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Abstract

PURPOSE—To determine if clinical and reference strains of Pseudomonas aeruginosa, Serratia

marcescens, and Staphylococcus aureus form biofilms on silicone hydrogel contact lenses, and

ascertain antimicrobial activities of contact lens care solutions.

METHODS—Clinical and American Type Culture Collection (ATCC) reference strains of

Pseudomonas aeruginosa, Serratia marcescens, and Staphylococcus aureus were incubated with

lotrafilcon A lenses under conditions that facilitate biofilm formation. Biofilms were quantified by

quantitative culturing (colony forming units, CFUs), and gross morphology and architecture were

evaluated using scanning electron microscopy (SEM) and confocal microscopy. Susceptibilities of

the planktonic and biofilm growth phases of the bacteria to five common multipurpose contact

lens care solutions and one hydrogen peroxide care solution were assessed.

RESULTS—P. aeruginosa, S. marcescens, and S. aureus reference and clinical strains formed

biofilms on lotrafilcon A silicone hydrogel contact lenses, as dense networks of cells arranged in

multiple layers with visible extracellular matrix. The biofilms were resistant to commonly used

biguanide preserved multipurpose care solutions. P. aeruginosa and S. aureus biofilms were

susceptible to a hydrogen peroxide and a polyquaternium preserved care solution, whereas S.

marcescens biofilm was resistant to a polyquaternium preserved care solution but susceptible to

hydrogen peroxide disinfection. In contrast, the planktonic forms were always susceptible.

CONCLUSIONS—P. aeruginosa, S. marcescens, and S. aureus form biofilms on lotrafilcon A

contact lenses, which in contrast to planktonic cells, are resistant to the antimicrobial activity of

several soft contact lens care products.
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INTRODUCTION

Silicone hydrogel lenses are the predominant lens type prescribed for extended wear in the

global marketplace1 and they lead the United States contact lens market for all modes of

wear.2 However, problems associated with infection and inflammation have not been

resolved with the introduction of these polymers. In fact, the incidence of microbial keratitis

with silicone hydrogel extended lens wear has not changed and the incidence of non-

infectious corneal inflammatory events has doubled compared to extended wear with

traditional hydrogel contact lenses.3–6

One explanation for contact lens induced infection despite good compliance is the ability of

organisms to form biofilms on lens surfaces.7–13 Biofilms are microbial communities

adhering to a surface, contain an extracellular matrix of polymeric substances, and are

associated with differential expression of genes and proteins.14–19 Importantly, bacteria in

biofilms have increased resistance to antimicrobials and host immune responses.8, 12, 13

The ability of bacteria to attach to contact lenses and subsequently form biofilms has been

previously demonstrated.13 Studies using scanning electron microscopy have shown distinct

biofilms on contact lens surfaces recovered from patients with microbial keratitis even in

those patients with good compliance.10, 11 Bacterial biofilms have also been recovered from

lens cases used by patients during an episode of microbial keratitis,10 and lens case

associated biofilms are more resistant to contact lens care solutions.20, 21

It is well known that bacteria within biofilms are more resistant to biocides and antibiotics.22

However, there is no accepted contact lens model to assess the susceptibility of bacterial

biofilms bound on hydrogel contact lenses to contact lens care solutions. In a recent study,

we reported on a fungal biofilm-contact lens model using Fusarium species and found that

lens bound fungal biofilm was resistant to two biguanide-based contact lens care products

while the planktonic cells were susceptible.23 In the current study, we used a bacterial

biofilm-contact lens model to determine whether 3 different bacterial strains, commonly

associated with contact lens keratitis and inflammation, can form biofilm on silicone

hydrogel contact lenses. Additionally, we assessed the antimicrobial activities of contact

lens care solutions against bacterial cells grown under planktonic or biofilm conditions. Our

results show that all the selected reference and clinical bacterial strains form biofilms on the

lotrafilcon A silicone hydrogel material. Furthermore, these biofilms were resistant to

common biguanide preserved multipurpose care solutions, while the planktonic forms were

susceptible. Our studies suggest that adverse events associated with silicone hydrogel lenses

may be related to the propensity of bacteria to adhere and form resistant biofilms on contact

lens surfaces.
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METHODS

Bacterial Strains

The following bacterial species were used in the current study: Pseudomonas aeruginosa,

