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ABSTRACT: This study applied nanocellulose, a natural polymer, as an additive to compensate for the low wettability
and mechanical strength of silicone hydrogel contact lenses and to impart additional functions such as ultraviolet
blocking and antibacterial activity. For lens fabrication, nanocellulose was added at varying concentrations ranging
from 0.03 wt% to 0.10 wt% to a silicone hydrogel formulation primarily composed of HEMA, NVP, DMA, and TRIS,
and the optical properties, physical characteristics, and biological safety of the fabricated lenses were comprehensively
evaluated. As a result, UV-B transmittance continuously decreased with increasing nanocellulose content from 76.22%
in the control group to 36.21% at 0.10 wt%, confirming the expression of UV-blocking performance without an
additional blocking agent. The water content increased from 42.2% in the control group to a maximum of 48.0%,
while the refractive index remained within 1.4260-1.4265, indicating a trend of increased hydrophilicity without
compromising optical transparency. Surface analysis of the fabricated lenses showed that the contact angle markedly
decreased from 105° in the control group to 84°, and AFM and SEM analyses confirmed that a fine network structure
formed by nanocellulose particles contributed to changes in surface roughness and improved hydrophilicity. In
mechanical strength evaluation, tensile strength increased by more than approximately threefold, from 0.12 kgf/mm?*
to 0.38 kgf/mm?, due to the physical crosslinking effect of the nanoparticles. In the safety evaluation, pH, potassium
permanganate reduction, and UV absorbance all fell within the regulatory limits set by the Ministry of Food and
Drug Safety, demonstrating chemical safety with respect to extractables. In addition, antibacterial tests showed that
lenses containing nanocellulose exhibited excellent inhibitory effects against Escherichia coli and Staphylococcus
aureus. In conclusion, nanocellulose is considered a multifunctional additive capable of simultaneously improving
wettability, durability, and antibacterial performance without impairing the fundamental properties of silicone hydrogel
lenses.
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1. INTRODUCTION

Silicone hydrogel lenses have become the dominant material
in the contact lens market by dramatically improving oxygen
permeability, which was a limitation of conventional hydrogel
lenses [1,2]. Silicone hydrogels contain hydrophobic siloxane
groups that form an oxygen transport pathway through the
spaces between silicone molecules rather than through water
molecules [3]. This can greatly contribute to reducing the
complications caused by hypoxia by smoothly supplying the
oxygen required by the cornea [2]. However, the strong

hydrophobicity of silicone components decreases the wetta-
bility of the lens surface and promotes the adsorption of tear
components such as lipids and proteins [4,5]. Because these
surface characteristics reduce wearing comfort and accelerate
lens contamination, material improvement research that can
secure hydrophilicity while maintaining high oxygen perme-
ability is essential [4,6]. Accordingly, an approach is required
that preserves the advantage of oxygen permeability while
compensating for surface properties [6].

Recently, attempts have been made to apply nanocellulose, a
natural polymer, to lens materials [7]. Cellulose is a biocom-
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patible and biodegradable eco-friendly material, and nano-
cellulose particles refined to the nanometer scale have high
crystallinity and a large specific surface area [8,9]. In par-
ticular, nanocellulose contains a large number of hydroxyl
groups in its molecular structure, giving it an excellent ability
to bind with water [10]. When used as an additive during lens
polymerization, it traps moisture between hydrophobic sili-
cone polymer chains [10]. In addition, the rigid nanocellulose
particles are considered effective for reinforcing mechanical
properties such as tensile strength by acting as physical cross-
linking points within the polymer network [11]. Thus, nano-
cellulose can be used as an additive capable of simultaneously
improving surface and mechanical properties [7,11].

In addition to the potential for improving material prop-
erties, ultraviolet blocking ability is also an important factor in
enhancing lens functionality [12]. Because ultraviolet radia-
tion can cause various ocular diseases such as cataracts and
keratitis, the function of blocking harmful light while the lens
covers the cornea is very important [12]. Nanocellulose main-
tains high transparency in the visible light region, but can scat-
ter or absorb light in the ultraviolet region due to its
characteristic particle arrangement and structural features [8].
Since a meaningful blocking effect can be obtained by simply
adding nanocellulose without using separate organic UV
blockers, it is expected to increase the value of functional
lenses that protect eye health while reducing the use of chem-
ical substances [8,12]. Therefore, this study aimed to analyze
the effect of nanocellulose content on spectral transmittance to
confirm the feasibility of achieving both optical transparency
and ultraviolet blocking function [8].

