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Purpose: The present study aimed to compare the existing soft contact lens (CL) materials
regarding their influence on bacterial biofilm formation and adhesion susceptibility. Then, the
study was designed to investigate the effectiveness of various disinfecting solutions and
evaluate the ability of cleaning regimens in terms of anti-bacterial adhesion and biofilm
removal on different soft CL materials.

Methods: Bacterial biofilm formation on CLs was evaluated by biomass assay. Adhesion
assay and standard plate count were carried out at time-interval periods within 24 h. Various
CL disinfecting procedures were assessed for their efficacy to remove biofilm and reduce
bacterial adhesion. Scanning electron microscopy (SEM) was performed for the morpholo-
gical assessment of bacterial biofilm.

Results: Printed hydroxyethyl methacrylate (HEMA) CLs significantly demonstrated more
biofilm staining and bacterial attachment when compared with non-printed HEMA CLs,
while the Filcon IT 3 and Nesofilcon A CLs possessed less biofilm biomass and adherent
cells. Staphylococcus aureus and Pseudomonas aeruginosa represented the highest biofilm
producing bacteria on HEMA-based materials in this study. The disinfecting regimen with
the highest efficacy was the two-step system, first using multipurpose disinfecting solution
containing edetate disodium and sorbic acid (MPDS+EDSA), followed by soaking in multi-
purpose solution (MPS). The regimen demonstrated the greatest effect against the pre-formed
biofilm and the adhesion activity of S. aureus and P. aeruginosa on the soft CLs. The SEM
micrographs confirmed the morphological changes of bacterial biofilm after disinfecting and
revealed that the two-step system treated CLs displayed less adherent bacteria.
Conclusion: HEMA-based soft CLs may facilitate bacterial biofilm formation and adhesion
capability. The two-step system was the most effective regimen for biofilm removal, where
the soaking period in the disinfecting solution of the no-rub regimen should last more than 6
h to remove pre-formed biofilm.

Keywords: lens materials, bacterial adhesion, biofilm formation, disinfection, soft contact
lens

Introduction

It is estimated that over 153 million people worldwide (2.67% of the world’s
population) are visually impaired from uncorrected refractive errors.' Although
the most common method for correcting the refractive error is the use of spectacles,
it was reported that 16.7% of adult Americans (40.9 million) wear CLs.? The
prevalence of CL use observed in some population-based studies can be even
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greater in number; for example, a study among medical
students from Saudi Arabia indicated 40.5% of the stu-
dents wore CLs.” CLs have a greater advantage over
glasses in many aspects, such as cosmetics, compatibility
for anisometropia, shorter adjustment period, resolving
weight issues in high refractive error, and treatment of
choice for irregular astigmatism. They are widely avail-
able, especially soft CLs, which can be bought readily
from pharmacies, optical stores, and even convenience
stores in some countries.” However, the popularity of
CLs also brought more CL-related complications, which
are most frequently caused by inappropriate CL care
routines.” ® A high proportion of CL users committed
some mistakes in their CL care practice.”'® Nevertheless,
adherence to an improper care habits is a risk factor for
developing CL-related microbial keratitis, which can lead
to permanent visual loss.'"'? Then, several systems of CL
cleaning and disinfection were developed to prevent these
complications.

Wearing CLs creates a barrier for corneal respiration,
which restricts direct exposure to the atmosphere and
reduces corneal oxygenation. A prolonged period of CL
wear in conjunction with the less oxygen permeability,
especially for CLs made of older generation materials
such as hydroxyethyl methacrylate (HEMA), can result
in corneal hypoxia. This can cause discomfort, dryness,
corneal edema, and increased risks of serious ocular
infection."' Newer generation CL materials, such as sili-
cone hydrogel and hypergel (a novel hydrogel with higher
water content), were developed not only for the comfort of
users but also to allow for more oxygen permeability.
Their unique characteristics of different materials may
interact with and influence different organisms. In this
study, representative soft CLs available in Thailand were
selected to represent by different materials: HEMA,
HEMA-based,
investigation.