Serratia marcescens, and Staphylococcus aureus (Table 1). These species were selected

because they are common causative agents of contact lens-associated infection and

inflammation.24–31 The ATCC strains used were based on recommendations by the FDA

guidance document FDA Premarket Notification 510(k) Guidance Document for Contact

Lens Care Products.32

Bacterial Growth Conditions

Bacteria were grown overnight at 37°C in tryptic soy broth (TSB, MP Biomedicals, OH)

washed 3 times with phosphate buffered saline (PBS) and the number of cells suspension

was adjusted spectrophotometrically (wavelength 660 nm).

Contact Lenses

Lotrafilcon A (CIBA Vision, Duluth, GA) soft contact lenses were used in this study. All

lenses were manufactured in an 8.6 mm base curve and +1.50 D. This lens is a U.S. Food

and Drug Administration (FDA) Group 1 non-ionic silicone hydrogel polymer with 24%

water and a permanent 25nm plasma surface coating. It was chosen to represent a leading

extended wear silicone hydrogel material and is one of the two soft lens types approved by

the FDA for up to 30 days of extended wear.

Lens Care Solutions

The five most common multipurpose solutions (MPSs) or multipurpose disinfecting

solutions (MPDSs) available at the time of this study were used: ReNu Multiplus and ReNu

with MoistureLoc (Bausch & Lomb, Rochester, NY), Complete MoisturePlus (Advanced

Medical Optics, Santa Ana, CA), AQuify (Ciba Vision, Duluth, GA), and Opti-Free

Replenish (Alcon Laboratories, Fort Worth, TX). Additionally, Clear Care (Ciba Vision,

Duluth, GA), a hydrogen peroxide-based care system was tested. Since the completion of

study, ReNu with MoistureLoc and Complete MoisturePlus have been withdrawn from the

global market due to association with outbreaks of Fusarium and Acanthamoeba keratitis,

respectively.33, 34 Table 2 lists the specific care systems used and their respective

antimicrobial agents. Note that ReNu Multiplus and MoistureLoc, Complete MoisturePlus,

and AQuify contain a polymeric biguanide, Opti-Free Replenish contains polyquaternium-1

and myristamidopropyl dimethylamine, and Clear Care contains 3% hydrogen peroxide

(with a platinum coated disc for rapid and effective neutralization before placement of lenses

on the eye) as active disinfection ingredient.

Biofilm Formation and quantification

Lotrafilcon A lenses were washed with PBS, placed in 12-well tissue culture plates with 4

ml standardized cell suspensions (absorbance was 0.1 at 660nm) and incubated for 120 min

at 37°C to allow adhesion of cells to the lens surface (adherence phase). Next, these lenses

(all of which contained adherent bacteria) were transferred to new 12-well plates containing
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fresh PBS (4 mL). Next, lenses were immersed in 1% TSB and incubated for different time

periods (2, 6, 18 and 24 hours) at 37°C on a rocking platform. At indicated time points

lenses with bacterial biofilm were washed with PBS and transferred to a 1.5 ml conical tube

with 1.0 ml of PBS. To quantify biofilms, lenses on which biofilms were formed by

different bacterial species and strains were sonicated for 5 min and vortexed for 3 min. The

resulting cell suspensions were collected, serially diluted in PBS, and aliquots were spread

on Mueller-Hinton (MH) agar plates. The plates were incubated at 37°C for 24 h, and the

number of colony forming units (CFUs) was recorded.

