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Abstract: Contact lenses (CL) have become an immensely popular means of vision correction, offering comfort to millions
worldwide. However, the persistent issue of biofilm formation on lenses raises significant problems, leading to various ocular
complications and discomfort. The aim of this review is to develop safer and more effective strategies for preventing and managing
microbial biofilms on CL, improving the eye health and comfort of wearers. Taking these into consideration, the present study
investigates the intricate mechanisms of biofilm formation, by exploring the interplay between microbial adhesion, the production of
extracellular polymeric substances, and the properties of the lens material itself. Moreover, it emphasizes the diverse range of
microorganisms involved, encompassing bacteria, fungi, and other opportunistic pathogens, elucidating their implications within
lenses and other medical device-related infections and inflammatory responses. Going beyond the challenges posed by biofilms on CL,
this work explores the advancements in biofilm detection techniques and their clinical relevance. It discusses diagnostic tools like
confocal microscopy, genetic assays, and emerging technologies, assessing their capacity to identify and quantify biofilm-related
infections. Finally, the paper delves into contemporary strategies and innovative approaches for managing and preventing biofilms
development on CL. In Conclusion, this review provides insights for eye care practitioners, lens manufacturers, and microbiology
researchers. It highlights the intricate interactions between biofilms and CL, serving as a foundation for the development of effective
preventive measures and innovative solutions to enhance CL safety, comfort, and overall ocular health. Research into microbial
biofilms on CL is continuously evolving, with several future directions being explored to address challenges and improve eye health
outcomes as far as CL wearers are concerned.
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Introduction

It has been discovered that the biofilms formation dates back more than three billion years, founded on the examination
of microbial fossils. This demonstrates the ancient adaptation and the ubiquity of biofilm formation. As biofilms can form
on biotic or abiotic surfaces, they are associated with a large variety of human infections, which has led to an increased
interest in biofilm research.'

Bacteria and fungi can exist as single, free-floating (planktonic) cells, or as groups of cells called biofilm. A structured
consortium of microbial cells surrounded by a self-produced polymer matrix equals a microbial biofilm. In addition to
microorganisms, the biofilm matrix may also contain elements from the host, such as fibrin, platelets, or immunoglo-
bulins. Infections caused by biofilms can be either monomicrobial or polymicrobial >

Two-thirds of human illnesses are thought to involve biofilms. Gram-positive, gram-negative bacteria, fungi and protozoa
can develop biofilms on medical devices, which is a major concern in this field. Pseudomonas, Enterococcus, Staphylococcus,

Streptococcus, Klebsiella, and Serratia are the most prevalent bacteria species that create biofilms on medical equipment.®
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According to the Center for Disease Prevention and Control (CDC), biofilm-related pathology is one of the biggest
safety issues facing healthcare systems. As a result, research is being done to better understand the intricate mechanisms
underlying biofilm formation and operation. The scientific community can better comprehend the structure and operation
of biofilms due to research using cutting-edge microscopy and molecular biology techniques, which have led to
significant improvements in the treatment of illnesses brought on by biofilms.*

The European Society of Clinical Microbiology and Infectious Diseases Biofilms Study Group (ESGB) claims that
novel approaches are required for the investigation of illnesses within people that are connected with biofilms. However,
only specialized research laboratories make use of such techniques.” Enhancing prophylaxis and therapy for biofilm-
associated infections within people is the ultimate goal of ESGB. The ESGB understands that a multidisciplinary
approach is required to achieve these goals, involving researchers from fundamental, environmental as well as molecular
microbiology.*

On the other hand, eye infections can also be associated with biofilms. They can be mono- or polymicrobial and are
mostly associated with risk factors, including contact lenses (CL) or other ocular devices, surgery, trauma, age, dry or
previous eye disease. Bacteria can cause a variety of ocular infections such as conjunctivitis, keratitis, blepharitis,
endophthalmitis, preseptal and orbital cellulitis, dacryocystitis manifestations. The ability of microbes to form biofilms
has also increased the rate of antimicrobial resistance.®

The conjunctiva and cornea are constantly washed by tears and are generally considered to be sterile environments.
However, recent research has revealed the presence of a diverse microbiome on the ocular surface, albeit less abundant
compared to other areas of the body (such as the skin or gut). The ocular microbiome consists mainly of bacteria, fungi,
and viruses (Staphylococcus, Bacillus, Pseudomonas, and Corynebacterium being predominant). These microorganisms
play an important role in maintaining ocular health by competing with potential pathogens for space and nutrients,
modulating immune responses, and helping to produce antimicrobial peptides.” '°

