. Thus, the bactericidal effect of
ozone is observed to work synergistically with vancomycin
to reduce bacterial levels.

Similarly, our group investigated this hypothesis by
electrospinning PVA-dissolved vancomycin and linezolid
antibiotics-based nanofiber integrated with an engineered
wound patch. The study showed that the adjunct treat-
ment of ozone and antibiotics successfully extended the ap-
plicability of antibiotics typically only effective on Gram-
positive bacteria to treat P. aeruginosa, a G-ve species
with significant natural resistances. The treatment was suc-
cessfully administered in full by a portable ozone gener-
ation system and wound patch coated with drug-eluting
nanofibers, showing both the strength and applicability of
the adjunct therapy (Fig. 8). As proposed by the hypothe-
sis, a remarkable reduction in bacterial colonies (up to 5.5
log CFU/cm2) was observed with this combination therapy.
Though experimental, this adjunct therapy is observed to
open many avenues to encourage strong antimicrobial ac-
tion and significantly increase the efficacy of antibiotics
against strains that previously exhibited significant resis-
tance. However, more rigorous clinical studies are required
on this hypothesis to prove their effective action against a

bacterial-invaded surface.

3.4 Perspectives

Ozone is a highly debated gas to be used in a therapeu-
tic scenario. However, with such overwhelming proof by
the research community, ozone could be a key therapeutic
technique for topical wound healing which does not rely on
antibiotics. In this setup, the concentration of the ozone ad-
ministration is quite not clear, with various research groups
administering different gas concentrations. Based on this
review, it is observed that the concentration ranging be-
tween 5 and 60 mg/L ozone has been identified as a safe
and effective working range for treating dermal wounds by
medical standards [107]. Furthermore, quite a few research
articles report a good therapeutic effect of ozone beyond
60 mg/L (~60 ppm) concentration which might call upon
more intensive studies to analyze the toxicity effects. While
no current studies have provided a definitive understanding
of why low ozone concentrations are ineffective on human
cells, one plausible explanation is that the ozone does not
disrupt the eukaryotic cell wall of the host. This is likely due
to the ability of the cells to compensate for the oxidative
burden better than other pathogenic microbes for a thera-
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Fig. 8. A portable system was developed by Roth et al. for the topical administration of adjunct ozone and antibiotic therapy to
treat G-ve bacteria. (a) Illustration of the application process of the ozone and antibiotic combination therapy. (b) Working principle:
(i) the disposable patch coated with drug eluded water soluble nanofibers are applied to the wound bed, (ii) the nanofibers dissolve upon
contact with the wound, releasing their drug-containing payload, (iii) as the antibiotics are released from the nanofibers, gaseous ozone
at a localized concentration of 100 ppm is applied to the wound bed, leading to adjunct interactions between ozone and drug helping in
eliminating bacterial infections (iv).

peutic scale of 5–60 ppm. With proper safety guidelines and
ozone-generating systems developed, this treatment could
revolutionize the standard care for wound treatment by pro-
viding a safe and effective alternative therapy for dermal
wounds without reliance on antibiotics and provide clini-
cians and patients with new options as antibiotic resistance
continues to reduce the number of effective treatments.

4. Conclusions
While the safety concerns of gaseous ozone therapy

are merited, well-engineered solutions to utilize this novel
treatment have proven to exhibit extremely promising re-
sults. The data presented in this review indicates that ozone
as a topical treatment for infected dermal wounds deserves
serious consideration and further investigation as an alter-
native treatment to traditional therapies due to the broadly
antimicrobial and cost-effective nature of the treatment, as
well as stimulating wound healing. New advancements in
ozone adjunct therapy with antibiotics is a promising area
for significant research as the problem of antibiotic resis-
tance continues to plague the healthcare industry. It is the
belief of the authors that ozone is a promising treatment
option that presents significant evidence for further inves-
tigation into treatment methods and technology that could
safely and effectively change the lives of millions of pa-

tients and their families by providing new solutions to the
significant burden of clinical wound care.
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