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RESUM
Les lents de contacte (CLs) són un dispositiu mèdic àmpliament utilitzat per corregir la vista o
per raons cosmètiques o terapèutiques. Les CLs són una superfície ideal perquè els bacteris
s'adhereixin i estableixin biopel·lícules resistents als antibiòtics, sent la Pseudomonas
aeruginosa (P. aeruginosa) el patogen bacterià més freqüentment aïllat que causa la queratitis
microbiana associada amb les CLs. A més, el seu ús presenta nombrosos factors (per exemple,
el compliment per part del pacient i el rentat de mans) que augmenten la capacitat dels bacteris
d'interactuar amb la còrnia i causen infeccions difícils de tractar. En aquest estudi s'ha
desenvolupat un recobriment nanocompòsit híbrid de nanopartícules híbrides de plata-Cruox
(AgCru NPs), poli (metacrilat de sulfobetaína) (pSBMA) i de enzim degradador de la matriu
de biopel·lícula a-Amilasa sobre una CLs d'hidrogel de silicona en un procés sonoquímic d'una
sola fase per conferir propietats antibacterianes, antiincrustants i antipel·lícules biològiques.
S'han produït NPs híbrides de AgCru amb activitat antibacteriana contra P. aeruginosa seguint
un enfocament de síntesi verda utilitzant Cruox, segó de blat bioliquat que conté àcid ferúlic,
àcids di-ferúlics i arabinoxilans, com a agent reductor i de recobriment. El recobriment de les
CLs amb NPs híbrides sotmeses a ultrasons d'alta intensitat no va alterar les seves propietats
refractives ni el seu contingut d'aigua. A més, la funcionalització de les CLs va conduir a una
millor humectabilitat en comparació amb les CLs prístines i va demostrar una gran capacitat
per reduir el creixement i la formació de biopel·lícules de P. aeruginosa en 6.4 i 1.7 Log
(CFU/ml), respectivament. Aquests recobriments de nanocompòsits van ser biocompatibles
amb cèl·lules humanes i, com a tals, tenen gran potencial per prevenir infeccions bacterianes
associades amb l'ús de CLs.
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RESUMEN
Las lentes de contacto (CLs) son un dispositivo médico ampliamente utilizado para corregir la
vista o por razones cosméticas o terapéuticas. Las CLs son una superficie ideal para que las
bacterias se adhieran y establezcan biopelículas resistentes a los antibióticos, siendo la
Pseudomonas aeruginosa (P. aeruginosa) el patógeno bacteriano que causa la queratitis
microbiana asociada con las CLs. Además, su uso presenta numerosos factores (por ejemplo,
el cumplimiento por parte del paciente y el lavado de manos) que aumentan la capacidad de las
bacterias de interactuar con la córnea y causar infecciones. En este estudio se ha desarrollado
un recubrimiento nanocomposite híbrido de nanopartículas híbridas de plata-Cruox (AgCru
NPs), poli(metacrilato de sulfobetaína) (pSBMA) y de enzima degradadora de la biopelícula
bacterina a-Amilasa sobre una CLs de hidrogel de silicona en un proceso sonoquímico de una
sola fase para conferirle propiedades antibacterianas, antiincrustantes y antipelículas. Se han
producido NPs híbridas de AgCru con actividad antibacteriana contra P. aeruginosa siguiendo
un enfoque de síntesis verde utilizando Cruox, un salvado de trigo biolicuado que contiene
ácido ferúlico, ácidos di-ferúlicos y arabinoxilanos, como agente reductor y de recubrimiento.
El recubrimiento de las CLs con NPs híbridas sometidas a ultrasonidos de alta intensidad no
alteró sus propiedades refractivas ni su contenido de agua. Además, la funcionalización de las
CLs condujo una mejor humectabilidad en comparación con las CLs no tratadas y demostró
una gran capacidad para reducir el crecimiento y la formación de biopelículas de P. aeruginosa
en 6.4 y 1.7 Log (CFU/mL), respectivamente. Estos recubrimientos fueron biocompatibles con
células humanas y, como tales, tienen gran potencial para prevenir infecciones bacterianas
asociadas con el uso de CLs.
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ABSTRACT
Contact lenses (CLs) are medical devices widely used for vision correction, cosmetic or
therapeutic reasons. CLs are ideal surface for bacteria to adhere and establish antibiotic
resistant biofilms, being the Pseudomonas aeruginosa (P. aeruginosa) the most frequently
isolated bacterial pathogen causing CLs-associated microbial keratitis. Their use also
introduces numerous factors (e.g. patient compliance and hand hygiene) that increase the
ability of bacteria to interact with the cornea and cause difficult to treat infections. In the present
study, a hybrid nanocomposite coating of antimicrobial silver-Cruox nanoparticles (AgCru
NPs), anti-fouling poly(sulfobetaine methacrylate) (pSBMA) and biofilm-matrix degrading
enzyme a-Amylase has been developed onto silicone hydrogel CLs in a one-step sonochemical
process to impart antibacterial and antibiofilm functionalities. Hybrid AgCru NPs with
antibacterial activity against P. aeruginosa have been produced in a green synthetic approach
using Cruox - a bio-liquefied wheat bran containing ferulic acid, di-ferulic acids and
arabinoxylans - as both reducing and capping agent. Coating the CLs with hybrid NPs under
high intensity ultrasound did not alter their refractive properties and water content. Moreover,
the CLs´ functionalization led to improved wettability compared to the pristine CLs and
demonstrated strong capacity to reduce the growth and biofilm formation of P. aeruginosa by
6.4 and 1.7 Log (CFU/mL), respectively. The novel nanocomposite coatings were
biocompatible to human cells and as a such are of great potential to prevent CLs-wearing
associated bacterial infections.
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LIST OF ABBREVIATIONS