Apart from optical function, improving wettability is essential
to address the chronic issue of dryness in silicone hydrogels
[6]. Wettability is mainly evaluated through contact angle
measurements, where a lower contact angle indicates that the
lens surface mixes well with tears [6]. The abundant hydro-
philic functional groups of nanocellulose can alter the surface
energy of the lens surface and induce water droplets to spread
widely [10]. This is thought to help maintain the tear film on
the lens surface for a longer period during lens wear and to
reduce friction between the lens and the eyelid, thereby
improving wearing comfort [6].

Moreover, considering hygiene and safety in the wearing
environment, it is also important to secure antibacterial prop-
erties to reduce the risk of bacterial infection associated with
lens wear [12]. Lenses are exposed to environments where
microorganisms can easily proliferate, so it is advantageous for
the material itself to have resistance to bacteria [12]. Nano-
cellulose forms a dense structure that can physically block bac-
terial penetration or can inhibit bacterial adhesion through
interactions of surface charge [12]. When the lens material has
intrinsic antibacterial activity, it may contribute to preventing
infectious ocular diseases that can occur due to poor lens care
[12]. Accordingly, this study evaluated the antibacterial activ-

ity of nanocellulose-containing lenses and explored their
potential as functional medical devices beyond simple vision
correction [12].

Therefore, in this study, hydrogel lenses were fabricated by
adding nanocellulose at ratios from 0.03% to 0.10% to a silicone
hydrogel formulation based on HEMA, NVP, DMA, and
TRIS. In addition, changes in basic properties such as water
content, refractive index, and tensile strength were measured,
and functional indicators such as ultraviolet blocking rate,
wettability, and antibacterial activity were comprehensively
analyzed. Through this, the effectiveness of nanocellulose as
an additive to compensate for the disadvantages of silicone
hydrogel lenses and enhance their functionality was verified.

2. MATERIALS AND METHODS

2.1 Materials

The main materials used for lens fabrication in this study are
2-hydroxyethyl methacrylate (HEMA), N,N-dimethylacryl-
amide (DMA), N-vinyl-2-pyrrolidone (NVP), tris(trimethyl-
siloxy)silylpropyl methacrylate (TRIS). The crosslinking agent
ethylene glycol dimethacrylate (EGDMA) and the nanocel-
lulose synthesis reagents microcrystalline cellulose (MCC) and
cellulase were all purchased from Sigma-Aldrich (USA) and
used as received. The polymerization initiator azobisisobuty-
ronitrile (AIBN) was purchased from Junsei (Japan), and all
reagents were used in the experiments without additional
purification.

2.2 Synthesis of Nanocellulose

Nanocellulose was prepared using microcrystalline cellulose
(MCC) as a precursor by combining enzymatic hydrolysis
with a physical freeze—thaw process. First, 5 g of MCC was
completely dispersed in 500 mL of a pH buffer solution, and
400 FPU of Trichoderma-derived cellulase was added to initiate
the enzymatic reaction. The reaction was carried out under
constant temperature conditions at 36.5°C for 24 h with con-
tinuous stirring. After completion, the reaction mixture was
heated in a boiling water bath for 10 min and immediately
quenched in an ice-water bath to inactivate residual enzyme.
The reaction mixture was then centrifuged at 4,500 rpm for
30 min to remove the supernatant, and the washing procedure
(resuspending the precipitate in DIW) was repeated three
times to remove impurities.

The recovered cellulose slurry was re-diluted to approxi-
mately 0.3 wt% and subjected to a freeze-thaw process to
weaken inter-fiber bonding and promote fibrillation. The
slurry was frozen at —20°C for 4 h and then thawed. This cycle
was repeated five to seven times, and vigorous shaking was
performed during each cycle to physically disperse particle
aggregates. Finally, the treated suspension was refrigerated for
12-16 h to allow unreacted large particles to settle, and only
the fine fraction in the upper layer was collected and freeze-
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Table 1. Percent compositions of silicone hydrogel lenses containing nanocellulose

(Unit : wt%)

DMA NVP HEMA TRIS EGDMA AIBN Cellulose Total
Ref 28.74 14.38 14.38 40.00 2.00 0.50 - 100.00
Ce-3 28.73 14.37 14.37 40.00 2.00 0.50 0.03 100.00
Ce-5 28.73 14.37 14.37 39.98 2.00 0.50 0.05 100.00
Ce-7 28.73 14.37 14.37 39.96 2.00 0.50 0.07 100.00
Ce-10 28.72 14.36 14.36 39.96 2.00 0.50 0.10 100.00

dried at —60°C for 36 h to obtain nanocellulose in powder
form.

