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Abstract: Many individuals suffer from myopia or hyperopia and astigmatism owing to the refractive
defects of the eye optics or because of the use of inappropriate contact lenses. This study dealt
with three polymers Poly(methyl methacrylate) (PMMA), Poly(Hydroxyl methacrylate) (PHEMA),
and Poly(glycidyl methacrylate) (PGMA) and doping them with TiO, nanoparticles to evaluate the
difference between the effect of each lens on the human eye. The TiO, NPs were prepared in this
work by the sol-gel method to obtain 70-90 nm sized particles. Modulation transfer (MTF) and spot
diagram were assessed to measure ocular performance. The PGMA-TiO, contact lens provided the
highest image quality at the lowest probability (P) of about p < 0.0001 when inserted on an aberrated
eye system because of its ability to eliminate the chromatic aberrations created inside the eyes having
a smaller spot size.

Keywords: contact lens; PMMA-TIO,; PHEMA-TiO,; PGMA-TiO;; high refractive index

1. Introduction

Medical contact lenses are used to correct refractive errors and treat visual deficiencies.
The soft toric, rigid gas permeable (RGP), and mini-scleral lenses have been particularly
effective in improving vision in patients with high or irregular astigmatism, keratoconus
(KCN), and damaged or scarred corneas. Today, more than 88% of the world’s contact
lens wearers use soft contact lenses, while the remaining approximately 12% use gas
permeable (hard or rigid) contact lenses [1]. Soft contact lenses are typically prescribed
under specific state laws in the United States by specifying the brand, base curve, diameter,
and power. The use of contact lenses, however, has often been associated with some
unwanted alterations in the cornea [2]. Those alterations have been driven by several
factors including mechanical stress and altered corneal metabolism as a result of hypoxia
and hypercapnia [3]. The adverse effects of wearing contact lenses can appear in all layers
of the cornea, that is, the epithelium (e.g., microcysts and changes in junctional integrity),
the stroma (e.g., stromal edema and stromal acidosis), and the endothelium (e.g., bleb
formation and polymegethism) [4]. When prescribing contact lenses, there are many factors
to be considered, including occupational and lifestyle needs of the wearer, use of digital
devices, and type of work environment. For patients who participate in sporting activities,
knowledge of the environmental conditions is required, that is, exposure to dust, water,
temperature, altitude, and UV, as well as body movement and contact involved in that
sport [5]. One must also consider convenience, ease of use, handling capability, and budget
of the wearer, and therefore, a thorough case history is essential [6].

For more than 60 years, companies producing contact lenses have been manufacturing
lenses from a mixture of polymers with different properties to obtain a comfortable lens
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that is suitable for human eye tissue [7]. Comfort can change dramatically from one lens
brand to another due to a number of factors, including the material, peripheral lens design,
thickness, and the shape of the edge [8]. This is important, as lens comfort is the major
reason for patients’ discontinuation of contact lens wear [9].

When evaluating a contact lens physically, the refractive index (n) is often used as
a criterion for evaluation in addition to the Abbe number (v4), the flexibility of the lens,
and whether it is hydrophilic or hydrophobic [10]. As it is known, the lens is a refractive
surface that has a certain n value according to the materials it is made of. Previous
researchers have resorted to increasing n in various ways, including doping the polymer
with metal oxides such as TiO; [3], ZnO [4], Al,O3 [5], and other nanoparticles (NPs) [6].
However, manufacturers still rely on a refractive index that is lower than the refractive
index of the corneal surface, which means that these lenses have a high dispersion index,
which increases the possibility of aberrations being generated in the image formed on the
retina. The use of TiO, in medicine extends beyond the development of drug delivery
methods and the use of chemotherapeutic vehicles [11-15]. Particle type, surface charge,
surface coating, size, dose, and exposure route all affect the pharmacokinetics of metal NPs,
including TiO; [16]. TiO, NPs have been used due to their bioavailability in pharmacy [17],
particularly in pharmaceutical chemistry and technology [18], as well as in medicine [19],
particularly in the rapidly increasing fields of dentistry and surgery. The TiO, forms
are chosen for possible dental, surgical, and pharmaceutical uses. This study dealt with
three polymers Poly(methyl methacrylate) (PMMA), Poly(Hydroxyethyl methacrylate)
(PHEMA), and Poly(glycidyl methacrylate) (PGMA) and doping them with TiO; NPs to
evaluate the difference between the effect of each lens on human vision.

2. Materials and Methods

PMMA of 99% purity was obtained from interchimiques SA, France. HEMA and
PGMA of purity > 99% were obtained from Sigma Aldrish, Selangor, Malaysia. TiO,
NPs were prepared using the sol-gel method [20]. Tetra butyl titanate (Ti-(OC4Hy)) was
dissolved with absolute ethanol and contained in acetone and acetic acid. The mixture
was left dark with constant shaking for 30 min. After that, a mixture of pure ethanol with
non-ionic water was added with continuous shaking for 2 h. Note that the initial ratio of
Ti(OC4Hy) reactants by 1 mol, 30 mL ethanol, 3 mL water, 2 mol acetic acid, and 1 mol
acetone was followed by filtration, drying, and burning at 550 °C. Chloroform was used to
dissolve the PMMA, PHEMA, and PGMA polymers. A total of 10 mL of an ethanol and
xylene mixture (50:50) was dissolved with 0.1 g TiO, NPs to obtain the doped PMMA-TiO,,
PHEMA-TiO,, and PGMA-TiO; contact lenses at 0.005 w/v. Scanning electron microscopy
(SEM) was performed by SEM 54032-GE(02-0002 /8038 (MIRA3/ Austria) for morphological
characterization. The refractive index was measured by an Abbe refractometer at wave-
lengths 486.1, 587.6, and 656.3 nm, whereas the Abbe number was calculated using the
following formula [21]:
(np — 1)
(np — nc)

v4: Abbe number, and n¢, np, and np are the refractive indices of the polymer films at
wavelengths of 656, 589, and 486 nm, respectively. After measuring and calculating n and
vq of each lens, the lenses were inserted on the aspherical corneal surface of the Liou and
Brennan eye model [22] and modeled by ZEMAX 13-Realease 2 SPA4 software with input
parameters shown in Figure 1 [23].

