
Article

Sol–Gel Nanocomposite Coatings for Preventing Biofilm
Formation on Contact Lens Cases
Khatija Tabbasum1, D. S. Reddy2, Vivek K. Singh1, R. Subasri2, and Prashant Garg1

1 L V Prasad Eye Institute, Kallam Anji Reddy Campus, Hyderabad, Telangana, India
2 Centre for Sol–Gel Coatings, International Advanced Research Centre for Powder Metallurgy and NewMaterials, Balapur, Hyderabad,
Telangana, India

Correspondence: Prashant Garg, L V
Prasad Eye Institute, Kallam Anji
Reddy Campus, L V Prasad Marg,
Banjara Hills, Hyderabad 500 034,
Telangana, India. e-mail:
prashant@lvpei.org

Received: June 9, 2020
Accepted: November 8, 2020
Published: January 5, 2021

Keywords: biofilm; nanosilver;
antibiofilm coating; contact lens;
microbial keratitis

Citation: Tabbasum K, Reddy DS,
Singh VK, Subasri R, Garg P. Sol–gel
nanocomposite coatings for
preventing biofilm formation on
contact lens cases. Trans Vis Sci Tech.
2021;10(1):4,
https://doi.org/10.1167/tvst.10.1.4

Purpose: To evaluate the efficacy of a nanosilver-based sol–gel coating in preventing
biofilm formation on contact lens cases.

Methods: An organic–inorganic hybrid silica–zirconia sol formulation with immobi-
lized silver nanoparticles was deposited on contact lens case coupons. The coated and
uncoated coupons were subjected to biofilm formation to Gram-negative and Gram-
positive keratitis isolates and ATCC strains using a standard protocol. The biofilms were
evaluated using crystal violet, MTT assay, and scanning electron microscope (SEM)
examination. The duration of efficacy of the coating was evaluated by exposing the
coated and uncoated coupons to a multipurpose lens cleaning solution for various
durations up to 30 days and comparing their biofilm characteristics. The cytotoxicity of
the coated surface was assessed using cell culture studies.

Results: Cross-hatch tests and SEM confirmed the presence of a uniform, well-adhered
coating on the surface. The coating resulted in a nearly 95% reduction in biofilm forma-
tion of the tested bacteria and was effective despite exposures of up to 30 days to a
multipurpose lens cleaning solution. The coating did not exhibit cytotoxicity to human
corneal epithelial cells.

Conclusions: The silver nanoparticle-based coating exhibits a good antibiofilm
property for both Gram-negative bacilli and Gram-positive cocci and is promising for
commercial use in preventing contact lens-related infections.

Translational Relevance: Biofilm formation on lens cases continues to be an important
concern. The proposed coating will help reduce such formations, thus reducing the risk
of lens-associated microbial keratitis.

Introduction

Contact lens-related microbial keratitis (CL-MK)
is the most devastating ocular infectious condition
associated with lens wear.1,2 The annual incidence of
CL-MK varies from 2.2 to 6.9 per 10,000 wearers with
daily-wear contact lenses and from 9.3 to 20.9 per
10,000 wearers with extended-wear contact lenses.3,4
With an estimated 140 million contact lens wearers
globally,3 this complication is amajor concern. Various
risk factors of infection with contact lens wear have
been identified and include overnight use,5–13 age,8,14,15
male gender,16 living in a warm climate,17 and noncom-
pliance with lens or lens case hygiene practices.5–10,13,18

The moist environment of lens cases promotes bacte-
rial colonization and the formation of biofilm, which
in turn is transferred onto contact lenses and becomes
a source of infection.