2.3 Fabrication of Contact Lenses Containing Nanocel-
lulose

Silicone hydrogel lenses were fabricated based on the hydro-
philic monomers DMA, NVP, and HEMA and the silicone
monomer TRIS. EGDMA as a crosslinking agent and AIBN as
an initiator were added to form the base polymer structure,
which was designated as the control group (Ref). The exper-
imental groups were classified according to the concentration
of nanocellulose that was added. Nanocellulose was added at
0.03 wt%, 0.05 wt%, 0.07 wt%, and 0.10 wt% relative to the
total weight, and these groups were named Ce-3, Ce-5, Ce-7,
and Ce-10, respectively. All formulations were stirred for 2 h
using a vortex mixer, followed by ultrasonic dispersion for 30
min. The mixed solution was injected into contact lens molds
and thermally polymerized at 120°C for 1 h to form the lenses.
The fabricated lenses were hydrated by immersing them in
0.9% saline for at least 24 h, and the detailed formulation com-
position for each sample is summarized in Table 1.

2.4 Analysis

The physical properties of the fabricated lenses were evaluated
using hydrogel contact lens samples hydrated in saline for 24 h.
Optical properties were measured over the 280-780 nm range
using a UV-vis spectrophotometer (Evolution 201, Thermo
Fisher Scientific, USA), and the average transmittance in the
UV-B region and the visible light transmittance were calcu-
lated as percentages. The refractive index of the hydrated
lenses was measured using an Abbe refractometer (Atago
NAR-1T, Japan). Water content was determined by the grav-
imetric method, calculated from the weight of the hydrated
lens after removing surface moisture and the weight after dry-
ing in a microwave oven, measured with an electronic balance
(PAG 214C, Ohaus, USA). Lens surface wettability was eval-
uated by measuring the static contact angle using the sessile
drop method with a contact angle analyzer (DSA30, Kriiss,
Germany), and surface morphology and roughness (Rq) were
confirmed by analyzing three-dimensional images obtained
with an atomic force microscope (AFM, NX10, Park Systems,
Korea). The distribution state and microstructure of nano-

cellulose dispersed within the lenses were observed using
field-emission scanning electron microscopy (FE-SEM, JSM-
7500E, JEOL, Japan). For mechanical strength evaluation, tensile
loading was applied at a constant rate using a universal testing
machine (AGS-X, Shimadzu, Japan), and the tensile strength
at the point of fracture (kgf/mm?) was measured. For polym-
erization and extractables stability, lenses were immersed in
10 mL of tertiary distilled water and extracted at 70°C for 24 h,
and the resulting extract solution was evaluated. Extractables
safety was assessed by a potassium permanganate (KMnO,)
reduction test, pH change measurement using a pH meter
(Seven Compact, Mettler-Toledo, USA), and ultraviolet
absorption spectrum analysis using a UV-vis spectrophotometer
(Cary 60, Agilent, USA). For antibacterial evaluation, Staph-
ylococcus aureus and Escherichia coli were used as test strains;
after inoculating saline with the lenses and bacteria and incu-
bating with shaking at 36°C (+1°C) for 24 h, the culture was
plated on 3M Petrifilm and the colonies formed were counted.
All analyses were repeated at least five times, and the results
are presented as mean values.

3. RESULTS

3.1 UV-B Transmittance

As a result of measuring the UV-B transmittance of the fab-
ricated lenses, the control group (Ref) without nanocellulose
exhibited a transmittance of approximately 76.22%. In contrast,
the experimental groups containing nanocellulose showed a
trend of continuously decreasing UV-B transmittance as the
added concentration increased. Ce-3 with 0.03 wt% was mea-
sured at approximately 61.95%, and Ce-5 with 0.05 wt% was
42.87%, representing a substantial decrease compared with
Ref. In addition, Ce-7 was 38.85%, and Ce-10, the highest con-
centration, was measured at 36.21%, which was the lowest
transmittance among the experimental groups. Consequently,
it was confirmed that UV-B transmittance continuously
decreased as the amount of nanocellulose increased. Mean-
while, all samples maintained a visible light transmittance
exceeding 90%, indicating that nanocellulose selectively
blocks ultraviolet radiation without compromising optical
clarity. The transmittance results for each sample are shown
in Fig. 1.
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Fig. 2. Comparison of refractive index and water content of
samples

