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This work is exploring the development of antibacterial contact lenses (CLs) by implementing the silicon-N-vinyl
pyrrolidone-2-hydroxyethyl methacrylate (Si-NVP-HEMA) base to combat the corneal bacterial infections. Due to
its hydrophilic and flexible properties, Si-NVP-HEMA enhances oxygen permeability and allows for more
effective pairing with antibacterial agents. The lenses were infused with chloramphenicol (CAM) and in some
cases, additives like silver and titanium dioxide nanoparticles (Ag and TiO; NPs) were added to boost their
antibacterial capabilities. Key analysis including UV-Vis spectra, refractive index (RI) measurement, scanning
electron microscopy (SEM) images, and Fourier-transform infrared (FTIR) charts confirmed the lenses’ physical,
chemical, and therapeutic performance. The fabricated lenses demonstrated an impressive RI range of 1.49 to
1.53 preserving visual clarity and achieving over 95% visible light transmittance while effectively blocking UV
radiation. Antibacterial testing revealed significant enhancements in effectiveness against certain bacteria,
including Staphylococcus aureus and Escherichia coli (S. aureus and E. coli). This promising formulation shows
merit as a safe, comfortable, and extended use CL option by providing comprehensive protection, excellent
optical performance, and essential properties like water content and oxygen permeability. This Si-NVP-HEMA
based formulation provides a multifunctional solution integrating antimicrobial protection UV blocking capa-
bilities and excellent optical performance with essential water content and oxygen permeability positioning it as
a promising option for safe comfortable extended wear CLs.

Introduction

With the number of contact lens (CL) wearers projected to grow to
over 150 million worldwide, the therapeutic role of these lenses repre-
sents a significant opportunity in ophthalmology [1]. The increasing
prevalence of myopia globally, affecting approximately 1.45 billion
people, has underscored the need for therapeutic interventions. CLs
serve as controlled drug delivery platforms [2]. As highlighted by
Chandel A and Kandav G (2024), CLs address the limitations of common
treatments like eye drops, ointment, which suffer from low bioavail-
ability, short retention times, and related side effects [3]. The integra-
tion of nanomaterials and innovative polymer systems offers improved
patient compliance by enhancing drug permeability extend release
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durations, improve therapeutic efficacy, and reducing dosage frequency
[4]. For CLs to fulfill their therapeutic function, they must allow the
passage of water, oxygen, and drugs, maintaining a favorable environ-
ment for corneal health and aerobic metabolism. Manufacturers have
incorporated siloxane groups (Si-O-Si) into hydrogels to optimize these
properties, especially in silicone lenses [5]. In addition, methods such as
salt-induced modulation have been shown to increase drug loading ef-
ficiency in CLs without affecting optical transparency, a key factor in
maintaining visual quality during therapy. According to Zhu and Mao
(2019), drug loading efficiency in CLs can be significantly improved by
salt-induced modulation [6]. Zhao et al. (2023) explore various drug
delivery techniques through CLs, including chemical cross-linking and
the use of nanoparticles (NPs) to prolong drug release and improve
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retention [7]. CL discomfort remains a primary reason for discontinua-
tion among wearers, as highlighted by Rueff (2023) [8], and Costa et al.
(2024) [9]. Rueff (2023) suggests that visual factors, including vision-
related disorders, may play a significant role in discomfort, as these
disorders share symptoms with those experienced by CL wearers.
Meanwhile, Costa et al. (2024) focus on the physical properties of lens
materials, noting that the coefficient of friction on CL surfaces impacts
tear film stability and lubrication. According to Tam, Alexander, Sand-
erson, and Qi (2024), the selective coating technique using nano-
electrospray on CLs has been used to create drug-eluting CLs (DECLs) for
the treatment of ocular diseases [10].

The use of advanced materials and techniques to develop innovative
CLs with therapeutic properties. Specifically biocompatible polymers
like poly(vinyl alcohol) (PVA) are a solution, and poly(vinyl pyrroli-
done) (PVP) are used to prepare hydrogels widely for wearable medical
applications [11]. Additionally, PVA is water soluble where the hy-
droxyl [-OH] group bonding with alternating carbon atom, and as such,
it is categorized as hydrophilic material [12]. The PVP-PVA blends have
emerged as a new tool for biomaterial devices preparations [13]. There
is previous evidence that the PVA polymer can be filled with the
required drugs when it is manufactured [14]. In addition, PVA hydrogels
demonstrates significant potential for integration with nanomaterials
such as silver NPs [15], or drug loaded chitosan NPs [16], as seen in their
application for antibacterial purposes and drug delivery systems.
Despite advances in therapeutic CLs, some challenges remain. One of
them is the development of effective methods to control drug release, as
many conventional CL materials do not allow for prolonged release
without affecting comfort and transparency. Designing therapeutic CLs
with high refractive index (RI; that mathematically symbolled by n) and
high oxygen permeability is essential to ensure that visual clarity is
maintained without compromising corneal health. Recent trials have
proposed the use of hybrid CLs and composite materials combining PVA
and PVP, which not only allow drug loading but also enhance the me-
chanical properties [17]. Peili Zhao (2018) proposed ZnS-inorganic
hydrogel CLs by copolymerizing ZnS with 2-hydroxyethyl methacry-
late (HEMA), achieving n values from 1.38 to 1.45 as ZnS content ranged
from 30 % to 60 % [18]. Scott et al. (2018) developed Si-based rigid gas
permeable CLs with a liquid crystal layer between two rigid polymer
layers (n ~ 1.43) [19]. That year, J. Schafer and colleagues integrated
SiHy CLs with PVP, creating smooth, water-preserved lenses for long
computer use [20].

