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Purpose: Neutrophil-derived extracellular debris has been shown to accelerate
bacterial biofilm formation on hydrogel and silicone hydrogel contact lens surfaces
compared to lenses inoculated with bacteria alone. The purpose of this study was to
evaluate the disinfection efficacy of four standard commercial contact lens cleaning
regimens against neutrophil-enhanced bacterial biofilms formed on silicone hydrogel
contact lenses.

Methods: Four reference strains were used: Pseudomonas aeruginosa, Serratia
marcescens, Stenotrophomonas maltophilia, and Staphylococcus aureus. Human
neutrophils were isolated from peripheral blood by venipuncture. Unworn Lotrafilcon
B lenses were incubated overnight in each respective strain with stimulated
neutrophils. Contact lenses were then cleaned using one of four contact lens care
solutions according to manufacturer instructions. Bacterial viability was assessed by
colony counts and confocal microscopy. Volume of residual debris on lens surfaces
after cleaning was quantified using IMARIS software.

Results: All four solutions tested showed effective antimicrobial activity against each
bacterial strain; however, substantial amounts of nonviable bacteria and cellular
debris remained on the lens surface despite concomitant digital cleaning.

Conclusions: Necrotic cellular debris that accumulates under the posterior lens
surface during wear of an inoculated contact lens is not fully removed during routine
cleaning and disinfection.

Translational Relevance: The accumulation of residual cellular debris on the contact
lens surface may contribute to new colonization of the lens and represents a
significant risk factor for a contact lens–related adverse event. Additional studies are
needed to correlate these findings with risk for corneal infiltrative and/or infectious
events in a standard animal model.

Introduction

The annualized incidence of contact lens–related
microbial keratitis has remained unchanged for more
than three decades.1–4 Despite enhanced lens materi-
als and care solutions, lens–related corneal infections
continue to appear in otherwise healthy adults who
would not normally be susceptible to infection. While
the widespread implementation of silicone hydrogel
contact lenses into the worldwide market has resulted
in an improvement in corneal physiology, the
incidence of contact lens–related adverse events has
not dropped. Instead, well-controlled studies have
clearly demonstrated an increased risk for corneal
infiltrative events (CIEs) in response to silicone

hydrogel lens wear.5–9 One of the primary risk factors
identified for having a CIE during lens wear is the
presence of substantial microbial bioburden on the
lens surface.8

Factors relating to silicone hydrogel lens use and
increased risk for CIEs include the potential for
increased microbial adhesion to silicone hydrogel
contact lens surfaces and issues pertaining to lens care
solution biocompatibility.10–17 For a contact lens care
solution to be effective and promote safe lens wear,
two main criteria must be met. First, use of the care
solution cannot result in any corneal surface epithelial
damage. Uptake and release of biocides by the lens
during wear has been shown to be associated with
corneal staining.18–21 In our in vivo rabbit model,
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uptake and release of a biguanide-based solution was
also associated with junctional disruption in surface
epithelial cells with enhanced bacterial internalization
into the cornea.22,23 Second, the solution must
demonstrate effective disinfection activity against
pathogens present on the contact lens and in the
contact lens storage case.24–29

We have recently shown that Pseudomonas aerugi-
nosa, along with other strains of bacteria, can
accelerate colonization of contact lens surfaces in
the presence of dying neutrophils in vitro (manuscript
under review).30,31 Analysis of the microbial burden
on the lens showed both an increase in viable bacteria
and thickness of the newly formed biofilm. Impor-
tantly, direct targeting of neutrophil–bacterial inter-
actions during contact lens wear in vivo has been
shown to reduce bacterial internalization into the
cornea.30

It has been previously reported that biofilms
formed on contact lens surfaces demonstrate in-
creased resistance to common biocides in contact lens
care solutions.29 This study sought to determine the
efficacy of both chemically preserved and peroxide-
based contact lens care solutions in removing
neutrophil-enhanced bacterial bioburden from con-
tact lens surfaces during standard cleaning regimens.
Importantly, we show that current commercial
contact lens care solutions fail to fully remove cellular
debris from contact lens surfaces using recommended
rub and rinse cleaning practices. The residual debris
may represent a new risk factor for microbial
recolonization of contact lenses.

