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Abstract
We report on the development of copolymers of 2-hydroxy ethyl acrylate (HEA) with 2-(2-ethoxy
ethoxy) ethyl acrylate (EEEA) grafted with ethylene glycol di-methacrylate, designed for use as an
intraocular lens (IOL) material. Various HEA/EEEA monomer ratios were synthesized via thermal
copolymerization, with the HEA concentration progressively increasing from 3.5% to 28%, while
the EEEA concentration decreased proportionately. The physical-chemical, optical, and
mechanical properties of the newly developed materials, fabricated as discs (∼3.2 mm thick,
11 mm in diameter) and strips (∼3.2 mm thick, 80× 15 mm2), were comprehensively analyzed.
Fourier-Transform Infrared Spectroscopy confirmed the successful copolymerization, as
characteristic peaks corresponding to the monomers were observed. Since the development of IOL
materials hinges on understanding their physical-chemical, optical, and mechanical
characteristics—particularly the equilibrium water content (EWC)—our initial focus was on
identifying EWC as a key factor in the development of IOLs. The results showed that the EWC
value increased with higher HEA concentrations. Contact angle measurements indicated that the
polymers exhibited hydrophilic behavior, with values ranging from 68 to 76◦. X-ray diffraction
analysis demonstrated that the HEA concentration influenced the crystalline structure, which, in
turn, affected the mechanical properties. The results indicated that higher HEA concentrations,
corresponding to increased EWC values (i.e.∼8%), led to enhanced flexibility, as evidenced by a
decrease in tensile strength from 1.71 to 1.13 MPa, and reduced hardness, which declined from
57.5 to 47.5 Shore A. Additionally, refractive index analyses revealed a gradual decrease with
increasing HEA concentrations, ranging from 1.565 to 1.543 when measured at 480 nm and from
1.547 to 1.528 when measured at 660 nm. The evaluation of the coefficient of variation and
Pearson’s correlation coefficient demonstrated strong material consistency and clear trends across
formulations, reinforcing the reliability of the observed properties. These findings emphasize the
significance of EWC and the ratio of hydrophilic monomers in acrylic-based copolymers,
suggesting that future research could benefit from designing copolymers with tailored
physical-chemical, optical, and mechanical properties for IOL applications.

1. Introduction

The human eye is a complex, highly specialized organ
that captures light and converts it into electrical sig-
nals, which the brain then interprets as visual images

[1]. It consists of various structures, including the
cornea, lens, retina, and optic nerve, each playing a
crucial role in the visual process [2]. Among com-
mon ocular diseases, cataracts, which cause clouding
of the lens and prevent light from reaching the retina,
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not only reduce visual acuity but also significantly
impact quality of life, highlighting the need for effect-
ive treatment and management strategies. Cataracts
are a leading cause of blindness worldwide, affecting
millions of people and significantly impairing their
vision and quality of life [3]. According to the World
HealthOrganization, cataracts account for approxim-
ately 51% of global blindness and affect about 20mil-
lion people [4]. This prevalent condition necessit-
ates effective treatmentmethods to restore visual acu-
ity and improve patients’ quality of life. Cataracts
are commonly treated through surgical intervention,
which involves the removal of the opacified natural
lens and its replacement with an artificial, transpar-
ent, disc-shaped intraocular lens (IOLs) possessing
a specific refractive power. Materials used for IOLs
must fulfill several critical requirements, including
high optical transparency, excellent image resolution,
chemical stability, outstanding biocompatibility with
ocular tissues, and the ability to withstand standard
sterilization procedures [5].

Research on IOL materials began in 1949, when
Ridley first introduced the use of polymethylmethac-
rylate (PMMA) [6]. Although PMMA is a rigid
material that is difficult to shape and cannot with-
stand elevated temperatures and pressures, it was
widely used for IOLs for many years due to its
optical clarity and biocompatibility [7]. However,
advancements in cataract surgery techniques cre-
ated a demand for softer, foldable IOL materials to
allow for smaller surgical incisions and reduced post-
operative complications. The first foldable IOL, fab-
ricated from silicone elastomer, was introduced in
1976 [5]. Silicon-based IOLs were initially favored
over PMMA due to their flexibility and ease of
insertion [8]. Nonetheless, limitations such as pre-
gressive loss of transparency over time and their
rapid unfolding behavior − often leading to mech-
anical stress on the capsular bag − prompted further
research into alternative materials [9]. Consequently,
foldable acrylic polymers were developed, offer-
ing improved handling characteristics, optical sta-
bility, and sustained transparency. These materials
remain among the most widely used IOLs in cur-
rent clinical practice [10]. Acrylic materials used in
IOLs are typically composed of polymers or copoly-
mers synthesized from various monomers, including
methyl acrylate, methyl methacrylate (MMA), ethyl
methacrylate (EMA), 2-hydroxy EMA (HEMA), 2-
hydroxyethyl acrylate (HEA), and 2-(2-ethoxy eth-
oxy) ethyl acrylate (EEEA). Acrylic IOLs are gener-
ally classified into two categories: hydrophilic and
hydrophobic. Hydrophobic IOLs typically contain
0.5%–1% water, whereas hydrophilic IOLs exhibit
a significantly higher water content, generally ran-
ging from 18% to 38% [11]. Due to their high
water content, hidrophilic IOLmaterials demonstrate