Ag

Silver

AgCru NPs

Silver-Cruox nanoparticles

AMPs

Antimicrobial Peptides

bc

Base Curve

BSA

Bovine Serum Albumin

CLs

Contact Lenses

DNS

3,5-dinitrosalicylic acid

EPS

Exopolysaccharide

MBC

Minimum Bactericidal Concentration

MIC

Minimal Inhibitory Concentration

NPs

Nanoparticles

NSAIDs

Nonsteroidal anti-inflammatory drugs

P. aeruginosa

Pseudomonas Aeruginosa

pSBMA

poly(sulfobetaine methacrylate)

PWRd

Dioptric power

QSIs

Quorum Sensing Inhibitors

ROS

Reactive Oxygen Species

US

Ultrasound

WC

Water Content

WCA

Water Contact Angle

Wd

Weight in dry state

Wh

Weight in hydrated state

ZnO

Zinc Oxide
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1

INTRODUCTION

Contact lenses (CLs) are medical devices widely used for vision correction and also for
cosmetic or therapeutic reasons by more than 140 million people worldwide. In the last few
decades, with the increase of soft CLs wearers, the incidence of corneal infections leading
sometimes to vision impairment or blindness increased from approximately 2 to 20 cases per
10,000 wearers annually (Fleiszig et al., 2020).
In a healthy eye, the blinking, tear fluid/flow, corneal epithelium and basal lamina result in
formation of a barrier that protects the vulnerable corneal stroma against microbial invasion.
CLs wearing increases the susceptibility of the eye to pathogens that may access the cornea via
the eyelids’ hands during the CLs application, or by already contaminated CLs. It was also
reported that CLs wearing causes changes to the structure of corneal surface predisposing to
microbial keratitis, since it reduces epithelial cell desquamation increasing the exposure to
microbes (Forte et al., 2010). Moreover, the biochemistry of tear fluid could be altered,
especially by soft CLs that impact the ocular environment, reducing tear exchange under the
CLs during blinking and adsorbing tear fluid components. CLs surfaces can adsorb tear
components, including tear defence factors, reducing tear concentration and altering its
functions. Indeed, protein binding may also lead to removal of tear factors that normally
influence epithelial defensive functions, thereby compromising the tear innate antimicrobial
efficacy.
The risk of infection increases not only in the case of poor hygiene during the lens care,
extended use of disinfectant solutions and bacterial contamination of the lens case (Lim et al.,
2016), but also with both the overnight and extended CLs wearing, when the normal
physiological response to eye closure may resemble an inflammatory state. It has been reported
that 30% of daily disposable CLs users are not compliant, wearing CLs for occasional or
regular overnight wear (Dart et al., 2008) and only 32% of patients are compliant in all aspects
of the lens care regimen (Bui et al., 2010).
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Figure 1. Corneal ulcer caused by P. aeruginosa during the CLs use (M. Rabei et al., 2014)

P. aeruginosa is a leading cause of CLs-associated microbial keratitis (Figure 1). P. aeruginosa
is a Gram-negative pathogen that has developed resistance to most of the existing antibiotics
due to its capacity to genetic modifications (Salomoni et al., 2017), and therefore has be
included in the list of the high priority pathogens. When growing within a biofilm on living or
non-living surface (e.g. silicone hydrogel CLs), P. aeruginosa becomes even more resistant to
the currently available antibiotic treatments, immune effectors and shear forces. This bacterium
readily forms biofilms on the CLs storage cases, from which it can colonize CLs and enter into
the eye (Willcox et al., 2001). P. aeruginosa biofilms represent a complex structure of bacterial
cells residing in a self-produced extracellular polymeric matrix (Figure 2).

Figure 2. Schematic representation of the five main steps defining the P. aeruginosa biofilm formation
(Olivares et al., 2020).
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Nowadays, the development of strategies for reducing the risk of bacterial infection is a main
topic among the researchers in many fields. Different strategies have been proposed to design
antimicrobial and antibiofilm CLs and CLs cases. For example, selenium-based coatings on
both CLs and CLs cases have been proven antibacterial effective because of the generation of
reactive oxygen species (ROS) (P. Tran et al., 2012; P. L. Tran et al., 2017), but this approach
requires further investigation to confirm they are not toxic in a long term. Nonsteroidal antiinflammatory drugs (NSAIDs) (e.g. ketorolac, sodium diclofenac, and salicylic acid) have been
also used to suppress polysaccharides production and avoid bacteria adhesion and biofilm
formation on CLs (Andrade-Vivero et al., 2007; Rosa dos Santos et al., 2009). However, the
use of these drugs is compromised due to adverse effects (Fraunfelder, 2006). Antimicrobial
peptides (AMPs), host defence peptides, have shown significant antibacterial activity against
both Gram-positive and Gram-negative bacteria, stability as well as good biocompatibility in
vitro (Casciaro et al., 2018; Cole et al., 2010; Dutta et al., 2014). Their use, however, is limited
due to the elevated cost and low functional stability in vivo (Jenssen et al., 2006). Nonbactericidal molecules, e.g. quorum sensing inhibitors (QSIs), can be used as antimicrobial
agents, even though they do not kill microbial organisms directly, their antimicrobial action is
achieved via attenuation of bacterial virulence and inhibition of bacterial adhesion and biofilm
formation on surfaces (Cheng et al., 2015; George et al., 2005; Qu et al., 2013; Selan et al.,
2009). Again, the use of synthetic QSIs is concerning due to their toxicity and poor stability
and therefore requires further research. Antibiotics can be grafted onto the CLs (Guo et al.,
2020), but their use in the practice is limited due to the rapid development of resistance in the
bacterial strains.
Nanomaterials have appeared very promising for managing antibiotic resistant bacterial
infections. Downsizing antimicrobials to nano-dimensions have led to higher antimicrobial
activity compared to their bulk counterparts due to the high surface to volume ratio and their
unique physical and chemical properties. The improved interaction of nanosized particles with
bacterial membrane and the enhanced penetration into the bioﬁlm structure, potentiate their
bactericidal activity at lower dosage (A. Ivanova et al., 2020). Antibacterial and antibiofilm
metal and metal oxide nanoparticles (NPs) have been used for coating medical devices—e.g.
textiles (Salat et al., 2018; Zille et al., 2015) wound dressings (Morena et al., 2020), silicone
catheters (Diaz Blanco et al., 2014; Francesko et al., 2016; K. Ivanova et al., 2015) and CLs (J.
Hoyo et al., 2019; Nahum et al., 2019). Despite the promising results, metal and metal oxide
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NPs may be toxic to human cells and this greatly depends on their concentration, size, shape,
surface chemistry/coating and ions release (El Badawy et al., 2011; Huang et al., 2017). For
example, silver (Ag) NPs at their bacterial effective concentrations demonstrated high toxicity
and reduced the viability of human cell in vitro, while their coating with antibacterial
biopolymer and antibiofilm enzyme resulted in higher antibacterial activity at lower “safe”
(nontoxic) to human cells dosage (A. Ivanova et al., 2020). Indeed, to reduce the side effects
such as toxicity and inflammation and enhance their antibacterial/antibiofilm activity, metals
(e.g. Ag) and metal oxide (e.g. ZnO) have been nanohybridized with enzymes interfering with
bacterial quorum sensing process or bacterial adhesives (Ferreres et al., 2018; A. Ivanova et
al., 2020).
Herein, we developed hybrid nano-coating of antibacterial Ag NPs capped with Cruox,
antifouling pSBMA and biofilm-matrix degrading enzyme amylase through a one-step
ultrasound (US) coating process. Sonochemistry is a versatile, eco-friendly (performed in
aqueous solutions) and cost-effective technique for NPs synthesis and deposition onto a
substrate. This method has been successfully applied for the functionalization of medical
textiles (Perelshtein et al., 2013; Perelshtein et al., 2012), silicon catheters (Lipovsky et al.,
2015) and CLs (J. Hoyo et al., 2019; Nahum et al., 2019) with commercial ZnO NPs. The
application of US waves to the solution triggers the formation and growth of acoustic bubbles
called cavitation bubbles, which collapse generates high-speed microjets able to drive and
embed the synthesized NPs onto the substrate (Svirinovsky et al., 2018) (Figure 3).

