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Abstract: Ozonated oil has shown antimicrobial, anti-inflammatory and regenerative properties that make it useful in the prevention of
infectious diseases and also as an adjuvant in wound-healing management. This review brings together most aspects of the use of liposomal
ozonated oil for ocular infections and regeneration of the ocular surface. A search was performed in PubMed, Medline, Web of Science and
Cochrane Library for studies published by June 2021. Search terms were combined to sort out papers on the properties and use of ozonated oil in
ocular infections. A total of 25 publications were selected for this review on the composition, mechanism of action, restorative action, and
preclinical and clinical studies of liposomal ozonated oil focused on ocular infections. In patients with complicated corneal pathology, liposomal
ozonated oil has been found to restore corneal ulcers and improve keratitis. In patients with ocular pathologies involving inflammation and
infections, liposomal ozonated oil has been found to improve and almost completely restore the signs of vernal, granulomatous and even
adenoviral conjunctivitis. Liposomal ozonated oil has also been found to be effective in reducing ocular microbial flora. In conclusion, liposomal
ozonated oil has an antiseptic and regenerative effect on corneoconjunctival tissues. It has demonstrated efficacy and safety profile for its use in
ocular infections and can be considered as a suitable supportive strategy both alone and combined with other antimicrobial agents.
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Introduction
Liposomal ozonated oil is a novel ocular antiseptic. Since the 1950s, when povidone-iodine and chlorhexidine were
introduced, no other topical antiseptics for ocular surface use had been described. Povidone-iodine has been used as an
effective broad-spectrum antiseptic and disinfectant since its inception in 1955, and aqueous chlorhexidine has been
described as a possibly better tolerated antiseptic for ophthalmic procedures than povidone-iodine.'

Liposomal-encapsulated ozonated oil is the first ozone-based ocular antiseptic intended to support the prevention and
treatment of ocular infections.>™®

Ozone is a powerful oxidant with known bactericidal, antiviral and antifungal properties as well as anti-
inflammatory activity and tissue-repair promoting properties, which have been widely used in several pathologies
including wound healing in skin diseases, periodontics, musculoskeletal disorders, diabetic ulcers, and eye infections
and injuries among others.>”** Ozonated oil maintains the same properties as gaseous ozone. It can be obtained by
a reaction between gaseous ozone and double carbon—carbon bonds of unsaturated fatty acids.®” With the aim of
improving the tolerance of ozonated oil by the ocular surface, it is encapsulated in liposomes and included in
a solution of hypromellose.’
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The structure of the eye is divided into the anterior and posterior segments, and the different structures provide natural
barriers such as the tears, the cornea, the blood-aqueous barrier and the blood-retinal barrier. The most common eye
disorders diagnosed in both animals and humans are inflammatory anterior segment diseases, such as conjunctivitis,
keratoconjunctivitis, and corneal ulcers.’

Ocular infections are caused by a large number of microorganisms, involving bacteria, virus, fungi and yeast. Bacteria such as
Staphylococcus aureus, coagulase-negative staphylococci and Pseudomonas aeruginosa are among the most frequent eye
pathogens causing acute and chronic infections.> The most common viral infections in the eye are in the form of conjunctivitis
and keratitis, mainly due to adenovirus and occasionally to herpes simplex or herpes zoster virus.>'® Virus replication in the
corneal epithelium leads to epithelial keratitis causing opacities, which can also affect the anterior part of the stroma due to the
accumulation of lymphocytes, macrophages, monocytes and fibroblasts in response to the infection.'® Ocular fungal infections
related to fungi, such as Aspergillus and Fusarium, and yeast, particularly Candida, can affect any part of the ocular surface and
can extend to the interior ocular structures causing endophthalmitis.® Fungal infections on the ocular surface may affect the cornea
causing fungal keratitis, conjunctiva causing conjunctivitis, lacrimal glands causing dacryoadenitis, and eyelids causing
blepharitis.®

Usually, infectious and traumatic ocular diseases are treated with different therapies to provide treatment and/or
protection against infection and promote re-epithelialization. Nowadays, the excessive use of antibiotics has led to the
appearance of multidrug-resistant bacterial strains,'' and there is a need for new antimicrobial formulations with novel
mechanisms of action to overcome this major health problem.

