
Chapter 8
Biofilm-Mediated Diseases of the Eye
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Abstract Ophthalmology is a rapidly growing discipline of medicine with newer
ocular implants and prostheses and improvements over the older ones being con-
stantly introduced to reduce visual morbidity. These implants and devices are an
easy target for biofilm formation and predispose to various ocular infections, which
at times may lead to vision-threatening complications. One of the most feared com-
plications in ophthalmology is postoperative endophthalmitis with majority of them
occurring after cataract surgeries causedby the formation of biofilmover the intraocu-
lar lenses. Similar biofilms have been found over the contact lenses, lacrimal devices,
ophthalmic implants, scleral plugs, and glaucoma drainage devices, leading to infec-
tions and their subsequent failures. Biofilms also disrupt the normal physiology of
the eye and cause dry eye disease. Graft rejections after penetrating keratoplasty
have commonly been attributed to the formation of biofilms leading to crystalline
keratopathy. Current interventions aim at prevention of biofilm formation on the
devices and implants by introducing antimicrobial-coated devices and by using bio-
materials which have a lesser tendency of formation of biofilm. Prevention of biofilm
formation in ophthalmology is an ongoing research with newer modalities being
introduced consistently for the same.
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8.1 Introduction

Ophthalmology is a rapidly growing discipline of medicine and has been at the
forefront of medical innovation. Newer ocular devices and implants are constantly
being introduced to reduce visual morbidity. The earliest known account of ocular
prosthesis dates back to as long as 2900–2800 BCE, and the evidences also suggest
that Sushruta was one of the first surgeons to have performed cataract surgery. The
revolution in ophthalmic implants started around world war which also gave us the
first PMMA intraocular lens, courtesy of Sir Harold Ridley. Ophthalmology, since
then has come a longwaywith constant introduction of newer implants and prosthesis
and improvements over the older ones like contact lenses, scleral buckles, glaucoma
drainage devices, etc. However, these devices and implants are not exempted from
the clutches of the biofilm formation. As a result, device-related ocular infections
pose a risk to the success of such procedures. Also, biofilms disrupt the natural
ocular physiology predisposing to various ocular infections. These infections may
progress to devastating levels and cause permanent complications which may cause
poor visual outcomes and occasionally blindness. Role of biofilms in the diseases of
the eye had been underestimated in the past, but with better diagnostic and isolation
modalities, more and more disease conditions of the eye are being attributed to the
formation of biofilms.

The common biofilm-related infections of the eye include endophthalmitis, ker-
atitis, scleral buckle infections, lacrimal system infections, and periorbital infections.

8.2 Endophthalmitis

Endophthalmitis is undoubtedly one of the most dreaded conditions in ophthalmol-
ogy accounting for the most number of clinical eviscerations (45.5%) (Chaudhry
et al. 2007). Organisms may enter intraocular tissues exogenously (after intraocu-
lar surgeries, intravitreal injections, penetrating open globe injury, and perforating
corneal ulcers) or endogenously from a distant focus (Sadaka et al. 2012).

Postoperative endophthalmitis forms the majority of the cases, among which the
most commonly encountered is the entry of bacteria post-cataract surgery. Cataract
extraction along with intraocular lens implantation is the most commonly performed
procedure by ophthalmologists worldwide, and postoperative endophthalmitis is the
most common complication of cataract surgery causing blindness. The incidence of
endophthalmitis after cataract surgery ranges from 0.028 to 0.2%, depending upon
the technique used as well as according to the geographical distribution (Taban et al.
2005; West et al. 2005; Wykoff et al. 2010).

Organisms forming the ocular surface flora are the predominant causative agents
of the endophthalmitis after cataract surgery. 76–90% of the culture-positive pseu-
dophakic endophthalmitis is caused by gram-positive bacteria. In 38–59% cases of
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acute onset postoperative endophthalmitis, the cultures have been found to be pos-
itive for Staphylococcus epidermidis (a coagulase-negative staphylococci—CoNS
(Driebe et al. 1986). While delayed-onset endophthalmitis is commonly caused by
Propionibacterium acnes (Shirodkar et al. 2012), rarely, enterococcal endophthalmi-
tis may also be seen after cataract surgery (Scott et al. 2003). Despite rigorous mea-
sures and intensive interventions, enterococcal endophthalmitis is associated with
poor visual outcomes. Electrostatic forces cause bacterial adherence to the intraoc-
ular lenses which may get attached to the lens surface (26%) due to wiping of the
lens around the wound at the time of intraocular lens implantation (Vafidis et al.
1984). Periocular skin and the eyelashes form the major pool of endophthalmitis
causing bacterial source. Evidence suggests that bacteria are also capable of form-
ing biofilms on the posterior capsular bag (Sawusch et al. 1989). After uneventful
cataract surgery, the contamination of the anterior chamber has been reported to be
found in 2–46% of the cases, the rate of which is higher than that of postoperative
infection. This suggests that rapid turnover of the aqueous humor causes clearing of
the bacterial inoculum from the anterior chamber which prevents its progression to
endophthalmitis. Vitreous, on the other hand, is more stable and hence clearing of
microbes attached to IOL surface is slow and inefficient. The intraocular lens pro-
vides an abiotic surface for the bacteria to form a biofilm; therefore, normal clearance
mechanisms from anterior chamber are rendered futile.