Scanning electron microscopy (SEM) analysis of biofilms formed on contact lenses

Surface topography of bacteria grown as biofilms (on soft contact lenses) and planktonic

cells were investigated using SEM as described previously.35, 36 Briefly, bacterial biofilms

utilizing the FDA recommended reference strains (P. aeruginosa, ATCC 9027; S.

marcescens, ATCC 13880; and S. aureus, ATCC 6538) were formed to mature phase (18 h)

on contact lenses. Contact lenses with mature biofilms were fixed with 2% glutaraldehyde,

followed by fixing with osmium tetraoxide, tannic acid, and uranyl acetate. These steps were

followed by a series of ethanol dehydration steps as described previously,35, 36 and the

prepared samples were sputter coated with Au-Pd (60/40 ratio) and viewed with a model

XL3C ESEM Philips microscope.

Confocal scanning laser microscopic (CSLM) analyses of biofilm architecture and
thickness

Architecture and thickness of biofilms formed utilizing the FDA recommended reference

strains on contact lenses were evaluated by confocal scanning laser microscopy (CSLM).

Briefly, biofilms grown on contact lenses were transferred to 12-well plates and stained with

the LIVE/DEAD BacLight Bacterial Viability Kit (Molecular Probes, Eugene, OR). After

incubation with the dyes, the biofilms were placed on a 35-mm-diameter glass-bottom Petri

dish (MatTek Corp., Ashland, Mass.). Stained biofilms were observed with a Zeiss LSM510

confocal scanning laser microscope equipped with argon and HeNe lasers and mounted on a

Zeiss Axiovert100 M microscope (Carl Zeiss Inc.). The objective used was a water

immersion C-apochromat lens (403; numerical aperture of 1.2). Depth measurements were

taken at regular intervals across the width of the device. For orthogonal analyses, a series of

horizontal (xy) optical sections were obtained throughout the full length of the biofilm, and

analyzed using LSM 510 software (Carl Zeiss). Confocal images of green (ConA) and red

(FUN-1) fluorescence were conceived simultaneously using a multitrack mode.

Planktonically grown cells were used as comparators in these studies.

Evaluation of Antibacterial Activity of Contact Lens Care Solutions

Lotrafilcon A lenses with biofilm were washed by PBS (for at least 5 seconds) to simulate

the rinsing step, put in 4 ml of one of the indicated contact lens care solutions in 12-well

plates and incubated at room temperature for 4 h (for ReNu MultiPlus and MoistureLoc,

AQuify, and COMPLETE MoisturePlus) or 6 h (for OPTI-Free and Clear Care) according to

manufacturer recommendations. In the case of Clear Care, lenses with biofilms were put into

the lens case supplied by the manufacturer using their recommended amount of solution
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because this solution is based on a peroxidase system and the specified solution volume

must be inactivated with a platinum coated disk. After treatment, lenses were washed by

PBS as above, transferred to 1.5 ml tube with 1.0 ml of PBS, sonicated for 5 min and

vortexed for 3 min. Cell suspensions were treated with Dey-Engley Neutralizing Broth

(DEB, Difco Laboratories) for 15 min and serial dilutions were spread on Tryptic Soy Agar

(TSA) plates to evaluate viability. Each strain was tested three independent times.

The effect of contact lens care solutions against planktonically grown cells was evaluated

according to International Organization for Standardization (ISO 14729) Stand Alone

Procedure guidelines. Briefly, absorbances of cell suspensions were adjusted to obtain 4.0 ×

107 cfu/ml. Subsequently, a 0.1 ml suspension of each strain was mixed with 10 ml of each

lens care solution and incubated at room temperature for 4 h (for ReNu MultiPlus and

MoistureLoc, AQuify, and COMPLETE MoisturePlus) or 6 h (for OPTI-Free and Clear

Care), as suggested by the respective manufacturer. In the case of Clear Care, the cell

suspensions were placed in the manufacturer’s platinum coated disk container with their

specified volume of solution so that the neutralization step was effectively accomplished.

After treatment, the resultant mixture was treated with DEB and serial dilutions were spread

on TSA plates for CFU counting. Each strain was tested three independent times.