silicone hydrogel, and hypergel for

Apart from human-related factors involved in caring for
CLs, the properties of the CL itself are another inevitable
factor. Water content, hydrophobicity, and roughness are
examples of how different materials can interact differently
with microorganisms.'*** The most common group of
microorganisms that cause CL-related eye infection is bac-
teria, such as Pseudomonas spp, Staphylococcus spp.,
Streptococcus spp., Hemophilus spp., Klebsiella spp., and
Serratia spp.'*'® The main important virulent factor of the
bacteria is their ability to form biofilms and produce adhesion
17.18 biofilms facilitate prolonged

factors. Bacterial

contamination of CLs and the persistence of organisms in
the CL storage case.'® Moreover, bacterial adhesion has been
studied in terms of the chemical and physical properties of
both bacterial cells and CL surface. Hydrophobicity of CL
favors certain strains of bacteria by material-dependent man-
ners. CLs with hydrophilic surface are more prone to hydro-
philic bacterial adhesion, whereas hydrophobic CL surface

2021 Qurface

accommodates more hydrophobic bacteria.
roughness of CLs has been proposed to play a role in adher-
ent susceptibility; however, disputing data in this issue leaves
the question inconclusive.?? Therefore, the aims of this study
were, firstly, to determine the bacterial biofilm formation and
adhesion susceptibility on different materials of CL surface
and secondly, to study the effectiveness of different CL
cleaning and disinfecting procedures using different products
since they interact with materials in different ways.*> > Five
strains of pathogenic bacteria causing eye infection including
Staphylococcus epidermidis, S. aureus, Escherichia coli,
Klebsiella pneumoniae, and Pseudomonas aeruginosa were
selected for this experiment. The capability of biofilm pro-
duction and adhesion activity of the bacteria were assessed
by direct measure the biofilm biomass and number of adher-
ent cell, respectively. Furthermore, the ultramicroscopic
characteristics of bacteria-surface interactions were observed
using scanning electron microscope.

Materials and Methods

Contact Lens Materials and Properties

Five soft CL brands of different materials were selected to
study (Table 1) and the commercial details of each manufac-
turer were provided in Supplement Data (Table S1). CLs

samples were obtained from drugstores and optical shops.
The
experiment day and tested for their sterility as the control in

samples were aseptically unpacked on the
all experiments. Briefly, for the sterility test, each lot of CL
was enumerated viable microorganisms from aqueous sam-
ples. The samples were cultured in a tryptic soy broth (TSB,
HiMedia, India) for visual assessment of turbidity to indicate
microbial contamination. Moreover, a viable plate count
method was performed to determine the growth of bacterial
and fungal contamination on tryptic soy agar (TSA, HiMedia,
India) and potato dextrose agar (PDA, Sigma-Aldrich, USA),

respectively, after incubation at 25°C and 37°C for 2448 h.

Bacterial Isolation and Culture
Bacterial strains including S. aureus ATCC 25923,
S. aureus ATCC 29213, S. epidermidis ATCC 35984,
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Table | Soft Contact Lens Characteristics and Properties

CL Materials Oxygen Transmissibility (—300) Type Water FDA Surface Hydrophilicity/ lonicity

DK/t x10~° barrer/cm Content Group | Treatment Hydrophobicity

(%)

HEMA 30 Hydrogel 42 | None Hydrophilic Non-ionic
(Polymacon)
Ocufilcon D 19.6 Hydrogel 55 v None Hydrophilic lonic
Filcon II 3 86 Silicone hydrogel 56 \ None Hydrophilic Non-ionic
(Somofilcon A)
Nesofilcon A 42 Hydrogel (Hypergel) 78 1] None Hydrophilic Non-ionic
Printed HEMA 8.4 Hydrogel 38 | Color Hydrophilic Non-ionic
(Polymacon) printed

Abbreviation: HEMA, 2-hydroxyethyl methacrylate.

E. coli ATCC 25922, P. aeruginosa ATCC 27853, and
K. pneumoniae ATCC 700603 were picked and evaluated
their biofilm-producing property. The bacteria were grown
on TSA at 37°C for 18-24 h. S. aureus ATCC 29523 and
P aeruginosa ATCC 27853 were selected as the represen-
tative strains of high biofilm-producing Gram-positive and
Gram-negative bacteria, respectively, for the further bio-
film removal experiment in this study. All isolates were
subcultured and maintained in TSB.