excellent compatibility with ocular tissues [12] and
have been reported to reduce the aggregation of
inflammatory cells on their surface [13]. However,
a study conducted by Ozyol et al indicated that the
hydrophilic surface may promote the proliferation of
lens epithelial cells, thereby increasing the risk of pos-
terior capsule opacification (PCO) in comparison to
hydrophobic counterparts [12]. On the other hand,
hydrophobic IOL materials possess an adhesive sur-
face that promotes tight adherence to the capsular
bag, thereby limiting the migration and prolifera-
tion of lens epithelial cells and subsequently redu-
cing the incidence of PCO [14]. However, a not-
able drawback of hydrophobic IOLs is the forma-
tion of glistenings [9] − microvacuoles that develop
within the IOL material over time. Glistenings can
lead to increased intraocular light scattering, resulting
in glare and unintended optical aberrations, which
may cause visual discomfort, particularly under low-
light conditions. A commonly accepted explana-
tion for the formation of glistenings is that water,
trapped within the hydrophobic polymer matrix,
forms microvacuoles as a result of temperature-
induced phase separation and localized expansions
[11]. To mitigate this phenomenon, increasing the
water content of the material in a controlled man-
ner has been proposed as a potential strategy to
reduce glistening formation while maintaining desir-
able optical and mechanical properties [15]. Efforts
to develop hydrophobic acrylic IOLs with reduced
glistening have led to numerous studies demon-
strating that controlled adjustment of the mater-
ial’s water content can effectively minimize glistening
formation [15–17].

Since 1949, decades of research have significantly
advanced the development of IOL materials. While
early investigations primarily focused on identify-
ing materials that were optically suitable, chemically
stable, and biocompatible, current research efforts
are increasingly directed toward optimizing material
properties and fabrication techniques to meet more
specific, individualized clinical requirements [18].

To regulate the water content within the bio-
material, the HEA monomer was incorporated due
to its well-documented biocompatibility in oph-
thalmic applications, as extensively reported in the
literature [19–22]. Additionally, the EEEA monomer
was selected as a hydrophobic component, recognized
for its reliability and favorable biocompatibility in
ocular materials [23, 24]. The copolymer structure
formed by combining these twomonomers provides a
robust foundation for achieving the intended object-
ive of this study. Furthermore, ethylene glycol di-
methacrylate (EGDMA), a widely used crosslink-
ing agent in copolymer systems, was employed. It
contains two functional groups capable of form-
ing covalent bonds between individual polymer
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chains, thereby enhancing the structural integrity and
mechanical stability of the resulting material [25].

Despite advancements in IOL materials and pro-
cessing techniques, significant gaps remain in the cur-
rent literature. In the studies conducted by Kim et al
the effects of copolymerizing hydrophobic and hydro-
philic monomers − specifically incorporating HEA
as the hydrophilic component − were investigated
with respect to the physical properties of hydrophobic
acrylic IOLmaterials. The study specifically addressed
key parameters such as glistening formation, equi-
librium water content (EWC), refractive index, and
glass transition temperature [19, 20]. However, the
literature lacks a comprehensive evaluation of how
variations in water content influence the mechan-
ical and optical properties of IOL materials. In par-
ticular, there is a notable scarcity of studies address-
ing the impact of water content on mechanical per-
formance, residual monomer content, and refractive
index. Moreover, the limited mechanical character-
ization of IOL materials hinders a thorough under-
standing of their functional advantages and limit-
ations. While several studies in the literature have
addressed the optical and mechanical properties of
IOLs [26–28], a systematic analysis linking these
properties to material water content remains largely
unexplored. However, to the best of our knowledge,
comprehensive mechanical testing of IOL materials
has not been extensively explored or systematically
investigated to date.

Therefore, this research aims to address the afore-
mentioned gaps by systematically investigating the
influence of water content on the properties of IOL
materials and providing a comprehensive character-
ization of newly developed copolymers. While this
work provides valuable insights into the structural
and functional properties of the material, biological
assessments were beyond the scope of the presen-
ted study. Nonetheless, this research aims to contrib-
ute to the development of more effective and reliable
intraocular lenses (IOL), while also enriching the cur-
rent scientific literature on IOL material character-
ization. Furthermore, by comprehensively investigat-
ing the key factors influencing IOL performance, this
study seeks to deepen our understanding of these crit-
ical parameters and support future advancements in
the medical field, particularly in the context of catar-
act treatment.

The novelty of this work was therefore to evalu-
ate the physical-chemical and mechanical properties
of the synthesizedmaterial, with a particular focus on
its suitability for IOL applications. To achieve this, a
series of characterization techniques were employed,
including Fourier-Transform Infrared Spectroscopy
(FTIR), residual monomer content analysis, EWC,
contact angle (CA) measurements, x-ray diffraction
(XRD), mechanical testing in accordance with ISO

standards, and refractive index determination. These
analyses were conducted to assess the effects of HEA
monomer concentration and associated water con-
tent on the overall performance of the copolymer
system.

2. Materials andmethods

2.1. Materials
EEEA andHEA (96.0%) were purchased from Sigma-
Aldric and used as hydrophobicmonomer and hydro-
philic monomers, respectively. As radical polymer-
ization initiator, UV-light blocker, and cross-linker,
Azobis Iso Butyro Nitrile (AIBN), 2-(2′-Hydroxy-
5′ methacryloxy ethyl PHENYL)-2 H-benzotriazole
(UV-090), and EGDMA were selected and bargained
from Sigma-Aldrich. Phosphate buffer saline (PBS)-
(Sigma-Aldrich) was utilized in the preparation,
hydration, and storage steps.