A variety of efforts have been made to prevent
biofilm formation in contact lens cases, includ-
ing copolymerization of silver,19–21 selenium,22 or
furanones23 along with the polymer of the lens case
material. These are all labeled active chemical strate-
gies, as they employ microbicidal chemicals. Another
set of strategies, referred to as passive strategies (anti-
adherent or anti-wetting), employ chemical modifica-
tions to change the surface properties so as to make
them hydrophobic, thereby reducing microbial attach-
ment and biofilm formation.24–27 A third approach is a
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combination of two strategies. In a recent study, Ellinas
et al.28 observed that the antibacterial actions of a
superhydrophobic surface are dependent on bacterial
concentration and are compromised beyond a thresh-
old level. The authors suggested that metal-enriched
superhydrophobic surfaces are the ultimate hybrid
antibacterial surfaces.28 To this end, silver is a well-
studied material for creating antibacterial surfaces by a
variety of methods, including physical deposition and
chemical reduction; however, inmost of thesemethods,
silver particles are weakly bound to the surface and
easily leach out in the solution, body fluids, and tissues.
To circumvent this, Shen and associates29 produced
an anti-adhesive coating incorporating antibacterial
material by covalently bonding specially designed silica
microspheres with polydimethylsiloxane. Bare silver
nanoparticles are spontaneously generated on the
surface of these silica microspheres through the reduc-
tion process of silver ions by thiol groups. The authors
reported that such a surface treatment inhibited the
growth of Escherichia coli and Bacillus subtilis.29
However, the procedure reported is a multistep, time-
consuming process; therefore, the quest to find an
antibiofilm coating continues.

In this study, we evaluated the antibiofilm perfor-
mance of a combined strategy employing the bacteri-
cidal properties of silver and antiwetting properties of
an organic–inorganic hybrid nanocomposite formula-
tion derived by a simple wet chemical route referred to
as sol–gel technology.

Methods

Materials

Methacryloxypropyl trimethoxy silane (MPTMS;
purity, >99%), zirconium n-propoxide (ZrnP; 70% in
n-propanol), methacrylic acid (MAA; purity, >99%;
Alfa Aesar, Ward Hill, MA), and silver nitrate
(purity, >99.5%; S D Fine-Chem Ltd., Mumbai,
India) were used as received without further purifica-
tion. Hydrochloric acid (HCl) and isopropanol (IPA)
supplied by Thermo Fisher Scientific India were used
for sol synthesis.

Synthesis of Silver Modified Hybrid Sol

ZrnP and MAA were used in a 1:1 molar ratio,
and an equimolar amount of IPA was used to dilute
the mixture to avoid precipitation of ZrnP into zirco-
nium hydroxide. This mixture was labeled as Part
A. Part B was obtained by homogenizing MPTMS
and H2O in a molar ratio of 1:0.7, and 0.1-M HCl

was used as the catalyst to promote hydrolysis and
condensation of MPTMS. Part A was added slowly to
Part B under vigorous stirring in an ice bath, as the
reaction is highly exothermic. The resultant mixture
was stirred for 3 hours at room temperature. The sol
was diluted with IPA in 1:1 weight ratio and stirred
for 8 hours, and 1% (w/w) of silver nitrate was then
added to this sol and stirred until the silver nitrate
dissolved completely. Prior to coating lens cases, 1%
(w/w) of the photo-initiator IRGACURE 184 (Ciba
Specialty Chemicals, Tarrytown, NY) was added to
the sol and stirred until it dissolved completely. This
silver-modified hybrid sol was used for the coating
trials.

Coating of Contact Lens Case Material

Acrylonitrile butadiene styrene (ABS) thermoplas-
tic contact lens cases (Crescent Vision Care, Hyder-
abad, India) were cut into small-sized circular coupons
10 mm in diameter (Supplementary Fig. S1). Prior to
coating, these circular discs were surface treated using
an atmospheric air plasma treatment system (Plasma-
treat GmbH, Steinhagen, Germany). This step of
plasma treatment was necessary to improve adhesion
of the coating on the substrate. Plasma was created
with compressed air at a supply pressure of 3 bar and
100 L/h flow rate. Plasma power was fixed at 5 kW.
During treatment, the two nozzles (80mmapart) of the
plasma head generated a plasma zone 80 mm in diame-
ter. The substrates were picked by a vacuum pad held
by a Motoman robot (Yaskawa Motoman Robotics,
Miamisburg, OH) and moved over the plasma jet at
a speed of 100 cm/min to activate the surface. The
substrate-to-plasma nozzle distance was fixed at 10mm
throughout the experiment.