Growth of Bacterial Biofilm

Bacterial strains were inoculated overnight in TSB, at 37°
C. The inoculation was adjusted to the turbidity of a 0.5
McFarland standard or measured optical density (OD) of
1.0 (approximately 1x10° CFU/mL) at 600 nm. The bac-
terial suspensions were diluted 1:100 in 1 mL of TSB
containing 2% glucose and they were subsequently trans-
ferred into sterile flat-bottomed 24-well polystyrene micro-
plates (SPL Life Sciences Co., Korea), with each well
containing one contact lens.

Biofilm Biomass on CL Materials

Biofilm biomass was evaluated by the colorimetric micro-
titer plate assay as described by O’Toole et al (2011).%°
Overnight bacterial biofilms were cultured on CLs of
different materials, including HEMA, Ocufilcon D,
Filcon II 3, Nesofilcon A, and printed HEMA (colored
CLs), which were aseptically placed in 24-well plates and
incubated at 37°C for 24 h. After incubation, the CLs were
transferred to new plates. The CLs were gently washed
twice with sterile phosphate buffered saline (pH 7.3) and
air-dried. An aliquot of 200 pL of 0.1% crystal violet

solution was added to each well to stain the bacterial
biofilm for 15 min at room temperature. Any excess
stain was removed by rinsing with distilled water. The
biofilm biomass on the CLs was determined by decolor-
ization with 200 pL of 33% acetic acid for 15 min and
quantified by measuring the OD at 570 nm using
a microtiter plate reader (BioTek Instruments, Inc.,
USA). All experiments were performed in triplicate and
repeated three times.

Preformed Biofilm Removal Efficacy

Testing
S. aureus ATCC 29523 and P. aeruginosa ATCC 27853
were cultured in 24-well plates as described previously.
The CLs were immersed in each well of the bacterial
suspension and incubated for 24 h to achieve a matured
biofilm on the lens surfaces. Different solutions including
saline solution; NSS (0.9% sodium chloride: NaCl), ReNu
Fresh (multipurpose solution; MPS), and Opti-Free Aldox
(multipurpose disinfecting solution; MPDS, containing
dual disinfectants Polyquad and Aldox; MPDS+PoA)
were employed to clean or disinfect the CLs by soaking
according to the recommendations of each manufacturer.
The Sensitive Eyes daily cleaner (MPDS containing ede-
tate disodium and sorbic acid; MPDS+EDSA) was applied
as a drop-rubbing solution prior to soaking in MPS
referred as the two-step system in this study. The direction
for user of each CL care solution was provided in
Supplement data (Table S2).

Since the manufacturer of some MPS and MPDS pro-
vided an alternative no-rub regimen, manual rubbing of
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CLs for 20 seconds before soaking was compared with the
soaking without rub in order to evaluate the effectiveness
of mechanical biofilm removal. The biomass of bacterial
biofilm was measured by a crystal violet staining assay
and the number of adherent bacteria was determined by
a viable plate count. All experiments were performed in
triplicate.

Evaluation of Bacterial Adhesion Activity
on CLs

The bacterial cultures were re-cultured in TSB at 37°C for
4 h and adjusted to achieve a bacterial cell density of 10®
CFU/mL. An aliquot of 1 mL of the bacterial suspension
was transferred to a 24-well plate. The CLs were
immersed in a bacterial suspension well. Bacterial adhe-
sion on different CL materials was evaluated within a 24
h period. The amount of adherent bacterial cells was
determined at several time intervals (0, 0.5, 1, 4, 8, 12,
and 24 h).

To determine the anti-adhesion effect of the CL-care
solutions, the CLs were placed into a 24-well plate. Each
well contained the bacterial suspension of 1.5x10° CFU/
well. The volume 2 mL of the tested disinfecting agents
was added into each well. The inhibitory effects of the
disinfectants were determined at 6 h after incubation fol-
lowing the manufacture recommendation. Unattached bac-
teria on the CLs were removed by NSS-rinsing. The CLs
were transferred to the new NSS tubes and sonicated to
obtain the adherent bacterial cells. An aliquot of 100 pL
from the suspension was spread on TSA then incubated
overnight at 37°C. The number of adherent bacteria was
enumerated by the standard plate counting method.?”-*®
All experiments were performed in triplicate.

