DE GRUYTER

Open Physics 2026; 24(1): 20250283 a

Research Article

Alfio Torrisi*, Francesco Cappellani, Caterina Gagliano, Alfonso Spinello, Federico Visalli and

Lorenzo Torrisi

Optical and mechanical characterization
of UV-irradiated hydrophobic acrylic intraocular

lenses

https://doi.org/10.1515/phys-2025-0283
Received January 10, 2026; accepted March 9, 2026;
published online April 27, 2026

Abstract: Hydrophobic acrylic intraocular lenses (IOLs)
undergo significant optical, chemical, surface, and mechan-
ical changes upon prolonged ultraviolet (UV) exposure. We
assessed a commercial hydrophobic acrylic IOL using an
accelerated UV protocol (1-25h) and a multimodal work-
flow combining UV-Vis spectrophotometry, ATR-FTIR spec-
troscopy, contact-angle measurements, and Shore C hard-
ness testing. UV-Vis spectroscopy revealed up to a 40 %
decrease in UV transmittance after 25h, and a 36-50 %
increase in absorbance extending into the short-wavelength
visible region, consistent with the formation of additional
absorbing centers that may influence long-term optical
quality. ATR-FTIR analyses indicated photochemical modi-
fications in the acrylate backbone compatible with photo-
oxidation, including chain scission and ester rearrange-
ment. Wettability showed a transient hydrophobic shift with
peaks at approximately 3h for both test liquids, with a
more pronounced hydrophobic shift for the glucose solu-
tion, followed by a return to baseline by 25h, suggesting
competing surface reorganization and oxidation processes.
Shore C hardness increased from 63.0 to 73.1 after 25 h, indi-
cating UV-induced stiffening. To our knowledge, this is the
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first study to simultaneously report these four modalities
together for accelerated UV aging of a single hydrophobic
acrylic IOL model.
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1 Introduction

The use of intraocular lenses (IOLs) has played a crucial role
in transforming cataract surgery into one of the safest and
most effective procedures in modern medicine. Beyond the
surgical procedure itself, visual rehabilitation after cataract
extraction also relies on the physical and chemical proper-
ties of the implanted lens. Over the years, various IOL mate-
rials have been developed, each exhibiting distinct advan-
tages and disadvantages in terms of mechanical behavior,
optical performance, and interaction with ocular tissues [1].
Among these, hydrophobic acrylic polymers have become
one of the primary materials chosen in routine cataract
surgery, due to their superior performance in a wide range
of clinical contexts [2, 3]. Hydrophobic acrylic IOLs are
composed of copolymers with very low water content (typ-
ically below 1% [4]), exhibiting high structural integrity,
long-term stability, and excellent biocompatibility [5]. Their
low water absorption significantly reduces the risk of sur-
face calcification and internal opacification, complications
more commonly seen in hydrophilic acrylic lenses [6, 7].
Moreover, the relatively high glass transition temperature
of these polymers ensures that the lens maintains its shape
and mechanical consistency at physiological temperatures,
allowing reliable folding and implantation through small
surgical incisions [8-10].

One of the most significant clinical advantages of
hydrophobic acrylic lenses is their reduced tendency to
induce posterior capsule opacification (PCO), the most com-
mon late complication following cataract surgery [11, 12].
The smooth, non-adhesive surface and sharp optic edge of
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these lenses create a less favorable environment for the
adhesion and migration of residual lens epithelial cells,
which are primarily responsible for fibrotic changes on the
posterior capsule [13]. As a result, patients implanted with
hydrophobic acrylic IOLs require fewer Nd:YAG laser pulse
ablation processes [14] (capsulotomies) and maintain better
long-term visual acuity compared to those with hydrophilic
lenses [15-17].

In contrast, hydrophilic acrylic lenses, typically based
on hydroxyethyl methacrylate (HEMA) and with water con-
tent ranging between 18 % and 30 %, offer greater flexibility
but also promote increased protein adsorption and cellular
adhesion [18]. This biological behavior has been consistently
linked to a higher incidence of PCO and other postopera-
tive complications, particularly in eyes affected by systemic
diseases or ocular inflammation. Surface grafting strategies
based on phosphorylcholine-containing copolymers have
been explored to improve uveal and capsular biocompati-
bility of hydrophobic acrylic IOLs [19].

Other materials, such as polymethylmethacrylate
(PMMA) and silicone [20-22], are nowadays used less
frequently in clinical ophthalmology. PMMA lenses,
although optically stable, are rigid and require large
incisions [9]. Silicone lenses, on the other hand, are foldable
but are associated with increased glistening formation
and are contraindicated in eyes requiring silicone oil
tamponade, such as those undergoing retinal surgery [23].