Figure 3. Principle of Ultrasound-assisted NPs deposition on solid surface (I. Perelshtein, Perkas, &
Gedanken, 2019)
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In this work, the simultaneous nanoformulation of α-amylase, an enzyme able to degrade
bacterial exopolysaccharide (EPS) (Ferreres et al., 2018) with antibacterial AgCru NPs and
antifouling polyzwitterion and the deposition of the obtained nano-hybrids on the CLs surface
is expected to impart enhanced antibacterial and antibiofilm activities and long-term stability
of the coating on the CLs. The α-amylase in the coating will inhibit P. aeruginosa biofilm
maturation, making the pathogen susceptible to low AgCru NPs concentrations. Capping the
Ag NPs with a Cruox, which is bio-liquefied wheat bran containing ferulic acid, di-ferulic acids
and arabinoxylans, will decrease the Ag NPs toxicity to human cells and enhance the
antimicrobial properties of the Ag NPs. Finally, the inclusion of polyzwitterions with known
antifouling and biocompatible properties, will reduce the bacteria adhesion and will provide
stability of the enzyme towards pH variations. The ability of polyzwitterions to form a
hydration layer will enhance the surface hydrophilicity and will limit the development of
conditioning film, reducing the non-specific proteins adsorption and microbial adherence,
increasing the coatings life-span. Furthermore, the enhanced hydrophilicity, will result in a
greater comfort and less CLs-related adverse effects, such as reduced vision, inflammatory
responses and bacterial colonization (Riley et al., 2006).
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2

OBJECTIVES

2.1

General objective

The main objective of this work is to develop novel hybrid nano-coatings on CLs for
inhibition of P. aeruginosa bacterial growth and antibiotic tolerant biofilm formation.
Silicone hydrogel CLs have been simultaneously coated with: i) antibacterial AgCru NPs, ii)
biofilm matrix degradation α-amylase and iii) antifouling pSBMA through a one-step US
process.

2.2

Specific objectives

The following Specific objectives define the roadmap towards the design of the novel
antibacterial/antibiofilm nano-coatings for prevention of CLs-wearing associated bacterial
infections:
-

Green synthesis and characterization of novel hybrid Ag NPs capped with Cruox;

-

Synthesis of pSBMA;

-

US assisted CLs coating with the three actives antibacterial AgCru NPs, antibiofilm
α-amylase and antifouling pSBMA;

-

Characterization of CLs properties upon NPs coating: i) water content, ii) dioptric
power and iii) water contact angle;

-

Determination of the antibacterial and antibiofilm activities of the coating against P.
aeruginosa;

-

Evaluation of the biocompatibility of the coating to human cells.
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3

MATERIALS AND METHODS

3.1

Materials

CruoxTM (Telic Group, Bigues, Spain) and silver nitrate (AgNO3, Sigma–Aldrich, Spain)
were used to prepare the AgCru NPs. a-Amylase from Bacillus amyloliquefaciens (liquid,
≥250 units/g) and Bovine Serum Albumin (BSA) were purchased from Sigma-Aldrich
(Spain). Sulfobetaine methacrylate monomer, N-(3-sulfopropyl)-N-(methacryloxyethyl)N,Ndimethylammonium betaine (SBMA) (Sigma–Aldrich, Spain), potassium persulfate
(K2SsO8, Sigma–Aldrich, Spain) and SnakeSkin dialysis tubing, purchased by Thermo
Scientific, were used to prepare pSBMA. P. aeruginosa bacterium (ATCC® 10145™) and
human foreskin fibroblast cells (ATCC® CRL-4001™, BJ-5ta) were purchased from
American Type Culture Collection (ATCC LGC Standards, Spain).
Comfilcon A (52%), base curve (bc) 8.6, diameter 14.0, dioptric power (PWRd) -5.50 D
contact lenses were purchased from Cooper Vision (USA). For the entire study, ultrapure
water (MilliQ® plus system, Millipore) with 18.2 MΩ.cm minimum resistivity was used. All
other chemical and microbiological reagents were obtained from Sigma–Aldrich unless
otherwise stated.