The capability of bacteria of forming biofilm over IOL depends largely upon the
material of the IOL as well as the species of organism. While S. epidermidis adheres
firmly to polymethylmethacrylate (PMMA), Staphylococci have been found to have
better adherence to polypropylene than PMMA (Sawusch et al. 1989). Epidemiologi-
cal evidences suggest that polypropylene haptics increase the risk of endophthalmitis
up to 4.5 times (Menikoff et al. 1991).

The ica locus plays an important role in staphylococcal biofilm formation. Studies
from Japan, Mexico, and India have shown CoNS to be positive for icaA and icaD
as well as icaAD gene locus (Suzuki et al. 2005; Makki et al. 2011; Juarez-Verdayes
et al. 2013). In in vitro models, silicone is shown to have higher vulnerability toward
biofilm formation, which is closely followed by hydrophobic acrylic and PMMA.
Hydrophilic acrylic shows least propensity toward bacterial adherence (Baillif et al.
2018).

Various modifications in the surface of IOLs have been made to increase their
water content by the use of different agents like methacryloyloxyethyl phosphoryl-
choline (MPC), heparin, and fluorine. In order to decrease the incidence of endoph-
thalmitis, further developments are required in the form of medications which may
cause disruption of the biofilms apart from making of IOLs of such material which
can prevent the formation of biofilm altogether.
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8.3 Contact Lens Associated Keratitis

Biofilms have been observed on contact lenses which are believed to cause microbial
keratitis.

Of the predisposing risk factor for infectious keratitis, most common is the use
of contact lenses. Both gram-negative (Pseudomonas aeruginosa and Serratia spp.)
and gram-positive organisms (Staphylococcus aureus) have been found to cause
bacterial keratitis (Cheng et al. 1999). Among protozoa, Acanthamoeba is the most
common pathogen causing infectious keratitis, the incidence of which is rare but
vision-threatening and often takes an aggressive course (Hammersmith 2006). The
causative organisms gain access through contaminated lens care materials, lens cases
and manual contaminations due to improper cleaning of the contact lenses, poor
hygiene, and long-wearing time. Extended wear soft contact lenses, as well as daily
disposable and silicone hydrogel contact lenses, pose a greater risk of keratitis in
contrast to daily-wear rigid gas permeable lenses (Dart et al. 2008).

The incidence of infection being more among the contact lens users may be
attributed to a combined effect of corneal epithelial damage and inoculation of contact
lenses by colony-forming bacteria. Wearing contact lens leads to reduced corneal
epithelial barrier function, either mechanically, due to accumulation of debris under
the lens during night-time wear or due to friction and pressure from normal blinking
during daytime wear. This causes the progress of infection originating from ocular
surface, adnexa or biofilms over the contact lens, into the deeper corneal layers. These
biofilms render the bacteria resistant to host mucosal defenses and antimicrobial
treatment. The periodic release of organisms or their products such as endotoxins
further damages the corneal epithelium, making it more vulnerable to infections.
(Willcox et al. 2001; Zegans et al. 2005)

Contact lenses also induce corneal hypoxia and hypercapnia, thus affecting the
epithelial response to the damage. Compromisation of the tear fluid exchange also
limits the antimicrobial properties of the lens by alterations in the tear film compo-
sition.

Hence, contact lenses contribute to corneal infections by providing an adequate
surface for bacteria to form biofilms, inducing corneal hypoxia and damage to the
corneal epithelial cells.