Despite advancements in sustainable drug-infused CLs, achieving
consistent antibacterial efficacy, high transparency, and UV blocking
within a single CL remains challenging [21]. Current studies on N-vinyl-
based materials focus on enhancing drug release and transparency [22],
limited research addresses integrating chloramphenicol (CAM) with Ag
and TiOy NPs to maximize antibacterial properties while maintaining
corneal compatibility and high visible light transmission. Innovative
approaches such as 3D electrohydrodynamic printing of CAM-loaded
cellulose acetate patches offer promising solutions with sustained drug
release highlight transmittance and biocompatibility demonstrating
potential for corneal abrasion treatment. However, challenges like ox-
ygen permeability’s comfort and optical performance limit their broader
application to conventional lenses highlighting the need for improved
solutions to reduce ocular infection risks without compromising user
experience.

This research aims to bridge this gap by developing CAM-infused N-
vinyl-based soft CLs, designed to provide both therapeutic efficacy and
optimal optical properties. By integrating antimicrobial agents such as
CAM, the study seeks to reduce infection risks without compromising
the essential performance attributes of CLs, such as oxygen permeability,
hydration, and visual clarity. In doing so, it addresses the growing need
for safe, effective, and comfortable CL options, especially for extended-
wear users. Moreover, this research aligns with key Sustainable Devel-
opment Goals (SDGs), particularly SDG 3: Good Health and Well-being,
by improving ocular health and reducing the risk of eye infections. It
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also contributes to SDG 9: Industry, Innovation, and Infrastructure,
advancing the development of multifunctional medical devices, and has
the potential to promote sustainable production practices within the
medical device industry, in line with SDG 12: Responsible Consumption
and Production.

Materials and method
Preparation of Si-NVP-HEMA base material

According to our previous review research entitled “Advancements in
the chemistry of contact Lenses: Innovations and applications”, the material
composite was used in this work [23]. The experimental work was
conducted to prepare polymerizable lens compositions and fabricate CLs
using injection molding techniques.

The CLs compositions were formulated by mixing the ingredients
listed in Fig. 1, each contributing specific functional roles. The formu-
lation included 40 wt% Tetraethyl orthosilicate (TEOS) (1.20 g ~ 1.28
mL), a Si-containing compound that provides the structural framework
for mechanical stability and enhances oxygen permeability. Meth-
acryloxypropyltris(trimethylsiloxy)silane (MOPTS), a Si-containing
macromer comprising 11 wt% (0.33 g ~ 0.32 mL), further improves
oxygen permeability and lens flexibility. The hydrophilic monomers, N-
vinylpyrrolidone (NVP) and 2-hydroxyethyl methacrylate (HEMA),
were incorporated at 30 wt% (0.90 g) and 15 wt% (0.45 g), respectively,
to increase water retention and wettability, which are essential for
wearer comfort. Ethyleneglycol dimethacrylate (EGDMA), at 2 wt%
(0.06 g ~ 0.06 mL), acts as a crosslinking agent, ensuring the mechanical
strength and durability of the polymer matrix. Lastly, the initiator 2,2
azobis(2-methylpropanenitrile) (VAZO®-64) was added at 2 wt% (0.06
g) to facilitate the polymerization process by initiating free radical re-
actions, leading to the formation of a stable polymer network.

The mixing process was carried out at room temperature for a
duration of 5 h. The amide (N-C=0) group present in molecules exhibits
significant polarity, facilitating the formation of hydrogen bonds with
two water molecules. Because of this polarity, copolymers based on NVP
deviate from the smooth and slippery sensation commonly associated
with PHEMA and instead display a rubberier texture. Moreover, with a
progressive rise in the concentration of NVP, the RI of the CL increases
owing to the high molar refraction of the pyrrolidone ring within NVP
[24]. Increasing NVP concentration in CLs raises RI, which, combined
with reduced contrast sensitivity under low-light or glare conditions,
may further impact visual clarity and performance for lens wearers [25].
CL molds were created via injection molding using non-polar poly-
propylene resin and standard equipment. The molds comprised a female
member with a concave optical surface for the front lens shape and a
male member with a convex optical surface for the back. Around 60 pl of
the polymerizable lens composition was deposited onto the female-mold
concave surface, and then the male-mold was pressed onto it, filling the
lens-shaped cavity, and left to dry. Mechanical demolding separated the
molds, leaving the lens attached to the male-mold. Delensing carefully
removed the lens from the male-mold. These steps included washing the
lens product in ethanol, hydrating it in a sodium hyaluronate solution,
and conducting different tests to characterize the hydrated CL product.
This experimental approach allowed for the successful [1]. In fact, the
most increased global prevalence eye disorder called myopia, affecting
CLs wearers worldwide, where the associated risks to myopia have
become a major public health concern [26].