2.2. Thermal copolymerization of EEEA and HEA
Thermal copolymerization is a fundamental process
in polymer chemistry used to create copolymers with
desirable physical and chemical properties by com-
bining different monomers [29]. This article explores
the thermal copolymerization of acrylates, specific-
ally EEEA and HEA monomers, which were chosen
for their unique properties. EEEA is a monomer
with a long ethoxy chain that imparts flexibility and
improved solubility in various solvents. Its ethoxy
groups make it suitable for applications requiring
low glass transition temperatures (Tg). HEA con-
tains a hydroxyl group that makes it highly react-
ive and ideal for post-polymerization modifications.
This functionality allows for crosslinking and bond-
ing with other polymer chains or additives, enhan-
cing the mechanical strength and chemical resistance
of the final copolymer.

The process involved initiating the reaction
between EEEA and HEA in the presence of AIBN as
a thermal initiator. AIBN decomposes upon heat-
ing to generate free radicals, which initiate poly-
merization by attacking the double bonds in the
acrylate monomers, forming reactive sites. The react-
ive sites on the monomers continue to react with
other monomer molecules, creating a growing poly-
mer chain [30]. The random addition of EEEA and
HEA units to the chain results in a copolymer with
properties derived from both monomers. The poly-
merization process is terminated by combining two
reactive chain ends. The resulting copolymer has a
defined molecular weight and a distribution of EEEA
and HEA units. The ratio of EEEA to HEA affects the
copolymer’s properties, such as flexibility, hydrophili-
city, and potential for post-polymerization modific-
ations. A higher EEEA content results in a more flex-
ible and hydrophilic copolymer, while a higher HEA
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Table 1. Prepared copolymers with different HEA and EEEA monomer ratios.

Formulations F1 F2 F3 F4 F5 F6 F7 F8

HEA concentration [wt.%] 3.5 7.00 10.5 14.00 17.5 21.00 24.5 28
EEEA/HEA ratio [%] 27.5 13.2 8.5 6.1 4.7 3.7 3 2.5

content increases the potential for crosslinking and
chemical resistance.

The copolymers were synthesized using a cast-
ing mold method. Solutions containing EEEA, HEA,
3.1 wt%EGDMAas a crosslinking agent, and 0.5 wt%
AIBN as the initiator were prepared and poured into
polypropylene molds. These molds were then placed
in a vacuum oven and subjected to thermal polymer-
ization at 75 ◦C under a pressure of 50 mbar for 20 h.
Following polymerization, the samples were cooled to
35 ◦C for 1.5 h under the same pressure to complete
the curing process. The resulting copolymers were
stored in PBS for subsequent analysis. The hydrated
samples, with a thickness of∼3.20 mm, were cut into
discs with a diameter of 11.00mmor into stripsmeas-
uring∼80× 15 mm2, using a manual cutting press.

In this study, eight different copolymers with
varying EEEA to HEA ratios were prepared, and their
mechanical, thermal, and optical properties were
compared. EEEA is a hydrophobic polymer, whereas
HEA is a hydrophilic one. Our goal was to develop
a primarily hydrophobic material with a controlled
and minimal amount of water content to introduce
hydrophilic properties. Through the copolymeriza-
tion process, EEEA remained the dominant polymer,
while the concentration of HEA gradually increased
from 3.5% to 28% (refer to table 1), with the con-
centration of EEEA decreasing proportionately. The
concentration range was chosen to effectively bal-
ance the hydrophobic and hydrophilic properties. At
lower concentrations (3.5%), HEA minimally affects
the water content, ensuring that the material remains
hydrophobic. As the HEA concentration increases up
to 28%, the material gradually becomes more hydro-
philic without significantly compromising its over-
all hydrophobicity. This controlled variation enables
precise adjustment of the water content in the final
material.

The polymerization temperature influences the
rate of reaction and the molecular weight of the
resulting copolymer. Higher temperatures generally
increase the reaction rate but can result in lower
molecular weight due to an increase in termination
events. Therefore, the reaction temperature was kept
constant for all formulations. Likewise, the concen-
tration of the thermal initiator affects the initiation
rate, and the number of polymer chains formed.
Higher initiator concentrations produce more poly-
mer chains with lower molecular weights, while
lower concentrations yield fewer chains with higher
molecular weights. To eliminate the initiator effect on

Table 2.High-performance liquid chromatography gradient
system.

Gradient: time (min) Aa (%) Bb (%)

0 5 95
1 5 95
11 100 0
17 100 0
18 5 95
22 5 95
a Mobile phase A: acetonitrile LC grade.
b Mobile phase B: water LC grade.

Table 3. Compound retention times.

Compound Retention time (min)

HEA 8.6
EEEA 11.5
EGDMA 13.8

the prepared formulations, the AIBN concentration
was kept constant across all samples.

2.3. FTIR analysis
Chemical analysis of the prepared copolymers
was conducted employing a spectrophotometer
(Shimadzu, IRPrestige21, Japan). The analysis
encompassed a scanning range of 4000−500 cm−1

at room temperature (RT) to confirm the correct
copolymerization of the samples.

2.4. Monomer residue
For the monomer residue test, the following mater-
ials are required in addition to standard laboratory
equipments: analytical balance with a precision of
0.01 mg; laboratory vortex; and a membrane filter
for sample filtration, e.g. regenerated cellulose (RC)
with 0.45 µm pore size. All analysis were performed
on a Shimadzu high-performance liquid chroma-
tography (HPLC) system equipped with a diode
array detector. Reversed-phase Hi-Crom Alltima C18
(250 × 4.6 mm, 5.0 µm) column was utilized. The
injection volume was set up at 10 µl, and detec-
tion was performed at 254 nm. The oven temperat-
ure was set to 25 ◦C. The mobile phase is the gradi-
ent water and acetonitrile with a flow rate fixed at
0.7 mL min−1 . Residual monomers were analyzed
using a HPLC system with gradient flow involving
two different mobile phases (see table 2).