8.4 Crystalline Keratopathy

Infectious crystalline keratopathy (ICK), a rare formofmicrobial keratitis, may occur
in both normal as well as compromised corneas, following penetrating keratoplasty
in corneal grafts or around sutures (Gorovoy et al. 1983; Reiss et al 1986). The main
feature of ICK is branching crystalline opacities in the corneal epithelium and stroma
and minimum inflammatory response. The most common pathogen associated with
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ICK is viridans streptococci. Other bacterial and fungal species like staphylococci,
Candida, and Enterobacter and Acanthamoeba are also known to cause ICK.

The periodic acid–Schiff (PAS) stain of the corneal samples obtained from the
patients of ICK indicates high concentrations of polysaccharides. The levels of
polysaccharides are associated with the ability of bacteria to form biofilms which are
well-organized multicellular structures. Topical corticosteroid therapy for extended
period of time and prior penetrating keratoplasty has been found to be important risk
factors of ICK (Fulcher et al. 2001). The features of ICK can be explained by the for-
mation of a biofilm on the corneal lamellae, though the underlying mechanism is yet
to be explained. It is proposed that anatomical changes resulting from keratoplasty
cause inflammation and immunological activity, which encourage biofilm growth by
the causative organism.

ICK is highly resistant and hence is unresponsive to rigorous antimicrobial treat-
ment. More recently, disruption of biofilms using Nd:YAG laser along with further
antimicrobial therapy has been proposed (Masselos et al. 2009).

8.5 Dry Eye

Dry eye disease is a complex of multiple etiologies; hence, the disease presentation is
usually overlapping. A new theory of dry eye has recently emerged which combines
blepharitis and dry eye into one simple condition, dry eye blepharitis syndrome
(DEBS) (Rynerson and Perry 2016).

It is proposed that biofilms have a significant role in causation of DEBS. Biofilms
are formed on the surfaces that provide moisture and nutrients. The eyelid margin
provides an ideal habitat for the bacterial biofilm to thrive due to the presence of
moisture, nutrients, and warmth. It is proposed that biofilm formation commences
right after birth with colonization of the lids by bacteria. Many factors such as medi-
cations, hormonal state, and reduced blinking, exacerbate dry eye, but the underline
etiology originates from a biofilm, which is present from infancy. This biofilm even-
tually achieves quorum-sensing gene activation and releases virulence factors.

DEBS is caused by Staphylococcus aureus in all age groups but how early in life
is the presentation of symptoms of DEBS is dependent on the strain of S. aureus.

Four stages of DEBS are suggested being affected by biofilm in a sequential
manner:

Stage I—folliculitis: inflammation and edema of lash follicles.
Stage II—meibomian gland dysfunction: impaction and inflammation of the meibo-
mian gland.
Stage III—lacrimitis: impaction and inflammation of the glands of Krause and Wol-
fring.
Stage IV—breakdown of structural integrity of eyelids leading to chronic inflam-
matory lid disease presenting as lid laxity, entropion, ectropion, and floppy eyelid
syndrome.
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Hence, it is required that patients should be educated about eyelid hygiene and
prevention of blepharitis so that the chronic problem of DEBS can be drastically
reduced.With growing knowledge regarding the role of biofilms in dry eye syndrome,
microblepharoexfoliation using a device calledBlephEx has shown promising results
in treatment of DEBS. In this procedure, a rotary device with a sponge tip is used
along with an eyelid cleanser to remove biofilms from the eyelid margins and eye
lashes. This has proven more effective than any other measure.

8.6 Ocular Implants and Biofilms

8.6.1 Conjunctival Plug

Conjunctival plugs employed to treat dry eye are made of silicon, hydrophobic
acrylic, collagen, and hydrogels. Secondary infections can occur following implan-
tation of these plugs. These conditions usually have delayed onset and are unrespon-
sive to treatment, hence, they are presumed to be caused due to biofilm formation on
the implant (Yokoi et al. 2000). These infections can range from canaliculitis, dacry-
ocystitis to conjunctivitis.When punctal plugs from patients without any symptomtic
infection were removed and examined, 53% of the samples showed the presence of
bacterial biofilms (Sugita et al 2001). Yokoi et al. demonstrated S. haemolyticus and
Candida tropicalis in the conjunctival plug removed from a case reported to have
developed conjunctivitis in the eye following the implant.

8.6.2 Scleral Buckles

Scleral buckles made of silicon are largely employed in the treatment of rhegmatoge-
nous retinal detachment. Gram-positive cocci, in particular coagulase-negative
staphylococci, nontuberculous mycobacterium (M. chelonae) and Proteus mirabilis
are commonly found to cause infections of the scleral buckles. Presence of biofilms
has been found on 65% of scleral buckles removed for infection and extrusion, as
demonstrated by electron microscopy (Holland et al. 1991; Pathengay et al. 2004).