CL have become an immensely popular means of vision correction, offering convenience to millions worldwide.
However, the persistent issue of biofilm formation on lenses poses significant concerns, leading to various ocular
complications and discomfort for their wearers. The first description of CL-related corneal infiltrative events was
made roughly 40 years ago.'' The severity of microbial keratitis (MK), a dangerous condition that can cause blindness,
is frequently determined by the buildup of biofilms on external CL. According to some studies the most frequent
etiological agent of bacterial keratitis is Staphylococcus epidermidis, which is a commensal of the conjunctival sac.'
When compared to CL surfaces, bacterial biofilm was present on storage case surfaces more frequently and the density of
the biofilm was also significantly higher."?

This review aims to synthesize existing literature on the etiology, development, composition, impact, and manage-
ment of biofilms on CL and other medical devices. Its goal is to develop safer, more effective strategies for preventing
and managing microbial biofilms, thereby improving eye health and comfort for CL wearers.

Biofilm Development and Composition

Biofilms, intricate communities of microorganisms, represent a significant facet of life on Earth. Initially defined in the
mid-1980s, our understanding of biofilms has since grown substantially, primarily through the elucidation of genetic
pathways, signal transduction mechanisms, and physiological responses. These structures have been found to persistently
infect various organisms, including plants, animals, and humans.'* In medical contexts, concerns regarding contamina-
tion of medical devices and implants have highlighted the importance of comprehending biofilm dynamics.'

Biofilms, functioning as microsystems, enable bacteria to thrive, either as isolated entities or clustered formations.
Within this environment, nutrient availability is limited, resulting in a markedly slower rate of cellular division compared
to planktonic conditions. Moreover, the accessibility of antibodies and bacteriophages to bacteria within biofilms is
restricted, enhancing bacterial survival against immune responses, antibiotics, and other stressors.'”

The protective nature of biofilms serves as a defense mechanism against desiccation and host immune responses.
Moreover, biofilms facilitate bacterial survival by fostering the production of virulence factors and promoting inter-

bacterial communication. Certain bacterial species, like Staphylococcus epidermidis and Staphylococcus aureus, produce
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adhesive proteins known as “adhesins”, which strengthen the adhesion between the host surface and the biofilm,
rendering them resistant to removal.'®

Structured as communities encased within a self-produced matrix of extracellular polymeric substances (EPS),
biofilms adhere to surfaces and interfaces. The development of biofilms unfolds through a series of well-defined phases,
each indispensable for the establishment and persistence of these complex structures.'”

Attachment marks the initial phase, during which free-floating microorganisms adhere to surfaces, facilitated by
factors such as hydrophobicity and surface charge. Microcolonies, formed subsequently, serve as the foundation for
biofilm development, allowing for cooperative interactions between different microbial species.'®

The extracellular matrix plays a crucial role in biofilm architecture, offering structural support and protection against
external stresses. As biofilms mature, they become increasingly resilient and complex, fostering microbial diversity and
creating microenvironments with distinct metabolic activities.'®

Despite their stability, mature biofilms exhibit dynamic behavior, as evidenced by the dispersion phase, wherein cells
detach and disperse into the surrounding environment."'* This mechanism allows the colonization of new surfaces or return to
planktonic states, facilitating biofilm survival and spread.'® The development of biofilms is a dynamic and highly regulated
process that progresses through distinct phases: attachment, microcolonies formation, extracellular matrix production,
maturation, and dispersion (Figure 1). Understanding the intricacies of biofilm development is paramount for devising
effective strategies to control and manage biofilms in diverse contexts."®'* Targeted interventions at different stages of

biofilm development hold promise for biofilm control, removal, or prevention, with far-reaching implications for healthcare,
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Figure | Phases of biofilm development.
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industry, and environmental management. Further exploration of the molecular and ecological underpinnings of biofilm
dynamics is essential for advancing our knowledge and control strategies in this field.

The Variety of Bacteria That Cause Biofilms on Indwelling Medical Devices, Contact

Lenses or llinesses Linked to Biofilms

Microorganisms linked to biofilms seem to be responsible for a number of diseases, including cystic fibrosis, native valve
endocarditis, otitis media, periodontitis, chronic prostatitis and keratitis. It has been demonstrated that a range of
indwelling medical devices or other equipment used in the healthcare setting host biofilms, leading to detectable rates
of device-associated infections.'”