The retention times forHEA, EEEA, and EGDMA
are given in table 3.
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2.5. EWC studies
The EWC test was performed for all eight formula-
tions. Briefly, three samples for each formulationwere
dried at 50 ◦C for 48 h andweighed. Next, the samples
were left in an isotonic saline solution for 72 h. EWC
was calculated by reweighing the samples at the end
of 24, 48, and 72 h, using the following formula (1):

Water Content=

(
1− W1

W2

)
× 100 (1)

whereW1 andW2 denote average weights before and
after hydration.

2.6. Contact angle measurements
Polymeric networks often exhibit varying degrees of
hydrophobicity or hydrophilicity, which are com-
monly assessed through CA measurements. The CA
(generally represented by θC) is defined as the angle
between the tangent to the liquid–vapor interface and
the solid surface at the three-phase contact line. This
involves capturing video footage of a water droplet on
a solid surface and analyzing the resulting images to
determine the CA through a fitting process. In this
study, CAs of the prepared samples were measured
using the Drop Shape Analyzer System DSA 10 Mk2
(Kruss, Germany), operated under ambient humid-
ity and temperature conditions. Droplets of deion-
ized water, approximately 2.0µl in volume, were care-
fully deposited onto the sample surface for analysis.
For each formulation, three tests were performed on
different areas, and no significant differences were
observed between consecutive measurements on the
same sample.

2.7. XRD analysis
The samples were investigated in Bragg-Brentano
geometry using a Shimadzu—LABX | XRD-6100 x-
ray diffractometer (Shimadzu, Japan). The tests were
conducted using 40 kV voltage and 30 mA current,
with a scanning rate of 2◦min−1 . The XRD patterns
were collected in the range 2θ= 10–80◦.

2.8. Mechanical characterization
2.8.1. Tensile testing
To evaluate the tensile properties of the eight different
formulations, three samples from each formulation
were prepared. The test was performed on the Lloyd
LS5 universal testing machine (Ametek Inc., USA),
equipped with a 100.00 N load cell. The specimens
were cut into dog-bone shapes using a manual cut-
ting press in accordance with the ISO 527–2 standard,
yielding final dimensions of 3.20 mm in thickness,
10.00 mm in width, and 75.00 mm in overall length.
The dimensions of the samples were carefully meas-
ured at RT, using a digital caliper (Mitutoyo Corp.,
Japan) and a micrometer (Mitutoyo Corp., Japan) to
ensure compliance with the standard requirements.

Prior to testing, all samples were immersed in a saline
solution at a temperature of 35 ◦C ± 2 ◦C and a
relative humidity of 50% ± 5% for at least 72 h
to reach EWC. According to the used standard, the
sampleswere subjected to a constant deformation rate
of 5 mm min−1 until failure occurred. During the
tensile tests, the applied force and the correspond-
ing elongation of the specimens were continuously
recorded.

2.8.2. Hardness testing
Hardness measurements were conducted using an
LXD Shore A hardness tester (Loyka, Turkey). The
hardness of three samples from each formulation
was measured according to the ISO 868 standard,
using samples with dimensions of 10.00 mm in
width, 10.00 mm in length, and 3.20 mm in thick-
ness. All samples were prepared using a manual cut-
ting press and were measured at RT. The dimen-
sions of the samples were carefully measured using a
digital caliper (Mitutoyo Corp., Japan) and a micro-
meter (Mitutoyo Corp., Japan) to ensure compliance
with the standard requirements. Prior to testing, all
samples were immersed in a saline solution at a tem-
perature of 35 ◦C ± 2 ◦C and a relative humidity of
50% ± 5% for at least 72 h to reach EWC. The hard-
ness values were recorded in Shore A units.

2.9. Refractive index measurement
Refractive index was measured using a fully auto-
matic spectral refractometer (SCHMIDTHAENSCH
ATR L, Germany), at a controlled temperature of
37 ◦C. The device is capable of measuring refract-
ive index from thin solid materials. For the measure-
ment, samples of each formulation were cured in disc
form with a diameter of 11 mm and a thickness of
1mm.The disc sampleswere placed into themeasure-
ment chamber using a pressing tool, and the test was
initiated. For each formulation, three samples were
measured.

2.10. Statistical analysis
The results of water CA measurements, mechanical
testing, and refractive index investigations were ana-
lyzed using statistical models to assess variability, cor-
relation, and consistency across different formula-
tions. The coefficient of variation (CV)was calculated
for each dataset to evaluate the relative dispersion
of values. Pearson’s correlation coefficient (R2) was
utilized to evaluate relationships between wettability,
mechanical, and optical properties. Descriptive stat-
istics, including mean and standard deviation, were
computed for all tests to ensure reproducibility and
reliability.

Linear regression analysis was conducted to
identify trends within the data, particularly in mech-
anical properties, such as elongation at break and
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tensile strength, as well as refractive index measure-
ments across different wavelengths. Where applic-
able, statistical significance was determined to valid-
ate observed correlations and material performance
trends, ensuring a robust interpretation of the results.