The present review is intended to bring the most relevant general aspects and the main preclinical and clinical results
related to the use of ozonated oil and liposomal ozonated oil in ocular infections and regeneration of ocular surface, and
to bring to light the benefits of its use over other antiseptics, such as povidone-iodine and chlorhexidine.

Methods

Literary sources included PubMed, Medline, Web of Science, and Cochrane Library for the studies published until
June 2021. The search was carried out in English and Spanish languages, and the following search terms were used:
“ozonated oil”, “ozonized oil”, “liposome-vehiculated”, “liposomal ozonated oil”, “liposomal 0il”, “ocular infection”,
“ocular surface”, “ozonides”, “ozone”, “sunflower oil”, “antimicrobial”, “antimycotic” and “antiseptic”. Search terms
were combined to sort out papers on the properties and use of ozonated oil in ocular infections.

After analyzing the content of the papers found, 25 publications were selected.

Results

Composition

Ozonated oil is produced by a chemical reaction of gaseous ozone and double carbon-carbon bonds of unsaturated fatty acids that
leads to intermedium compounds, called ozonides (Figure 1), which are more stable with fatty acids.®'? However, as ozonated oil
is highly irritating to the corneal tissue, ozonated sunflower seed oil needs to be encapsulated in liposomes prepared from soy
phospholipids (Figure 2).%'* The mucilage hydroxypropyl methylcellulose (hypromellose) is added to improve tolerability.®'?
Low concentrations of boric acid, sodium tetraborate, sodium edetate and polyhexamethylenebiguanide (PHMB) are also added
as tampers (they do not act as preservatives). Liposome encapsulation is not only addressed to reduce the undesirable effects of
ozonated oils but also to modulate their release, to improve physical stability protecting from oxidative reactions with the
environment, to decrease volatility, and even to improve compliance."?

Mechanism of Action

Liposomes bind to the pathogen surface, breaking it with ozonolysis and releasing the ozonides (Figure 3).>*'* The
ozonides penetrate into the pathogen and become hydrolyzed, forming oxygenated compounds such as lipidic peroxides
and reactive oxygen species (ROS).® These oxygenated compounds alter the pathogen structure acting on proteins, lipids

and complex molecules such as enzymes and DNA/RNA, leading to the destruction of the pathogen (Figure 3).%'%1415
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Figure | Reaction of gaseous ozone and double carbon-carbon bonds of unsaturated fatty acids to form ozonides.
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Figure 2 Ozonated oil encapsulated in liposomes.
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Figure 3 Mechanism of action. Liposomes bind to the pathogen surface breaking it by ozonolysis and releasing the ozonides, which penetrate in the pathogen and become
hydrolyzed forming oxygenated compounds such as lipid peroxides and reactive oxygen species (ROS), which in turn alter the pathogen structure leading to the destruction

of the pathogen.
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Thus, liposomal ozonated oil has a double mechanism of action: direct oxidation of the pathogen surface, and
interaction with the pathogen macromolecules, such as nucleic acids, membrane proteins and enzymes.

In bacteria and fungi, it produces lysis with blockage of respiration and replication. The mechanism of the interaction
of ozone with gram-positive and gram-negative bacteria is based on the disruption of envelope integrity through
peroxidation of phospholipids, lipoproteins, and peptidoglycan. This leads to enzyme inactivation, gene inhibition, and
degradation of genetic materials, interrupting the normal cell activity of bacteria.”

In fungi, ozone produces damage to the cell surface by oxidative inactivation of disulfide bonds, enters the cytoplasm
and disrupts vital cellular functions.”