Si-NVP-HEMA CLs loaded with TiO2 and Ag NPs

The preparation of NP-loaded CLs involved dissolving TiO; NPs
(0.10 g) and Ag NPs (0.05 g) separately in 40 ml of ethanol at 70 °C
under controlled stirring conditions for 60 min to ensure a uniform
suspension. Prior to NP loading, all Si-NVP-HEMA CLs were treated with
acetone solvent for 5 min to de-swell the polymer and prepare the
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Abbreviation: TEOS

* IUPAC Name: Tetraethyl orthosilicate
Physical Appearance: Liquid
Chemical Formula: CgH,,0,Si
Percentage: 40 wt%

Abbreviation: MOPTS

* IUPAC Name: Methacryloxypropyltris (trimethylsiloxy)silane
Physical Appearance: Liquid

Chemical Formula: C,;H;305Si,

Percentage: 11 wt%

Abbreviations: NVP, HEMA

IUPAC Names: N-vinyl pyrrolidone, 2-hydroxyethyl methacrylate
Physical Appearance: Powder

Chemical Formulas: C;HyNO, C¢H,,0;

Percentage: 30 wt%, 15 wt%

Abbreviation: EGDMA

* IUPAC Name: Ethyleneglycol dimethacrylate
Physical Appearance: Liquid

Chemical Formula: C,(H,,0,

Percentage: 2 wt%

Abbreviation: VAZO®-64

« IUPAC Name: 2,2"-azobis(2-methylpropanenitrile)
Physical Appearance: Powder

Chemical Formula: CgH,N,

Percentage: 2 wt%

Fig. 1. Essential components and their precise compositions in creating functional Synthesis Ingredients for Si-NVP-HEMA CLs materials.

surface for efficient NP adhesion, as shown in Fig. 2a. These lenses were
then distributed into divided petri dishes.

As shown in Fig. 2b and listed in Table 1, five Si-NVP-HEMA-based
CLs were prepared as the T-group, organized by concentration from
T1 to T5, by loading the front (outer) surface with TiO2 NPs in varying

concentrations. After loading, the samples were left to dry for 24 h.
Another set of five lenses was prepared as the A-group, organized by
concentration from Al to A5, as shown in the same image, by loading the
inner surface with Ag NPs in concentrations specified in Table 2. These
samples were also left to dry for 24 h. After drying, the T-group CLs were

Fig. 2. A. preparing the synthesis dried si-nvp-hema cls by washing them with acetone to remove impurities, followed by distributing them into divided petri dishes.
b. loading of tio, NPs (T-group) and Ag NPs (A-group) onto the lenses. c. CLs loaded with TiO, NPs, organized by concentration (T1-T5). d. CL loaded with Ag NPs,

organized by concentration (A1-A5).
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Table 1
TiO, NPs concentrations loaded onto Si-NVP-HEMA CLs surfaces.

Preparation steps Sample Concentration (x10~3
wt/L)
0.10 g of TiO, in 40 ml ethanol Stock 2.50 x 1072
Solution

0.50 ml of stock is diluted in 2.50 ml of ~ T1 0.50 x 1073
ethanol

1 T1 concentration diluted in 2 ml of T2 0.28 x 1072
ethanol

1 T2 concentration diluted in 2 ml of T3 0.25 x 1073
ethanol

1.50 T3 concentration diluted in 1 ml of T4 0.19 x 1073
ethanol

1.50 T4 concentration diluted in1 mlof ~ T5 0.13 x 1073
ethanol

Table 2

Ag NPs concentrations loaded onto Si-NVP-HEMA CLs surfaces.

Preparation steps Sample Concentration (x1072
wt/L)
0.05 g of Ag in 40 ml ethanol Stock 1.25 x 1072
Solution

0.50 ml of stock is diluted in 2 ml of Al 0.31 x 1072
ethanol

0.50 Al concentration diluted in 2mlof A2 7.81 x 107°
ethanol

0.50 A2 concentration diluted in2mlof A3 1.95 x 10°°
ethanol

0.50 A3 concentration diluted in2mlof A4 4.88 x 107°
ethanol

0.50 A4 concentration diluted in2mlof A5 1.22 x 10°¢
ethanol

washed twice with ethanol to remove excess particles, as shown in
Fig. 2c. The same procedure was followed for the A-group CLs, with the
final products shown in Fig. 2d.

Loading CAM to CLs

CAM powder was purchased from Samarra Pharmaceutical Factory,
Ibn Hayyan Factory Branch, Samarra, Iraq. 20 mg of CAM powder was
accurately weighed and dissolved in 200 ml of ethanol, resulting in the
preparation of a stock solution, where each milliliter (1 mL) contains an
amount equivalent to 0.10 mg of CAM. Thus, the CAM stock solution
concentration is 0.10 mg/mL. The potential benefits of CAM were then
assessed on three pure and loaded Si-NVP-HEMA lenses incorporating
Ag and TiO3 NPs.