Clinically significant bacteria known as ESKAPE, which stands for Enterococcus faecalis, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp., have come under
increased attention in recent years due to their ability to form biofilms on medical devices. It has also been observed that
biofilm growth has been subjected to a variety of ophthalmology-related materials and equipment. The required moisture
for CL storage may provide a risk for biofilm formation and consequent corneal infections.® But the variety of pathogens
involved in biofilm related infections, medical devices and CL contamination is much higher. (Tables 1 and 2)

Clarifying Biofilm Implications Regarding Lens-Related Infections and Inflammatory
Responses
Over 230 million people worldwide wear CL to correct functional or optical eye issues, or to alter the look of the eyes.
Under ordinary circumstances, the corneal epithelial and stromal cells produce the innate defensive components that
serve as the primary refractive structure for the eye, including chemokines, cytokines, antimicrobial peptides, proteins,
and surfactants. Proteins, glycoproteins, and lipids from the tears quickly build up on the CL surface, once they are put
into the eyes, providing a favorable habitat for microbes to flourish.*?

There are two types of CL: the soft ones, made of hydrogel or silicone hydrogel and the rigid ones, composed of
silicone acrylates or fluorosilicone acrylates. The latter ones generally have a lower risk of infection compared to soft

Table | Commonly Found Microorganisms in Biofilm Related Infection]s**2¢

Biofilm Related Infections Microorganisms

Pulmonary infections (inhalation of contaminated aerosols) | Legionella pneumophila

Eye infections Staphylococcus aureus
Serratia marcescens
Pseudomonas aeruginosa
Amoeba

Keratitis, endophthalmitis Staphylococcus epidermidis and other CNS
Pseudomonas aeruginosa

Staphylococcus aureus

Candida albicans

Fusarium spp.

Dental caries Streptococcus mutans,
Periodontitis Streptococcus sobrinus
Gingivitis

Cystic fibrosis Pseudomonas aeruginosa
Burn wounds Pseudomonas aeruginosa

Staphylococcus aureus

Acinetobacter baumannii
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Table 2 Commonly Found Microorganisms in Biofilms on Medical Devices and Contact Lenses

4,20-22,24-26

Biofilm Location on Medical Devices

Microorganisms

Cardiac valves (endocarditis)

Staphylococcus aureus
Diphtheroids
Escherichia coli
Klebsiella pneumoniae
Proteus mirabilis
Enterobacter spp.
Pseudomonas aeruginosa
Candida albicans

Central venous catheters

Staphylococcus aureus

S. epidermidis and other Coagulase negative staphylococci (CNS)
Streptococcus viridans

Enterococcus spp.

Escherichia coli

Klebsiella pneumoniae

Proteus mirabilis

Enterobacter spp.

Pseudomonas aeruginosa

Candida albicans

Prosthetic heart valve (endocarditis)

Staphylococcus aureus
S. epidermidis and other CNS
Enterococcus spp

Endotracheal tubes

Pseudomonas aeruginosa

Device associated infections (stents, shunts, protheses,
endotracheal tubes, various types of pacemakers, and catheters)

Staphylococcus aureus

S. epidermidis and other CNS
Streptococcus viridans
Enterococcus spp.
Escherichia coli
Klebsiella pneumoniae
Proteus mirabilis
Enterobacter spp.
Pseudomonas aeruginosa
Acinetobacter spp.
Candida albicans

Contact lenses

Pseudomonas aeruginosa
Serratia marcescens
Staphylococcus aureus
Gram-negative bacteria
Candida albicans

Atrtificial voice prosthesis

S. epidermidis and other CNS
Candida albicans

Intrauterine device

S. epidermidis and other CNS
Enterococcus spp.
Candida albicans

Urinary catheter (UTI)

S. epidermidis and other CNS
Enterococcus spp

Escherichia coli

Klebsiella pneumoniae

Proteus mirabilis

Enterobacter spp.

Serratia marcescens
Pseudomonas aeruginosa

Artificial hip prosthesis and other prosthetic joint infections

Staphylococcus aureus

S. epidermidis and other CNS
Enterococcus spp.
Pseudomonas aeruginosa

lenses. This is because rigid lenses have a less porous surface and are less susceptible to bacteria and deposit buildup

compared to soft lenses.

Significant risk factors for corneal infection in lens carriers are P. aeruginosa and staphylococcal species. Microbial

keratitis, a disorder caused by pathogens contacting lenses, can result in ulcers. Acute postoperative endophthalmitis

caused by S. epidermidis, is connected to infections after surgically implanting intraocular lenses.