Scanning Electron Microscopy (SEM)

SEM was performed to evaluate the visualized character-
istics of bacterial biofilm formation on the different sur-
faces of soft CLs. HEMA lenses and printed HEMA
lenses were incubated with the cultures of S. aureus
ATCC 25923 and P. aeruginosa ATCC 27853 to grow
the biofilm at 37°C for 24 h. Surface topography of bac-
teria grown on CLs were investigated using SEM accord-
ing to the following protocol.?® Briefly, the CL
samples were fixed in 2.5% glutaraldehyde/0.1
M cacodylate buffer, pH 7.4 at 4°C, followed by fixing
with 1% cacodylate osmium tetroxide (OsO,), post-fixed
at room temperature for 1 h, and subsequently rinsed with

sterile water. The lenses underwent alcohol dehydration at
a graded series of ethanol concentrations before mounted
on aluminum stubs, and sputter-coated with gold in
a Cressington 108 Auto Sputter Coater (Cressington
Scientific Instruments, UK). The samples were subjected
to electron microscopy at the Center for Scientific and
Technological Equipment (CSE), Walailak University.
Images of each sample were observed at 3 kV under
SEM (Merlin Compact, Zeiss, Germany) at the magnifica-
tions of x 1000, x 5000 and x 10,000.

Statistical Analysis

Statistical differences between groups were determined
using GraphPad Prism 6.05 (GraphPad Software, San
Diego, CA). All data are expressed as the mean + standard
error of the mean. To compare the differences among the
levels of bacterial biofilm production and adhesion activity
on the different CL materials, a one-way analysis of variance
(ANOVA) was used for multiple comparisons. A p-value of
less than 0.05 was considered statistically significant.

Results
Bacterial Biofilm Formation on Various
CL Material Surfaces

Biofilm producing strains were evaluated for their cap-
ability to colonize and form biofilms on five different CL
materials (Figure 1). The strains of S. aureus and
P aeruginosa demonstrated an optical density for the
biofilm biomass of 1.67+£0.34 and 2.27+0.19, respec-
tively, representing high biofilm-producing strains of
Gram-negative and Gram-positive bacteria compared
with the others. In addition, S. epidermidis and
K. pneumoniae showed OD values of 1.56+0.32 and
2.18+0.27, respectively. E. coli showed the lowest bio-
film formation on all tested CL materials with an OD
value of 1.40+0.36. The results revealed that Filcon II 3
(silicone hydrogel) and Nesofilcon A (hypergel) CLs had
the lowest average all-strain biofilm biomasses with OD
values of 0.84+0.27 and 1.24+0.37, respectively. The
strongest staining bacterial biofilm was found on the
HEMA lenses, especially for K. pneumonia with an OD
value of 2.52+0.14 and P. aeruginosa with an OD value
of 2.80+0.03. Interestingly, the printed HEMA CLs
demonstrated a significant influence on bacterial attach-
ment and biofilm formation when compared with non-
printed CLs, Ocufilcon D, Filcon II 3, and Nesofilcon
A. The strains of K. pneumonia and P. aeruginosa were
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Figure | Evaluation of bacterial biofilm formation of S. epidermidis ATCC 35984, S. aureus ATCC 25923, E. coli ATCC 25922, K. pneumoniae ATCC 700603, and P. aeruginosa
ATCC 27853 on various CL material surfaces measured by spectrophotometry at 570 nm. Data are expressed as the mean * SEM.

the two bacteria that demonstrated the highest biofilm on
printed HEMA lenses with OD values of 3.38+0.03 and
3.90+0.03, respectively.

Bacterial Adhesion on CL Materials

Initial adhesion of all tested bacterial strains on the CL
surfaces could be obtained the adherent cell numbers
approximately 10° CFU/mL within 30 min. The adhesion
of bacteria was increased to 10° CFU/mL after incubation at
12 h (Figure 2A-F). All five different CL materials showed
no significant difference in the numbers of bacterial adherent
cells of each tested strains (p-value > 0.05). However, some
detachment of the adherent bacteria on CL surfaces was
observed after culture for 12 h. This has resulted in slightly
of E. (Figure 2D),
K. pneumoniae (Figure 2E), and P. aeruginosa (Figure 2F)

decreased adherent cells coli
on the tested CL materials, whereas the printed HEMA lenses
constantly exhibited persistent adherent cell numbers. The
bacterial adhesion activity on HEMA lenses compared to
printed HEMA lenses did not show a significant difference.
This study showed that Nesofilcon A demonstrated a less
bacterial adhesion capability in all bacterial strains when
compared with those HEMA-based lenses and silicone

hydrogel lenses.