To assess antibacterial activity, three 3.20 mm diameter discs were
punched from each lens using hole punch plier. The discs were immersed
separately, in CAM solution for 3 h to ensure that the specimens inhaled
the solution. These discs were then placed on nutrient agar plates
inoculated with Staphylococcus aureus and Escherichia coli (S. aureus
(ATCC 25923)) and E. coli (ATCC 25922)), respectively. After a 24 h
incubation at 37 °C, the zones of inhibition were measured to determine
the antimicrobial efficacy of the lens materials. Each test was conducted
three times, and only the average was recorded to ensure accuracy and
consistency. A statistical comparison was performed using one-way
ANOVA (analysis of variance) to evaluate whether the mean inhibi-
tion zones across the test groups (Control, Pure, T4, A4) were signifi-
cantly different.

Through a rigorous examination of these factors, valuable insights
will be gained, shedding light on the potential applications and advan-
tages of incorporating CAM in the loaded Si-NVP-HEMA lenses. These
insights are poised to significantly contribute to the advancement of
functional CL technology, offering wearers enhanced performance and
improved eye health benefits.

Results in Chemistry 13 (2025) 102034
Characterization of CLs groups

Scanning Electron Microscope Analysis

Scanning electron microscope is one of the most widely used
instrumental methods for the examination and analysis of micro- and NP
imaging characterization of solid objects. SEM topographical images
were obtained with a ZEISS MERLIN microscope (i-CRIM, UKM, Selan-
gor, Malaysia). The SEM images were conducted for the dried pure and
NPs-loaded CLs groups.

Water content analysis and oxygen permeability measurement

The EWC of a hydrogel may vary depending on the environmental
conditions. Most CL hydrogels will undergo a small change in EWC when
placed in solutions of different pH and osmolality, but these changes will
be most pronounced in ionic lens materials. The oxygen and ion
permeability of a CL material are intimately associated with its EWC.
Since the cornea receives most of its oxygen from the atmosphere, the
oxygen transmissibility profile of a CL is one of its most important
properties. Oxygen permeability is a property of the material itself and is
described as the Dk, where D is the diffusivity of the material and k is the
solubility of the material. Oxygen permeability is essentially governed
by EWC in conventional hydrogels. This relationship is based on the
ability of oxygen to pass through the water rather than through the
material itself. To calculate the amount of oxygen which will move from
the anterior to the posterior surface of a lens, the oxygen permeability in
Dk is divided by the thickness (t) of the lens. The hydrated CLs were
removed from the aqueous lens solution, wiped to remove excess surface
water, and weighed. The lenses were then dried at room temperature for
a couple of days and reweighed. The weight difference was calculated by
subtracting the weight of the dry lens from the weight of the hydrated
lens. The EWC (%) of the lenses was measured based on their weight
before and after hydration, according to Equation (1), where gas
permeability exponentially changes with water content as shown in
Equations (2) and (3).

__ weight of hydrated lens — weight of dried lens y

E
we weight of hydrated lens

100 1

The EWC of a hydrogel is influenced by environmental conditions,
pH, tonicity, and temperature. The International Organization for
Standardization defines the regulatory standards for EWC measure-
ments in CL hydrogels. Both thermogravimetry and back-calculation by
RI measurements are considered valid techniques for EWC assessment.

The oxygen permeability is indicated as Dk, where D is the diffusivity
and k is the solubility of the material [27]. Hydrogels transport oxygen
via the water channels and their oxygen permeability is closely related
to temperature and EWC, according to the following Equation:

DK = 1.6780'0397XEWC (2)

The amount of oxygen transported from the anterior to the posterior
surface Oz, A — P of a lens can be calculated according to Equation 2.9
by dividing the oxygen permeability Dk by the lens thickness t:

0, = DK/t (3)
Fourier transform infrared analysis

FT-IR Spectrometer is a versatile and invaluable tool in the analysis
of organic compounds. Its ability to identify functional groups, deter-
mine molecular structures, and offer insights into chemical bonds makes
it an essential instrument in various scientific fields and industries. The
experimental work utilized the FT-IR with the model Spectrum 400 FT-
IR/NIR and Imaging System (i-CRIM, UKM, Selangor, Malaysia). This
equipment was employed to analyze the functional groups and chemical
bonds present in molecules. The analysis was conducted using standard
transmission mode on four samples of pure and NPs-loaded CLs after
loading them with CAM.
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Results and Discussions
Optical transparency and index of refraction

The absorption peaks, transmission percentage, RI and Abbe number
trends observed in the CLs loaded with TiO, and Ag NPs reflect the
intricate interplay of NP type, concentration, and their unique optical
characteristics. The presence of a silicon monomer absorption peak at
297 nm plays a crucial role in understanding the shifting of absorption
peaks in the context of these CLs. The base polymer composite, which
includes materials like TEOS and Methacryloxypropyltris (trimethylsi-
loxy)silane, contains Si-related compounds. These Si- compounds can
contribute to the absorption behavior in the UV-visible spectrum.