Hydrophobic acrylic IOLs also offer notable resistance
to glistening-microscopic water-filled vacuoles within the
lens material, which can scatter light and reduce con-
trast sensitivity [24]. Furthermore, the ability to maintain
its intended optical power and position over time, ensur-
ing predictable and durable refractive outcomes following
cataract surgery, as it was demonstrated by recent IOLs
made of hydrophobic polymers is also noteworthy [25, 26].

Due to the high photon energy, higher than 3 eV, UV
radiation induces polymer-chain scission, oxidation, radical
formation, and cross-linking phenomena, which alter the
material in proportion to the absorbed dose and penetration
depth, as reported in the literature for many polymeric
species [21, 27].

Thanks to these combined properties, low water
uptake, high optical clarity, long-term biostability, and low
complication rates, hydrophobic acrylic IOLs are now con-
sidered the benchmark against which other IOL materials
are compared.

This paper explores the reasons for their widespread
adoption, focusing on the material’s chemical characteris-
tics, surface behavior, and clinical performance. A compara-
tive analysis will also highlight the specific context in which
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hydrophobic acrylic lenses provide clear advantages over
hydrophilic and other traditional materials. Recent reviews
summarize next-generation and patient-specific IOL mate-
rials and surface engineering approaches [28].

The photostability of intraocular lens materials under
ultraviolet (UV) exposure has been investigated since the
late 1990s, with early studies reporting yellowing, surface
cracking, and polymer degradation in PMMA and first-
generation acrylics. Recent investigations have focused on
hydrophobic acrylates and silicone-based IOLs, examining
changes in transmittance, mechanical stiffness, and surface
wettability after prolonged UV irradiation.

Since intraocular lenses are long-term implants, UV-
related aging processes can accumulate over years, and
even relatively slow photo-oxidative mechanisms may
reach clinically relevant levels when integrated over
decades. In vivo, the UV component reaching the IOL is
attenuated and spectrally filtered by the ocular media, i.e.
the cornea, aqueous humor, and (prior to surgery) the crys-
talline lens, which together substantially reduce UV radi-
ation before it reaches intraocular structures [29]. There-
fore, the present accelerated UV protocol was adopted as
a controlled stress condition to reveal and quantify poly-
meric changes. Accordingly, accelerated irradiation proto-
cols such as those employed in this study should be regarded
as a standardized accelerated UV irradiation study aimed
at highlighting UV-driven degradation mechanisms within
practical experimental timescales, without implying a direct
correspondence with in vivo exposure time or fluence [30].

Hydrophobic acrylic IOLs are generally preferred over
hydrophilic materials because of their lower water uptake,
reduced tendency to calcification, lower incidence of poste-
rior capsule opacification, and superior long-term mechan-
ical and optical stability. Their higher glass-transition tem-
perature and reduced protein adsorption contribute to
more predictable refractive outcomes and improved bio-
compatibility over decades of implantation.

For example, it was already demonstrated UV-induced
absorbance and FTIR modifications in PMMA lenses
exposed to 365nm light [31], as well as complementary
evidence of photochemical degradation and bond scission in
PMMA under similar irradiation conditions [21]. Exposure
models and biomolecular changes in ocular tissues under
UV stress were reviewed [32], reinforcing the clinical
importance of understanding UV-driven photo-oxidative
aging in the long-term stability of intraocular lenses.
Experimental evidence on the causes of intraocular lens
opacification was also presented [33], further highlighting
the clinical importance of material stability under
environmental degradation conditions. UV irradiation
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effects on hydrophilic acrylic IOLs and silicone IOLs
under comparable protocols have also been previously
reported by our group [7, 21, 22], providing a comparative
basis for the present investigation on hydrophobic acrylic
materials. These studies emphasize the importance of
simulating UV-driven stress to assess optical, mechanical,
and interfacial stability in vivo.

2 Materials and methods

2.1 Lenses and materials

Hydrophobic acrylic intraocular lenses (IOLs) are mainly
composed of cross-linked acrylate polymers characterized
by ester-linked carbon chains, which confer optical trans-
parency, mechanical resistance, chemical stability, and
biocompatibility.

These devices are typically manufactured from
cross-linked copolymers synthesized from acrylate and
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methacrylate monomers. Common formulations include
aromatic derivatives such as phenylethyl acrylate (PEA,
C;1H;,0,) and phenylethyl methacrylate (PEMA, C;,H;,0,),
which increase the refractive index and enhance optical
clarity. Additional acrylate or methacrylate units (e.g.,
methyl or ethyl esters) may be incorporated to modulate
flexibility and mechanical performance. These polymers
exhibit high optical clarity, chemical resistance, and
long-term stability, especially when combined with
UV-absorbing chromophores or stabilizing additives.