Statistical Analyses

For the comparison of the various strains to form biofilm, an ANOVA was performed with

Bonferroni/Dunn post-hoc comparisons. Additionally an ANOVA with Bonferroni/Dunn

post-hoc comparisons was performed on the reduction of Log CFU/ml for each lens solution

for each growth form and organism. All statistical analyses were performed using SPSS

software, ver. 16.0.

RESULTS

Time Course of Bacterial Biofilm Development on Lotrafilcon A Lenses

In order to evaluate the time course of bacterial biofilm development on lotrafilcon A lenses,

we monitored biofilm formation at 0, 2, 6, 18 and 24 h using quantitative culturing. As

shown in Figure 1, there were three distinct patterns of growth for each organism: biofilm

formation by P. aeruginosa progressed through an early phase characterized by a rapid

growth in the initial 6 h, followed by an intermediate phase where gradual, slow growth was

noted (up to 18 h). After the 18 h time point, P. aeruginosa biofilm growth reached

stationary phase. Biofilm formation by S. marcescens followed different growth kinetics,

with an initial latent phase of up to 2 h, followed by a rapid exponential growth phase

(between 2 h to 6 h), reaching a plateau thereafter. In contrast, biofilm formation by S.

aureus was characterized by a gradual increase in growth up to 24 h. Biofilms grown to 18 h

were used in subsequent experiments, since although there were differences in kinetics,

biofilms formed by all three species reached maturation phase by this time point.

Multiple Strains of each Bacteria form Biofilm on Lotrafilcon A Lenses

To determine whether different bacterial species and strains can form biofilms on silicone

hydrogel contact lenses, we cultured clinical and reference (ATCC) isolates of P.
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aeruginosa, S. marcescens, and S. aureus under biofilm-forming conditions on lotrafilcon A

contact lenses, and measured growth by CFU. Figure 2 shows the colony forming units

(CFUs) of biofilms formed by these isolates. Our data showed that all the isolates tested

formed biofilms on contact lenses (approximately 5–7 log CFU/ml). No significant

difference in the ability to form biofilms was observed between the clinical and reference

isolates of P. aeruginosa. Among the S. marcescens strains, CFU from the reference isolate

(ATCC 13880) was significantly lower than the three clinical isolates (MRL9195, 056SM

and 094SM; P < .047). However, no significant difference in the ability of the clinical S.

marcescens isolates to form biofilms was observed. Finally, among the S. aureus strains, the

clinical isolate (094SA) formed significantly lower biofilm than the two reference isolates

tested (ATCC 43300, ATCC 6538; P ≤ .01 for both comparisons). Since these data show

that all bacterial species and strains tested were able to form biofilms on lotrafilcon A

contact lenses, all subsequent analyses utilized the standard reference strains as

recommended by the FDA and ISO guidelines, specifically P. aeruginosa (ATCC 9027), S.

marcescens (ATCC 13880), and S. aureus (ATCC 6538).

Ultrastructural/scanning electron microscopy analysis of Bacterial Biofilms formed on
Lotrafilcon A lenses

We used SEM to evaluate the gross morphology of bacterial biofilms formed on contact

lenses. Our analyses revealed typical biofilm morphologies for the three bacterial isolates

tested (Fig. 3). As expected, Pseudomonas biofilms exhibited a dense network of cells

arranged in multiple layers, forming microcolonies, with clearly visible granular

extracellular matrix (arrow, Fig. 3A). Similar topographies and microcolonies were observed

in biofilms formed by S. marcescens and S. aureus (Fig. 3 C and E, respectively).

Planktonically grown bacteria exhibited individual cells occurring mostly as monolayers,

with no evidence of extracellular matrix (Fig. 3 B, D, and F).