Methods

Bacterial Strains

Four reference strains were used in this study: P.
aeruginosa (ATCC 9027), Staphylococcus aureus
(ATCC 6538), Stenotrophomonas maltophilia (ATCC
13637), and Serratia marcescens (ATCC 13880). All
strains were purchased from the American Type
Culture Collection (ATCC; Manassas, VA). Bacterial
stocks were stored at �808C. For experiments,
bacteria were grown on tryptic soy agar (TSA;
Sigma-Aldrich Corp., St. Louis, MO) at 378C
overnight. From that plate, a single clone was isolated
and grown at 378C overnight on a TSA slant. Bacteria
were then suspended in Roswell Park Memorial
Institute Media (RPMI; Sigma-Aldrich Corp.) to a
concentration of ~108 CFU/mL using a spectropho-
tometer (absorbance was 0.3 at 650 nm) and diluted

to ~106. Inoculums were confirmed by standard
colony counts.

Ethics Statement

Human subject research was performed according
to the tenets of the Declaration of Helsinki. All
procedures were approved by the Institutional Review
Board at University of Texas Southwestern Medical
Center, and each subject signed an informed consent
before participation in this study.

Neutrophil Isolation

Whole blood was collected from the peripheral
arm vein of healthy human volunteers as we have
previously reported.30 Following collection into three
4.5-mL vacutainers containing 3.2% citrate (Becton,
Dickinson and Company, Franklin Lakes, NJ),
samples were combined into a single 50-mL conical
tube. Peripheral blood neutrophils were then isolated
using Plasma-Percoll gradient separation.32 All pro-
cedures were performed at room temperature to
prevent nonspecific activation of neutrophils. Samples
were then centrifuged at 300 g for 20 minutes,
followed by removal of the platelet-rich plasma. The
platelet-rich plasma then underwent an additional
centrifugation step for 15 minutes at 2500 g. The
remaining supernatant constituted the platelet-poor
plasma (PPP). With the remaining sample left after
the collection of the platelet-rich plasma from the
initial centrifugation step, 5 mL of 6% dextran and
0.9% saline were added and then mixed by gentle
inversion. After a 30-minute incubation at room
temperature, the leukocyte-rich layer was removed
and subject to an additional centrifugation step for 6
minutes at 275 g. The resultant pellet was then
resuspended in the PPP. Platelet-poor plasma was
used to make solutions containing 42% and 51%
Percoll (Sigma-Aldrich Corp.). These were added, and
the sample was centrifuged for 10 minutes at 275 g.
Neutrophils were carefully collected from the inter-
face between the two Percoll layers, washed with PPP,
and pelleted by centrifugation at 275 g. Neutrophils
were resuspended in RPMI containing 2% heat-
inactivated PPP (HIPPP) and the concentration
determined using a hemacytometer. To generate the
2% HIPPP, PPP was incubated for 30 minutes in a
water bath at 568C. The heated 2% HIPPP was then
centrifuged to remove any particulates. Stimulated
neutrophils were obtained by adding 60 ng/mL (25
nM) of phorbol 12-myristate 13-acetate (Sigma-
Aldrich Corp.), a neutrophil-activating agonist, for
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1 minute. Activated neutrophils were then washed in
RPMI containing 2% HIPPP and resuspended to a
final concentration of 16.6 3 106 cells/mL. Neutro-
phils were allowed to incubate for 2 hours at 378C
prior to the inoculation.

Contact Lens Incubation

Unworn soft contact lenses (Lotrafilcon B; Alcon
Laboratories, Ft. Worth, TX) with a base curve of
8.6, a diameter of 14.2, and a power of �0.50 were
used in this study. In a sterile hood, lenses were
removed from their blister pack, and whole lenses
were placed into single wells of a plastic 24-well plate.
Bacteria and neutrophils were added at a 1:1 ratio in a
total of 1 mL of RPMI containing 2% HIPPP.
Contact lenses were then incubated overnight for
approximately 18 hours at 378C. Control lenses were
incubated with neutrophils alone as an additional
control to ensure no cross-contamination.

Contact Lens Care Solutions

Efficacy of four commercially available contact
lens care solutions was tested. Following an overnight
incubation (approximately 18 hours) at 378C, contact
lenses were rinsed in phosphate-buffered saline (PBS)
to remove any nonadherent bacteria and then
disinfected with either one of two chemically pre-
served multipurpose contact lens care solutions
(MPS) or one of two hydrogen peroxide–based
(HPB) lens care systems. Although both HPB
solutions have 3% hydrogen peroxide as the active
agent, we chose to test two different HPB care
solutions due to differences in the chemical compo-
sition such as surfactants and wetting agents. The
active ingredients for each care solution are detailed
in the Table. In addition, PeroxiClear is reported to
have a delayed-release mechanism that initially