The specific model investigated in this study, the See-
LENS HP Easy (Hanita Lenses, Israel) [34], consists of
a single-piece aspheric hydrophobic acrylic IOL with a
6 mm optic diameter and a central thickness of 0.9 mm
(Figure 1a—e).Itis composed of cross-linked acrylate copoly-
mers incorporating UV-absorbing chromophores and minor
siloxane components to adjust its mechanical behavior, as
specified in the manufacturer’s technical datasheet. This
model was selected for its wide clinical adoption and its
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Figure 1: Overview of the Hanita SeeLENS HP Easy hydrophobic acrylic intraocular lens and implantation system. (a) Packaging of the Hanita
- SeeLENS HP Easy hydrophobic acrylic intraocular lens. (b) Injector used for implantation. (c) Photograph of the IOL placed on millimetric paper
for scale. (d) Optical micrograph of the lens surface morphology. (e) Schematic drawing of the IOL in two orthogonal views with real dimensions (optic

diameter 6 mm, central thickness 0.9 mm).
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representativeness of modern hydrophobic acrylic IOLs
routinely used in cataract surgery.

2.2 UVirradiation protocol

To assess the effects of ultraviolet (UV) exposure on intraoc-
ular lenses, a set of hydrophobic acrylic IOLs was subjected
inaccordance with ASTM G154 standards [35]. The UV source
employed was a Blak-Ray UVL-56 lamp [36] emitting at
365 nm (3.38 eV photon energy).

Two exposure conditions were defined a priori to rep-
resent an early and a prolonged UV-aging stage (1h and
25h), allowing observation of both initial and cumulative
material changes. Where intermediate exposure times were
required by a specific endpoint, they are reported in the cor-
responding methodological subsection and figure captions.

Although intraocular lenses are exposed to UV light
continuously over the years, the actual fluence depends on
multiple factors, including ocular anatomy, lens position,
and natural filtering by the cornea and aqueous humor. IOLs
are designed for long-term implantation, typically several
decades. To reproduce the UV exposure within a controlled
timeframe, we adopted an accelerated aging approach. The
experimental conditions were held constant at all time-
points to isolate UV-driven effects in a reproducible con-
trolled accelerated UV irradiation protocol.

Specifically, lenses were irradiated with monochro-
matic UV-A at 365nm, in dry air, at room temperature
(20 °C), ambient pressure (1 atm), and with a relative humid-
ity of 45 %. Lenses were positioned at fixed lamp-to-sample
distance of 3 cm, with irradiation focused on the convex
anterior surface. Since UV penetration in acrylic materials
is limited to approximately 100 pm, the reported effects are
relevant to this superficial region.

The measured fluence at a working distance of 3 cm
was ~200 mJ/cm? and the lamp delivered a power density
of 2.2 pW/cm? over 25 h irradiation.

2.3 UV-VIS-NIR spectrophotometry

The optical response of the IOLs was evaluated using
a double-beam UV-Vis—NIR (ultraviolet—visible—near
infrared) spectrophotometer (Jasco V-750, Jasco-Europe,
Italy) operating in the 300-900 nm wavelength range with
a 0.1 nm wavelength resolution. Spectra were corrected
for atmospheric absorption. All UV-Vis measurements
were acquired using double-beam normalization to
eliminate spectral variations caused by lamp-intensity
fluctuations. Identical irradiation conditions were
maintained during all optical measurements, and the
resulting spectra were normalized to the incident intensity.
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Each measurement was replicated across multiple lenses
(n = 5) and subsequently averaged.

2.4 ATR-FTIR spectroscopy

To investigate molecular changes in the polymer matrix,
ATR-FTIR spectroscopy (Attenuated Total Reflectance
— Fourier Transform Infrared Spectroscopy) was employed
using a Jasco 4600 FTIR spectrometer. The spectral
range extended from 4,000 to 390 cm™!, with a 4cm™!
wavenumber resolution, enabling the observation of
UV-induced bond breaking and formation of new chemical
bonds. Spectra were recorded before and after irradiation
for durations from 1 h to 25 h.

2.5 Surface wettability

Wettability was assessed by static contact-angle measure-
ments using the sessile-drop method. A 2 pL droplet of dis-
tilled water (DDW) or a 5 % glucose infusion solution (Glu-
cosio Fresenius Kabi Italia; 278 mOsm/L, pH 3.5-5.5) was
deposited on the IOL surface, and images were acquired
at 8x magnification using a Paralux optical microscope
to determine the contact angle. The glucose solution was
selected as a clinically used aqueous medium and as a low-
ionic-strength probe of UV-related surface-energy changes.

2.6 Hardness measurements

Surface hardness measurements were carried out using a
portable Shore C digital durometer (GainExpress 560-10C),
suitable for medium-hard polymers and elastomeric mate-
rials. Hardness was evaluated using the Shore C scale of the
ASTM D2240 test, which provides a reproducible and non-
destructive measure of stiffness suitable for small, curved
samples such as intraocular lenses (IOLs). The Shore C scale
is designed for medium-hard elastomers and plastics, over-
lapping with the upper range of the Shore A scale and the
lower range of the Shore D scale. It offers improved preci-
sion for materials that exceed the useful range of the Shore
Ascale (>90 A) yet remain below the lower limit of the Shore
D scale (<20 D). The indenter geometry is identical to that of
Shore A (35° truncated cone), while the applied spring force
corresponds to that used in the Shore D scale (44.45 N).