P. aeruginosa Formed Thicker Biofilms on Silicone Hydrogel Contact Lens than S.
marcescens and S. aureus

Confocal analyses revealed that biofilms formed by the three bacterial species exhibited

heterogeneous architecture characterized by the presence of dense clusters of viable cells

interspersed with dead cells (Fig. 4). Comparison of thickness of biofilms formed by these

three species is shown in Table 3, and revealed that P. aeruginosa formed significantly

thicker biofilm than S. marcescens and S. aureus (which had the thinnest biofilm; P < .02 for

all comparisons). In contrast to biofilms, planktonically grown bacteria were present as

single cells (data not shown).

Contact Lens Solutions are Active Against Planktonic but not Biofilm Forms of Bacteria

The ability of five multipurpose contact lens care solutions and the hydrogen peroxide-based

Clear Care system to inhibit planktonic and biofilm growth of P. aeruginosa, S. marcescens

and S. aureus was evaluated. As shown in Figure 5, all the multipurpose lens care solutions

tested had at least a 6 log reduction of planktonically grown strains of P. aeruginosa, S.

marcescens, and S. aureus. Incubation with the Clear Care solution led to a 6 log reduction

of planktonically grown P. aeruginosa and S. marcescens, however, against S. aureus, it
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reduced CFU count by 5.07 logs which was not statistically different compared to the other

products (P = .320). Importantly, all the care solutions met the ISO 14729 criteria of at least

a 3-log reduction in CFUs for lens care solutions to be considered active against microbes.

In contrast to the activity of the lens care solutions against planktonically grown cells, four

of the six solutions had little to no effect on the biofilm form of P. aeruginosa, S.

marcescens, and S. aureus (Fig. 5B). Specifically, all the solutions containing biguanide

preservative were completely ineffective against most biofilms formed by P. aeruginosa, S.

marcescens, and S. aureus (no difference from the untreated control). The only exception

was ReNu with MoistureLoc which significantly inhibited biofilm formation by P.

aeruginosa (P = .001), however this approximately 2 log reduction was lower than that

achieved against planktonic cells. Opti-Free Replenish solution had greater than a 7 log

reduction of biofilms formed by P. aeruginosa and S. aureus (P < .0001) but was ineffective

against biofilms formed by S. marcescens. In this regard, Opti-Free Replenish had a 1.04-log

reduction in CFUs against S. marcescens biofilm which was not significantly different from

the untreated control (P = .473). Clear Care, the only hydrogen peroxide system tested, was

active against biofilms formed by all three bacterial species. In this regard, Clear Care

exhibited a >7 log reduction against P. aeruginosa biofilm, a >6-log reduction of biofilm

formed by S. marcescens, and a >4 log reduction of biofilm formed by S. aureus,

respectively (all P < .0001 compared to untreated control and all biguanide preserved

solutions). Compared to Opti-Free Replenish, Clear Care was more effective against S.

marcescens biofilm (P < .0001), but less effective against S. aureus biofilm (P < .0001).

Taken together, our data show that these tested contact lens care solutions are active against

planktonically grown P. aeruginosa, S. marcescens, and S. aureus cells. In general,

hydrogen peroxide and polyquaternium preserved care solutions were more effective against

contact lens associated biofilms compared to biguanide preserved solutions. However, the

hydrogen peroxide system (Clear Care) was the only solution that was effective against

biofilms formed by all three bacterial species.

DISCUSSION

In this study, we developed a reproducible in vitro model of bacterial biofilm formation on

lotrafilcon A silicone hydrogel contact lenses and demonstrated that P. aeruginosa, S.

marcescens, and S. aureus (major etiological agents of contact lens-associated infection and

inflammation) can form biofilms on this contact lens polymer. We also showed that

although all the tested lens care solutions were effective against planktonic bacterial growth,

biguanide preserved care solutions were generally ineffective against bacterial biofilms in

the developed in vitro model.