T-group CLs

As shown in Fig. 3a, the absorption spectra of TiO, NP-loaded T-
group samples demonstrate distinct characteristics that correlate
strongly with NPs concentration within the lens material. As the con-
centration of TiOz NPs varies from T5 to T1, a corresponding shift in
absorbance intensity is observed. T1 and T5 exhibit the highest absor-
bance values at 1.09 and 0.82, respectively. This intensity decreases for
T3 (0.55) and T4 (0.59), though T2 (0.82) shows a higher absorbance
than T4 despite a slightly lower concentration. The absorbance levels

a. 1.1
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may correlate with the size and distribution of the TiO, NPs, where
smaller NPs (approximately 21 nm) provide a larger surface area,
potentially increasing absorbance [28]. The absorption peaks for CLs
loaded with T1-T5 samples are consistently centered around 296-298
nm. Additionally, as TiO NP concentration decreases, the absorption
peaks display a subtle blue shift, possibly due to the influence of Si-
compounds in the base polymer composite. Si-based groups may affect
the electron transition of TiO, NPs or alter the electronic properties of
the polymer matrix, leading to these peak shifts [29]. Consequently,
reduced TiO, concentrations may modify these interactions, contrib-
uting to the observed blue shift in absorption peaks.

Across T-group, transmittance generally decreases with increasing
wavelength, a common phenomenon in the visible spectrum due to light
absorption by the lens materials. Fig. 3.b illustrates the transmission
spectra of T-group. Interestingly, despite having the highest TiOy NP
concentration, CL T1 exhibits the highest transmission across the visible
wavelength range. This counterintuitive observation can be explained
by the concept of percolation. At higher NP concentrations, a network-
like structure forms, facilitating light passage with less obstruction. In
contrast, T2, with a lower TiOy NP concentration than T1, displays
reduced transmission throughout the spectrum, aligning with the gen-
eral trend of TiO2 NPs decreasing light transmission. CLs T3 to T5 show a
slight increase in transmission as TiO2 NP concentration decreases.
Additionally, factors like NP agglomeration or clustering in T2 and other
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Fig. 3. A. uv-Vis absorption spectra, b. transmission rate spectra, and c. RI of T1-T5 CLs.
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lenses may contribute to increased light scattering and reduced
transmission.

T-group CLs exhibit a wavelength-dependent RI, as depicted in
Fig. 3.c. This property is notably influenced by their dispersion coeffi-
cient, the Abbe number. Across T-group, RI values typically range be-
tween 1.50 and 1.53, with a subtle RI increase observed as TiO, NP
concentration decreases. This trend may result from the influence of NPs
on optical properties of the materials, where higher TiO5 concentrations
create more pronounced effects. Beyond concentration, variables such
as NP size, distribution, optical properties, agglomeration, and in-
teractions within the polymer matrix play significant roles in the
transmission spectra. Interestingly, T1 lenses achieve superior trans-
mission despite higher TiO5 levels, likely due to a combination of these
factors reducing light scattering effects. The RI behavior of T-group CLs,
as a function of wavelength, exhibits a dispersion profile indicative of
wavelength-dependent RI variations. This property has the potential to
enhance visual performance. These findings corroborate our previous
research [30], which explored innovative techniques for revolutionizing
contact lens manufacturing to improve both vision and comfort.

The performance of T-group CLs reflects a carefully balanced inter-
action between optical clarity, RI, and wearer comfort. The Si-NVP-
HEMA copolymer matrix inherently provides a flexible, hydrophilic
base with an elevated RI compared to traditional PHEMA, enhancing
comfort through its rubbery texture and superior water retention. When
TiO4 NPs are introduced, the high RI of these particles further increases

Results in Chemistry 13 (2025) 102034

the overall RI, which can enhance visual acuity in certain applications.
However, as TiO, concentration decreases slightly, an interesting
behavior emerges: the RI subtly increases, likely due to a refined inter-
action between the polymer and lower NP loads, which maintains clarity
while subtly enhancing optical properties. Additionally, TiO5 dispersion
within the Si-NVP-HEMA matrix is influenced by the hydrogen-bonding
potential of NVP amide groups, which likely facilitates a uniform NP
distribution. This reduces light scattering, even at higher TiO2 concen-
trations, as observed in T1 lenses, which achieve superior transmission
with minimal scattering effects. This careful distribution, combined with
Si-NVP-HEMA'’s hydrophilic properties, allows for a durable, hydrated
lens that provides high clarity without compromising comfort or me-
chanical stability.

A-group CLs

The absorption spectra shown in Fig. 4a for A-group at varying
concentrations from Al to A5 reveal distinct trends. A notable obser-
vation is that as the concentration of Ag NPs decreases, the absorbance
intensity increases. Specifically, A3 (1.32) and A4 (1.39) display the
highest absorbance values, with A5 matching A4 intensity despite hav-
ing a lower concentration. This unexpected increase in absorbance could
be due to enhanced dispersion and reduced NP agglomeration, which
allows for better light interaction. An anomalous behavior is seen in the
Al and A2 samples, where Al has a higher Ag NP concentration than A2
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Fig. 4. (a) Uv-Vis absorption spectra, (b) transmission rate spectra, and (c) RI of A1-A5 CLs.
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but demonstrates a lower absorbance intensity of 0.46 compared to 0.68
for A2. This behavior may result from clustering within the NPs in Al,
which hinders uniform dispersion within the polymer matrix and limits
the exposure of NPs to incident light. Consequently, the light absorption
is reduced despite the higher concentration of Ag NPs.