For this study, the Shore C scale was selected because
its truncated-cone indenter, with a 0.4 mm tip diameter, is
sufficiently small relative to the IOL optic (6 mm diameter,
0.9 mm central thickness) to avoid geometric constraints or
interference from the haptic junction. This configuration
allowed multiple localized indentations to be performed
within the optic region without edge effects. Hardness
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Figure 2: Emission spectra of the two light sources employed for optical characterization, spanning (a) the UV-Vis-NIR range for the deuterium lamp

and (b) the Vis—NIR range for the halogen lamp.

measurements were therefore performed in the central
optical zone, which is the area most exposed to UV irradi-
ation. Reported values represent the mean of five measure-
ments per sample in accordance with ASTM D2240 guide-
lines [37].

3 Results and discussion

3.1 Optical investigations

IOLs were irradiated with UV radiation for up to 25 h. Opti-
cal measurements were carried out using a UV-Vis—NIR
spectrophotometer equipped with a deuterium lamp, span-
ning from 300 to 750 nm (Figure 2a), and a halogen lamp,
which covers the 350—750 nm wavelength range (Figure 2b).
Such spectra have been used to evaluate the absorbance and
transmittance of IOL devices as a function of their damage
induced by UV irradiation time.

Figure 3a and b shows the experimental data of the
lens transmittance relative to the near UV-Vis region,
obtained using the deuterium lamp, and the Vis-near IR
region, obtained using the halogen lamp, as a function of
the UV exposure time. Experimental data were collected by
performing eight measurements at five different locations
on each of five IOLs, and the results were subsequently
averaged.

It is possible to observe that the UV irradiation time
decreases the transmittance at high irradiation times, induc-
ing some molecular damage of the polymer. Any minor early
variations were within measurement variability.

The UV maximum transmittance decreases signifi-
cantly, up to about 40 % after 25h of continuous irradi-
ation time, under a UV lamp at 365 nm, while a smaller
decrease is observed in the Vis region, where it decreases
to about 80-90 % for the same irradiation time. The
experimental results are consistent with the rationale of
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Figure 3: Transmittance of hydrophobic acrylic IOLs as a function of UV irradiation time at selected wavelengths, measured using (a) a deuterium
lamp (300-450 nm) and (b) a halogen lamp (450-750 nm). The transmittance decreases progressively with irradiation time, particularly in the UV

region and at shorter visible wavelengths.
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crylic IOLs after 7 h of continuous UV exposure. (a) Absorbance spectra

showing increased absorption in the UV region (300-400 nm) due to photochemical modifications of the acrylate matrix. (b) Corresponding
transmittance spectra revealing reduced transparency across the visible range (400-700 nm). These spectral variations indicate the onset

of UV-induced photo-oxidative processes.

accelerated UV photoaging protocols [30]. It is possible
to note that wavelength-specific transmittance drops can
exceed 50 % already after 7h (Figure 4), reflecting the
wavelength-dependent sensitivity of the material.

The observed transmittance drop suggests that UV
exposure induces a progressive enhancement in the Vis
absorption. Such changes may compromise the IOL’s ability
to remain perfectly transparent to the Vis radiation, partic-
ularly under exposure conditions, most likely due to pho-
todegradation processes affecting the UV-absorbing chro-
mophore components. In acrylic and methacrylic polymers,
UV photons generate radicals that, particularly in the pres-
ence of oxygen, evolve toward carbonyl-containing and con-
jugated species, increasing absorbance in the near-UV and
extending it toward the short-wavelength visible region.
These newly formed absorbing centers are responsible for
the progressive loss of UV and short-wavelength visible
transmittance observed in Figures 3 and 4.

UV-Vis spectrophotometric analyses in both
absorbance and transmittance modes were performed to
evaluate the optical alterations induced by UV irradiation.
Figure 4a and b shows a comparison between the spectrum
of the absorbance and transmittance of a pristine IOL
and that of a sample exposed to UV radiation for 7h,
respectively. The irradiation time of 7h was selected as
an intermediate condition, allowing the comparison of
absorbance and transmittance spectra at a stage where
UV-induced modifications are already evident but not yet
extreme, thus representing a transitional profile in the
accelerated aging process.

The experimental results from the transmittance spec-
tra reveal a significant reduction, after the UV exposure, at

approximately 300 nm, where transmittance decreases by
around 50 % compared to the unexposed IOL. Similarly, in
the UV-A region at about 400 nm, a transmittance drop of
about 64 % is observed.