Several groups have investigated bacterial adhesion to contact lens surfaces and reported

that this process is influenced by variables like temperature, culture media, lens material,

surface coating, etc.37–42. Stapleton et al.43 showed that glycocalyx formation can occur as

early as 30 minutes after adhesion of P. aeruginosa to low Dk soft lenses. However, there is

a paucity of information on models of mature biofilms bound to soft contact lenses. The

current study is the first description of a model that assesses antibacterial properties of lens
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care solutions against mature bacterial biofilms grown directly on silicone hydrogel contact

lenses.

Bacterial adhesion has been shown to be higher on silicone hydrogel contact lens materials

than on conventional hydrogels,40, 41, 44 which is likely to have clinical relevance because

high levels of bacteria and silicone hydrogel lenses have been associated with some

inflammatory events.6, 29, 45–48 In this regard, Selan et al.49 used a 24-well plate-based assay

to demonstrate that in presence of BHI medium, phosphorylcholine-coated contact lenses

were more resistant to bacterial adhesion and colonization compared to poly(2-hydroxyethyl

methacrylate) (pHEMA) or silicone hydrogel lenses.

In our in vitro model, we found that biofilms formed by all three species reached mature

phase by 18 h, although with distinct differences in their growth kinetics. For example,

biofilm formation by P. aeruginosa progressed through early, intermediate and mature

phases, while biofilm formation by S. marcescens exhibited a latent phase, followed by an

exponential growth phase, reaching a plateau thereafter. Finally, S. aureus biofilms were

characterized by a gradual increase in growth up to 24 h. Differential growth kinetics of

biofilm formation have also been reported earlier for S. epidermidis and Enterococcus

faecalis biofilms formed under varying conditions of hydrodynamic flow, and demonstrated

latent, dynamic/accelerated, linear growth, and a mature phase during biofilm

formation.50, 51 These results suggest that biofilm formation on contact lenses by different

bacteria pass through distinct developmental phases.

We used SEM and CSLM to characterize the surface topography and three-dimensional

architecture of bacterial biofilms. SEM analyses showed that biofilms exhibited a dense

network of clumps of cells with visible granular extracellular matrix, while CSLM

examination revealed that these biofilms exhibited heterogeneous architecture characterized

by the presence of dense clusters of viable regions interspersed with nonviable regions.

Earlier studies have also used SEM and CSLM to assess bacterial adherence and biofilms

formed on contact lenses.10, 49, 52, 53 The clusters of microcolonies observed in our SEM

analyses were similar to those reported earlier by McLaughlin-Borlace,10 who used SEM to

evaluate biofilm formation on contact lenses and contact lens storage cases from patients

with microbial keratitis. These investigators reported that biofilms were present more

frequently (85%) on lens storage case surfaces compared with contact lens surfaces (55%).

Moreover, these bacterial biofilms were comprised of clumps of cocci and sparse rods on

contact lenses, while the lens cases had similar but more extensive biofilms. More recently,

Selan et al.49 also used CSLM to show reduced adhesion and colonization of bacteria on

phosphorylcholine-coated contact lenses compared to silicone-hydrogel and pHEMA lenses.

The architecture of bacterial biofilms reported by these investigators was similar to those

observed in this study.

One variable that can also impact the topography and architecture of bacterial biofilms

formed on contact lenses is whether the lenses are unworn, or worn (which would be

exposed to tear film during use). In the current study, we used fresh, unworn contact lenses,

and thus were not exposed to tear film. The formation of a conditioning film comprised of

tear proteins and other organic material has been shown to profoundly influence the physio-
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chemical properties of biomedical surfaces.38, 44 The effect of tear film deposition on

contact lens biofilm formation is currently being investigated using the in vitro bacterial

biofilm model described in this study.

Our studies revealed that all tested solutions exhibited potent activity against planktonically

grown P. aeruginosa, S. marcescens, and S. aureus. When tested against biofilms, only the

peroxide based care system (Clear Care) exhibited activity against all three bacterial species.