In virus, it blocks viral tissue diffusion and viral replication, causing destruction of the capsid and the envelope, and
having a direct interaction with the nucleic acids (DNA/RNA).*13

Restorative Action

Liposomal ozonated oil does not negatively affect corneal and conjunctival epithelial cells. Ozone is a potent oxidant in
human cells at high concentrations but, administered at controlled doses, it promotes cellular adaptation to oxidative
stress by activating antioxidant and anti-inflammatory endogen mechanisms (Figure 4).%'¢!7

Ozone is a molecule naturally present in the immune system, both in innate (neutrophils) and acquired (antibody-
mediated) immunity. When ozone is combined with organic compounds, it has an immunoeffector activity. It not only
attacks and destroys pathogens but also has signaling functions that amplify the immune response through NF-kf
(nuclear factor kappa B), TNFa. (tumor necrosis factor alpha) and IL-6 (interleukin 6)."*

When applied to the corneoconjunctival tissues, ozone activates immunity by means of an increase in interferon,
cytokines and antioxidant enzymes, such as dismutase superoxide, catalase and glutathione peroxidase.”'®'” It also
regulates the levels of nitric oxide, Nf-kf} and TNFa, and finally has shown to promote the synthesis of collagen and
stimulation of the production of growth factors such as PDGF (platelet-derived growth factor) and TGFp (transforming
growth factor-beta).”'”'® The effect on the corneoconjunctival tissues includes three phases: first, direct antimicrobial
activity; second, activation of local antioxidant defenses with release of growth factors with proliferative effect; and third,
promotion of wound healing with remodeling effect.*'

Liposomal ozonated oil has shown regenerative and anti-inflammatory properties when applied on the ocular surface.
At therapeutic doses, it does not show toxicity in the epithelial cells, and in an in vitro study on human corneal epithelium
showed no toxicity: after three days of treatment, cellular growth was promoted compared to the control.?

Regarding antiseptics such as chlorhexidine and povidone-iodine, which exhibit broad-spectrum bactericidal
effects, they may help in the wound healing process indirectly by maintaining a low recount of microorganisms.'’
Although povidone-iodine and chlorhexidine have broad-spectrum germicidal effects, studies have demonstrated
their cytotoxic and genotoxic effects in fibroblasts and osteoblasts in vitro which could delay the repair process.'’

In summary, liposomal ozonated oil has an antiseptic and reparative effect on corneoconjunctival tissues, which might

be of great benefit compared to other antiseptics.>*'¢
H,0
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Figure 4 Ozone promotes cellular adaptation to oxidative stress activating antioxidant endogen mechanisms.
Abbreviation: SOD, superoxide dismutase.
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Preclinical Efficacy Studies

In vitro Bactericidal Activity

Bactericidal effect of liposomal ozonated oil was demonstrated in vitro against Staphylococcus aureus and Pseudomonas
aeruginosa, some of the most frequent eye pathogens causing acute and chronic infections of the ocular surface.
Antimicrobial action was found to be dose-dependent.’

Bactericidal action of ozonated oil was further investigated and compared with 10% povidone-iodine and 0.2%
chlorhexidine, through a disk diffusion test against Staphylococcus aureus and Porphyromonas gingivalis.*® Growth
inhibition was found to be significantly greater with ozonated oil for both tested strains.

Ozonated sunflower oil showed a valuable antimicrobial activity against mycobacteria, staphylococci, streptococci,
enterococci, Pseudomonas and Escherichia coli with minimal inhibitory concentrations (MICs) between 1.18 and
9.5 mg/mL.> Activity was shown against multi-drug resistant bacteria that are of great concern, such as staphylococci,
streptococci and enterococci.

Furthermore, the killing rate of ozonated oil for Staphylococcus aureus and methicillin-resistant Staphylococcus
aureus (MRSA) was of almost 100% within 5 minutes and 15 minutes of exposure, respectively.”'

Two recent studies evaluated antibacterial activity and the effect on biofilm formation of liposomal ozonated oil 0.5%
(concentrations tested between 250 and 0.25 pg/mL) on antibiotic resistant S. aureus and P. aeruginosa.***
Antimicrobial efficacy against these bacterial strains was found.*” Liposomal ozonated oil both inhibits P. aeruginosa
and S. aureus biofilm formation and removes P. aeruginosa and S. aureus preformed biofilm on different supports, such
as plastic plates and contact lens.”*

In vitro Fungicidal Activity

Fungicidal effect of liposomal ozonated oil was tested against Candida albicans, Candida glabrata, Candida krusei, and
Candida orthopsilosis by microdilution method, and all Candida isolates were found susceptible with minimum
inhibitory concentration (MIC) values ranging from 0.195% to 6.25% concentrations of ozonated oil diluted in 0.9%
saline; up to 70% of cells were inactivated after 1 hour of exposure.®