inhibits neutralization to allow for better disinfection,
with complete neutralization in 4 hours. Clear Care
requires 6 hours for neutralization. Cleaning, includ-
ing digital rubbing, was performed according to
specific manufacturer guidelines. Lenses were placed
in sterile manufacturer-provided lens cases and
allowed to sit at room temperature for an additional
4 or 6 hours as indicated in the manufacturer
disinfection guidelines. Sterile, individually packaged
nitrile surgical gloves, were used when the disinfectant
procedure called for rubbing. Control lenses were
rinsed with PBS and then placed into PBS for 6 hours.
After respective disinfection times had elapsed,
contact lenses were removed from disinfecting solu-
tions and neutralized for 15 minutes using 1 mL of
Dey-Engley broth (Sigma-Aldrich Corp.). The lenses
were then stained using the Bacterial Viability Kit
(Life Technologies, Grand Island, NY) or processed
for colony-forming unit determination. Each strain/
solution combination was tested three independent
times.

Laser Scanning Confocal Microscopy

After cleaning, contact lenses were stained using a
Live/Dead BacLight Bacterial Viability Kit (Life
Technologies). Staining was achieved using a 3-lL
mixture containing 1.5 lL SYTO 9 and 1.5 lL
propidium iodide (PI) at room temperature for 15
minutes. Contact lenses were then washed in PBS and
transferred onto separate 35-mm-diameter glass-
bottom culture dishes (MatTek Corp., Ashland,
MA) and viewed using a laser scanning confocal
microscope (Leica SP8; Leica Microsystems, Heidel-
berg, Germany). Images were sequentially scanned to
minimize any spectral overlap between the emission
channels. Images were processed using IMARIS
software (Bitplane, South Windsor, CT). To quantify

Table. Contact Lens Care Solutions (CLCS)

CLCS Manufacturer Active Ingredients

BioTrue Bausch & Lomb, Rochester, New York Polyaminopropyl biguanide 0.00013% and
polyquaternium 0.0001%, hyaluronan,
poloxamine, boric acid

PureMoist Alcon Laboratories, Fort Worth, Texas Polyquaternium-1 0.001% and myristamidopropyl
dimethylamine 0.0006%, TETRONIC 1304,
HydraGlyde moisture matrix, boric acid

ClearCare Alcon Laboratories, Fort Worth, Texas Hydrogen peroxide 3%, Pluronic 17R4
PeroxiClear Bausch & Lomb, Rochester, New York Hydrogen peroxide 3%, poloxamer 181,

carbamide, and propylene glycol
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the volume of adherent debris on contact lens
surfaces, the surface function in IMARIS was used.

Viable Bacterial Quantification

To determine the number of viable bacteria
remaining on the contact lens after cleaning, contact
lenses were placed in individual Eppendorf tubes
containing PBS. Tubes were then placed in a water
sonicator (Branson 2510; VWR, Radnor, PA) at 50–
60 Hz and sonicated for 1 minute. Sonication was
followed by immediately vortexing on high for 2
minutes to eliminate any residual bacterial clumping.
Prior testing in our laboratory has shown that the
water sonication/vortexing combination results in the
greatest number of viable bacteria recovered from
inoculated contact lenses. The resultant solution was

serially diluted with PBS and plated on TSA plates in
triplicate for each dilution. The plates were then
incubated at 378C overnight, and colony counts were
obtained for each bacterial/solution combination.
Each experiment was performed three independent
times.

Statistical Analysis

Statistical analysis was performed using Sigma
Plot 11.0 (Systat Software, Inc., San Jose, CA). All
data are expressed as mean 6 standard deviation. To
assess differences in the debris volume between care
solutions, a 1-way ANOVA was used. To assess
differences between bacterial/solution combinations
on kill rate, a 2-way ANOVA was used. Results were
then tested using appropriate post hoc comparison
tests. Significance was set at P , 0.05.