The absorption peaks for A1-A5 CLs consistently appear around
297-297.50 nm, indicating stability in peak positioning. This stability
suggests that the Si-based compounds present in the lens polymer do not
significantly influence the absorption behavior of Ag NPs. Instead, the
interaction appears to be primarily governed by the Ag NPs themselves,
which maintain consistent peak absorption across samples. Larger Ag
NPs, approximately 150 nm in size, likely exert a dominant influence on
the optical properties of the lenses, as these particles exhibit strong
absorbance. This absorbance effect may overshadow the optical con-
tributions from Si-related compounds in the base polymer, positioning
Ag NPs as the primary factor affecting the observed optical behavior.

Analyzing the transmission spectra depicted in Fig. 4b reveals how
Ag NP concentration affects light passage through the lenses. A1 CL
shows the lowest overall transmission across the visible spectrum. This
low transmission is likely due to high concentration of Ag NPs, which
enhances absorption and scattering properties, thus limiting the amount
of light that can pass through the lens. A progressive increase in trans-
mission is observed as the Ag NP concentration decreases from A2 to A5,
suggesting that lower concentrations of Ag. This trend enables a larger
amount of light to pass through the lenses, enhancing their overall
transparency. The A3 sample, with a relatively low Ag NP concentration,
demonstrates the highest transmission values, indicating an optimal
balance of light passage with minimal absorbance. The presence of
multiple peaks in the transmission spectra can be attributed to varying
degrees of Ag NP aggregation and morphological changes, this is
aligning with Albert et al. investigations [31]. The existence of non-
spherical particles within aggregated Ag NPs may contribute to this
phenomenon. The structural diversity of these particles results in
different scattering and absorption responses, which manifest as multi-
ple spectral peaks.

Regarding RI behavior shown in Fig. 4c, A-group CLs exhibited
values ranging between 1.49 and 1.53 at different wavelengths. Inter-
estingly, there is a subtle increase in RI as Ag NP concentration de-
creases, a trend like that observed in T-group. This increase in RI at
lower Ag NP concentrations suggests that these concentrations favor a
configuration that better supports higher refractive properties. the
concentration of Ag NPs in the CLs profoundly influences their trans-
mission and RI properties. Higher Ag NP concentrations correlate with
increased light absorption and lower transmission, while lower con-
centrations favor greater transparency and higher RI. Although the
polymer matrix and other materials contribute to optical behavior of
CLs, Ag NP concentration remains the primary factor affecting trans-
mission characteristics.

The combination of Si-NVP-HEMA and Ag NPs in CLs creates a
synergistic effect that optimally balances optical performance, and
protective qualities. Si-NVP-HEMA is inherently hydrophilic, enhancing
water retention and promoting comfort by creating a moist surface on
the lens. This hydrophilic property supports the well dispersion of Ag
NPs, reducing the risk of aggregation, which is essential to maintain
clarity and prevent excessive scattering. Where lower Ag NP concen-
trations allow higher light passage, while higher concentrations increase
absorbance and scattering, impacting transparency [32]. Optically, Si-
NVP-HEMA matrix has a moderate RI, while Ag NPs introduce vari-
ability, allowing the lens RI to be fine-tuned based on the concentration
of NPs. This may decrease transmission due to greater light interaction
as indicated recently by Madkhli A. Y. [33]. Si-NVP-HEMA matrix helps
maintain Ag NP stability, allowing controlled RI adjustments without
sacrificing clarity at optimal NP concentrations. Moreover, Ag NPs
provide absorbance in specific UV and visible ranges, adding a layer of
UV protection not inherent in Si-NVP-HEMA alone. This combination
means the lens can offer both vision correction and UV filtering.
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Mechanically, the flexible Si-NVP-HEMA structure contributes resilience
and durability, while evenly distributed Ag NPs enhance the polymer
network’s stability.

Antibacterial activity

Fig. 5a—c show the Pure CL, T4, and A4 samples loaded with CAM
and their SEM images. These images illustrated the loaded NPs to the
front and back surfaces of CL. NPs, such as Ag and TiO, can affect the
surface roughness of CLs. When incorporated into the lens material,
these NPs can create microscopic irregularities that increase surface
roughness [34]. Then, lenses need to be further polished, as shown by
SEM images of the surface, to obtain smooth and comfortable lenses.

The antibacterial activity of the control (CAM), pure CL, T4, and A4,
was evaluated against two bacterial strains, S. aureus and E. coli and
recorded in Fig. 6. This type of bacteria is usually transmitted to the
surface of the eye by touching contaminated materials, foods, and sur-
faces [35]. The control group using CAM exhibited moderate antibac-
terial activity against both S. aureus and E. coli, as reflected in inhibition
zones of 7 mm and 11 mm, respectively. This highlights the inherent
effectiveness of CAM in inhibiting bacterial growth.