Correspondingly, the absorbance spectra indicate that
after UV exposure, there is an increase in the average
absorbance of approximately 36 % in the Visregion, while in
the UV range, the average absorbance increases by approx-
imately 50 %, consistent with the formation of new absorb-
ing chromophores.

The observed spectral changes are consistent with pho-
tochemical and photo-oxidative processes occurring within
the polymer matrix of the IOLs, leading to the formation
of new absorbing centers or chromophores. The observed
increase in absorbance and concurrent drop in transmit-
tance, particularly in the UV and short-wavelength Vis
range, point toward photoinduced structural modifications,
such as polymer cross-linking, chain scission, or the forma-
tion of conjugated systems.

The emission intensity of deuterium and halogen
sources is not uniform across wavelengths; however, this
effect was compensated through double-beam correction.
Observed differences therefore originate from UV-induced
material modifications rather than instrumental variability.

From a functional performance perspective, although
the increased UV absorption might initially seem advanta-
geous, these changes indicate underlying material degra-
dation, which could compromise the lens’s long-term opti-
cal clarity and structural integrity. Moreover, the rise in
absorbance within the Vis range may lead to distorted color
perception, decreased contrast sensitivity, and diminished
visual quality for the patient. Reduced short-wavelength



DE GRUYTER

1007 SR =i . N

Transmittance [%)]

40 { — Pristine
—1h
—3h
—7h
204{——10h
25h

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm™]

Figure 5: ATR-FTIR spectra of hydrophobic acrylic IOLs before and after
UV irradiation (1-25 h). Changes in aliphatic C-H stretching, carbonyl
vibrations, and Si-0-Si bands indicate photochemical degradation

of the acrylate backbone, whereas siloxane-related bands exhibit only
minor variations.

transmission may affect color perception and contrast sen-
sitivity. Although long-term clinical studies on acrylic IOLs
have not always demonstrated a statistically significant cor-
relation between IOL surface degradation and measurable
visual performance [38], dedicated follow-up assessments,
including forward scatter, are warranted to quantify how
UV-driven spectral changes translate into clinically relevant
image quality metrics.

3.2 FT-IR spectroscopy

Fourier-transform infrared (FTIR) spectroscopy has been
performed in the spectral range of 4,000-500 cm™ to assess
chemical modifications occurring in hydrophobic acrylic
intraocular lenses (IOLs) upon ultraviolet (UV) irradiation.
Figure 5 shows a comparison of different FTIR spectra as
a function of the IOL UV irradiation time, from the pris-
tine lens up to 25 h of irradiation time. The selected time-
points were chosen to represent the main stages of UV-
induced evolution, initial response, intermediate transition,
and final stabilization.

To better visualize the full spectrum, the spectra in
Figure 5 were divided into three regions, 1, 2, and 3, as
shown in detail in Figure 6a-c.

In the pristine condition, the spectrum shows well-
defined absorption bands, including the C-H stretching
vibrations at 2,924 cm~! and 2,875 cm™1, associated with the
methylene (-CH,) groups from the hydrophobic acrylate
monomers such as butyl acrylate (BA), 2-ethylhexyl acrylate
(EHA), and decyl acrylate (DA). These features fall within
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Region 1 (Figure 6a), which encompasses the aliphatic moi-
eties of the polymer matrix [18]. Moreover, in the overall
FTIR spectra of Figure 5 a weak band corresponding to
absorbed CO, is visible around 2,340 cm~! [21].

In Figure 6b (Region 2), the absorption band at
1,711 cm~! corresponds to the stretching vibration of the
carbonyl (C=0) groups, characteristic of the ester function-
alities in the acrylate backbone. A weaker overtone is also
observable around 3,444 cm~1 [39].

The broad band between 1,000 and 1,120 cm~1, shown
in Region 3 (Figure 6¢) is attributed to the asymmetric
stretching vibrations of Si—-O-Si bonds, while the sharp sig-
nal at 1,250 cm™ is assigned to the deformation of methyl
groups in Si—(CHj,), group [40].

Upon UV exposure, in Region 1, a gradual increment
in the transmittance occurs, i.e., a reduction in absorption
intensity is detected with increasing the UV irradiation time,
suggesting a partial loss of aliphatic content, likely due to
photodegradation mechanisms involving chain scission or
oxidative cleavage of side groups.

In Region 2, indeed, the C=0 stretching band shows
transmittance decreasing, i.e. absorption enhancement
with the UV irradiation time, indicating possible rearrange-
ments or cleavage of ester linkages induced by photochem-
ical reactions.

Finally, in Region 3, the Si-O-Si stretching vibra-
tions decrease with the UV irradiation time, enhancing
the transmittance, although minor intensity fluctuations
may reflect superficial reorganization or migration phe-
nomena involving organosilicon species. This is consis-
tent with a reduction of IR-active absorbing groups and/or
changes in optical density, rather than an improvement in
material integrity. The observed spectral variations con-
firm that UV exposure induces molecular alterations in
the polymer matrix, mainly involving the acrylate phase,
while the siloxane-based components exhibit higher resis-
tance to photo-induced changes. These chemical transfor-
mations are consistent with the optical variations observed
in UV-Vis analyses, supporting the occurrence of structural
reconfigurations within the material.