Applying the sol to the plasma-treated lens cases
(coupon) was performed by dip-coating that employed
1-mm/s withdrawal speed. Subsequently, the coated
coupons were air dried for 15 minutes followed
by ultraviolet (UV) curing (120 W/cm with total
wattage/lamp = 12 kW) of both sides using a convey-
orized UV curing unit (Advance Curing System,
Bangalore, India). During curing, the belt speed was
maintained at 2 m/min. The light dose as measured
by UV radiometer (EIT LLC, Leesburg, VA) was
871 mJ/cm2 in the UV-C region. UV curing helped
to generate uniformly embedded silver nanoparticles
in the hybrid sol–gel silica matrix. The UV cured
coupons were then thermally cured in air at 80°C for
6 hours.

The surface of the coupons was examined under
a scanning electron microscope (SEM; S-3400N;
Hitachi, Tokyo, Japan) after gold sputtering as per the
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protocol provided in the Supplementary Material.30
Hydrophobicity was determined by measuring the
water contact angle using a Krüss DSA100 drop shape
analyzer (Krüss Scientific, Hamburg, Germany). The
adhesion of the coating was evaluated by cross-hatch
test carried out as per ASTM D3359-17.

Induction of Biofilm on Uncoated and
Sol–Gel-Coated Coupons

Both uncoated coupons (positive controls) and sol–
gel-coated coupons (test surfaces) were exposed to
an identical protocol of biofilm formation. Uncoated
coupons and sol–gel-coated coupons exposed to
culture media without bacteria served as negative
controls. Details regarding the selection of bacte-
ria for the biofilm and the protocol for biofilm
production on the lens case material are given in
the Supplementary Material. Briefly, a set of 10
isolates (clinical and ATCC) each of Staphylococcus
aureus and Pseudomonas aeruginosa were tested for
biofilm-forming capabilities. Bacterial strains produc-
ing optimal biofilm on contact lens cases were identi-
fied by crystal violet assay (Supplementary Fig. S2).
Two such isolates, P. aeruginosa (L-2026/16) and S.
aureus (ATCC 25923), produced well-characterized
biofilms and were used throughout the study for all
experiments. The resultant biofilms on the coupons
were evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay,31 as well as
by SEM.

Log Reduction Studies

The aspirated inoculum of each well after 24 hours
of incubation with the coated or uncoated coupons
was diluted serially in 1 mL of 1× PBS sterile buffer,
and 10 μL of the resultant solution was spotted on
a blood agar plate to count the number of colonies.
The CFU/mL count was determined for both coated
and uncoated coupons using the formula CFU/mL =
number of colonies× dilution factor/volume of culture
plated (mL).

Cytotoxicity Studies

The cytocompatibility assay was carried out by
using the human corneal epithelial (HCE) cell line
HCE-P3.32 The HCE cells were cultured in Dulbecco’s
Modified Eagle’s Medium/Ham’s F-12 Nutrient
Mixture (DMEM/F-12; Sigma-Aldrich, St. Louis,
MO) supplemented with 10% fetal bovine serum
(FBS).

HCE cells were seeded at a density of 0.6 × 105 cells
per well of a 12-well Petri plate with either a cover-
slip or sol–gel-coated coverslip. DMEM/F-12 medium
with 10% FBS was used as a nutritional supplement.
Cell morphology and growth were assessed by phase-
contrast images obtained over 3 days. Cytotoxicity was
analyzed using LIVE/DEAD assays (LIVE/DEAD
Cell Imaging Kit, 488/570 nm; Thermo Fisher Scien-
tific,Waltham,MA) to estimate the effect of the sol–gel
coating on the cell toxicity when compared to control.
After 3 days, theMTT assay was performed to evaluate
the cell growth rate compared to control.

For SEM analysis on coupons, 104 cells/mL were
added to each well, which included a coverslip and
either uncoated or sol–gel-coated coupons, and were
allowed to adhere for 30 minutes. The cells were
cultured for 3 days in the DMEM/F-12 medium and
fixed for SEM analysis.