3.2

3.2.1

Methods

Preparation of Poly(sulfobetaine methacrylate) (pSBMA)

0.2M solution of SBMA monomer was prepared in deionized (milliQ) water and initiator
K2S2O8 was added into the monomer solution at the concentration of 0.1 mol. %. The reaction
mixture proceeded to polymerization in enclosed vial at 60°C for 6 h under constant stirring.
Then, the unreacted low molecular substances were removed by dialysis against deionized
water for 1 week. The water was changed twice per day. Finally, the polymer was frozen at 80°C for 1 h and dried for 3 days in a freeze-dryer thus producing a white powder.
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3.2.2

Synthesis of Ag/Cruox nanoparticles

10% v/v Cruox solution was prepared in milliQ water and the pH was adjusted to 9 with 1M
HCL. Then 2 mg/mL AgNO3 solution was prepared in milliQ water. The two solutions were
incubated for 15 min at 60° in a water bath to temperate. Then, 30 mL of 10% v/v Cruox
solution were mixed in glass bottle with 20 mL of 2 mg/mL AgNO3 and incubated in a dark
for 3 days, at 60° under continuous stirring (Figure 4). The UV–vis spectra were collected
every day in the range of 300–600 nm, recording absorbance at a 2 nm step to confirm the
NPs’ formation.
After the time of incubation, the excess of Ag ions was removed via centrifugation for 40 min
at 18 000 FCR and 4 °C. The supernatant liquid was discarded and the pellet (purified NPs)
was resuspended in milliQ water and sonicated for 20 minutes at 37 kHz to disaggregate the
NPs.

Hybrid Ag/Cruox

Figure 4. Schematic representation of AgCru NPs synthesis
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3.2.3

Ag/Cruox NPs characterization

UV–vis spectra measurements were collected by testing in a microplate reader Infinite M200,
Tecan (Austria).
Dynamic light scattering was used to determine size and zeta-potential of the AgCru NPs by
Zetasizer Nano Z (Malvern Instruments Inc., U.K.). Software NanoQ 1.2.1.1 was used to
analyse NPs size. The determination of the size and zeta potential was carried out after
appropriate dilution of NPs using milliQ water. The reported average particle size and zeta
potential represent the mean values ± standard deviations of 3 measurements of the sample.

3.2.4

Antibacterial and Bactericidal Activity of Ag/Cruox NPs

The minimal inhibitory concentration (MIC) of AgCru NPs was assessed through a standard
dilution micromethod to evaluate inhibition activity at different concentration of NPs.
The AgCru NPs were diluted in a Mueller-Hinton broth from 2 up to 128 times and inoculated
with P. aeruginosa to a final bacteria concentration of ∼6 × 106 CFU/mL. Control wells were
maintained without antimicrobial agents. The optical density of these culture broths was
measured at 600 nm after 24 h incubation at 37 °C. The minimum bactericidal concentration
(MBC), where inhibition of bacterial growth is irreversible, was determined by plating ∼10
μL of the tested samples with defined concentrations on cetrimide agar and number of
surviving bacteria was counted after 24h of incubation at 37 °C (Figure 5).

concen
tration

plate for MBC

NPs

24 h incubation

1. NPs serial dilution in

2. Add bacteria inoculum

3. Read absorbance

4. Count colonies to

microdilution plate

with diluted NPs

to determine MIC

determine MBC

concentration

concentration

Figure 5. Schematic representation of MIC and MBC assays
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3.3

Sonochemical coating of contact lenses with hybrid nanoparticle coating of
Ag/Cruox NPs, pSBMA and a-AMYLASE

CLs were sonochemically coated using ultrasonic transducer (Ti Horn, 20 kHz, 750 W,
Sonics and Materials VC750, USA). The coatings’ reaction was performed in a glass vessel
containing 50 mL of 0.05% (w/v) pSBMA, 3.5% (v/v) a-amylase and/or 6% (v/v) AgCru
NPs aqueous solutions as well as one CLs for 15 min at 20±1 °C and 50% amplitude. Before
and after the reaction, the CLs was washed by deepening into 50 mL of milliQ water for 15
seconds to remove the loosely fixed compounds (Figure 6). In order to assess the effect of the
US and the components, individually or paired, different samples were prepared as controls
at the same coating conditions, but in milliQ water without any actives or with each
combination, as listed below:
Sample Name

Compounds used for CLs coating

US

-

pSBMA

0.05% (v/v) pSBMA

-

3.5% (v/v)
α-AMYLASE

Amylase
NPs
pSBMA/Amylase

-

6% (v/v) AgCru NPs
0.05% (v/v) pSBMA

NPs/Amy

3.5% (v/v)
α-AMYLASE
x3.5% (v/v)
α-AMYLASE

6% (v/v) AgCru NPs

BSA

0.05% (v/v) pSBMA

BSA

6% (v/v) AgCru NPs

Hybrid

0.05% (v/v) pSBMA

x3.5% (v/v)
α-AMYLASE

6% (v/v) AgCru NPs
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Sonochemical coating
Reaction conditions:
0.05 % pSBMA

-

15 min
50% amplitude
20 °C

AgCru
pSBMA

6% AgCru NPs
ENZYME

50mL
3.5% Enzyme

Figure 6. Schematic representation of the sonochemical coating process of CLs

3.4

3.4.1

Characterization of the coated CLs

Water content

The water content (WC) of the CLs was gravimetrically quantified by means of an analytical
balance. In order to measure this characteristic and compare it among coated CLs and
controls, CLs were weighed in their wet and dry state. The water contents were calculcated
as a percentage according to eq. 1:
WC = ((Wh-Wd)/Wh)) ·100
(1)
Where Wh is the weight of the hydrated CLs immersed 24h in milliQ water, Wd is the weight
of dried CLs and WC is the percentage of water content.
After the measurement of the sample’s weight in its hydrated state (Wh), it underwent a
dehydratation process in a vacuum desiccator (≈ 3 hours) until no further changes. Weight
measurement was reapeted for the sample in its dry state (Wd). Non-coated CLs (commercial
and US) were used as controls. All results are reported as mean values ± SD (n = 3).
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3.4.2

Dioptric power

To ensure that the sonochemical procedure did not affect optical quality of the CL, PWRd of
CLs in dry state was monitored before and after the coating.
A calibration curve was created to correctly convert the PWRd from dry state to the nominal
PWR indicated for the hydrated state, measuring PWRd from -4.50 D to -6.50 D, in intervals
of -0.50 D.
Sample was exsiccated for 3 h and PWRd was measured twice for each sample with the Auto
Lensmeter TL-3000B (Tomey Corporation). PWRd in hydrated state was calculated with the
calibration curve previously created. Non-coated CLs (commercial and US) were used as
controls. All results are reported as mean values ± SD (n = 3).