The pure CLs loaded with CAM demonstrated slightly larger inhibi-
tion zones compared to the control for both bacteria. For S. aureus, the
mean inhibition zone increased to 8.13 + 0.50 mm, which is approxi-
mately 16 % greater than the control. For E. coli, the mean inhibition
zone was 12.03 + 0.46 mm, representing an 8.90 % increase over the
control. These results suggest that the pure CLs enhanced the localized
delivery of CAM, improving its antibacterial efficacy slightly. [36]. This
suggests that the polymer composite itself may have some inherent
antibacterial properties, possibly due to the presence of CAM.

CAM-loaded T4, demonstrated moderate antibacterial activity
against both bacterial strains, as reflected by inhibition zones of 12 +
0.35 mm for S. aureus and 21.11 + 0.52 mm for E. coli. While the anti-
bacterial performance of T4 was not as pronounced as that of the A4
sample, it still showed statistically significant improvement compared to
the control and pure lens. The inhibition zones for A4 were 14.03 +
0.25 mm for S. aureus and 19.07 + 0.31 mm for E. coli, surpassing the
effectiveness of both T4 and pure lenses. The enhanced activity of A4 can
be attributed to the antimicrobial synergy between CAM and the NPs,
which act through multiple mechanisms, such as disruption of bacterial
membranes (Ag NPs) and the generation of reactive oxygen species. This
combination significantly improves bacterial inhibition.

The results indicate that the incorporation of Ag NPs and TiOy NPs
individually into the CLs, significantly enhances the antibacterial ac-
tivity of the CL when compared to the control CAM and pure CL. The
observed differences in inhibition zones suggest that the combined ef-
fects of CAM and NPs can provide a powerful tool for developing anti-
bacterial CL materials, potentially reducing the risk of bacterial
infections associated with CL wear. Further studies are warranted to
explore the mechanisms underlying these enhanced antibacterial prop-
erties and their safety for ocular use. The mechanism of CAM drug
release can be proposed regarding the physical interactions such as
hydrogen bonding and van der Waals forces between CAM molecules
and the eye fluid (tear film) [37]. Which would allow a small amount of
CAM molecules to be released to the eye fluid. This will make a
continuous release of drug from CLs.

Water content analysis and oxygen permeability measurement

Oxygen permeability is a crucial characteristic of CLs as it directly
affects the ability of cornea to receive adequate oxygen, which is
essential for maintaining corneal metabolism and overall eye health.
Insufficient oxygen transmission can lead to hypoxia [38], resulting in
complications such as corneal swelling, neovascularization [39], and
discomfort [40]. Starting with Table 2, when the outer surfaces of T-
group, the water content decreased from approximately 81 % to around
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73 % due to a slight reduction in the polymer’s porosity. However, the
water content increased as TiOo NPs concentration increased from T5 to
T1, gradually rising from approximately to about 78 %. This suggests
that TiO, NPs exhibit a hydrophilic property [41]. Regarding oxygen
permeability, it decreased directly from 41 to approximately 31 barrers

when TiO, NPs have been loaded. Then, the oxygen permeability
increased as the NPs concentration increased from T5 to T1 approached
about 38 barrers due to the larger surface area-to-volume ratio, allowing
for a greater amount of oxygen to pass through the water. The initial
loading of CLs with TiOy NPs of approximately 21 nm size resulted in a
decrease in water content, while increasing the concentration of these
NPs led to higher water content. The oxygen permeability initially
decreased with TiO, NP loading but increased as the NP concentration
rose, indicating a complex interplay between oxygen permeability,
water content, and corneal health.

When loading the inner surfaces of the CLs with Ag NPs, the water
content of the CLs decreased, as illustrated in Table 3. However, in

Table 3
The relationship between the concentration of Ag and TiO, NPs and the EWC as
well as gas permeability of the CLs.

Sample Dry (g) Wet (g) EWC (%) DK (barrer) DK/t (barrer/mm)
Pure 0.014 0.073 80.82 41.32 413.20
T1 CL 0.014 0.065 78.78 38.11 381.10
T2 CL 0.015 0.070 78.57 37.79 377.90
T3 CL 0.016 0.070 77.14 35.70 357.00
T4 CL 0.018 0.070 74.28 31.87 318.70
T5 CL 0.019 0.072 73.61 31.03 310.30
Al CL 0.016 0.063 74.60 32.28 322.80
A2 CL 0.016 0.063 74.60 32.28 322.80
A3 CL 0.017 0.077 77.92 36.83 368.30
A4 CL 0.017 0.080 78.75 38.06 380.60
A5 CL 0.017 0.082 79.26 38.85 388.50




L.M. Shaker et al.

contrast to loading TiO, NPs, CLs loaded with Ag NPs exhibited con-
trasting behavior. The water content gradually decreased from approx-
imately 79 % to about 74 % as the concentration of Ag NPs increased
[42]. Nevertheless, due to Ag’s strong hydrophilic property, all CLs
retained approximately 74-79 % of their water content. The relatively
large size of Ag NPs, around 150 nm, played a role in reducing the
amount of permeating oxygen, which the CLs can hold and transmit to
the cornea. As the concentration of Ag increased from A5 to Al, the
oxygen permeability decreased from approximately 38 to 32 barrers,
respectively. Loading hydrophilic Ag NPs into CLs can increase water
content, provide antimicrobial benefits, but may also impact oxygen
permeability. Balancing these factors is essential to ensure that the
lenses remain comfortable, safe, and suitable for long-term wear.