21
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Microcolonies, an early stage of biofilm formation, are first created when planktonic bacteria interact with the CL
surface. A microbial colony known as a biofilm can stick to both biotic and abiotic surfaces and generates extracellular
polysaccharides. Antibiotics, disinfectants, and the host’s defensive mechanisms are less effective against the microbial
cells that develop in a biofilm, because they are physiologically different from the planktonic cells of the same organism.
In both human and animal models, keratitis has been linked to the maturation of biofilms on CL surfaces. %22

Keratitis, a generalized clinical term for the corneal inflammation, can alter the structure of the cornea and reduce its
clarity. Numerous bacteria, fungus, and protozoa, are among the infectious organisms that can affect the cornea. Both
Gram-negative and Gram-positive organisms, such as Pseudomonas aeruginosa and Staphylococcus aureus, can cause
bacterial keratitis, particularly CL-associated infections. P. aeruginosa is the most prevalent and it is isolated from at least
70% of cases globally.** Although they are less common than bacteria, fungi like Candida albicans and Fusarium
species are nevertheless often involved in the etiology of keratitis. In addition, the protozoan Acanthamoeba causes a rare
but severe form of infectious keratitis.?> Biofilms of both the CL cases and the CL of persons with MK contain these
pathogens.?* Despite being a rare side effect of wearing CLs, MK is one of the leading causes of blindness in both
underdeveloped and developed nations.*

Poor adherence to hygiene guidelines, disinfecting lenses with heat or chlorine, cleaning lenses infrequently or not at
all, using a specific type of multipurpose CL disinfecting solution that contained only polyhexamethylene biguanide, are
risk factors in the case of the development of CL-associated infections. Additionally, poor lens case hygiene (not air-
drying lens cases after use) and failing to replace lens cases at least every three months are linked to an increased risk of
MK while wearing CL on a daily basis.>* According to Syed et al, CL-associated infections are typically caused by
multi-drug-resistant (MDR) biofilm-forming P. aeruginosa.*®

In a different investigation, clinical and reference strains of P. aeruginosa, S. marcescens, and S. aureus have developed
biofilms on lotrafilcon. While S. marcescens biofilm was resistant to a polyquaternium maintained care solution, but
susceptible to hydrogen peroxide disinfection, P. aeruginosa and S. aureus biofilms were both susceptible to hydrogen
peroxide and a polyquaternium preserved care solution, while the planktonic forms, however, were always vulnerable.*®

Advancements in Biofilm Detection Techniques and Their Clinical Relevance
The standard microbiological tests are insufficient in the detection of bacterial biofilms. The conventional method of
identifying biofilms involves recovering live bacteria from the biofilm, detecting the biofilm using in vitro or in vivo
techniques, and then identifying and imaging the microbial communities on the studied surfaces.?® Table 3 illustrates the
main diagnostic tools for biofilm detection.

Regarding the identification of biofilms from keratitis, there are numerous studies describing some of the above-
mentioned methods, but also some different ones. A study”” that aimed to investigate 240 clinically suspected cases of
acanthamoebic keratitis (AK) had their corneas scraped and swabbed for Acanthamoeba and microbiological cultures.

Table 3 Diagnostic Tools for Biofilm Detection?®""~34
Techniques Methods
In vitro techniques Microtitre plate assays (MTP)

In vitro flow displacement biofilm model systems

In vitro microfluidic devices

In vitro tissue Culture Plate (TCP), Tube method (TM), Congo Red Agar method (CRA)

In vivo techniques Animal models

In vivo tissue — biofilm models

In vivo device related infections — biofilm models

(Continued)
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Table 3 (Continued).

Techniques Methods

Microbial biofilm quantification Microtiter plates

Total biofilm mass measuring using spectrophotometric techniques

The metabolic activity of cells measuring using fluorescence-based techniques

XTT (tetrazolium salt reduction) assay

The number of viable sessile cells only

The amount of extracellular polymers in the biofilm matrix

Roll-plate technique for central venous catheters

Microbial biofilm visualization Scanning electron microscopy

Epifluorescence microscopy

Confocal laser scanning microscopy

Optical coherence tomography (OCT)

Fourier Transform Infrared (FTIR) spectroscopy

Staining biofilm components (nucleic acids by the SYTO 9 and extracellular polymeric substances (EPS) by
using Wheat Germ Agglutinin (WGA))

Recovery of bacteria Sonication and isolation

Polymerase chain reaction (PCR)

Fluorescent in situ hybridization

MALDI-TOF

Antimicrobial susceptibility testing The Calgary biofilm device - to determine the MBIC and the MBEC
against biofilms

Artificial intelligence Micro Computed Tomography (micro-CT)

Omics analysis: proteomic,

transcriptomic, metabolomic analyses

Magnetic Resonance Imaging (MRI)

Abbreviations: MALDI-TOF, Mass spectrophotometry/matrix-assisted laser desorption ionization time of flight; MBIC, minimum biofilm inhibitory concentration; MBEC,
minimum biofilm eradication concentration.