3.4.3

Water contact angle

Sessile drop method was used to observe and measure the advancing water contact angle
(WCA). The measurements were performed at 22 ± 1 °C and at a relative humidity of 19 ±
1% with a DSA100 drop shape analyser from KRÜSS GmbH (Figure 7).
CLs were preconditioning immersed in MilliQ water for 24 h before WCA measurements. In
order to remove residual liquid from the surfaces, samples were quickly touched on a cleaning
tissue before being placed on the drop shape analyser holder. A 4 mL milliQ water drop
released by a micrometre pass dosage was dropped on the CLs surface, ensuring a 2 min total
time of exposure of CLs to air. The process was captured and processed by DSA4 software
using tangent method to calculate the WCA. Non-coated CLs (commercial and US) were used
as controls. All results are reported as mean values ± SD (n = 3).
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Figure 7. Image analysis of a typical sessile drop frame (Maldonado-Codina & Morgan, 2007)

3.4.4

Amylase activity in the nano-coatings

Enzymatic Assay of α-AMYLASE was performed by colorimetric method preparing 50 mL
of 1% (w/v) soluble starch solution by mixing Sodium Phosphate Buffer with 6.7 mM Sodium
Chloride (adjusted to pH 6.9) and starch potato soluble. 3,5-dinitrosalicylic acid (DNS) was
used as colour reagent solution. Each sample was placed in a 1mL tube with 800 μL of starch
solution and incubated at room temperature for 1 hour with shaking. 200 μL from the sample
were placed in a 2 mL tube with 200 μL of DNS and boiled for 15 minutes. After cooling
down in cold water to room temperature, the absorbance was measured at 540nm for the
samples and sample blank using a spectrophotometer.

3.5

Antibacterial activity of NP-coated silicone hydrogel CLs

The antibacterial activity of the CLs was determined against P. aeruginosa through a standard
ASTM-E2149-01 method with some modifications. Briefly, a single colony of P. aeruginosa
was grown in 5 mL of sterile MHB at 37 ºC and 230 rpm overnight. The inoculated bacterial
culture was diluted with sterile PBS until reaching a solution absorbance of 0.28 ± 0.01 at
475 nm; afterwards, each sample (1/2 CLs) was placed in a 2 mL tube along with 1 mL of
this bacterial inoculum. To determine the inoculum cell density, the suspensions were
withdrawn after 1, 3 and 24 hours of incubation with CLs and the surviving bacteria were
counted by plating bacterial suspension on cetrimide agar plates and were incubated at 37 °C
for 24 h.
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3.6

Antibiofilm activity of NP-coated silicone hydrogel CLs

The biofilm formation on pristine CLs and NP-coated CLs was quantified by direct
enumeration of the live bacteria. Each sample (1/2 CLs) was placed on a sterile plate (24well) with 500 μL of bacterial inoculum (OD=0.01 in sterile TBS) and the samples were
incubated for 24 h at 37 °C. After the time of incubation, the CLs were rinsed 3 times with 1
mL of sterile PBS to remove the non-attached cells and the samples were transferred into 15
mL sterile tubes containing 2 mL of sterile PBS. Then, the tubes were vortexed for 40 s each,
placed in an ultrasonic bath for 20 min and the viable counts were performed by plating
bacterial suspension on cetrimide agar plates.

3.7

Biocompatibility

To assess the coating’s biocompatibility, human foreskin fibroblasts (ATCC_-CRL-4001 ,
TM

BJ-5ta) were used. The cells were kept at 37 °C in four parts DMEM inside a humidified
atmosphere containing 5% CO2. The cells were harvested using trypsin-EDTA (ATCC-302101) and were seeded at a density of 1.2 x 105 cells/well at pre-confluence. 24 h later, cells
were washed two times with sterile PBS and the CLs (1/2 CLs) were placed in the wells and
500 mL of DMEM was added. Cells were incubated at 37 °C for 24 h. Then, the samples
were removed, the growth media was withdrawn and the cells were washed two times with
PBS and stained with live/dead viability/cytotoxicity assay kit for mammalian cells to study
the morphology and viability of the cells. The cells on the CLs were stained for 15 min in the
dark with a combination of both stains at a 4:1 ratio calcein/ethidium homodimer in PBS.
Non-reacted stains were additionally washed with PBS, and the cells were observed using a
fluorescence microscope (Nikon/Eclipse Ti−S, The Netherlands).
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4 RESULTS and DISCUSSION

4.1

Poly(sulfobetaine methacrylate)

Poly(sulfobetaine methacrylate) (pSBMA) used in the coating process of the CLs is a
polyzwitterion synthesized by free radical polymerization of the zwitterionic sulfobetaine
methacrylate (SBMA) monomers. Zwitterions are neutral molecules containing both a positive
and a negative charge able to form a hydration layer via electrostatic interaction resulting in an
enhanced surface hydrophilicity (Zhang et al., 2018). By limiting the hydrophobic interactions
between the proteins in the surrounding and the material´s surface, the formation of a protein
conditioning film, as well as the microbial adherence are significantly reduced (Figure 8).
Functionalization of silicone materials with SBMA resulted simultaneously in strong
antibiofilm effect against P. aeruginosa and good biocompatibility to human cells (Diaz
Blanco et al., 2014). Superior antibacterial activity was achieved by depositing both Ag NPs
and SBMA simultaneously on the surface due to the synergistic action between the two
compounds (Zhang et al., 2018).