Effectiveness of CL-Care Solutions and
Cleaning Procedures on the Removal of

Preformed Biofilms
The bacterial biofilms were treated with CL-care solu-
tions including NSS, MPS, MPDS+PoA, and MPDS

+EDSA. The cleaning and disinfecting procedures were
performed in the period of 6 h, according to the respec-
tive manufacturer’s recommendation. The percentage of
biofilm removal of S. aureus and P. aeruginosa on the
five CL materials are illustrated in Figure 3A and B,
respectively. Cleaning with NSS failed to demonstrate
the significant effects of biofilm reduction on both bac-
terial strains when compared with the control (untreated
biofilm). MPDS+PoA (no-rub method), MPS (no-rub
method), MPS (rub method), and the two-step system
(MPDS+EDSA and MPS) expressed the anti-preformed
biofilm effects on S. aureus biofilms on the different CL
materials, ranging from 59.02-94.63%, 56.64-90.84%,
49.09-60.18%, and 87.18-99.17%, respectively. The bio-
film removal activities of the cleaning regimens described
above on P. aeruginosa demonstrated the percentage of
reductions ranging from 13.84-50.62%, 11.87-24.03%,
33.72-65.28%, and 58.13-97.79%, respectively. The
results of CL care solution effects on bacterial preformed
biofilm did not indicate dramatic dissimilarity effective-
ness between the cleaning procedures on the five differ-
ent CL materials.

Anti-Bacterial Adhesion Property of

CL-Care Solutions and Procedures

The biofilm-forming isolates were grown on HEMA and
printed HEMA materials while being exposed to the
original concentration of three different disinfecting
solutions for 6 h. The inhibitory effects of the treatments
on S. aureus and P. aeruginosa are presented in Figure
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Figure 2 Number of adherent bacteria on CL surfaces: Figures (A—F); S. aureus ATCC 29213 (A), S. aureus ATCC 25923 (B), S. epidermidis ATCC 35984 (C), E. coli ATCC
25922 (D), K. pneumoniae ATCC 700603 (E), and P. aeruginosa ATCC 27853 (F). The evaluation of the time-interval adherent numbers was performed at 0, 0.5, I, 4, 12, and

24 h.

4A and B, respectively. Furthermore, the numbers of
adherent cells of S. aureus and P. aeruginosa cells are
illustrated in Figure 4C and D, respectively. All CL-care
solutions showed a similar pattern in reducing the adhe-
sion of Gram-positive and Gram-negative bacteria. The
solutions exhibited a significant reduction of bacterial
adhesion on both the HEMA and printed HEMA lenses

when compared with the control (P < 0.05). The disin-
fecting effects of the MPS, MPDS+PoA, and two-step
system were possessed a stronger effect on the HEMA
surface than on the printed HEMA. In comparing the
different CL-care solutions using the no-rub method, the
MPDS+PoA provided 66.66—-69.78% of adhesion inhibi-
tion effect on the HEMA and 32.23-40.34% on the
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Figure 3 Reduction of biofilm produced by S. aureus ATCC 25923 (A) and P. aeruginosa ATCC 27853 (B) on the different CL materials. The bacterial biofilm was treated
with CL-care solutions including NSS, MPS, MPDS+PoA, and two-step system for 6 h of disinfecting period.

printed HEMA, which were more effective than the
MPS. The tested MPS demonstrated the inhibitory
effects of 36.62-37.19% and 19.70-26.09%
HEMA and printed HEMA, respectively.

In the rub regimen, CLs rubbing before using the MPS

on the

exhibited percentages of inhibition effect ranging from
72.75-79.21% and 53.75-63.04% on the HEMA and
printed HEMA surfaces, respectively, which higher than
the effects of the no-rub method. Interestingly, the two-
step system of rubbing CLs with the MPDS+EDSA fol-
lowed by soaking in the MPS displayed the most effective
inhibition against bacterial adhesion with percentages of
77.44-77.84% and 66.13-69.11% on the HEMA and
printed HEMA surfaces, respectively.