Stability of Coatings by SEM

Under normal circumstances, daily-wear contact
lenses are stored in lens cases immersed in a multi-
purpose solution. The solution is exchanged frequently
by contact lens users. To understand the stability of
the test coating under such conditions, both uncoated
and sol–gel-coated coupons were exposed to Bausch
+ Lomb Biotrue multipurpose solution (Bausch +
Lomb, Rochester, NY). Test and blank coupons were
transferred to a fresh 24-well plate containing 1 mL
of the solution. The solution was exchanged daily for
a variable periods of no exposure (0 day), 7 days, 14
days, and 30 days. After each time point, select groups
of coated and uncoated coupons were removed asepti-
cally and exposed to optimum biofilm forming condi-
tions of P. aeruginosa (L-2026/16) andS. aureus (ATCC
25923) for 24 hours. The coupons were processed for
SEM analysis as described above. The biofilm quality
was compared between coated and uncoated coupons,
as well as at different time points of exposure to the
solution.

Statistical Analysis

Statistical analyses were performed using the
Student’s unpaired t-test to determine the signifi-
cance of differences between the coated and uncoated
groups of coupons. SigmaStat 3.5 (Systat Software,
San Jose, CA) was used for analysis, and significance
was obtained at P ≤ 0.05. All of the experiments were
performed in duplicate, with at least three independent
repeats, unless indicated otherwise.
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Figure 1. SEM of an uncoated coupon (a) and a sol–gel-coated coupon (b). Each image represents scanning of at least two coupons
independently and represents an average scan of three scan areas.

Results

Properties of Sol–Gel Coatings on Lens Case
Material

SEM analysis showed a uniform coating of
coupons. The control coupon without any coatings

showed a rough surface (Fig. 1). The adhesion as
determined by the tape adhesion test (per ASTM
D3359-17) was ranked as 5B (no peeling off). The
water contact angle on the sol–gel-coated surface was
determined to be 85° ± 5°, compared to the water
contact angle of 70° ± 5° exhibited by the uncoated
contact lens surface, suggesting that the coating had
increased hydrophobicity.

Figure 2. Inhibition activity of the sol–gel coatings against P. aeruginosa (ocular isolate) by log reduction studies. (A) The colony forming
units per milliliter (mean± SD; n= 4) of bacteria recovered fromwells containing coated and uncoated coupons in BHI media after soaking
them in multipurpose solution for different periods of time. (B) Corresponding log reduction values for the same. (C) The bacterial colonies
on blood agar plates after 24 hours of growth in BHI.
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Table 1. Bacterial Inhibition Activity of Sol–Gel Coatings Compared to Uncoated Coupons by Log Reduction
Studies

CFU/mL, Mean ± SD

Day Uncoated Coupons Coated Coupons Log Reduction Percent (%) Reduction P

0 6.00E+09 ± 1.00E+09 3.58E+06 ± 2.32E+06 3.276 ± 0.196 99.94 ± 0.028 0.0005
7 2.17E+09 ± 2.89E+08 6.00E+07 ± 1.00E+07 1.559 ± 0.039 97.23 ± 0.252 0.0002
14 3.17E+09 ± 4.73E+08 1.17E+09 ± 2.08E+08 0.4350 ± 0.037 63.18 ± 3.104 0.0026
30 3.77E+09 ± 4.51E+08 2.30E+09 ± 3.00E+08 0.2146 ± 0.097 37.94 ± 14.53 0.0094

Inhibition of Bacterial Growth (Log
Reduction)

Compared to the uncoated coupons, 24 hours of
exposure to the coated coupons resulted in a 2- to 3-log
reduction of bacteria for the P. aeruginosa inoculum,
amounting to a reduction of approximately 99% in the
growth of P. aeruginosa (Fig. 2, Table 1). This biocidal
property of the coatingwas observed for up to 7 days of
exposure to the multipurpose solution; after this time
period, the biocidal activity declined. However, this
biocidal activity was not observed against S. aureus, as
the colony counts at 24 hours of exposure did not differ
between the coated and uncoated coupons. Table 1
shows the means ± standard deviations (SDs) for
the colony forming units determined in the inocu-
lum of P. aeruginosa after 24 hours of exposure to
uncoated and sol–gel-coated coupons. The differences
are represented as log reductions and their correspond-

ing percent reduction values. The experiments were
repeated after exposing coated and uncoated coupons
to the Biotrue multipurpose lens cleaning solution for
7, 14, and 30 days.