Figure 8. pSBMA grafted on silicon substrate (Sun et al., 2017)
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4.2

Ag/Cruox nanoparticles synthesis and characterization

An environmentally-friendly method was used to synthesise Ag NPs employing Cruox as both
reducing and capping agent to avoid toxic chemicals often involved in other strategies for metal
NPs formulation (Figure 9). Cruox is a bio-liquefied wheat bran containing arabinoxylans and
biophenols, mostly ferulic acid, where the polysaccharide works as both the reducing and
stabilizing agent. During the reaction, metal atoms are formed from a precursor metal solution
by reducing the metal ions. These atoms slowly grow until the formation of metal NPs. Their
large surface area makes them prone to agglomeration in clusters or larger particles. The use
of stabilizing agent that can be absorbed or bound onto the NPs surface preventing from further
growth and maintaining the metal NPs finely dispersed state is frequently recommended. In
this work, arabinoxylans as well as ferulic acid present in the Cruox, probably reduce the Ag
ions to NPs dispersed in the hydrogel-like polymer matrix. At the same time, Cruox has been
shown to be biocompatible and thereby is expected to reduce the side effects of the stand-alone
Ag NPs (Amin et al., 2013).

Figure 9. Synthesis of AgCru NPs employing Cruox as both reducing and capping agent

The formation of AgCru NPs was confirmed spectrophotometrically. The UV-Vis spectrum
was monitored between 300-600 nm during the synthesis of the NPs. The appearance of
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absorbance peak between 400-450 nm is usually characteristic of Ag NPs formation in the
UV-Vis region (Sosa et al., 2003). The NPs synthesis was monitored over 5 days
spectrophotometrically. The appearance of an intensive peak at 430 nm confirmed the
successful formation of NPs (Figure 10). Additionally, the change in colour from yellowish
to dark brown indicated the formation of AgCru NPs (data not shown), which additionally
evidenced the NPs formulation (Li et al., 2007).
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Figure 10. UV-Vis absorbance spectrum of AgCru NPs

The size and zeta potential of the developed NPs was further assessed. Particle size and zeta
potential are critical physical parameters to define the stability of NPs. Zeta potential
represents the surface potential of the colloid generated by the ionic atmosphere around the
negative charged particle (Figure 11); hence the degree of repulsion between the NPs. Some
positive ions (Stern layer) move together with the colloid forming a layer, while in the next
cloud of ions (slipping plane), ions are free to move, or not, with the colloid. This dynamic
equilibrium produces an electric net potential (zeta potential) responsible for the suspension
stability due to the repulsion forces among the colloid (Herrada García et al., 2014). If the
repulsive forces are greater than the Van der Waals attractive forces, particles tend to repel
each other with consequent stability; instead, lower zeta potential produces an insufficient
repulsion to prevent the particles aggregation. Moreover, there is a direct correlation between
Z-potential and NPs the toxicity: the more negative is the surface charge, the least toxic are
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the NPs because the high degree of repulsion forms an electrostatic barrier that limits the cellparticle interactions thus reducing the toxicity (El Badawy et al., 2011).

Figure 11. Zeta Potential. Double layer configuration. (Herrada García et al., 2014)

Size, size distribution and zeta potential of the AgCru NPs were determined by laser particle
analyser (Zeta Sizer Malvern Nano-ZS). The analysis revealed that AgCru NPs have a mean
size of 85.2 ± 68.6 nm and PDI of 0.41 (Figure 12).
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Figure 12. NPs size distribution report of Zetasizer Nano ZS.

Similar results were obtained by TEM analysis. (Figure 13). The zeta potential values of 34.3 ± 7.6 mV (Figure 14), indicated higher stability of the NPs suspension (Lin et al., 2014).

Figure 13. TEM images of the AgCru NPs
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Figure 14. NPs Zeta potential report of Zetasizer Nano ZS

4.2.1

Antibacterial and Bactericidal Activity of Ag/Cruox NPs

Ag NPs are known to have great inhibitory and antibacterial effects against both Grampositive and Gram-negative bacteria since they have pleiotropic action on bacterial cells (Rai
et al., 2009). Ag ions are able to interact with and disrupt bacterial membrane and cell walls,
or damage intracellular and nuclear membranes, leading to cellular death. Other mechanisms
of bactericidal action are also reported. For instance, Ag ions may inhibit the respiratory
enzymes and denature bacterial DNA and RNA (Zille et al., 2015).
The antibacterial activity of AgCru NPs was assessed against Gram-negative P. aeruginosa
through standard broth dilution method (Figure 15A). In this method, the lowest
concentrations where visible bacterial growth (OD ~ 0), was not observed and the growth
inhibition was higher than 80%, was considered as minimal inhibitory concentration (MIC).
The MIC of AgCru NPs was 3.125% (v/v) (Figure 15B).
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Figure 15. Inhibition of P. aeruginosa growth. A) Bacterial growth inhibition (%) at different
concentrations of AgCru NPs and B) Photo bacterial cultures after 24 h incubation with different
concentrations of AgCru NPs

Furthermore, the bactericidal activities of AgCru NPs were then evaluated by culturing the
samples on cetrimide agar plates detecting the minimal bactericidal concentration (MBC).
Surviving bacteria were not observed after a 24 h exposure to the AgCru NPs at 3.125% final
concentration (Figure 16).
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Figure 16 P. aeruginosa growth on Cetrimide agar after 24h of incubation with AgCru NPs to
determine the minimum bactericidal concentration

4.3

Characterization of CLs

In this study, commercial CLs have been sonochemically functionalized with AgCru NPs due
to their antibacterial activity, and α-amylase and pSBMA because of their antibiofilm and
antifouling properties, respectively. To ensure that the sonochemical processes (US) and the
coating itself do not affect negatively primary characteristics of the CLs, specific parameters
and properties such as dioptric power, water content and water contact angle were
investigated.