In vitro Antiviral Activity

Antiviral effect was evaluated on different species (herpes simplex virus type-1, Indiana vesicular stomatitis virus,
vaccinia virus, adenovirus type-2, and a strain of influenza A virus) in cell cultures. In this study, the level of virus
inactivation by ozone suggested a damage and destruction of the lipid viral envelope and protein capsid.®

Bactericidal Action in Animals

Liposomal ozonated oil has demonstrated efficacy in recurrent conjunctivitis and corneal ulcers in animals.’ The efficacy of
liposomal ozonated oil was evaluated in different cases of external ophthalmic infectious pathology in animals by MSRA and
Pseudomonas aeruginosa, and it was found to show a valid profile (with a dosage of 1-2 drops 3—4 times a day) for the
treatment of ocular infectious pathologies, such as conjunctivitis, keratitis, keratoconjunctivitis and corneal ulcers.”**

The effectiveness of liposomal ozonated oil was compared to ofloxacin and povidone-iodine in conjunctival sac and
periocular skin in dogs,”” and results showed that liposomal ozonated oil 0.5% produced a reduction of the bacterial load
in the ocular surface comparable to povidone-iodine 5% (10.0 vs 8.0 CFU/mL, respectively, for total microbial count)
and superior to ofloxacin (10.0 vs 80 CFU/mL, respectively, for total microbial count) (Table 1). There was a significant
decrease in bacterial concentration for the total microbial count and coagulase-positive staphylococci for both liposomal
ozone dispersion (p < 0.005) and povidone-iodine (p < 0.05) but not for ofloxacin (p > 0.1).

Clinical Efficacy Studies
A series of three cases were published to present the effect of liposomal ozonated oil in patients with complicated corneal
pathology, showing resolution of corneal ulcers and improvement of keratitis within 10 days of treatment.*

Liposomal ozonated oil has also been demonstrated to be a valid and suitable supportive therapy for external ocular
pathologies involving inflammation and infections.?” A patient with vernal conjunctivitis, who did not show any improvement
after one week with oral prednisone and topical corticosteroid plus chloramphenicol, was found to improve his condition after the
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Table | Preoperative Topical Ozonated Oil Reduces Bacterial Colonization in Conjunctival Sac and Periocular Skin

Total Microbial Count

TO TI p (%)
Liposomal ozone dispersion 90.0 (10.0-160.0) 10.0 (0.0-60.0) 0.004 (—89%)
Povidone iodine 5% 90.0 (10.0-120.0) 8.0 (0.0-80.0) 0.01 (-91%)
Ofloxacin 100 (100-100,000) 80 (0-1000) 0.12 (—20%)
Placebo 10,000 (20-100,000) 1,000 (20-10,000) 0.25

Notes: Results in CFU/mL; the p values refer to statistical difference between TO and TI. Adapted from Exp Eye Res, 189, Marchegiani A,
Magagnini M, Cerquetella M et al. Preoperative topical liposomal ozone dispersion to reduce bacterial colonization in conjunctival sac and
periocular skin: Preliminary study in dogs. 107848, Copyright 2019; with permission from Elsevier.®

Abbreviations: T0, before instillation; T, last instillation.

first week of adding a liposomal ozonated oil compound with partial resolution after 2 months. A patient with granulomatous
conjunctivitis, who did not show any improvement after one week with topical and systemic antibiotics, was found to have
improved his condition after the first week of adding a liposomal ozonated oil compound with almost complete resolution after 1
month.

A recent publication reported three cases of corneal inflammation successfully resolved after using topical liposomal
ozonated 0il.?® One patient with dendritic epithelial keratitis receiving systemic antiviral treatment and liposomal ozonated oil
3 times a day shortened the healing time and reduced the clinical symptoms to one week, and one month after receiving only
liposomal ozonated oil he showed complete recovery of sight, without signs of corneal opacities and complete regression of the
symptoms. Another patient with corneal trauma, caused by olive leaves receiving liposomal ozonated oil eye drops 6 times a day
plus artificial tears 3 times a day, showed complete healing of the corneal epithelium after five days, with complete recovery of
symptoms. A third patient with post-herpetic neurotrophic corneal ulcer receiving antibiotic therapy, atropine, systemic antiviral
therapy and liposomal ozonated oil eye drops, showed an initial improvement after 3 days, and after 10 days with only liposomal
ozonated oil, restoration of epithelial integrity was observed, with resolution of the abscess area and ulcer.