For several samples, scanning electron microscopy was used. The capacity of biofilm to form was examined using
a tissue culture plate approach. A modified version of the Kirby-Bauer disc diffusion method was used to identify the
antibiotic resistance pattern. The results of the study presented the following data: 11 of the 102 AK patients with culture-
proven infections had no co-infections, 74 had just one, and 17 had two. The most prevalent bacterial and fungal isolates
were Enterobacterales and Aspergillus respectively. 64.7% of Enterobacterales, 50% of P. aeruginosa, 43.75% of
S. aureus, 76.92% of Streptococcus pneumoniae, 28.57% of Corynebacterium spp., 60% of haemolytic streptococci,
40% of Acinetobacter, 100% of Candida spp. and 77.8% of Aspergillus isolates produced biofilms. When biofilm
producers and non-biofilm producers were co-infected, severe symptoms were recorded more frequently. In general,
a large proportion of the bacterial isolates that formed biofilms were sensitive to antibiotics in vitro.

Confocal microscopy enables non-invasive, in vivo imaging of mould and fungus in ocular tissue, surpassing the
limitations of other methods. It boasts a sensitivity range of 66.7% to 95.0%, facilitating hyphae density measurement
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and aiding treatment response prediction. Compared to smear microscopy and inoculation, it offers quicker and often
more accurate results, with 92.9% accuracy in diagnosing fungal keratitis. Dyed corneal tissue microscopy complemen-
ted these findings. Confocal microscopy can outperform culture and PCR in certain situations for early diagnosis.
Limitations include species identification challenges, cost, and the need for skilled ophthalmologists. Photophobia and
blepharospasm can hinder the process.*®

Anterior segment optical coherence tomography (OCT) enables the detection of corneal alterations indicative of the
mycotic process. According to the OCT results, the cornea in the infiltrate region has thickened. The epithelium and
endothelium are also more hyperreflective than the stroma. The posterior corneal surface changes because of the stroma’s
widespread thickening and indications of oedema. The afflicted stroma may grow thinner than the healthy portions as
a result of the protracted course of scarring processes that increase stroma reflectivity.’” Specific OCT symptoms of
aggressive forms of fungal keratitis include limited cystic formations of various diameters in the stroma matching
necrotized tissues.*® Over 85% of the endothelial plaques typical of fungal keratitis may be seen with OCT and confocal
imaging.*® This technique is more popular than confocal microscopy and is quick and non-intrusive. However, the OCT
approach is useful for assessing the corneal condition in dynamics and permits to trace changes over the entire cornea.
The indicators of corneal damage are merely indirect evidence of the fungal pathogen presence, making species
identification impossible.

The molecular genetic diagnosis technique known as PCR is superior to microscopy of stained preparations and
cultural methods used in detecting fungal DNA fragments, even in circumstances when culturing results are negative.*’
The benefits of PCR are undeniable: the procedure is highly sensitive, allowing for the detection of a pathogen in a little
scrape from a corneal ulcer or from samples from patients who have previously had antifungal therapy. Results can be
achieved in 4 hours as opposed to 3—7 days in culture studies. PCR is intended for species identification, just like other
molecular genetic techniques. However, because of its high price and restricted availability, it is not regarded as
a preferred approach. Moreover, because PCR also detects non-viable organisms, there is a high probability of false-
positive results.*'*?

A metagenomics analysis with a focus on RNA assessment and species composition identification is a far more
advanced and precise procedure. Shigeyasu et al*® described a situation in which corneal specimens failed microbiolo-
gical and histological examinations, and only metagenomics analysis was able to identify the Fusarium solani genes. In
another study,** metagenomics analysis established the presence of a pathogen in 74% of cases, considering the fact that
more than half of the patients have already received treatment, while culturing was positive in 52% of patients and
showed a sensitivity of 70%.