4.3.1

Dioptric power of CLs

An important parameter for CLs is their optical quality and the ability to properly compensate
the ametropia. The latter’s peculiarity is expressed by CLs’ PWRd. Although this
characteristic is not related to bacteria adhesion, it is important to understand if the US process
and the coating applied on the CLs surface affect their optical properties. To achieve this,
PWRd before and after the sonochemical coating was monitored.
Generally, PWRd depends on refractive index (n) and surface radius (R), where the first
parameter changes varying the WC. Considering the formula (eq. 2) applied by manufacturers
to calculate the proper radius to grind in order to obtain a certain lens PWRd
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it is reasonable to assume that R1, 2 remain constant regardless of CLs state, dry or hydrated,
hence the PWRd will depend only on refractive index. In this study, PWRd of the CLs was
measured in a dry state given that quick dehydration and subsequent change in refractive
index affect these measurements when they are in a hydrated state.
Initially, a calibration curve (Figure 17) was created to convert the PWRd from dry to hydrated
state. Towards this end, polynomial fit resulted the best adjustment, providing a coefficient
of determination R² = 0.9695.
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Figure 17. Calibration curve

The PWRd did not change significantly and the NPs coated CLs showed similar PWRd (-5.55
± 0.14) as the sonicated (US) CLs and commercial CLs (Figure 18). The differences between
the control and hybrid samples were lower than the ±0.25 D tolerance limit indicated in the
ISO 18369-3:2017. Similar results were obtained for sonochemically coated CLs by Hoyo et
al. (2019).
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Figure 18. Dioptric powers of commercial CLs, CLs treated under US and CLs coated with AgCru NPs,
amylase and PSBMA.

4.3.2

Water content of CLs

The WC of the CLs was gravimetrically quantified by means of an analytical balance and
expressed in percentage in Figure 19. WC of the sample treated with the hybrid coating
(“hybrid”) was 51%, showing a non-significant change (+0.6%) compared to the WC value
detected for the commercial sample (50.4% ± 2.7%*). Due to the Covid-19 limitation of this
study, standard deviation (SD*) has been calculated also considering similar studies
previously published by our team and conducted on the same CLs’ material (BurgosFernández et al., 2019; J. Hoyo et al., 2019), even though US amplitude and CLs power used
were different.
WC reported on the label by the manufacturer is 48%, but this value is always calculated on
-3D CL’s PWRd, so a difference in the mean value of WC can be expected. As also reported
by previous works (Burgos-Fernández et al., 2019; J. Hoyo et al., 2019; Nahum et al., 2019),
application of US does not affect the WC.
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Figure 19. Water content of commercial CLs, CLs treated under US and CLs coated with AgCru NPs,
amylase and PSBMA.

4.3.3

Water contact angle of CLs

Measurement of WCA gives information on the CLs’ wettability. This parameter clinically
refers to the ability of the tear film to spread on the surface, which improves optical quality
minimizing high order aberrations as well as the comfort and biocompatibility (Koh et al.,
2019). Reduction in hydrophobicity also prevents formation of deposits such as lipids and
proteins, and also microbial colonization (Santos et al., 2007). A low WCA translates into
higher wettability or a more hydrophilic surface (Menzies & Jones, 2010).

Hybrid

Commercial CLs
Figure 20. Sessile drop method
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Among the various techniques available today to assess the WCA, the sessile drop method
was chosen for this study because it is a fast and easy approach to perform this measurement
(Figure 20). As mentioned above, standard deviation (SD*) for this study has been calculated
considering similar studies previously published by our team due to Covid-19 limitations.
The hybrid sample showed a reduction of contact angle (30.4° ± 4.7°) compared to the angle
formed by the sessile drop on commercial CLs (56.5° ± 26°*) (Figure 21), indicating a
reduction of surface tension. Enhancement of surface hydrophilicity is a direct effect from
the zwitterionic pSBMA present in the coating. Also, the amylase may have partially
contributed to this factor: a study reports improvement on wettability by applying enzymatic
treatment on cotton fabrics (El-Khatib et al., 2019).
Figure 21 shows that the sonication process used in this study apparently improves wettability
of Comfilcon A material, a 3rd generation silicone hydrogel CLs. This latest generation of
material does not present any superficial coating or internal wetting agents to reduce its
hydrophobicity, but it is an inherently wettable polymer. In a previous study (J. Hoyo et al.,
2019), the US deposition of a hybrid coating on the same CLs material did not change the
WC respect to the commercial CLs. Further investigation about US effects are required for a
better understanding.
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Figure 21. Water contact angle of commercial CLs, CLs treated under US and CLs coated with AgCru
NPs, amylase and PSBMA
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4.3.4

Amylase activity in the coating

To determine if the a-amylase preserves its activity on CLs surface, the enzyme activity was
measured using a colorimetric method with DNS reagent. In this method, a-amylase converts
starch into maltose, which reduces the pale-yellow coloured DNS to the orange-red coloured,
proportionally to the concentration of maltose. Absorbance was measured at 540 nm, given
that this is the region where orange-red colour absorbs (Visvanathan et al., 2016).
Figure 22 shows an increase in absorbance for samples coated with amylase only (0.41 a.u.)
and for samples coated with amylase together with pSBMA (0.39 a.u.), pointing to a presence
of reducing sugar by the enzyme. As expected, any absorbance was detected for both CLs
sonicated in milliQ water and in aqueous solution of pSBMA.

1.8

Absorbance (a.u.)