Results

Following the initial overnight incubation with each
test strain and neutrophils, lenses were treated with one
of four commercially available lens care products or
rinsed and incubated in PBS alone. Three-dimensional
confocal analysis of colonized contact lenses following
cleaning with PBS alone is shown in Figure 1. All four
strains demonstrated the formation of dense biofilms
on the lens surface. In addition to a large proportion of
viable bacteria, both nonviable bacteria and extracel-
lular debris were readily visible. For the PBS control
groups, mean colony growth counts for each bacterial
strain cultured with neutrophils were 1.53 107 6 7.23

105 CFU/mL for S. aureus, 1.2 3 1010 6 1.7 3 109

CFU/mL for S. maltophilia, 7.3 3 109 6 7.5 3 108

CFU/mL for P. aeruginosa, and 2.63 109 6 2.13 108

CFU/mL for S. marcescens. After treatment, S. aureus
exhibited a 7-log reduction over PBS with all contact
lens care solutions; this did not differ among the
products tested (Figure 2, P ¼ 0.609). Similarly, there
was a consistent 9-log reduction for P. aeruginosa
(Figure 2, P ¼ 1.000). Stenotrophomonas maltophilia
also exhibited a 9- to 10-log reduction over PBS, which
was slightly lower for BioTrue (Figure 2, P ¼ 0.040).
Likewise, there was a 9-log reduction in S. marcescens
for all contact lens care solutions, except BioTrue,
which still had a 7-log reduction (P , 0.001) in
bacteria recovered (Figure 2).

Confocal microscopy paralleled these findings,
showing a substantial reduction in viable bacteria
following disinfection. Interestingly, however, Bac-
Light staining revealed the presence of substantial

Figure 1. Live/dead staining of PBS-treated control lenses
inoculated with each test strain in the presence of dying
neutrophils. Viable bacteria shown in green, nonviable bacteria
and extracellular DNA shown in red. Surfaces were applied to both
the green and red channels using the surface function of IMARIS.
(A) Staphylococcus aureus, (B) S. maltophilia, (C) P. aeruginosa, and
(D) S. marcescens. Scale: 20 lm.

4 TVST j 2017 j Vol. 6 j No. 2 j Article 11

Hinojosa et al.



nonviable bacteria and extracellular debris on the lens
surface after treatment for the majority of bacteria/
contact lens care solution combinations tested (Fig.
3). In areas where dense clumps of nonviable bacteria
and debris were present, splitting out the individual
component channels showed that a small amount of
viable bacteria was present buried within the debris
scaffold (Fig. 4). Using the surface function in
IMARIS, the volume of residual debris was quanti-
fied (Fig. 5). Due to the high variability in lens-
associated debris, there were no statistical differences
in debris volume between care solutions for P.
aeruginosa (P ¼ 0.052), S. marcescens (P ¼ 0.455), or
S. maltophilia (P ¼ 0.427). A significant difference in
debris volume was seen between care solutions for S.
aureus (P¼ 0.036). Highest rates of debris were found
on contact lenses cleaned with peroxide solutions.

Discussion

We have previously shown that the four bacterial
strains used in this study have the capacity to
accelerate colonization of contact lens surfaces in
the presence of necrotic cellular debris. Building on
this data, in the present study we demonstrated good

efficacy of commercially available peroxide-based and
chemically preserved multipurpose care solutions
against neutrophil-enhanced bacterial biofilms
formed on silicone hydrogel contact lens surfaces.
All four solutions tested met the FDA criteria of a 3-
log reduction in microbial bioburden. Prior reports
have shown that different contact lens care solutions
have reduced efficacy against biofilms formed on
contact lens surfaces and in contact lens storage
cases.28,29,33 In a susceptibility study by Szczotka-
Flynn and colleagues, the authors compared the
ability of four chemically preserved multipurpose
solutions and one hydrogen peroxide–based product
against planktonic bacteria and biofilms formed on
Lotrafilcon A lenses.29 While all planktonic bacteria
were susceptible to killing by commonly used contact
lens care solutions, bacteria present in the biofilm
showed increased resistance to microbiocidal activity.
The level of resistance varied between the bacterial
strain and solution tested.

Several differences in study design may account for
the differences in antimicrobial efficacy between
studies. In our study, contact lenses were cultured
overnight (approximately 18 hours) in RPMI media,
whereas Szczotka-Flynn et al. used different culture
media.29 A second potential contributor to the
difference in study outcomes relates to the use of a
digital cleaning step. All of the contact lenses in our
study underwent a digital cleaning step to mechani-
cally remove bacteria from the lens surface prior to
rinsing and storing as detailed in the manufacturer
guidelines. When including the digital cleaning step,
all of the contact lens care solutions tested using our
neutrophil-enhanced model met the FDA criterion.
While some small differences were noted between
products, these differences were likely too small to be
of clinical relevance.