As can be observed, for UV irradiation times exceeding
10 h, the UV transmittance of the tested hydrophobic acrylic
IOLs becomes lower than that of the pristine IOL. Visible
transmittance also decreases with increasing UV irradia-
tion time. In the IR range, an apparent increase in trans-
mittance (i.e., reduced IR absorbance) may reflect attenu-
ation of peaks assigned to C—H and CH, vibrations and to
Si-0-Si and Si—(CH,),-related modes, and/or changes in
optical density within the probed region. This trend does
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Figure 6: Detailed FTIR regions highlighting UV-induced molecular modifications. (a) Region 1(3,200-2,700 cm™"): progressive decrease in the
intensity of the aliphatic C-H stretching bands at 2,924 and 2,875 cm~" with increasing UV exposure. (b) Region 2 (2,000-1,500 cm™"): increased
absorption in the carbonyl stretching band (C=0, ~1,711 cm™), indicating ester-group rearrangements. (c) Region 3 (1,200-1,050 cm~"): reduction
of Si-0-Si and Si-(CH,), vibrational bands, suggesting partial reorganization of siloxane structures. These spectral variations confirm UV-induced

degradation and structural modifications within the acrylate matrix.

not imply improved material integrity and occurs along-
side FTIR evidence of ongoing photochemical degradation,
such as the progressive reduction of C-H stretching bands
and subtle shifts in the carbonyl region. The progressive
increase in C=0 absorption and concurrent attenuation of
C-H bands are consistent with oxidation and chain scission
processes in the acrylate backbone that generate the new
chromophoric species responsible for the increased UV-Vis
absorbance reported in Section 3.1. This cross-consistency
between FTIR and UV-Vis data provides mutually reinforc-
ing evidence of photo-oxidative degradation at both the
molecular and optical level.

Overall, these results indicate that molecular-level
degradation does not necessarily translate into a linear
trend in broadband transmittance and highlight the need
to interpret optical changes together with band-specific
FTIR signatures. The obtained results align with previously
reported photo-oxidative behaviors in polymeric materials.

Our irradiation durations of 1 h and 25 h correspond to early
and cumulative exposure phases consistent with acceler-
ated aging models applied in the literature [35].

3.3 Wettability measurements

The wetting angle of the solutions with the hydrophobic
acrylic IOL surface is strongly dependent on the water con-
tent of the resin, temperature, and air conditions (pressure,
humidity, air flux, etc.). Wettability measurements revealed
a time-dependent variation in the contact angle between
the liquid droplet and the IOL surface during UV irradia-
tion. Specifically, the contact angle increased progressively
during the initial exposure phase, reaching a maximum at
approximately 3 h for both test liquids, with a more pro-
nounced hydrophobic shift for the glucose solution (84°)
than for distilled water (71°). The DDW curve shows a broad
plateau between 3h and 7h before gradually returning
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Figure 7: Contact-angle variation as a function of UV irradiation. (a) Distilled water droplets. (b) Infusion 5 % glucose solution droplets.
(c) Contact-angle evolution over time. The maximum occurs at ~3 h for both test liquids, followed by a gradual return to baseline at 25 h, indicating

transient surface hydrophobicity.

toward baseline, whereas the glucose solution exhibits a
sharper peak followed by a gradual decrease. This increase
in contact angles indicates a temporary enhancement of sur-
face hydrophobicity, likely due to UV-induced surface acti-
vation or rearrangement of polar groups. However, beyond
these timepoints, the contact angle gradually decreased,
ultimately returning to values comparable to the pristine
condition after 25h of irradiation. This reversible trend
suggests a dynamic surface modification process, possibly
involving competing mechanisms such as photo-oxidation,
reorientation of surface chains, or partial recovery of the
initial hydrophobic surface state. During initial UV expo-
sure, near-surface chain scission and changes in segmen-
tal mobility promote the reorientation of nonpolar chain
segments toward the polymer-air interface, temporarily
reducing surface energy and increasing the contact angle.
As UV exposure continues, photo-oxidation introduces polar
functional groups at the surface, including hydroperox-
ides and carbonyl species, gradually reversing the initial
hydrophobic shift. This type of peak-and-recovery behavior

is consistent with competing surface reorganization and
oxidation processes reported for UV-irradiated polymer sur-
faces more broadly [41, 42].