3. Results and discussion

3.1. FTIR
FTIR analysis was employed to confirm the presence
of specific chemical bonds and functional groups,
thereby verifying the successful synthesis of the tar-
geted copolymer structure.

Figure 1 shows the FTIR spectra of the HEA and
EEEA monomers, as well as the poly(HEA/EEEA)
copolymer. While eight formulations were prepared,
the spectra of the first three formulations (F1, F2, and
F3) were selected for comparison with the monomer
spectra. This selection was made because all formula-
tions were the same, and including the spectra of the
other formulationswould be repetitive. As depicted in
the spectrum of the HEA monomer, a broad peak is
observed between 3300 and 3600 cm−1, attributable
to the presence of the hydroxyl group [31].

In the EEEA monomer spectrum, distinct peaks
are present at 2850−2950 cm−1, corresponding to
the C−H stretching vibrations of the ethoxy groups.
The ester carbonyl group shows a sharp peak in
both monomers in 1730−1750 cm−1 [32]. In the
FTIR spectra of the poly (HEA/EEEA) copolymer for-
mulations (F1, F2, and F3), the characteristic peaks
from both monomers are evident. The broad O−H
stretching band between 3300 and 3600 cm−1 con-
firms the incorporation of HEA into the copolymer.
The C−H stretching peaks at 2850−2950 cm−1 are
also present, indicating the contribution of the EEEA
monomer. The strong carbonyl stretching peak at
around 1735 cm−1 confirms the presence of ester
groups from both monomers in the copolymer.
Additionally, peaks between 1050 and 1150 cm−1,
corresponding to the C−O−C stretching vibrations,
further verify the integration of EEEA [33].

The spectra demonstrates that the copolymeriza-
tion process successfully integrates the unique func-
tional groups of both HEA and EEEA monomers,
resulting in a copolymer with combined properties.
Variations in peak intensities among F1, F2, and F3
reflect different ratios of HEA to EEEA, correlating
with the expected changes in copolymer flexibility,
hydrophilicity, and potential for post-polymerization
modifications.

In a similar study by Oucif et al various ratios
of HEA were successfully polymerized with HEMA
using free radical polymerization [22]. The hydro-
gels within the study were synthesized through the
simultaneous copolymerization and cross-linking of

HEMA and HEA co-monomers in seven differ-
ent ratios for therapeutic soft contact lens (SCL)
applications. The copolymers’ microstructures were
examined using FTIR spectroscopy. As anticipated,
all the hydrogels’ spectra displayed a broad band in
the hydroxyl region centered at 3360 cm−1, indicating
hydrogen bonding associations between the hydroxyl
and carbonyl groups of the HEA and HEMA ester
groups. Moreover, the FTIR spectra of the hydro-
gels were mainly characterized by a carbonyl peak at
1720 cm−1, indicating the vibration of the ester car-
bonyl groups. Additionally, a shoulder at 1580 cm−1

appeared, which resulted from the association of car-
bonyl groupswith hydroxyl groups through hydrogen
bonding, confirming the formation of the copolymer.

In another study, copolymerizationwas employed
to create various functional copolymers of HEA and
MMA, denoted as HEMMA (copolymer of HEA and
MMA) [34]. For this, AIBN was used as the initi-
ator and dimethylformamide served as the solvent in
a solution polymerization process. The FTIR spectra
analysis revealed a decrease in the signal at 3416 cm–1

(C−OHbond)with the reduction ofHEAunits in the
copolymers, indicating differences in the repetitive
units of HEA andMMA within the HEMMA copoly-
mers. Additionally, no HEMMA copolymer exhibited
a signal at 1638 cm–1 (stretching of −CH=CH−),
suggesting that all monomers had reacted or that any
residual monomers were removed during the purific-
ation process of the HEMMA copolymers.

3.2. Residual monomer
The quantification of residual monomer content was
conducted to evaluate the efficiency of polymeriza-
tion and to detect unreacted species that may com-
promise further biocompatibility testing.

All three monomers were dissolved in ethyl acet-
ate and injected into the HPLC system. Monomer
standards were prepared with ethyl acetate at concen-
trations of 20%, 50%, 100%, 120%, and 150%. The
HPCL chromatograms of 100% standard monomers
are shown in figure 2(a). The results show that
monomer resolution is acceptable to proceed with
the analysis. Figure 2(b) shows the corresponding
monomer peak areas characterized by different stand-
ard solutions. Monomer standard areas were used
to construct calibration curves for each monomer.
Different calibration curves for each monomer were
shown in figures 2(c)–(e). Linearity graphs were plot-
ted for each standard; it was determined that the
correlation coefficients from the graph curves were
0.999.

Subsequently, an extraction setup was established
for each formulation. Each formulation was homo-
genized, divided into equal parts, and then extracted
with ethyl acetate in the extraction setup. The extrac-
tion products were injected into an HPLC device.
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Figure 1. FTIR spectra of 2-hydroxy ethyl acrylate (HEA) and 2-(2-ethoxy ethoxy) ethyl acrylate (EEEA) monomers, and
copolymers of formulations F1, F2, and F3.

In the residual monomer analysis conducted on
the formulations, no monomers were detected in the
residual matrix injected into the HPLC system.

As illustrated in figure 3, the HPLC output for F1
only displayed a peak corresponding to the solvent
ethyl acetate, with no additional peaks observed.

From the results, no monomer residues were
found in the formulations. Although, it was noted
that some different residues (i.e. oligomers) were
detected in the HPLC system.