Quantification of Biofilm on Lens Case
Coupons by MTT Assay

The results of the MTT assays of the coated and
uncoated coupons are shown in Figure 3 and Table 2.
Compared to positive controls (uncoated coupons),
the sol–gel-coated coupons exhibited a reduction in
metabolic activity of 95.67%± 2.05% for S. aureus and
94.69% ± 2.22% for P. aeruginosa.

Table 2 provides quantification of the biofilms on
the coated and uncoated coupons as determined by
MTT assay. The metabolic activity of biofilms on
uncoated coupons was expressed as maximum activ-
ity; the test results were normalized to the uncoated

Figure 3. Quantification of biofilm by MTT assay. (A) Metabolic activity in percent (mean ± SD; n = 6) of biofilm on coated and uncoated
coupons after 24 hours of exposure to bacteria (P. aeruginosa and S. aureus); Student’s t-test, P < 0.0001. (B) MTT-stained coupons after
solubilizing the biofilm in dimethylsulfoxide.
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Table 2. Quantification of Biofilm on Coated and Uncoated Coupons by MTT Assay

Percent (%) Growth on Coupons, Mean ± SD

Uncoated Coated P

Gram-negative bacilli 94.47 ± 2.89 5.31 ± 2.43 <0.0001
Gram-positive cocci 93.24 ± 6.77 4.33 ± 2.24 <0.0001

Table 3. Quantification of Biofilm by MTT Assay on Coated (With or Without Silver) and Uncoated Coupons

Mean ± SD

Coupons Percent (%) Growth Percent (%) Reduction P

Uncoated 90.17 ± 11.78 — —
Coated with silver 4.33 ± 2.24 95.67 ± 2.05 <0.0001
Coated without silver 15.68 ± 5.6 84.32 ± 5.65 <0.0001

coupons and are expressed as percent growth on the
coupons.

Further, to determine why the coating did not
inhibit S. aureus growth but did prevent biofilm forma-
tion, we performed a control experiment with coatings
having no silver. The results of the MTT assays are
shown in Figure 4 and Table 3. The coatings without
silver showed 84.32% ± 5.65% reduction for S. aureus
(P < 0.0001); however, this reduction was lower than

Figure 4. Quantification of biofilm by MTT assay. (A) Metabolic
activity of biofilm in percent (mean ± SD; n = 6 coupons coated
with or without silver, n = 12 for uncoated coupons) on coated and
uncoated coupons after 24 hours of exposure to bacteria (S. aureus)
(P < 0.0001).

that observed in the experiments with silver-containing
coatings (95.67% ± 2.05%).

SEM Analysis of Biofilms on Coated and
Uncoated Coupons

SEM results are shown in Figure 5. The images
of the coated coupons show significantly fewer bacte-
ria, which were scattered over the surface. The
findings were similar for both S. aureus and P. aerug-
inosa. In contrast, the uncoated coupons (positive
controls) showed dense colonies for both organisms.
At lower resolution, the bacterial colonies (biofilm)
had an appearance like flakes, and higher resolu-
tion microscopy revealed a large number of bacteria
enclosed in a complex matrix of extracellular material.

Cytotoxicity Studies of the Sol–Gel Coating

Figure 6 shows SEM images of HCE cells grown
in the presence of uncoated coupons (control) and
sol–gel-coated coupons (test). The SEM images clearly
show good growth of the epithelial cells and forma-
tion of a uniform monolayer over the coverslips with
no difference whatsoever between those exposed to
uncoated and sol–gel-coated coupons, suggesting that
the sol–gel coating exhibits no cytotoxicity on corneal
epithelial cells.

Study of Impact of Exposure to Lens
Cleaning Solution on Antibiofilm Property of
the Coating

Figure 7 shows SEM images of biofilms on
uncoated and sol–gel-coated coupons pretreated with
lens cleaning solution for various durations (7, 14, or
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Figure 5. SEM of uncoated and sol–gel-coated coupons after 24 hours of exposure to bacteria. The upper two panels show coupons
exposed to P. aeruginosa, and the lower two panels show coupons exposed to S. aureus. The micrographs were taken at 200×, 1000× and
3000×magnifications. Each image represents scanning of two coupons independently and represents an average scan of at least three scan
areas.