It is possible that bacteria attach to the buckle at the time of surgery and form
biofilms which lead to indolent infections. Biofilm formation on these prosthetic
devices may cause chronic inflammation and tissue damage due to cytotoxic damage
by the bacteria as well as the host response to the planktonic cells shed by the biofilm
(Costerton et al. 1999).
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8.6.3 Lacrimal Intubation Devices

Lacrimal stents and Jones tube often employed in the treatment of chronic dacry-
ocystitis provide a surface for biofilm formation by microorganisms. Failure of
polyurethane stents, as well as infections following placement of silicone or Jones
tube, has been attributed to formation of biofilms on these devices as demonstrated by
scanning electron microscopy. Staphylococcus aureus, Streptococcus epidermidis,
andPseudomonas aeruginosa have been found to cause themajority of these implant-
related biofilms (Kim et al. 2018).

Ali et al. (2017), in a study, found that the Monoka stents removed showed evi-
dence of biofilm formation and physical deposits. The external surfaces, cut ends as
well as intraluminal surfaces were all involved with the ampullary portion of the stent
head being the most common site of deposition. Longer duration of the stent reten-
tion was associated with more extensive biofilm formation with more widespread
deposits in stents retained for three months than those retained for six weeks.

8.6.4 Orbital Implants

Samimi et al., in a study, demonstrated biofilm formation in periorbital biomaterials.
The orbital implants such as orbital plates and anophthalmic socket implants, all
demonstrated biofilm deposits. The organisms demonstrated, varied from S. aureus,
gram-negative bacilli such as Achromobacter and Pseudomonas,M. chelonae, Pan-
toea agglomerans, to yeasts such as Candida and Trichosporon. A greater undertak-
ing of the role of biology of biofilms may help prevent complications related to these
prosthetic devices.

8.6.5 Other Biomaterials Used in Ophthalmology

Recently, biofilm formation has been implicated in the pathogenesis of infections
associated with keratoprosthesis and glaucoma drainage devices as they may pro-
vide a suitable surface for bacterial inoculation and environment for biofilms to
thrive. A few cases have recently been reported in which role of biofilm formation
in glaucoma drainage device has been suspected (Masood et al. 2016; Esporcatte
et al. 2016). Jassim et al. (2015) found that 85% of the eyes with Boston type 1
K-Pro Keratoprosthesis had positive cultures of which 57.7% had biofilm-forming
capacity. The coagulase-negative staphylococcus isolated from these K-Pro eyes had
reduced susceptibility to vancomycin. Further investigation is required to look for
the contribution of biofilms in the causation of these infections.
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8.7 Prevention and Treatment of Biofilms

Given the dreaded outcomes of ocular biofilms, it becomes important to incorporate
practices to remove the biofilm or reduce its formation. Current interventions aim at
prevention of biofilm formation on the devices and implants. Biocidal molecules can
be covalently attached to slowly release antibiotics or modify the surface to prevent
colonization of surfaces (Bispo et al. 2015).

Biocide-coated and antimicrobial-releasing ophthalmic devices are in research.
IOL coated with antimicrobials like rifampicin, doxycycline, and norfloxacin are
being tested on animal models. Other substances that have shown promising results
in preventing biofilm formation are gallium nitrate and silver. However, the long-
term exposure of ocular tissue to these antimicrobial treatments and development of
resistant strains may pose a threat to the advancement of these implants.

Biofilm-related infections can also be reduced by using materials with a lower
predisposition for biofilm formation such as one-piece PMMA intraocular lenses
(Elder et al. 1995). Polymers, such polyacrylamide, dextran, or polyethylene glycol,
and also nanopores, nanotubes, andnanopillarsmadeof anodized aluminum, titanium
dioxide, or polymethylmethacrylate prevent adherence of biofilm-forming organisms
(Samimi et al. 2013). However, changes in the material surface may cause opacities,
hence limiting its use.

New therapeutic strategies are being suggested and experimented everyday to
prevent the formation of biofilm and elimination of organisms in a formed biofilm.
Strategies are required to reduce enzymatic degradation of antibiotics within the
biofilm, to change nutrition to the biofilm-forming bacteria, and possibly, to alter
gene expression which can offer resistance to biofilm formation.
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