Observation by SEM

SEM visualization of the CLs after disinfecting for 6 h in
MPS and applying a two-step system is shown in Figure 5.
The bacterial
S. aureus and P aeruginosa are demonstrated in

adhesion and biofilm phenotypes of

Figure 5A and B, respectively. The untreated CL surfaces
showed a greater amount of adherent bacterial cells and
more densely attached multilayered biofilm with deeply
embedded filaments on the lens surface more than the
treated CL The
P aeruginosa demonstrated multilayered rod-shaped bac-

samples. matured biofilms of
teria with exopolymeric materials. The cells were encased
and interconnected inside a mesh-like structure (Figure 5B
upper panel), while the matured biofilm of S. aureus

showed clustering of the 1 um diameter, spherical-shaped
bacteria with lower condensed exopolymeric substances
(Figure 5A upper panel).

The biofilms morphological changes associated with
the disinfection were observed in both MPS (no rub)
treatment and the two-step system. The bacterial cells
were organized as small aggregates or as individual cells
without any extracellular materials (Figure 5A and
B middle and lower panels). Interestingly, P. aeruginosa
showed signs of cell wall dehydration and cellular damage
after 6 h of treatment with the disinfecting solutions in the
middle panels of Figure 5B. The biofilm of S. aureus
showed the forming of weak biofilm, atypical clusters,
and a monolayer given after treatment by the disinfecting
agents (Figure SA middle and lower panels). The SEM
images of the HEMA lenses showed more clear surface,
and lower biofilm thickening, whereas the rough surface
with the condensed biofilm residuals was found in the
printed HEMA lenses.

Discussion

Conventional CLs, especially those made from HEMA,
were the most suitable for bacterial adhesion and biofilm
formation, which may help to sustain the growth of micro-
organisms in prolonged contact with the cornea leading to
full-blown
keratitis.’>*! The five biofilm-producing bacterial strains

ocular surface infections or microbial

associated with eye infections including S. aureus,
S. epidermidis, E. coli, P. aeruginosa, and K. pneumonia
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Figure 4 Percentage of inhibitory effects of the CL-care solutions and cleaning regimens on bacterial adhesion of S. aureus ATCC 25923 (A) and P. aeruginosa ATCC 27853
(B). Comparison of bacterial adherent numbers of S. aureus ATCC 25923 (C) and P. aeruginosa ATCC 27853 (D) on CL materials between non-printed HEMA and color-
printed HEMA after exposure to the different disinfecting procedures. *P value < 0.05 indicated significant differences between the treatments and the control.

were selected for the current study. The bacteria were
tested for the adhesion activity and production of biofilm
biomass on different groups of CL materials that are
commercially available in Thailand market, including
HEMA-based, silicone hydrogel, and hypergel. The color-
printed (cosmetic) HEMA lens was included to evaluate
the capability of bacterial colonization on irregular sur-
face. Since the surface properties of CLs (eg roughness
and hydrophobicity) have been reported to play an impor-
tant role in the microenvironment of site of bacterial

adhesion and biofilm formation,z"22

we hypothesized
that imperfection of the surface and certain material
might facilitate bacterial adhesion and subsequent produc-
tion of biofilm. However, the effects of the roughness of
CL surface on bacterial adhesion is still an issue of con-
troversy; a previous study found the correlation of CLs

with rougher surface having less susceptibility to the

bacterial adhesion.*® The present study demonstrated that
bacterial adhesion and biofilm formation were conditional
on the different materials of CL. We observed the differ-
ence of bacterial adhesion capability between HEMA-
based and silicone hydrogel. Nesofilcon A demonstrated
a less bacterial adhesion capability in all bacterial strains
when compared with those HEMA-based lenses and sili-
cone hydrogel lenses. The printed HEMA lens proved to
be the most susceptible material for bacterial adhesion.
The findings correlate with the report regarding adhesion
of S. aureus, P. aeruginosa, and Serratia marcescens on
various cosmetic CLs, which indicated that CL surface
printing resulted in significantly higher bacterial
adhesion.*®> Moreover, this study showed that the printed
HEMA lens presented the highest biofilm biomass forma-
tion of all tested bacteria and notably difficult for disin-

fection. Considering the base material of the printed
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Figure 5 Scanning electron microscopy revealed the biofilm construction produced by S. aureus (A) and P. aeruginosa (B) on HEMA and printed HEMA lenses that illustrated
in the left panel and right panel, respectively. The biofilm removal efficacy of three different cleaning procedures including soaking in normal saline solution; non-treatment
(upper panel), disinfecting with MPS (middle panel), and applying the two-step system (lower panel) are shown in the micrographs.