It is also worth observing that UV penetration into
acrylic materials is confined to a limited surface layer; once
this superficial region is entirely photo-oxidized and all
available reactive sites have been consumed, the wettability
response is expected to reach saturation. This is consistent
with the contact-angle recovery toward baseline at 25h,
where photo-oxidation appears to have approached satu-
ration. Figure 7a and b shows photographs of droplets on
the IOL surface using distilled water and glucose solution,
respectively, while Figure 7c reports the contact-angle evo-
lution as a function of UV irradiation time.

Each contact-angle value represents the mean of tripli-
cate measurements taken at five positions on each lens. The
transient increase in contact angle indicates a temporary
increase in surface hydrophobicity due to UV-induced rear-
rangement of polar groups, followed by partial recovery
after extended exposure.
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Table 1: Hardness values of the tested IOL materials. Experimental measurements were performed on the Shore C scale and compared with
representative literature ranges reported on material-specific Shore scales (A or D). Differences reflect the scale dependence of durometer readings

and the influence of formulation and testing conditions.

Material Literature hardness (original scale)

Normalized Shore C (HC) Experimental Shore C (HC)

Hydrophobic acrylic Not standard

PMMA 75-85 Shore D
Hydrophilic acrylic 47.5-57.5 Shore A
Silicone 20-90 Shore A

N/A 63.0-73.1
~85-90 70.37
~10-20 83.56
~10-50 84.12

3.4 Hardness measurements (Shore C)

The hydrophobic acrylic IOLs in their pristine condition
exhibited a Shore C hardness of 63.0 HC, which increased to
73.1 HC after 25 h of UV irradiation. This ~10-point increase
is a direct indicator of UV-induced structural changes, pri-
marily cross-linking, which make the polymer more rigid
and represent a well-documented phenomenon in polymer
science [43]. When compared to other IOL materials, the UV-
aged hydrophobic acrylic samples approached the PMMA
hardness measured in this study (70.37 HC), although they
remained softer than the hydrophilic acrylic (83.56 HC) and
silicone (84.12 HC) measured in the same study The specific
Shore C scale was chosen for its applicability to the inter-
mediate hardness range of hydrophobic acrylics, which are
widely used in IOLs due to their mechanical balance and
handling requirements, and whose properties can vary with
formulation [44].

The hardness increase is consistent with UV-induced
modifications of the polymer matrix, such as additional
cross-linking and/or surface densification, which are com-
monly reported in photo-aged acrylic systems. While Shore
C indentation does not directly quantify bulk stiffness, it
provides a sensitive screening parameter for UV-driven
mechanical hardening under identical testing conditions.
Prolonged UV exposure can promote photochemical reac-
tions that alter chain packing and surface morphology,
thereby contributing to the observed increase in indenta-
tion hardness.

However, direct comparison of Shore C values across
materials reported on different durometer scales should
be interpreted with caution. The PMMA sample, despite
being typically characterized on the Shore D scale (75-85 HD
[45]), yielded a value of 70.37 HC. This lower-than-expected
Shore C value could be attributed to the specific PMMA
formulation used, possibly including plasticizers, or to the
measurement method employed. Similarly, the hydrophilic
acrylic and silicone samples showed high Shore C values

(83.56 HC and 84.12 HC, respectively). Although these mate-
rials are typically classified as soft elastomers and are usu-
ally evaluated using the Shore A scale (47.5-57.5 HA for
hydrophilic acrylic [46] and 20—-90 HA for silicone [47]), the
higher Shore C values observed in this study likely reflect
specific material formulations or the presence of fillers that
increase their stiffness. This highlights how a single mea-
surement scale, while useful for direct comparison within
a study, may not always reflect the traditional classifica-
tions found in literature, emphasizing the role of specific
polymer formulations and testing conditions in determin-
ing mechanical properties. A comparison between litera-
ture and experimental data is shown in Table 1, and a his-
togram of the data is reported in Figure 8a. These obser-
vations motivate follow-up modulus-based mechanical test-
ing (e.g., tensile testing, DMA, and/or nanoindentation), ide-
ally under immersion conditions, to quantify deformation-
relevant behavior more directly.

The experimental Shore C values for hydrophilic acrylic
and silicone are not only higher than their theoretical nor-
malized values but are also implausibly high for these mate-
rials. Conversely, the experimental PMMA value is signif-
icantly lower than its normalized Shore C value. These
results underline the critical importance of using the correct
Shore scale for each material to ensure accurate and reliable
comparative analysis [48].

In vivo, the UV dose reaching an implanted IOL is sub-
stantially lower than external UV levels, owing to spectral
filtering by the ocular media. As previously documented
[29, 38], the cornea and crystalline lens together attenuate
UV radiation considerably below 400 nm; this filtering is
also age-dependent and varies with lens yellowing over
time. The UV fluence and spectral content reaching intraoc-
ular structures therefore depend on patient-specific factors
including geography, lifestyle, pupil size, and the use of
protective eyewear.