FT-IR analysis

FT-IR chart corresponds to a synthesized contact material composed
of NVP, HEMA, and TEOS loaded with CAM. By analyzing the FT-IR
peaks shown in Fig. 7, we can gain valuable insights into the chemical
composition and functional groups present within this material. These
peaks reflect the characteristic vibration bands associated with the
molecular vibrations of NVP, HEMA, and TEOS, as well as the incor-
poration of CAM. For instance, the presence of specific peaks could
indicate the successful formation of siloxane bonds from TEOS, the ester
linkages from HEMA, and the amide groups from NVP. Additionally, any
shifts or changes in the intensity of these peaks might suggest in-
teractions between CAM and the polymer matrix, providing further
understanding of how the antibiotic is integrated and stabilized within
the material. CAM Loaded-Pure CL curve, peaks at 3394 cm ™" indicate
O-H stretching vibrations, suggesting the presence of hydroxyl groups
from HEMA or silica formed from TEOS. Peaks at 2958 cm ™! and 1720
cm ! are associated with C-H and C=0 stretching vibrations, indicating
organic compounds like PVP and HEMA, and carbonyl groups possibly
from HEMA, respectively. Additionally, peaks at 1651 cm ™! and 1462
em™! could be attributed to amide and aromatic or alkene groups,
further confirming the composition. In the CAM Loaded-T4 curve peaks
at 3389 cm ! and 2957 cm ™! suggest the presence of hydroxyl and C-H
stretching vibrations, possibly from TEOS and organic compounds like
PVP and HEMA, respectively. Peaks at 1720 cm™ ' and 1650 cm™!
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indicate the presence of carbonyl and amide groups, suggesting the
composition includes HEMA and PVP. The peaks at 1289 cm ™! and 923
cm ™! may be related to Si-O-Si and Si-O-Ti vibrations, indicating the
incorporation of TEOS-derived silica and TiO3 NPs, if present. From the
same figure, CAM Loaded-A4 curve have shown clear peaks at 3395
em™! and 2985 cm ™! suggest the presence of hydroxyl and C-H
stretching vibrations, possibly from various sources including TEOS,
HEMA, or CAM. Peaks at 1720 cm ™! and 1651 cm ™! indicate the pres-
ence of carbonyl and amide groups, suggesting the composition includes
HEMA, PVP, or CAM. The presence of peaks at 1167 cm ™' and 1020
cm™! could be attributed to Ag-O or Ag-N bonds and Ag NPs, indicating
the successful loading of silver NPs. The peaks at 754 cm ' and 684
em™! may be associated with Si-O-Ti vibrations and metal-oxygen
bonds, indicating interactions between the silica network, Ag NPs, and
CAM.

Conclusions

The present study demonstrated that Si-NVP-HEMA-based CLs,
loaded with antibacterial agents such as CAM, TiOy NPs, and Ag NPs,
offer enhanced antimicrobial efficacy compared to standard Pure CL. Si-
NVP-HEMA proved to be an effective polymer matrix, capable of uni-
formly incorporating these agents while maintaining their stability and
facilitating a controlled release over time. The T4 sample, containing
TiO5 NPs, exhibited moderate antibacterial activity, attributable to the
photocatalytic properties of TiOy. The A5 sample, loaded with Ag NPs,
displayed superior antibacterial effectiveness due to the broad-spectrum
antimicrobial nature of silver. Notably, lenses incorporating both TiO4
and Ag NPs showed the highest antibacterial activity, suggesting a
synergistic effect when used in conjunction with CAM. These results
underscore the potential of Si-NVP-HEMA as a robust platform for
antibacterial CL development, with the combined presence of CAM and
NPs significantly reducing the risk of bacterial infections for lens
wearers. Further research should investigate the release mechanisms of
these agents within the Si-NVP-HEMA matrix and evaluate the long-
term safety and ocular compatibility of these advanced antibacterial
CLs to ensure they meet the standards for daily wear.
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To conclude, the novelty of this study lies in its integrated approach
that combines advanced material science, antimicrobial properties, and
optical performance, potentially offering a safer, more comfortable, and
functional option for extended-wear CL users. The primary sustainable
development goal (SDG) aligned with this research is SDG 3: Good
Health and Well-being, given its focus on improving ocular health and
reducing infection risks associated with CLs without compromising op-
tical performance. By integrating antimicrobial agents into the lens
matrix, this work not only advances innovative healthcare solutions but
also has the potential to improve public health outcomes by making CLs
safer for users. Furthermore, this research contributes to SDG 9: In-
dustry, Innovation, and Infrastructure by advancing the development of
multifunctional medical devices and holds promise for sustainable
production practices in the medical and optical industries, aligning with
SDG 12: Responsible Consumption and Production.
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