A prospective, single-blind, randomized, parallel-groups trial was carried out in 80 patients with adenoviral
conjunctivitis.'® Patients were randomized to topical tobramycin 0.3%/dexamethasone 0.1% eye drops plus liposomal
ozonated oil eye drops or topical tobramycin 0.3%/dexamethasone 0.1% eye drops four times daily for seven days.'°
Results showed that signs of conjunctivitis, such as conjunctival hyperemia, chemosis, and duration of viral infection,
were reduced in the group with liposomal ozonated oil. No differences were found in keratitis and corneal infiltrates;
however, a higher number of polymerase chain reaction (PCR) negative results were found in the liposomal ozonated oil
group (82.3%) than in the control group (59.4%) (Figure 5).

40 - . Control group

B O:zonated oil

30 4

20 - p<0,05

Patients PCR+

10 -

1S 0Z0

Day O
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Figure 5 Adenoviral PCR results in patients treated with ozonated oil and control group. Adapted from Cagini C, Mariniello M, Messina M et al. The role of ozonized oil and
a combination of tobramycin/dexamethasone eye drops in the treatment of viral conjunctivitis: a randomized clinical trial. Int Ophthalmol. 2020;40(12):3209-3215. Creative
Commons license and disclaimer available from: http://creativecommons.org/licenses/by/4.0/legalcode. '

Abbreviations: OZO, ozonated oil group; TS, control group.
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Figure 6 Microbial load reduction with ozonated oil versus control group. Data from Spadea L, Zanotto E, Cavallo R et al. Effectiveness of Liposomal Ozonised Oil in
Reducing Ocular Microbial Flora in Patients Undergoing Cataract Surgery. | Cataract Refract Surg. 2021; 47(12):1548-1555.2

Liposomal ozonated oil has also been demonstrated to be effective in reducing ocular microbial flora. An interven-
tional, non-randomized, paired eyes Phase IV clinical study was designed, and 174 patients undergoing cataract surgery
were included.”® Patients scheduled for surgery received treatment with an isotonic ophthalmic solution of 0.5%
liposomal ozonated oil in one eye and saline solution in the contralateral eye as control, 2 drops 4 times/day for 3
days. After three days of treatment with liposome ozonated oil, the microbial load was reduced by >90%, while
remaining unchanged in the control group (p < 0.001) (Figure 6). The antiseptic effectiveness of liposomal ozonated
oil was found even on multi-resistant bacteria without creating microbial resistance. Therefore, this adjuvant home-
prophylaxis could enhance the standardized povidone-iodine solution used intraoperatively. Liposomal ozonated oil
could be used as an effective preoperative prophylaxis.

Safety Studies

The safety of the ozonated oils was evidenced in toxicological, histological, mutagenic, genotoxic, and teratogenic tests.
Ophthalmic irritability and dermic irritability tests classified ozonated oil as non-irritant. The possibility of sensitization
was studied, without being able to detect a sensitizing effect.*’

To assess the toxicity of ozonated oil in liposomes, studies carried out in vitro on epithelial keratinocyte cells found
no inhibition of cell growth, and after three days of treatment, cell growth was promoted compared to the positive control,
with no evidence of any cell toxicity.” In a more recent study on human corneal and conjunctival epithelial cells, no toxic effects
and no metabolic disturbances were found after 1 and 3 hours of contact with liposomal ozonated oil, but it appeared after 24
hours of continuous exposure of the cells to the preparation.”” Therefore, no evidence of toxicity was found with liposomal
ozonated oil in the specified concentration range and recommended product posology.

Corneal tolerability of an ozonized solution at a normal and high concentration was tested against 1.25% povidone-iodine
and physiological serum in rabbit corneal epithelium.*® Punctate keratitis was detected in 8.3% of eyes treated with the
ozonized solution, the same proportion observed with saline, versus 42% observed in the eyes treated with povidone-iodine.