In addition to UV radiation, other environmental and
biochemical factors may contribute to long-term IOL degra-
dation in vivo. These include oxidative species present in the
aqueous humor, adsorption of proteins and lipids onto the
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Figure 8: Shore C hardness assessment of UV-irradiated intraocular lens materials and measurement setup. (a) Shore C hardness values
for hydrophobic acrylic, PMMA, hydrophilic acrylic, and silicone IOLs after UV irradiation. UV exposure induces stiffening of hydrophobic acrylic IOLs
as reflected by increased hardness. (b) Photograph of the durometer employed for Shore C hardness measurements. (c) Schematic representation

of the indentation principle.

lens surface, mechanical micro-stresses arising from capsu-
lar bag contraction and haptic interactions, and, in specific
patient populations, exposure to ionizing radiation during
radiotherapy. Additional environmental agents, including
reactive vapors, elevated temperatures, high-intensity vis-
ible radiation, and reactive liquids, may further contribute
to material degradation. The combined action of these fac-
tors with UV-driven photo-oxidative aging has not yet been
characterized for hydrophobic acrylic IOLs and represents
an important direction for future work. The present accel-
erated UV irradiation study in dry air should therefore be
interpreted as an isolated probe of UV-driven degradation
pathways rather than a complete model of clinical aging.
Follow-up studies under physiological aqueous immersion
and, ideally, under combined degradation conditions are
recommended to better approximate the in vivo environ-
ment and assess potential synergistic effects on IOL optical
and mechanical performance.

4 Conclusions

The multi-modal accelerated-UV characterization perfor-
med in this study shows that hydrophobic acrylic intraoc-
ular lenses (IOLs), widely used for their biocompatibility,
low water uptake, and resistance to glistening formation,
show measurable optical, chemical, surface, and mechan-
ical modifications when exposed to prolonged UV irradia-
tion. Overall, the combined dataset suggests that UV-driven

aging can affect multiple material attributes that are rel-
evant to long-term optical quality and handling-related
properties, even when macroscopic transparency remains
largely preserved.

The main results of this study can be summarized as
follows:

(i) UV-Visspectrophotometry showed a net decrease in
transmittance in the UV region (up to 40 %) and in
the short-wavelength visible range (10-20 %) after
25h of irradiation, accompanied by an increase in
absorbance consistent with the formation of addi-
tional absorbing centers within the polymer matrix.

(i) ATR-FTIR spectroscopy confirmed the presence

of UV-driven photochemical and photo-oxidative
processes, indicating modifications of the acry-
late backbone, including reduced aliphatic C-H
stretching contributions and an enhanced carbonyl
region, consistent with photo-oxidative processes
such as chain scission and ester-linkage rearrange-
ment; siloxane-related Si—0-Si features showed only
minor changes, suggesting comparatively higher sta-
bility of the siloxane component under the present
conditions.

Contact-angle measurements revealed a transient
increase in apparent hydrophobicity, with peak times
of approximately 3 h for both test liquids, with a more
pronounced hydrophobic shift for the glucose solu-
tion (84°) than for distilled water (71°); this behavior

(iif)
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is consistent with competing surface reorganization
and oxidation-driven processes.

Mechanical characterization showed a monotonic
increase in Shore C hardness after prolonged UV
exposure, reflecting UV-driven material stiffening.
Shore C hardness increased from 63.0 to 73.1 after
25h of UV exposure, indicating UV-induced stiff-
ening compatible with additional cross-linking and
increased network density.

(iv)

Although indentation hardness is not a direct measure of
elastic modulus, it provides a sensitive screening parameter
for detecting early mechanical changes under controlled
conditions.

Overall, these results show that hydrophobic acrylic
IOLs can undergo measurable UV-induced evolution even
when macroscopic transparency remains largely preserved.
The concurrent emergence of additional absorbing centers,
spectroscopic signatures of backbone modification, tran-
sient surface-wetting changes, and increased indentation
hardness together provide convergent evidence for pho-
tochemical and photo-oxidative aging processes. From a
functional perspective, the observed optical changes may
be relevant to long-term optical quality, particularly with
respect to contrast and stray-light mechanisms, while the
surface and mechanical responses may affect handling-
relevant properties and interfacial interactions. The present
study has inherent limitations, including the use of dry-air
irradiation rather than physiological aqueous solution, the
characterization of a single IOL model, and the indirect
nature of Shore C as a mechanical parameter, which directly
motivate the following research directions.

Future work to support a more complete understand-
ing of long-term IOL aging and its potential impact on
optical performance and handling properties will include
modulus-based mechanical testing (dynamic mechanical
analysis, tensile testing, and nanoindentation under immer-
sion), denser temporal sampling, and photostability experi-
ments under physiologically representative aqueous condi-
tions. Additional IOL models from different manufacturers
will also be examined, and standard 0.9 % NaCl saline will
be included among probe liquids to explicitly assess the role
of ionic strength in the wetting response.
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