Residual monomers have been detected and
measured in other studies using a HPLC device [35,
36]. In addition to HPLC, instrumental devices such
as Gas Chromatography/ Mass Spectrometry (GC-
MS) have been used to detect residual monomers
[37]. Some studies have also employed HPLC devices
in the measurement of low-density polymers [38].

3.3. EWC
Swelling experiments were performed to determine
the copolymer’s equilibrium water uptake, offering
insights into its hydration capacity and its relevance
to intraocular optical performance.

Figure 4 depicts the EWC as a function of HEA
concentration (wt.%) for three different time inter-
vals: 24 h, 48 h, and 72 h. The data demonstrates a
positive correlation between HEA concentration and
EWC, with higher HEA concentrations resulting in
increased water content across all time intervals.

For the 24 h interval (blue line), the EWC starts at
approximately 2.0% for the lowest HEA concentra-
tion and rises steadily to around 8.0% at the highest
concentration. The 48 h interval (orange line) shows
a similar trend, with slightly higher EWC values

compared to the 24 h data, indicating further water
absorption over time. The 72 h interval (green line)
exhibits the highest EWC values, beginning at around
2.5% and reaching nearly 9.0%, highlighting the con-
tinued water absorption with prolonged exposure.

The observed increase in EWC with higher HEA
concentrations can be attributed to the hydrophilic
nature of the hydroxyl groups present in HEA, which
enhances the copolymer’s ability to absorb water.
Additionally, the prolonged time intervals allow for
more significant water uptake, demonstrating the
time-dependent nature of the EWC in HEA/EEEA
copolymers. This behavior is consistent with the
hydrophilic and reactive properties of HEA, mak-
ing these copolymers suitable for applications requir-
ing enhanced water absorption and retention. In this
respect, Kim et al showed the effect of hydrophilic
monomer relation with water content [20]. In their
study, they found that the water content increases
with a higher proportion of hydrophilic monomers.
Specifically, as the monomer ratio increased from 0%
to over 20%, the water content rose from 1% to more
than 2%.

3.4. Contact angle measurements
Static CA measurements were utilized to assess sur-
face wettability, providing information on hydro-
philicity/hydrophobicity with implications for pro-
tein adsorption and cellular response.

Figure 5 illustrates the CAmeasurements of water
droplets on the surface of poly(HEA/EEEA) copoly-
mers as a function of HEA concentration (wt.%).

The CA indicates surface hydrophilicity, with
lower angles signifying more hydrophilic surfaces.
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Figure 2. (a) High-performance liquid chromatogram (HPLC) showing each monomer injected into the HPLC system at 100%
standard concentration; (b) peak areas of monomers with varying concentrations; (c) linearity graph of hydroxyethyl acrylate
monomer; (d) linearity graph of 2-ethoxyethoxyethyl acrylate monomer; (e) linearity graph of ethylene glycol dimethacrylate
monomer. R2 represents the determation coefficient.

Figure 3.High-performance liquid chromatogram of the first injection of formulation 1.
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Figure 4. Equilibrium water content (EWC) relation in respect to HEA concentration for 24 h, 48 h, and 72 h.

Figure 5. Contact angle of water droplets on the surface of poly 2-hydroxy ethyl acrylate/2-(2-ethoxy ethoxy) ethyl acrylate
(HEA/EEEA) copolymers versus HEA concentration (wt.%). Data reported as mean± standard error (n= 3).

At 3.5% HEA concentration, the CA is approxim-
ately 75◦, suggesting a hydrophilic surface. As the
HEA concentration increases to 7%, the CA remains
around 76◦, indicating minimal change in hydro-
philicity at this low HEA content. When the HEA
concentration reaches 10.5%, the CA decreases to
about 68◦, reflecting an increase in surface hydro-
philicity. This trend continues as the HEA concentra-
tion increases to 14%, with the CA around 70◦, and
remains fairly constant at 71◦ forHEA concentrations
of 17.5%, 21.0%, 24.5%, and 28%, indicating a stable
hydrophilic nature.

Overall, the relationship betweenHEA concentra-
tion andwaterCA showedno significant changes. The
average CA values across concentrations from 3.5%

to 28% showed minor fluctuations, with the highest
being 76.85◦ at 7% and the lowest being 67.5◦ at
10.5%. Within the tested range, HEA concentration
does not have a significant impact on the sur-
face’s wettability, suggesting stable surface character-
istics irrespective of HEA concentration. One should
emphasize that the CA measurements demonstrated
high consistency across all formulations, exhibiting a
CV ranging from 0% to 2.7% and an R2 value of 0.89
when assessing CA variations. These findings further
confirm the stability of the surface wettability prop-
erties.

A study conducted with varying concentration
of hydrophilic monomers (i.e. HEA, HPA, HBA,
and HEMA) showed that the CA values gradually
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Figure 6. X-ray diffractograms of copolymer formulations with different 2-hydroxy ethyl acrylate (HEA) concentrations.

decreased when the HEA concentration raised from
0 to over 20% [20]. The study demonstrated that the
HEA monomer significantly reduced the water CA at
low concentrations (i.e. 0%−2%), enhancing surface
hydrophilicity. This contrasts with our findings where
no significant changes were observed from 3% to
28%. Understanding the exact reasons behind these
differences requires further investigation into con-
centration ranges, polymermatrix compositions, and
experimental conditions.

3.5. XRD
XRD analysis was used to assess the degree of crys-
tallinity and amorphous content in the copoly-
mer, facilitating interpretation of its molecular
organization in relation to mechanical and optical
characteristics.