3.2 Refractive Index and Water Content

As a result of measuring the water content of the fabricated
lenses, the control group Ref was approximately 42.2%. The
experimental groups containing nanocellulose exhibited a
trend of continuously increasing water content as the added
concentration increased. Ce-3 increased to 43.1% and Ce-5 to
44.8%, while Ce-7 was 47.1% and Ce-10 exhibited the highest
value of 48.0%. In contrast, the refractive index remained at a
consistent level in all samples regardless of the increase in
water content. The measured values were distributed within
the range of 1.4260 to 1.4265, and no meaningful differences
between samples were observed. The measurement results for
water content and refractive index are shown in Fig. 2.

3.3 Wettability

As a result of contact angle measurements, the control group
Ref lens was approximately 105°. The experimental groups
containing nanocellulose exhibited a trend of gradually
decreasing contact angle as the added concentration increased.
Ce-3 decreased to approximately 97°, and Ce-5 showed a large
change to approximately 87°. Next, Ce-7 and Ce-10 were mea-
sured at 86° and 84°, respectively, confirming a trend of con-
tinuously decreasing contact angle values with increasing
additive content. Surface morphology analysis using AFM
showed that the control group Ref formed a relatively flat sur-
face, with Z-axis height variation within the range of 0 to

110

—a=Contact angle
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Contact angle(®)

Ref Ce-3 Ce-5 Ce-7 Ce-10

Fig. 3. Comparison of contact angle values of the fabricated
samples

Fig. 4. AFM surface morphology of the fabricated samples. (a)
Ref, (b) Ce-10

12 nm. In contrast, Ce-10 with 0.10 wt% nanocellulose exhib-
ited surface protrusion formation, expanding the Z-axis height
variation to a range of 0 to 35 nm, and accordingly showed
increased surface roughness (Fig. 4). This change in surface
roughness exhibited a trend corresponding to the wettability
measurement results. Ref, which had the lowest surface rough-
ness, recorded the highest contact angle, whereas Ce-10, with
increased surface roughness, exhibited the lowest contact
angle. It was confirmed that the fine surface micro-roughness
structure formed by nanocellulose addition was associated
with changes related to improved lens wettability. The results
are shown in Fig. 3.

3.4 Surface Analysis

A scanning electron microscope was used to perform an
in-depth analysis of the surface microstructure. SEM obser-
vations showed that Ref exhibited a smooth surface, whereas
Ce-10 had fibrous structures irregularly distributed across the
surface with diameters on the order of several tens of nano-
meters. TEM analysis results of the surface image of Ce-10
clearly identified a dense network structure formed by nano-
cellulose particles entangled at high density. In addition, obser-
vation of the cross-sectional image confirmed a physical
interface between the lens surface region and the internal
polymer structure. This indicates that the added nanocellulose
forms a uniform layer near the lens surface, and this structural
feature is interpreted to have acted as a factor contributing to
ultraviolet blocking and improved mechanical properties.
SEM, and TEM images are shown in Fig. 5, Fig. 6.
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Fig. 5. SEM images of samples. (a): Ref, (b): Ce-10
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Fig. 6. TEM images of samples
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Fig. 7. Comparison of tensile strength of samples

3.5 Tensile Strength

As a result of tensile strength measurements of the fabri-
cated lenses, the tensile strength of the control group Ref was
approximately 0.12 kgf/mm, showing the lowest value. In con-
trast, the experimental groups containing nanocellulose
showed a distinct trend of increasing tensile strength as the
added concentration increased. Ce-3 with 0.03 wt% was 0.19
kgf/mm, and Ce-5 with 0.05 wt% increased to 0.22 kgf/mm. In
addition, Ce-7 was 0.29 kgf/mm, and Ce-10, the highest con-
centration, increased to 0.38 kgf/mm. Consequently, the
strength of Ce-10 was improved by more than approximately
threefold compared with the control group. The tensile
strength results for each sample are shown in Fig. 7.