1.3

0.8

0.3

-0.2

pSBMA

Amylase

pSBMA/Amy

Hybrid

US

Figure 22. Enzymatic activity of amylase containing coatings on CLs

4.4

Antibacterial activity of NP-coated silicone hydrogel CLs

Ag NPs are known for their antibacterial activity. In this study, AgCru NPs were used in
combination with amylase and pSBMA to functionalize the silicone CLs surfaces to obtain
antibacterial and antibiofilm coating. The hybrid CLs was tested to assess the efficiency of
this coating against P. aeruginosa, achieving 6.4 Logs (CFU/mL) reduction of bacterial
viability after a 24 h incubation (Figure 23). A similar result appears for the sample coated
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with AgCru NPs alone, confirming the antibacterial effect of the particles. The different
antibacterial effect achieved after 1- and 3-hours incubation with the samples containing
AgCru NPs is noticeable: it was observed a progressive improvement in antibacterial effect
with the hybrid coating, indicating a slower release of Ag ions. Capping the Ag NPs with
polysaccharides reduces the release of Ag ions suggesting a longer-lasting antibacterial
property (J. Hoyo et al., 2020). As previously reported, also the presence of a zwitterion in
the coating seems concurring in ions discharge (Yu et al., 2018).
In contrast, the samples treated with pSBMA and amylase alone, used as controls, did not
show the same activity, given that these two components do not have antibacterial properties.
As previously explained, pSBMA concurs reducing bacteria adhesion through its antifouling
capacity, while the enzyme degrades biofilm matrix making the bacteria more susceptible to
the antibacterial actives. These two actives do not aim to kill bacteria and have not any
bactericidal effect on P. aeruginosa.

Bacterial growth reduciton (Log CFU/mL)
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Figure 23. Antibacterial activity of NPs-coated CLs

Bactericidal effect of Ag NPs coating against P. aeruginosa has been widely investigated
before. In 2019, a systematic review about its application on silicone catheters was published
(Al-Qahtani et al.). CLs can provide a surface for microbes to adhere to and P. aeruginosa
adheres more effectively to silicone hydrogel lenses than to other materials. (Willcox et al.,
2001). Similarly, Ag NPs showed a promising for functionalization of CLs to reduce the risk
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for microbial-associated adverse events for CLs wearers (Fazly Bazzaz et al., 2014). On the
other hand, Ag NPs could show adverse effects and toxicity to human cells: thus, for
minimizing these effect, a biocompatible biopolymer, such as Cruox, was used as reducing and
capping agent to control the release of Ag+ and improve the biocompatibility of the Ag NPs
with the human cells (J. Hoyo et al., 2020). Furthermore, the AgCru NPs hybridization with
polyzwitterions and enzymes synergistically increase the antibacterial and antibiofilm effect of
the coatings, at lower, non-toxic amounts of Ag (Ferreres et al., 2018; Zhang et al., 2018).

4.5

Antibiofilm activity of NP-coated silicone hydrogel CLs

A direct enumeration of the live bacteria in the biofilm was performed to evaluate the effect
of the hybrid coating on P. aeruginosa biofilm formation. a-Amylase has been chosen due to
its ability to hydrolyse the bacterial adhesive exopolysaccharides, inhibiting the formation of
stable and antibiotic resistant biofilm structure on the surfaces (K. Ivanova et al., 2015). As
shown in Figure 24, the combination of the three coating actives led to enhanced antibiofilm
efficiency against P. aeruginosa, when compared to the coatings of the individual
counterparts. Both a-amylase and AgCru NPs showed a similar activity, 0.7 and 0.6 Logs
(CFU/mL) respectively, while the CLs coated with the hybrids of pSBMA, enzyme and
AgCru NPs achieved 1.7 Logs of live biofilm cells inhibition, suggesting a synergy between
these compounds.
In order to outline the role of the enzyme, control CLs were coated replacing the amylase with
an inert protein, e.g., bovine serum albumin (BSA) (data not reported). The control sample was
less active toward P. aeruginosa, conﬁrming the synergistic role of amylase in enhancing the
antibacterial properties of the AgCru NPs.

37
Facultat d’Òptica i Optometria de Terrassa
© Universitat Politècnica de Catalunya, 2020. Todos los derechos reservados

Sofia Vitucci

Biofilm growth inhibition (Log CFU/mL)

1.8
1.5
1.2
0.9
0.6
0.3
0
pSBMA

AgCr NPs

Amylase

Hybrid

Figure 24. Antibiofilm activity of NPs-coated CLs.

4.6

Biocompatibility

Cell viability assay was performed to examine the biocompatibility of the coated catheters with
human fibroblast cells. The cells’ viability and morphology were observed after 24 h of
exposure to NPs-coated CLs (Figure 25). The pristine CLs and NPs-coated CLs did not affect
the viability of fibroblast cells, and demonstrated 100 % biocompatible as all of the cells
appeared green. Furthermore, the morphology of the mammalian cells in contact with the CLs
was not altered, suggesting that the in vivo use would not imply any biocompatibility concerns.
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Commercial CL

Hybrid CLs

Figure 25. Viability of fibroblast cells after exposure to the NPs- coated CLs assessed by Live/Dead kit
assays. The green and red fluorescence images are overlaid. Scale bar corresponds to 100 μm
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5

CONCLUSIONS

In this work, silicone hydrogel CLs were coated with hybrid AgCru/Amylase/pSBMA nanocoatings to inhibit bacterial growth and biofilm formation. An environmentally friendly method
was applied to synthesise stable antibacterial Ag NPs employing Cruox as both reducing and
capping agent. The simultaneous AgCru NPs, pSBMA and a-Amylase NPs deposition onto
CLs was achieved in a one-step sonochemical process. The US-assisted functionalization of
CLs is a fast, simple and reproducible method to combine multiple nano-enabling
functionalities in a hybrid coating with the following characteristics: i) improved surface’s
wettability, ii) high antibacterial and antibiofilm efficiency (respectively 6.4 and 1.7 Logs
(CFU/mL) reduction) against P. aeruginosa, the most common pathogen found in CLs-related
infections, and iii) high biocompatibility to human cells. Moreover, the development of hybrid
NPs coating did not affect the refractive properties and water content of the silicone hydrogels
when compared to the pristine CLs. Overall, the results in the presented study, open new
strategies for the functionalization of silicone based medical devices such as contact and
intraocular lenses, or vascular and urinary catheters, with novel hybrid nano-enabled
antibacterial and antibiofilm coatings without altering the bulk material structure or affecting
the human cells viability.
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