The polymeric biguanide preserved solutions showed much less and variable activity against

biofilms formed by these same organisms on lotrafilcon A lenses. Specifically, ReNu with

MoistureLoc, MultiPlus, Aquify, and Complete MoisturePlus were ineffective against

bacterial biofilms. Finally, a polyquaternium preserved MPDS (OPTI-Free Replenish) was

very effective against biofilms formed by P. aeruginosa and S. aureus, but not those formed

by S. marcescens. Hydrogen peroxide destabilizes cells and organic substrates via oxidation.

OPTI-Free Replenish actually contains two biocides: polyquaternium-1, a quaternary

ammonium compound, and myristamidopropyl dimethylamine. Polyquaternium-1 is

predominantly antibacterial and myristamidopropyl dimethylamine is mainly antifungal and

antiprotozoal.54 The exact mechanisms by which these substances are lethal to

microorganisms are unknown, but it is believed they induce cytoplasmic membrane damage

in P. aeruginosa, S. marcescens, and S. aureus.54, 55

Among the three species of biofilms tested in this study, S. marcescens biofilms were not

susceptible to any of the multipurpose solutions while the planktonic form was always

completely susceptible. Our findings are comparable to those reported earlier by Wilson et

al.,21 who showed that biofilms formed by P. aeruginosa, S. marcescens, S. epidermidis,

Streptococcus pyogenes, and C. albicans on wells of polyethylene contact lens cases

retained viability to certain contact lens disinfectant solutions after exposure for the

manufacturer’s minimum recommended disinfection times. These investigators also showed

that biofilms formed by S. marcescens on lens cases were the most resistant to a number of

disinfectant solutions. In a recent study, Vermeltfoort et al.20 showed that three different

multipurpose care solutions (Opti-Free Express®, ReNu MultiPlus®, and SoloCare Aqua™)

were not active against biofilms formed by P. aeruginosa and S. aureus on lens storage

cases. However, Opti-Free was the most effective in reducing transfer of S. aureus bacterial

cells from a biofilm laden case to a silicone hydrogel lens soaked for 8 hours within the

case. These investigators evaluated the antimicrobial activity of disinfectant solutions

against biofilms formed on contact lens cases, while we evaluated the susceptibility of

biofilms formed on contact lenses. Nonetheless, our results are similar; suggesting that

biocide-resistance of these biofilms is a broad phenotype.

We have intentionally not specified minimum criteria for defining efficacy of the care

solutions against biofilm. The FDA criterion of a minimum 3 log reduction within the

minimum recommended disinfection period applies only to the microbial challenge of

planktonic bacteria inoculated during the stand alone test procedure. Just as the size of the

microbial challenge recommended by ISO and FDA Stand Alone Procedure is not intended

to be representative of the likely challenge in practice, the microbial challenge we have

created in our contact lens-biofilm model is not intended to represent in vivo biofilms but to
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provide countable numbers from which estimation of the extent of viability loss can be

determined.

The efficacy of multipurpose contact lens care solutions has come under scrutiny in the last

two years.33, 34 Our study, like those of others,21, 56 reveals inadequacies in the testing

procedures recommended by the FDA Premarket Notification 510(k) Guidance Document

for Contact Lens Care Products.32 Although the FDA is seeking to revise its guidelines,

currently, the disinfecting effect of contact lens care solutions for licensing purposes

continues to be tested against planktonically grown microbial cells. Since biofilms are

associated with contact lenses, their carrier cases, and adverse events, it is essential to

incorporate testing of lens care solutions for activity against biofilms prior to launching a

new product.

In conclusion, contact lens associated bacterial biofilms are more resistant than planktonic

cells to antimicrobial agents in marketed contact lens solutions. These studies indicate an

essential mechanism by which organisms may cause contact lens associated keratitis, and

provide a model for understanding the biology, pathogenesis, and resistance mechanisms of

contact lens-associated bacterial biofilms.
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Fig. 1.
Growth kinetics of biofilms formed by P. aeruginosa, S. marcescens, and S. aureus on

silicone hydrogel contact lens. Biofilm growth was monitored by determining the colony

forming unit (CFU) count at each time point studied.
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Fig. 2.
Comparison of the ability of clinical isolates and reference strains of P. aeruginosa, S.

marcescens, and S. aureus to form biofilms on silicone hydrogel contact lenses, measured

by determining the associated CFUs.
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Fig. 3.
Gross morphology and surface topography of biofilms formed by P. aeruginosa, S.

marcescens and S. aureus, compared with the corresponding planktonically grown cells.