3.6 Polymerization Stability

To evaluate the completeness of the polymerization reaction
and elution stability of the fabricated lenses, pH, potassium
permanganate (KMnO,) reduction, and UV-vis absorbance
were measured. As a result of pH measurement, the control
group Ref and all experimental groups containing nanocel-
lulose exhibited values within the range of pH 6.90 to 7.30, and
no distinct differences between samples were observed. In the
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Fig. 8. Elution test of samples. (a) pH test , (b) Absorbance, (c)
KMnO, reduction test

potassium permanganate reduction test, the blank solution,
tertiary distilled water (D-W), was measured at approximately
21.7 mL. For lens extracts, Ce-3 was 19.8 mL, Ce-5 20.3 mL,
Ce-7 19.3 mL, and Ce-10 20.0 mL, indicating that all samples
showed a similar level without large differences compared with
the blank. In addition, absorbance measurements using a UV-
vis spectrophotometer confirmed low absorbance values in the
range of 0.16-0.18 for all samples. Therefore, no abrupt absor-
bance changes or specific elution trends were observed due to
changes in nanocellulose addition concentration. The polym-
erization stability evaluation results for each sample are shown
in Fig. 8.

3.7 Antibacterial Activity

To evaluate the antibacterial activity of the fabricated lenses,
culture experiments were performed using Escherichia coli
and Staphylococcus aureus. As a result, the control group Ref
without nanocellulose had numerous colonies that were
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clearly observed throughout the culture medium for both
strains, indicating active bacterial growth. In contrast, the Ce-
10 sample containing 0.10 wt% nanocellulose maintained a
clean state in which colonies were not visually observed for
both strains. This indicates that the addition of nanocellulose
imparted antibacterial performance that effectively inhibited
bacterial growth. Consequently, nanocellulose is considered to
contribute to preventing biological contamination of the lens
surface and strengthening hygiene. Images of the antibacterial
experiment results are shown in Fig. 9.

4. CONCLUSION

In this study, contact lenses were fabricated by adding nano-
cellulose in the range of 0.03-0.10 wt% to a silicone hydrogel
contact lens formulation based on DMA, NVP, HEMA, and
TRIS, and the effects of varying nanocellulose content on opti-
cal properties, surface characteristics, mechanical properties,
extractables stability, and antibacterial activity were compre-
hensively evaluated. As a result, as the nanocellulose content
increased, UV-B transmittance continuously decreased from
76.22% for the control group Ref to 36.21% for Ce-10, demon-
strating a distinct improvement in ultraviolet blocking per-
formance, while water content increased from 42.2% for Ref to
48.0% for Ce-10. The refractive index remained within the
range of 1.4260-1.4265, confirming that water content could
be improved without significant changes in fundamental opti-
cal indices with nanocellulose addition.

In addition, wettability evaluation showed that the contact
angle decreased from approximately 105° for Ref to approx-
imately 84° for Ce-10, indicating improved surface hydro-
philicity. AFM, SEM, and TEM analyses showed that the Z-
axis height variation in Ce-10 expanded to 0-35 nm due to the
formation of surface asperities, and fibrous structures on the
order of several tens of nanometers as well as a high-density
network structure were observed, suggesting that nanocellu-

lose induced structural changes in the surface layer. These
microstructural changes were considered to have contributed
to UV-B blocking and improved wettability. In terms of
mechanical strength, tensile strength increased from 0.12 kgt/
mm?® for Ref to 0.38 kgf/mm® for Ce-10, representing an
improvement of more than approximately threefold compared
with the control group and confirming the physical reinforce-
ment effect of nanocellulose.

Regarding extractables stability, the pH of all samples
remained within the range of 6.90-7.30, the KMnO, reduction
values of lens extracts were similar within 19.3-20.3 mL com-
pared with 21.7 mL for the blank tertiary distilled water, and
UV-vis absorbance was also confirmed to be low within the
range of 0.16-0.18, indicating that no specific elution trends
were observed with increasing additive content. In addition,
antibacterial testing showed that numerous colonies were
observed for both strains in the control group, whereas Ce-10
had colony levels that were not visually observable for both
strains, confirming that nanocellulose addition could reduce
the risk of microbial contamination of the lenses.

Therefore, the nanocellulose applied in this study is con-
sidered an effective functional additive that improves the func-
tionality of silicone hydrogel lenses in multiple aspects, and
within the experimental range, the 0.10 wt% condition showed
the most distinct improvements in UV-B blocking, water con-
tent and wettability, mechanical strength, and antibacterial
activity.

Specifically, Ce-10 achieved a ~40%p reduction in UV-B
transmittance, a threefold increase in tensile strength, and
improved hydrophilicity while maintaining optical and
extractables stability, confirming 0.10 wt% as the optimal load-
ing and providing foundational data for next-generation bio-
based functional silicone hydrogel contact lenses.
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