Mass spectrometry, which relies on the study of ribosomal proteins from microorganisms, is another term for
molecular genetic techniques. An indisputable benefit of laser-assisted desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) is the ability to identify an agent up to a species level.*’ Since the protein content
of fungal lesions changes in a specific way, a tear from an infected and healthy eye was examined for its protein
composition.'' The results of the MALDI-TOF MS sensitivity research are conflicting, ranging from 51%"* to 97%.%
The drawbacks that prevent this technology from becoming the primary technique in the diagnosis of fungal keratitis
are that it is not widely available, is expensive, and requires continual replenishment of the data bank with micro-
organism proteomes.*’

The initial outcomes of a novel approach of internal transcribed spacer (ITS) sequencing have been described by Ren
et al.*® The repeating rRNA genes are separated by a non-coding DNA region called ITS. This approach gives more
thorough information concerning the eye microbiome since it is not constrained by a medium, time, fungal activity, or
specimen size. The ITS has been proven to produce results that are comparable to those of confocal microscopy and
traditional approaches. The average efficiency indicators combined with some ITS limitations (dependence on database
integrity, need for multiple primers due to strict specificity for different types of fungi) allow one to draw the conclusion

that this method appears to be an alternative to pathogen identification in the diagnosis of fungal keratitis.**
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Contemporary Strategies and Innovative Approaches to Managing and Preventing

Biofilms on Contact Lenses

Development of Antimicrobial Coating for CL

In the ever-evolving landscape of ocular health and vision correction, the development of antimicrobial coatings for CL
stands as a cutting-edge frontier, offering a proactive shield against microbial threats. This pursuit of innovation seeks not
only to enhance the safety and comfort of CL wear, but also to redefine the standards of ocular care in an increasingly
dynamic world.

Melimine, a brand-new cationic peptide, has been covalently added to silicone hydrogel lenses. Tests were conducted to
confirm the presence of peptide and its antimicrobial activity. Next, the efficacy of cationic lenses in preventing CL induced
acute red eye in the Pseudomonas aeruginosa guinea pig model and CL induced peripheral ulcers in the Staphylococcus
aureus rabbit model was evaluated.*> Antimicrobial CL and lens cases have employed many chemical techniques to address
microorganisms (bacteria, amoeba, and fungi) implicated in a range of ocular disorders. Through four different mechanisms
of action, direct penetration of microbial cells, alteration of microbial-substrate interfaces, disruption of microbial cells’
quorum-sensing mechanism, and production of reactive oxygen species, these antimicrobial drugs inhibit or stop microbial
growth.”® When combined with different types of biomaterials, silver has demonstrated efficacy as an antibacterial agent.
The adhesion of several strains of P. aeruginosa could be reduced by at least 90% (ie, greater than one log unit reduction)
by coating an endotracheal tube with silver, and when silver nanoparticles were added to poly(vinyl alcohol)-b-poly-
(acrylonitrile) micelles, they effectively killed S. aureus and P. aeruginosa. Likewise, perfluoropolyether-urethane coated
with silver had antibacterial activity against S. aureus and P. aeruginosa. The effects of silver on Acanthamoeba sp. have
not been thoroughly investigated up to this point.”' Using a high-intensity ultrasonic horn, a sonochemical deposition
process coated PureVision balafilcon lenses with Zn-CuO. Control experiments used non-coated lenses. Evaluating
P aeruginosa and S. epidermidis adhesion, the lowest effective coating concentration was determined. Subsequent
experiments examined lens properties, revealing that the sonochemically aided nanocoating maintained antibacterial
efficacy, while preserving essential silicone hydrogel contact lens attributes.> A straightforward, one-step sonochemical
process was used to successfully create CLs that are biocompatible, antimicrobial, and antioxidant. These lenses showed
notable antibacterial, antimycotic, and biofilm inhibition against pathogenic strains while maintaining their original physical
characteristics. They also showed enhanced cytocompatibility, antifouling characteristics, and surface wettability, indicating
possible uses in the management of ocular surface infections.” Silver and copper nanoparticles were synthesized in
polyvinyl alcohol (PVA) polymers through metal salt incorporation and subsequent reduction with sodium hydroxide.
Characterization via transmission electron microscopy, attenuated total reflection spectroscopy, and X-ray photoelectron
spectroscopy confirmed nanoparticle integration. Evaluating physical properties, tensile strength doubled with nanoparticle
addition, though elongation before fracture halved. Cytotoxicity tests revealed silver-containing PVA’s cytotoxic nature,
while copper-containing PVA was non-cytotoxic. Antibacterial activity was observed in silver-containing lenses, while both
silver and copper nanoparticles reduced bacterial adhesion.>