30 days). Compared to the uncoated coupons (positive
controls), which showed a well-formed biofilm at all
time points, the sol–gel-coated coupons showed very
few scattered bacteria (S. aureus and P. aeruginosa)
even after 30 days of exposure to the multipurpose
solution. The finding clearly suggests that the coating
is active in preventing biofilm formation up to and
beyond 30 days of exposure to lens cleaning solutions.

Discussion

A biofilm is defined as an aggregation of microor-
ganisms embedded within a self-produced matrix of

extracellular polysaccharide substances adhered to
each other and/or to a surface. Biofilms are implicated
in a wide variety of infections, including contact lens-
associated microbial keratitis.33 Various epidemiolog-
ical studies have found a strong association between
microbial keratitis events and poor lens hygiene and
contact lens case contamination.3–16 Further, even
among users adhering to good lens care practices, a
high percentage of lens cases were found to harbor
disease-causing microbes.34 The moist environment of
lens cases and the solid–liquid interface between the
contact lens case surface and the aqueous medium
provides an ideal environment for the attachment and
growth of microorganisms.35,36 When a contact lens is
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Figure 6. Cytotoxic studies of the sol–gel coatings. (A) Phase contrast images of HCE cells on a Petri dish (control) and sol–gel-coated plate
grown for 72 hours at 10×magnification. (B) Cell proliferation of HCE cells, as assessed byMTT assay, on sol–gel-coated plates after 72 hours.
Error bars indicate SD. (C) LIVE-DEAD staining of HCE cells on sol–gel-coated plates was similar to control after 48 and 72 hours; fluorescent
images were taken at 10× magnification. (D) HCE cells were grown on coverslips (a), uncoated coupons (b), and sol–gel-coated coupons
(c) for 72 hours and subjected to SEM. Upper lane magnification, 100×; lower lane magnification, 200×. Each image represents scanning of
two coupons independently and represents an average scan of at least three scan areas.

placed in a contaminated lens case, themicroorganisms
in the biofilm adhere to the lens surface and are trans-
ferred to the cornea when the lens is placed in the eye.

Despite several innovations related to superior lens
material and biocidal lens care solutions, the incidence
of microbial keratitis has largely remained unchanged.
Therefore, there is continued interest in interventions
such as antimicrobial contact lenses and lens cases that
can potentially prevent microbial adhesion and growth
at the source.

In this article, we have described a unique sol–
gel-derived organic–inorganic hybrid silica–zirconia
matrix material that produced a stable and uniform
coating on lens case material and in turn effectively
prevented bacterial attachments and biofilm forma-
tion for both Gram-positive and Gram-negative bacte-
ria. The material is an UV polymerizable, organically
modified silane (MPTMS), such that the acrylic groups
become polymerized when exposed to UV radiation
(Fig. 8).37 Further, the UV exposure simultaneously

generates silver nanoparticles, which become uniformly
distributed and strongly bound to the hybrid silica–
zirconia matrix.

The organic moieties (acrylic functional groups)
provide increased hydrophobicity and thus an
antibiofilm effect that is supplemented by the bacte-
ricidal properties of the nanosilver. This synergism
of surface modification and bactericidal activity
results in overall improved antibiofilm efficiency as
demonstrated by both MTT assay and SEM studies.
Demonstrable antibiofilm activity was seen both
for Gram-positive (S. aureus) and Gram-negative
(P. aeruginosa) bacteria.

Further, this composite coating inhibited the growth
of ocular isolate of P. aeruginosa, as indicated by the
up to 3-log reductions (99.9%) of bacteria in solutions
aspirated from wells containing coated coupons
compared to the control coupons after 24 hours
of exposure. The antibacterial activity remained
unchanged even after 7 days of soaking with a
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Figure 7. SEM of uncoated coupons and sol–gel-coated coupons soaked in multipurpose solution for 7, 14, and 30 days and then treated
withbacteria for 24hours. Theupper twopanels showcoupons exposed toP.aeruginosa, and the lower twopanels showcoupons exposed to
S.aureus. Themicrographswere takeat 2000×magnification. Each image represents scanningof twocoupons independently and represents
an average scan of at least three scan areas.