Figure 6 presents the XRD patterns selected for-
mulations (F1, F3, F5, F6, F8) of poly (HEA/EEEA)
copolymers with varying HEA concentrations. Due
to the repetitive pattern in all formulations, only five
formulations were presented. Each diffractogram dis-
plays characteristic peaks that correspond to the crys-
talline structures of the copolymers. The XRD pat-
terns reveal distinct peaks at specific 2θ values, indic-
ating the presence of crystalline phases within the
copolymer matrix. The intensity of these peaks var-
ies with the concentration of HEA, reflecting changes
in the degree of crystallinity. At lower HEA concen-
trations, the peaks are more pronounced, suggesting
a higher degree of crystallinity. As the HEA concen-
tration increases, the peak intensities decrease, indic-
ating a reduction in crystallinity. This trend is consist-
ent across all samples, with the most significant peaks
observed at approximately the same 2θ positions. The
reduction in peak intensity with increasing HEA con-
tent suggests that higher concentrations of HEA dis-
rupt the regularity of the polymer chains, leading to a
more amorphous structure.

These XRD results complement the FTIR and CA
data, underscoring the impact of HEA on the physical
properties of the copolymers. The decrease in crys-
tallinity with increasing HEA content aligns with the
observed increase in hydrophilicity and EWC, con-
firming the role of HEA in modifying the structural
and surface properties of the copolymers. A similar
relationship was also observed in a study investigat-
ing the addition of polyhedral oligomeric silsesqui-
oxane (POSS) to PMMA lens material [39]. In con-
trast to our study, the addition of hydrophobic POSS
group increased the intensity of the XRDpeaks, creat-
ing crystalline structures to enhance the hydrophobic
properties of the material. In another study, the sur-
face properties of (i) PMMA, (ii) HEMA2-g-PMMA,
(iii) HEMA3-g-PMMA materials were designed to
reduce platelet adhesion [40]. As a result, the HEMA-
modified materials significantly decreased platelet
adhesion. These modifications, along with similar
studies, are valuable for designing more versatile
copolymers by integrating the best traits of the
monomers.

3.6. Mechanical tests
3.6.1. Elongation at break and tensile strength
Uniaxial tensile testing was carried out to quantify
the elastic modulus, tensile strength, and elongation
at break, thus evaluating the mechanical robustness
required for intraocular lens implantation.

The effect of EWC on the elongation at break and
tensile strength of the samples is shown in figure 7.
As observed, changes in the EWC of the samples res-
ulted in a nonlinear effect on the mechanical prop-
erties. This phenomenon is consistent with similar
studies in literature [41–45]. At 1.7%EWC, the elong-
ation at break was 68.4%, and the tensile strength
was 1.71 MPa. These values indicate that the polymer
is flexible at low EWC. As the EWC increased from
1.7% to 3.2%, the elongation at break varied between
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Figure 7. (a) Comparison of the inferred values of water content, tensile strength, and elongation at break for investigated
formulations. (b) Tensile strength as a function of water content. (c) Elongation at break as a function of water content. Data
reported as mean± standard error (n= 3).

63.9% and 68.8%, and the tensile strength ranged
from 1.59 MPa to 1.71 MPa. This finding aligns with
results from Yin et al [44], which demonstrated that
polymers maintain flexibility even at low moisture
levels. When the EWC increased from 4.3% to 5.2%,
a decrease in elongation at break and tensile strength
was observed. This decrease indicates that the increase
in EWC significantly reduces the mechanical prop-
erties of the samples. The significant drop at same
point can be explained by the breaking of hydro-
gen bonds within the microstructure of the samples,

leading to a weakening of their mechanical proper-
ties. As the EWC of the samples increased from 5.2%
to 6.7%, a noticeable increase was observed in both
tensile stress and elongation at break, with elongation
at break reaching 56.7% and tensile stress reaching
1.41MPa. This increase suggests that the samples par-
tially regained flexibility as they adapted to the higher
EWC.However, when the EWC increased to 8%, both
elongation at break and tensile strength decreased
again. This result indicates that the mechanical prop-
erties of the samples were initially disrupted by water
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Figure 8. The effects of equilibrium water content (EWC) on the hardness values of the investigated formulations (F1−F8): (a)
table with precise results. (b) Graphic of hardness vs. EWC. Data reported as mean± standard error (n= 3).

absorption, partially recovered once the EWC stabil-
ized, and subsequently impaired as the EWC contin-
ued to rise. This observation is consistentwith various
research findings. Thus, specific studies have shown
that water absorption can have both beneficial and
detrimental effects on the mechanical properties of
polymers. In this context, research by Hamdan et al
on hybrid-reinforced polyester composites revealed
that initial water absorption could enhance flexibil-
ity, but excessive water led to significant degradation
of mechanical properties [46].

In some cases, polymers may exhibit temporary
improvements in mechanical properties after the ini-
tial drop due to adaptation to absorbed water. This
adaptation can increase flexibility up to a certain
point, but further increases in water content typic-
ally led tomechanical deterioration. Zhang et al study
on poly (acrylic acid/acrylamide) hydrogels supports
this view, noting that while initial water absorption
can enhance mechanical properties through swelling,
excessive water content eventually causes structural
damage and performance degradation [45]. These
studies indicate that while EWC can temporarily
improve the flexibility of polymers by acting as a plas-
ticizer, prolonged exposure or higher water levels can
degrade the polymer matrix and reduce mechanical
properties.