Despite good disinfection efficacy, substantial
cellular debris was still visible on contact lens
surfaces after cleaning. This included nonviable
bacteria that remained adherent to the lens surface
and extracellular DNA, illustrated by the PI
staining. Extracellular DNA is a known contributor
to biofilm formation and, when present with F-actin,
is a key component in the formation of neutrophil-
derived extracellular scaffolds.30,34–36 Further, the
use of phorbol 12-myristate 13-acetate as a neutro-
phil-activating agonist is known to drive the release
of neutrophil extracellular traps (NETs), which are
composed of long strands of extracellular DNA.37–39

While this study did not address the role of NETs in
mediating biofilm formation on contact lenses, we

Figure 2. Bactericidal efficacy of contact lens care solutions
against S. aureus, S. maltophilia, P. aeruginosa, and S. marcescens.
Staphylococcus aureus consistently exhibited a 7-log reduction
compared to the PBS control with all solutions tested. S.
maltophilia exhibited a 9-log to 10-log reduction for all solutions,
which was lowest for Biotrue (*P � 0.040 compared to all other
test solutions). P. aeruginosa showed a 9-log reduction, which did
not differ among lens care products. Similarly, there was a 9-log
reduction in bacterial load for S. marcescens, with the exception of
Biotrue (**P , 0.001 compared to all other test solutions). Data
expressed as mean 6 standard deviation. Graph is representative
of three independent experiments.
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hypothesize that both NET release and the accumu-
lation of necrotic cellular debris are likely contrib-
utors to the source of debris found on the lens
surface. The clinical implication for the continual
deposition of bacterial and cellular by-products on
the posterior lens surface that are not fully removed
during cleaning lies in the potentiation of an

endogenous host inflammatory response with accel-
eration of bacterial recolonization of the lens. Since
contact lenses act as a vector for introducing foreign
pathogens to the eye and the substrate upon which
the debris accumulates, the inability of current care
solutions to effectively remove them would argue in
favor of daily disposable lenses, which do not require

Figure 3. Cellular debris present on contact lens surfaces after cleaning with each bacteria/solution combination. Residual bacteria and
debris were stained with BacLight. Viable bacteria (green), nonviable bacteria and extracellular DNA (red). (A–D) Lenses inoculated with S.
aureus. (E–H) Lenses inoculated with S. maltophilia. (I–L) Lenses inoculated with P. aeruginosa. (MP) Lenses inoculated with S. marcescens.
Scale bar: 20 lm.
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any type of cleaning regimen and eliminate any
residual daily buildup.

Residual bacterial and cellular debris with or
without viable bacteria encased within the debris
scaffold may represent an important risk factor for
the development of CIEs and may explain why

positive cultures are not always obtained when
contact lenses are cultured following the onset of an

inflammatory event. The question remains, however,
whether the residual cellular debris on the lens surface
potentiates the ability of organisms to recolonize the

lens, particularly when stored in a contaminated lens

Figure 4. Viable bacteria encased within cellular debris scaffold. Representative image showing splitting of the surface function into
individual channels showed viable bacteria (green) underneath large, clumpy areas of debris (red). (A) Viable bacteria, (B) nonviable
bacteria and extracellular DNA, (C) overlay. Scale bar: 20 lm.

Figure 5. Debris volume on contact lens surfaces after cleaning. (A) Lenses inoculated with S. aureus, (B) lenses inoculated with S.
maltophilia, (C) lenses incubated with P. aeruginosa, and (D) lenses inoculated with S. marsecsens. There were no significant differences in
the amount of residual debris on lens surfaces between the different care solutions for contact lenses inoculated with gram-negative
bacteria. There was a significant increase in residual debris for peroxide-based solutions following inoculation with S. aureus (*P¼ 0.036,
1-way ANOVA with Dunnet post hoc multiple comparison test). Data expressed as mean 6 standard deviation. Graphs are representative
of three individual lenses. BT, Biotrue; PM, Puremoist; CC, Clear Care; PC, PeroxiClear.
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case, and whether the ability to recolonize the lens is a
risk factor for an infectious event. While further
studies are needed to investigate the clinical impact of
these findings, they may explain, in part, why the
introduction of monthly and bimonthly disposable
contact lenses failed to reduce the annualized
incidence of infectious keratitis associated with lens
wear. These findings also predict that, in the absence
of daily disinfection, failure to discard daily dispos-
able soft lenses as prescribed may result in rapid
recolonization of the posterior lens surface, predis-
posing the wearer to infectious keratitis.40 Additional
work is needed to correlate these findings with risk for
corneal infiltrative and/or infectious events in a
standard animal model.
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