A study comparing liposomal ozonated oil to ofloxacin and povidone-iodine (5% dilution) in dogs®® found that four
dogs showed punctate keratitis and a mild degree of corneal oedema immediately after instillation of povidone-iodine,
while no side-effects were reported for liposomal ozone dispersion.

The clinical trial in patients with adenoviral conjunctivitis receiving topical tobramycin 0.3%/dexamethasone 0.1%
eye drops either with or without liposomal ozonated oil,'® showed that treatment was well tolerated in both groups with
none of the patients reporting any treatment-related adverse events.

In a clinical trial evaluating liposomal ozonated oil in patients undergoing cataract surgery,”® only 3 patients had
minimal adverse reactions with trace conjunctival hyperemia, and 7 patients reported discomfort at administration (6

mild and 1 moderate).
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Discussion

In this review, 25 papers are summarized on the properties of ozonated oils and the preclinical and clinical studies, which
contribute to the further understanding and knowledge of the characteristics and properties of liposomal ozonated oil for
treatment of ocular infections.

The overuse of antibiotics in the treatment of infectious diseases, and the consequent appearance of multi-drug
resistant bacterial strains, is a growing situation that must be faced in the short time."' The World Health Organization
has classified antibiotic resistance as one of the 3 most important public health threats of the 21st century.>' Antibiotics
are widely used in ophthalmic procedures like intravitreal injections, while there is evidence that antibiotic use does not
reduce the rate of endophthalmitis.*?

This situation is leading us towards the study of other types of antimicrobial agents like antiseptics. Povidone-iodine
has a broad antimicrobial activity against gram-positive and gram-negative bacterial isolates and adenoviruses in

preclinical studies,****

although their limited tolerability with high or frequent doses and efficacy with low/spaced
doses restricts their use for external ocular infection treatment.** Liposomal ozonated oil has been widely studied in
several pathologies and has demonstrated beneficial antimicrobial properties, and so far, no bacterial resistance to
ozonated oils has been described, making it a good alternative to prevent or to treat external ocular infections both
alone or in combination with other antimicrobials. The action of ozonated oil is connected in part to its antimicrobial
effect, but also to its ability to promote some growth factors, activating local antioxidant mechanisms and promoting
tissue repair, which might be of great advantage compared to povidone-iodine and chlorhexidine.

The results of the studies that have been carried out with liposomal ozonated oil in ocular infections, 6 preclinical

3.8.22.23 .24 102526 show its antimicrobial activity as well as the

studies (4 in vitro and 2 in vivo ") and 5 clinical studies
restorative action.

Liposomal ozonated oil is well tolerated in corneoconjunctival tissues. The safety of the liposomal ozonated oil has
been assessed in vitro showing no toxic effects on keratinocyte in vivo and in clinical trials showing a good safety profile,
tolerability, and biocompatibility on the ocular surface.®'%!528

Application of liposomal ozonated oil has shown similar or superior effects to traditional antiseptics and antibiotics,
resulting in a broad antimicrobial spectrum and a low rate of adverse events, which is of particular interest in antibiotic
resistant bacteria. Furthermore, liposomal ozonated oil may be an interesting supplement to the traditional compounds to

have an antioxidant and inflammatory balance in the front part of the eye.

Conclusions

Liposomal ozonated oil has both antiseptic and reparative effects on corneoconjunctival tissues and is well tolerated and
biocompatible with the delicate tissue of the ocular surface. It has demonstrated efficacy and safety profiles for its use in
ocular infections and can be considered as a new instrument against external ocular infections, both alone and in

combination with other antimicrobials.

Future Direction
Further studies with liposomal ozonated oil alone and in combination with the currently used anti-infectious drugs are

needed.

Abbreviations

CFU, colony forming units; DNA, deoxyribonucleic acid; IL-6, Interleukin 6; MIC, minimum inhibitory
concentration; mL, Milliliters; MRSA, methicillin-resistant Staphylococcus aureus; NF-kp, nuclear factor kappa B; P,
Pseudomonas; PCR, polymerase chain reaction; PDGF, platelet derived growth factor; PHMB, polyhexamethylenebi-
guanide; RNA, ribonucleic acid; ROS, reactive oxygen species; S., Staphylococcus; TGFp, transforming growth factor-
beta; TNFa, tumor necrosis factor alpha.
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