In conclusion, the effect of EWC on elongation
at break and tensile strength is not linear. Variations
in EWC result in sudden changes and fluctuations in
the mechanical properties of the samples. The poly-
mer’s sensitivity to EWC appears to vary, with critical
thresholds present within specific ranges. This under-
scores the complex influence of hydrogen bonds
formed by water molecules in the polymer mat-
rix on its mechanical properties. Additionally, one
should note that the tensile strength and elongation
at break measurements followed the expected mech-
anical behavior, with formulations exhibiting higher
elongation at break also demonstrating greater tensile
strength (R2 = 0.87). The standard deviations for
tensile strength ranged from 0.03 to 0.14 N mm−1,
while those for elongation at break varied between
0.10 and 1.2mm. The CV values ranged from 2.8% to
7.6%, indicating moderate intra-sample variability.

3.6.2. Hardness testing
Surface hardness measurements were performed to
determine the material’s resistance to mechanical
damage such as scratching and deformation, essential
for long-term durability in ocular environments.

The effects of EWC on the hardness values of the
samples are shown in figure 8. As the EWC increased
from 1.7% to 8.0%, notable changes in hardness were
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Figure 9. Refractive index values of the investigated formulations (F1−F8). Data reported as mean± standard error (n= 3).

observed. Specifically, as the EWC rose from 1.7%
to 2.1%, hardness decreased from 57 Shore A to 55
Shore A. Further increasing the EWC to 2.7% res-
ulted in a reduction in hardness to 52.2 Shore A.
Between 2.7% and 4.3% EWC, there was a signific-
ant change in hardness values, which then remained
constant. This balance may be attributed to a more
homogeneous distribution of water molecules within
the polymer matrix and a reduction in the plasticiz-
ing effect. However, when EWC increased from 4.3%
to 5.2% and then to 6.7%, the Shore A hardness began
to decrease again. At a EWC of 8%, the decreasing
trend continued, reaching a value of 47.5 Shore A. It
is important to note that the Shore A hardness values
exhibited aCVof approximately 3.5%and anR2 value
of 0.91when comparing hardness across different for-
mulations, indicating consistent and stable material
hardness.

In conclusion, studies in the literature indic-
ate that increasing EWC weakens the intermolecu-
lar interactions within the polymer matrix, leading
to a decrease in the hardness of the polymers [47].
Another study suggests that water molecules inter-
act with polymers to increase intermolecular mobil-
ity, resulting in greater flexibility [48]. Considering
these findings, the plasticizing effect of EWC on poly-
mers affects theirmechanical properties, as evidenced
by both existing literature and our Shore A hardness
tests.

3.7. Refractive index
The refractive index of the copolymer was measured
to validate its optical transparency and to ensure com-
pliance with the designed focal requirements of IOLs.

Figure 9 shows the refractive index measure-
ments taken at 480, 545, 590, and 660 nm. The res-
ults indicate a negative correlation between refract-
ive index and HEA concentration, which is expected
as an increase in EWC causes the refractive index to
approach that of water. Also, Kim et al demonstrated
a similar relationship between HEA concentration

and refractive index [20]. In another study, the cross-
linker concentration was adjusted to control the EWC
in a acrylamide and methacrylamide-based copoly-
mer material [49].

It is important to mention that the refract-
ive index measurements exhibited minimal vari-
ation, with CV values ranging from 0.13% to
0.26%, indicating high measurement consistency.
Correlation analysis revealed an R2 value of 0.94
between refractive index measurements across dif-
ferent wavelengths, demonstrating strong internal
consistency.

These findings could be beneficial for transpar-
ent contact or IOL materials, as a higher refractive
index allows for a thinner lens. Lens thickness is cru-
cial for IOLs since they are inserted into the eye by
folding. Thinner designs may reduce potential com-
plications during insertion. For contact lenses, thin-
ner lenses improve oxygen diffusion and reduce fric-
tion between the eye and the eyelid.

4. Conclusions

In this work, acrylic-based copolymer formulations
were synthesized by incorporating different ratios of
hydrophilic HEA monomer to enhance the water
intake and adjust the copolymer’s mechanical char-
acteristics. Fourier-Transform Infrared Spectroscopy
verified the successful copolymerization by display-
ing characteristic peaks of bothmonomers in the pre-
pared samples. The analysis for residual monomers
confirmed that there are no unreacted monomers
present, indicating high purity of the copolymers.

The EWC studies demonstrated that higher
concentrations of HEA result in increased water
absorption, revealing the hydrophilic nature of HEA.
Contact angle measurements indicated that sur-
face hydrophilicity did not correlate with higher
HEA content. X-ray diffraction showed that the
incorporation of HEA affects the crystalline struc-
ture of the copolymers, potentially influencing their
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mechanical properties. Copolymers with higher
HEA content exhibited enhanced flexibility and
reduced hardness, indicating improved mechanical
performance.

Refractive indexmeasurements showed a negative
correlation between refractive index and HEA con-
centration, as increasing EWC causes the refractive
index to approach that of water. These insights are
crucial for optimizing the performance and function-
ality of copolymers in IOLs.

Overall, this study highlights the critical role
of EWC and monomer ratio in determining the
properties of acrylic-based copolymers. Optimizing
these parameters can lead to the development of
more effective and reliable IOL materials, ultimately
improving outcomes for patients undergoing catar-
act surgery. Future research should focus on fur-
ther exploring the impact of EWC on the long-term
performance, potential toxic effects, and biocom-
patibility of these materials. Additionally, explor-
ing other copolymer systems could provide valuable
insights for the development of advanced ophthalmic
applications.
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