Potential Use of Probiotics to Restore Ocular Surface Microbiota
In the dynamic landscape of ocular health research, a compelling exploration unfolds: the potential utilization of
probiotics to restore and rejuvenate the ocular surface microbiota. In this review we tried to explore the complex field
of probiotic therapies and look at how they can help maintain a balanced microbial community on the surface of the eye.
By scrutinizing the intricate interplay between probiotics and ocular health, this analysis aims to shed light on their
diverse mechanisms, therapeutic potential, and implications for preventing and addressing ocular surface dysbiosis.
The various commensal bacterial flora that coexists in the human cornea and conjunctiva and create a protective
microbiome against pathogenic colonization are revealed by molecular techniques, such as next-generation sequencing.
Pseudomonas, Propionibacterium, Acinetobacter and Corynebacterium are among the most common genera. An imbalance
in the ocular microbiota is caused by disruptions brought on by illnesses, CL wear, environmental variables, and antibiotic
use. This mismatch connects changes in the oral and intestinal microbiota to disorders like glaucoma, uveitis, and other
ophthalmic diseases, and it may also be a contributing factor in ocular diseases. Researching probiotic-based treatment
interventions for ocular diseases and developing preventive measures require an understanding of the ocular microbiota.>®

Infection and Drug Resistance 2024:17 heeps: 2667

Dove:


https://www.dovepress.com
https://www.dovepress.com

Voinescu et al Dove

Ming Cheng Chiang et al’® have illustrated that a total of 17 positive swabs were taken from individuals who had
bacterial conjunctivitis (four isolates of S. aureus and thirteen isolates of S. epidermidis). After having done an antibiotic
susceptibility profile, it was discovered that all strains of Staphylococcus were resistant to cephalexin, oxacillin, and
penicillin G (that is, they were methicillin resistant). To assess their antimicrobial capabilities, a total of six probiotic strains
from the Lactobacillus and Bifidobacterium species were produced. It’s interesting to note that, even against species of
bacteria resistant to antibiotics, every probiotic in their investigation showed encouraging reduction of bacterial growth.

Neisseria gonorrhoeae colonizing in the mother’s birth canal causes gonococcal conjunctivitis in newborns, which
can cause blindness or severe visual impairment. The L. rhamnosus strain L60’s biogenic material had the ability to
inhibit Neisseria gonorrhoeae proliferation. The development and course of ocular surface diseases appeared to be

1°7 illustrate that probiotic strains were administered,

significantly influenced by oxidative stress and ageing. Chisari et a
and the symptoms of dry eye syndrome improved. Based on these findings, the authors have determined that the activity
of the probiotics (Enterococcus faecium LMG S-28935 and Saccharomyces boulardii MUCL 53837) integrates with the
action of tear substitutes. Additionally, they have standardised the clinical parameters of the tear film and microbiological
activity in restoring the ocular surface microbiota in subjects suffering from dry eye syndrome. When comparing the
ocular surface microbiome profile of patients with unilateral keratitis to controls, differences were found in both eyes.
There was an increase in suspected pathogens and a lower density of commensal species beyond the causal bacterium.
Unilateral keratitis patients have different ocular surface microbiome profiles in both eyes, which may help explain how
the microbiome contributes to the pathogenesis of this condition.>®

Probiotics have been shown to exhibit antimicrobial properties, including the production of ribosomally synthesised
peptides, bacteriocin, or proteins with antimicrobial activity and compete for nutrients and space. It was discovered that
Lactobacillus species: L. rhamnosus, L. brevis, L. plantarum, L. acidophilus reduced the biofilm formation of Bacillus spp.”®

CL wear correlates with increased P. aeruginosa-induced keratitis, prompting an investigation into the associated
factors. Genomics-based studies revealed altered ocular commensal communities in lens wearers, raising questions about
lens contamination versus ocular microbiome immune functions. There is research proving the pivotal role of ocular
microbiome in regulating protection against P. aeruginosa infections, particularly in modulating neutrophil recruitment at
the ocular surface. Notably, this study highlighted the impact of a common gram-positive commensal coagulase-negative
staphylococci (CNS), and emphasized the contribution of gut microbiota in stimulating neutrophil development,
influencing susceptibility to P. aeruginosa-induced keratitis.®’

Discussion

International bodies and the scientific communities have been paying more attention, lately, to the challenges posed by
biofilm-related pathology, as well as to the currently available diagnostic tools and solutions needed for their prevention
and control. We do not refer only to microbial biofilms associated with medical devices in general, but also to those
associated with CL. To better understand these issues, a multidisciplinary approach comprising researchers from
molecular, environmental, and fundamental microbiology and clinical specialties is needed.