Scanning electron microscopy was performed to evaluate gross morphology and surface

topography of biofilms formed by (A) P. aeruginosa, (C) S. marcescens and (E) S. aureus

after 18h incubation. Panels B, D, and F represent planktonically grown cells of these three

bacteria for 18 h, respectively. Arrow indicates biofilm matrix. Magnification, x5000.
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Fig. 4.
Confocal analysis of the architecture of biofilms formed by P. aeruginosa, S. marcescens

and S. aureus. Panels show orthogonal view of biofilms formed on silicone hydrogel contact

lens by (A) P. aeruginosa, (B) S. marcescens, or (C) S. aureus. Magnification, x40.
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Fig. 5.
Activity of contact lens cleaning solutions against P. aeruginosa, S. marcescens, or S.

aureus grown (A) as planktonic cells, or (B) as biofilms on lotrafilcon A lenses. The effect

of contact lens care solutions against planktonically grown cells was evaluated according to

International Organization for Standardization (ISO 14729) Stand Alone Procedure

guidelines. The effect of contact lens care solutions against mature biofilm was assessed

after soaking the biofilm coated lens in each manufacturer’s solution for the recommended

soak time. Data represent reduction in log CFU (Mean ± Standard Deviation), for at least

three replicates. *P ≤0.001 compared to untreated planktonic cells. Effects of Optifree

(against P. aeruginosa and S. aureus) and Clear Care (against all three species) were

significantly different (p<=0.02) from the biguanide preserved solutions. **P ≤ .001 when

comparing effect of Clear Care solution against S. marcescens biofilms. ◆P ≤ .001 when

comparing effect of OptiFree or Clear Care solutions against S. aureus biofilms.
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Table 1

List of strains tested in this study

Species Isolate Source

P. aeruginosa ATCC 9027 ATCC (from outer ear infection)*

MRL8620 CMM*

S. marcescens ATCC 13880 ATCC (from pond water)

MRL9195 CMM

056SM Contact lenses of a patient with contact lens acute red eye (CLARE) in the Longitudinal Analysis of Silicone
Hydrogel (LASH) contact lens study§

094SM Contact lenses of a patient with infiltrative keratitis the Longitudinal Analysis of Silicone Hydrogel (LASH)
contact lens study§

S. aureus ATCC 6538 ATCC (from a human lesion)

ATCC 43300 ATCC (clinical isolate)

094SA Contact lenses of a patient with infiltrative keratitis the Longitudinal Analysis of Silicone Hydrogel (LASH)
contact lens study§

*
ATCC – American Type Culture Collection, Rockville, MD; CMM – Center for Medical Mycology (CMM), University Hospitals Case Medical

Center. Source for ATCC isolates are based on the description provided at the ATCC website (http://www.atcc.org).

§
The LASH study (performed by LSF at University Hospitals Case Medical Center) is an ongoing prospective cohort study of 208 users of

lotrafilcon A lenses worn continuously for up to 30 days of wear.
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TABLE 2

Contact lens care solutions tested

Product Disinfectants

ReNu MultiPlus DYMED® (polyaminopropyl biguanide) 0.0001%

ReNu MoistureLoc Alexidine 0.00045%

AQuify Polyhexanide (polyhexamethylene biguanide) 0.0001%

COMPLETE MoisturePlus Polyhexamethylene biguanide 0.0001%

OPTI Free Replenish Polyquad® (polyquaternium-1) 0.001%; Aldox®(myristamidopropyl dimethylamine) 0.0005%

CLEAR CARE Hydrogen peroxide 3%
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