HEMA lens was the same as the non-printed HEMA lens,
the only plausible explanation of the observed phenom-
enon was the modification of the surface by pigment
printing on CL’s surface, which resulted in increased sur-
face irregularity®* and changes in the chemical property of
the surface.”® This resulted in a more favorable microen-
vironment for the organisms.*®

Furthermore, this study focuses on the effects of the
original concentrations of selected disinfecting solutions
in order to identify the effectiveness of the real-life
procedures that CL wearers routinely practice. In addi-
tion, the minimum inhibitory concentrations (MICs) of
in the
“Determination of minimum inhibitory concentration
MIC)
(MBC)” section in Supplement data and results are

each solution were evaluated as described

and minimum bactericidal concentration

shown the “Results of MICs and MBCs” section in
Supplement data and Table S3. The original concentra-
tions of MPS, MPDS+PoA, and MPDS+EDSA solutions
were applied and compared for their anti-adhesion and
biofilm removal effects during a 6-hour exposure. MPS
and MDPS are the major cleaning solutions that are
used for soft CL care as a convenient single solution
for the multiple purposes of rinsing, disinfecting, pro-
viding lens comfort, and cleaning the storage case. The
efficacy of MPS versus MPDS has been previously
reported, with MPDS possessing the stronger bacterial
inhibition and anti-biofilm formation activity.>’ >° These
results were supported by our experiments, where we
found that the MPDS+PoA showed stronger adhesion
inhibition and the ability to remove preformed biofilm
when compared to the MPS.
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To avoid potential bias, the experiments were per-
formed by washing the hands, air drying, wear the
hand
contamination,*® and gently rub the CLs following man-

groove to keep away from dermal
ufacturers” recommended guidelines.*' Results showed
the two-step system of rubbing with the MPDS+EDSA
followed by disinfecting with MPS was the most effec-
tive regimen to remove preformed biofilm and adherent
S. aureus or P. aeruginosa. The effects against pre-
formed biofilm and bacterial adhesion were reduced
when the no-rub technique was applied. Moreover, this
study suggested that the biofilm of Gram-negative bac-
teria possessed more resistance against disinfecting
agents and physical rubbing on the tested CL materials.
The exposure period of the no-rub method with MPDS
or MPS may need to be extended beyond 6 h to elim-
inate the preformed biofilm.

The imaging study with SEM also indicated that the
cleaning regimen involving friction was key, leading to
bacterial detachment and biofilm removal from the CL
surface. The authors highly advise that CL users should
always rub their CLs regardless of the manufacturer’s
guidelines for no rub. The formation of biofilm was
a major mechanism for bacterial virulence. The biofilm
also acted as a defensive impact barrier for bacteria, which
was obtained from the secretion of exopolymeric
substances.*” The hyperproduction was mostly found on
hydrophobic substances such as CLs and the storage case.
A recent study reported that the formation of bacterial
biofilm could be triggered by environmental stress and
exposure to disinfecting agents. Activation of defense
mechanisms could be indicated by the increased expres-
sion of genes related to biofilm formation.**** The com-
bined rubbing method could be employed to prevent the
accumulation of Gram-positive and Gram-negative bac-
teria from the contamination of storage cases or non-
sterile CL solutions. Moreover, the results suggested that
the two-step system is the best recommendation for printed
HEMA CL care, which is the main material for cosmetic

CLs and monthly CLs.

Conclusion

The presence of bacterial biofilm on the CL surface has
a key role in the development of microbial keratitis since
the biofilm-producing strains can survive after being dis-
infected with existing solutions on the market. Moreover,
the different properties of each lens material could affect
bacterial adhesion differently. This study evidenced that

the HEMA-based soft CLs could facilitate the bacteria to
enhance their biofilm formation and adhesion activity,
especially on printed HEMA or cosmetic colored CLs.
For the biofilm removal, this study suggested that the two-
step system was the most effective regimen, where the
soaking with MDPS+EDSA showed more -effective
remove pre-formed biofilm than MPS solution of the no-

rub regimen.
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