Using a synthesis of previous research findings and literature, the goal of this review was to provide a thorough presentation
of the biofilm development, composition, variety of pathogens involved, impact and management of biofilms on CL.

Millions of people use CL globally to correct functional or refractive abnormalities or to change the color of their
eyes. But CL wear also represents a major risk factor for MK, infectious corneal ulcer and also lid margin disease.
Microbes can attach to the lenses and within lens storage cases, often in association with biofilms that will serve as
reservoirs to determine eye infections. From 24% to 81% of CL cases are contaminated with microbial multi-species
biofilms. Lens storage cases are more frequently associated with biofilms and with more numerous organisms than CL,
but the microbes attached to CL correlate more closely with ocular infections.''*'¢

Under normal conditions, the corneal cells synthesize factors of innate defense. But, when the CL is inserted on the
surface of the cornea, some substances such as glycoproteins, proteins and lipids in the tear easily accumulate on its
surface, creating a suitable environment for pathogens.'*'® For CL related eye infections, MDR strains of P. aeruginosa,
S. aureus, CNS, or Candida albicans are the most frequently involved pathogens.'®
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Corneal infections are initiated when CL modifies or compromises the epithelial surface, allowing the microbes to
adhere and invade. Despite improvements in CL solutions, materials and wearing habits, latest epidemiological studies find
that incidence of keratitis has not changed in the last two decades among CL wearers. That suggested microbes are able to
adapt to any local modifications designed to intervene in corneal protection.'* In lid margin diseases such as blepharitis,
biofilms accumulate and enlarge microscopically year after year, without any removal. This process starts much earlier in
CL wearers, because these lenses are abiotic foreign bodies, producing an early biofilm that provides protection for bacteria.

However, this review brings useful information related to the antimicrobial coverage of CL, the antimicrobial activity
of cationic peptides or silver and copper nanoparticles, providing protection against microbial threats, the creation of
biocompatible, antimicrobial and antioxidant CLs, as well as the potential use of probiotics to restore and rejuvenate the
ocular microbiome.

But beyond the innovative methods described above, considering ISO standards for CL disinfection is essential to
develop safer, more effective strategies to manage microbial biofilms, thus improving eye health and comfort for wearers.
ISO microbiological requirements are crucial for ensuring the safety and efficacy of CL disinfection solutions before they
are brought to market. These standards establish guidelines and testing protocols to assess the antimicrobial effectiveness
of disinfectants against microorganisms commonly found in CL care systems and provide crucial definitions and criteria
for evaluating the effectiveness of disinfection products and regimens. Firstly, a “CL disinfecting product” is defined as
a product capable of killing, destroying, or inactivating microorganisms. The product must pass the primary criteria
outlined in the ISO standard stand-alone test. Secondly, a “CL disinfecting regimen” encompasses the entire CL care
routine, specifically designed to effectively disinfect the lenses. This regimen must meet both the secondary criteria of the
stand-alone test and the regimen test outlined in the International Standard. Lastly, “CL disinfection” refers to the process
of reducing the number of viable microorganisms on the lenses. This process can be achieved through chemical or
physical methods, with performance requirements specified in the relevant sections of the ISO standard.®'

Study Limitation

Similar to other narrative evaluations, this one has its share of limitations. This kind of studies always carry some bias
risk, sample size related constraints, and methodological limitations which could be mitigated by producing a systematic
review or a meta-analysis. Studies that are observational and non-randomized have inherent biases and limitations as
well. Furthermore, data can be presented in different ways in different articles.

Conclusion

This review provides insights for eye care practitioners, lens manufacturers, clinical microbiology specialists and
researchers. It seeks to clarify the intricate interactions between biofilms and CL, serving as a foundation for the
development of effective preventive measures and innovative solutions to enhance CL safety, comfort, and overall ocular
health. Research into microbial biofilms on CLs is continuously evolving, exploring future directions such as developing
advanced anti-biofilm materials, innovative disinfection solutions, improved cleaning technologies, personalized lens
care regimens, and even enhancing standardization efforts to improve ocular health for CL wearers.
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