Figure8. Schematic diagramshowing crosslinkingof thenetworks
by photothermally induced polymerization.37

multipurpose cleaning solution. However, upon
further soaking for 14 or 30 days, this antibacte-
rial activity declined to 0.435 ± 0.037 log reductions,
or a reduction of 63%± 3% (P= 0.0026). On the other

hand, the log reduction experiments did not exhibit
inhibition of growth of S. aureus. The results of the
experiments with coatings having no silver showed
lower but significant (84.32% ± 5.65%) reduction of
metabolic activity for S. aureus, based on MTT assays,
indicating that the prevention of biofilm formation is
due to a property of the coating itself. Furthermore,
the difference in results between coatings containing
silver and those not containing silver suggest that the
silver-containing coatings inhibited S. aureus, as well.
However, this effect could not be detected by the log
reduction method, as the log reduction test would
be positive only if the reduction was 90% or greater.
Understanding this differential behavior of the silver
coating will require more work, especially in light of
previous investigations comparing the antibacterial
activities of silver-impregnated contact lens cases that
have reported significant differences in the activity
among different lens cases.19,20 A silver-impregnated
contact lens case sold under the name I-Clean (Cooper-
Vision, Lake Forest, CA) showed a 5.4-log reduction
in S. aureus but no effect against P. aeruginosa.20
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Despite the reduction in bactericidal activity past 1
week, the sol–gel coating still retained some antibiofilm
activity and continued to prevent the development of
biofilm for up to 30 days. Further, because all of the
experiments were performed with higher concentra-
tions of inoculum (106 CFU/mL for P. aeruginosa and
107 CFU/mL for S. aureus) and in nutrient rich media
(brain–heart infusion [BHI] and trypticase soy broth +
glucose), we expect that under real-life situations the
coatings would be far more effective. We observed that,
although biofilms developed on uncoated contact lens
cases even after exposure to multipurpose solution, the
same did not happen with coated coupons.

In addition to being effective, the technology has
the following additional properties: (1) Unlike the
silver-impregnated storage cases, in which the inclu-
sion of silver is achieved through copolymerization
with the monomer used in making the lens cases, ours
is only a surface modification. (2) Sol–gel matrices
are promising for immobilizing bactericidal materials
such as nanosilver which in turn prevents leaching
of the material while providing bactericidal proper-
ties. (3) The formulation adheres very well to any
surface due to the formation of covalent bonds and
can be easily applied on a wide variety of surfaces.
(4) It is multifunctional, in that it offers antibacte-
rial activity, scratch resistance, increased hydropho-
bicity (from low surface energy), and corrosion resis-
tance. In our earlier study, the coatings generated
from the same matrix (MPTMS and ZrnP) yielded
a pencil scratch hardness of H when deposited on
polymethylmethacrylate (a plastic substrate such as
ABS) after testing as per ASTMD3363-05.38,39 This is
three orders of magnitude higher than that of the bare
poly(methyl methacrylate) substrate, which exhibited a
pencil scratch hardness of B. The abrasion resistance
of the coated substrate was found to improve by more
than 50% compared to uncoated substrate. (5) The
coatings can be cured usingUV radiation when applied
on temperature-sensitive substrates such as plastics.

The study has certain limitations. We tested the
sol–gel coatings against keratitis-causing bacteria, and
further studies are necessary to test the antimicrobial
and antibiofilm properties of sol–gel coatings against
fungal species. Also, throughout the study, we used
only one cleaning solution to test the stability and
durability of the coatings. It would be desirable to
test the performance using different types of cleaning
solutions, as well as with repeated contact lens inser-
tion and removal.

In conclusion, a new type of sol–gel coating has
been developed using silver nanoparticles to reduce
the burden of microorganisms on contact lens cases.
The new coating has biocidal activity against Gram-

negative bacteria and antibiofilm activity against
both Gram-negative and Gram-positive bacteria. The
coating is not toxic to corneal epithelial cells. These
properties, combined with ease of application and
sterilization using UV irradiation, clearly indicate that
this coating has potential for commercial applications
for coating contact lens cases. Prevention of biofilm
formation will go a long way toward reducing the risk
of contact lens-associated microbial keratitis.
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