Optical properties of these nanocomposites were measured by UV-Vis transmission
spectroscopy UV-1601 PC (Shimadzu/Japan). All of the prepared nanomaterial struc-
tures were investigated by the X-ray diffraction (XRD) pattern by Philips XPERT-MPD
diffractometer and Scherrer equation to calculate the crystallite size (D) [24]:
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where k = 0.9 is a dimensionless geometric factor that accounts for the particle shape, Acyx«
is 1.54 nm, f is the full width at half maximum (FWHM) of the most intense diffraction
peak, and 6 is the diffraction angle. TiO, NPs were weighed by analytical balance from AS
Radwag 220/C/2, and the magnetic stirrer was used to agitate the solution for speeding
up the reactions and improving mixtures.

R=7.734 *All diameters are measured in mm
T=0.1
Contact lens K=-0.109

PD=8

R=7.77 \
T=0.55 4
Cornea N=1.376 i «\ )
ve=50.23 L/
K=-0.18 ‘W
PD=10 / W
A  R=-12
Pupil :14;15(:)333 Retina PD=10
PD=4 R=-8.1
T=16.24
Ri=o n=1.336
Lens T.=1.59 Vitreous humor ve=50.23
T.=2.43 K=0.96
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Figure 1. ZEMAX software parameters in. R: the radius of curvature of each surface, T: thickness of
each surface, K: the conic constant, PD: entrance pupil diameter, and R1, R2, T1, and T2 are the front
radius of curvature, back radius of curvature, front surface thickness, and back surface thickness of
the crystalline lens, respectively.

3. Results

First of all, in this paper, PMMA, PHEMA, and PGMA were tested and doped with a
range of TiO, NP concentrations from 0.0001, 0.005, 0.0075, to 0.01 w/v. Through laboratory
testing, it was found that the best properties were obtained in all nanocomposites when
using a concentration of 0.005 w/v. When the NP percentage was high, the films were less
transparent and had a dotted surface, while the lowest percentage was unsuccessful in
terms of raising the refractive index of the nanocomposites used. The prepared samples
of the mentioned concentrations for PMMA-TiO,, PHEMA-TiO,, and PGMA-TiO, are
shown in Figure 2. TiO, NPs are considered biologically inert according to international
classifications with human and animal tissues. Additionally, TiO, NPs are a natural material
that has relative acceptance by the public [25]. XRD analysis is a commonly used technique
to assess the crystallinity of metals and non-metals [26]. The TiO, NP size was calculated
from Equation (2) for more confirmation. All the patterns of the prepared samples were
plotted in one graph to illustrate and compare the shift in peaks due to the doping. The XRD
patterns of the prepared bulk TiO, and the PMMA-TiO,, PHEMA-TiO;, and PGMA-TiO,
nanocomposite specimens were recorded at 40 KV and 40 mA and plotted within the range
10° <20 <90° in Figure 3. As shown, the wide bands indicate the presence of crystalline
TiO, NPs.

To find out the spectral transmittance of each of the prepared samples, the transmit-
tance data for the range of 300-800 nm were recorded by UV-Vis transmission spectroscopy
using UV-1601 PC. In research dealing with the subject of medical contact lenses, it is
necessary to know whether this lens works to block UV rays from the eye through this
analysis [27]. Figure 4 shows the effect of doping PMMA, PHEMA, and PGMA with TiO,
NPs on visible light transmittance and UV blocking. PMMA-TiO, recorded >96% of light
transmittance in this work. Random areas in each sample were selected to study the surface
morphology by means of SEM. However, the homogeneity of the nanomaterial was clear
through its effect on the ability of the prepared films to block UV light and pass visible light.
UV spectroscopy can give the researchers a rough idea of the homogeneity or heterogeneity
of a nanocomposite as the homogeneous nanocomposites follow the Beer-Lambert law, while
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the heterogeneous nanocomposites show deviations from the Beer-Lambert law because of
the phenomena of absorption and transmittance. SEM images illustrated the morphological
topography of each sample. Figure 5 illustrates the surface morphology characteristics of the
prepared samples through the SEM images at different magnifications. In this figure, different
sizes and shapes of TiO; NPs appeared imbedded in the polymer matrices.

i. 0.0001 wt/vol ii. 0.005 wt/vol iii. 0.0075 wt/vol iv. 0.01 wt/vol
a.
PMMA-TiO2
b.
PHEMA-TiO2
C.
PGMA-TiO2

Figure 2. The prepared samples in the laboratory to choose the best TiO, NP concentration of
(a) PMMA-TiO;, (b) PHEMA-TiO;, and (¢) PGMA-TiO,. Each nanocomposite was prepared in the
four concentrations: i. 0.0001 w /v, ii. 0.005 w/v, iii. 0.0075 w/v, and iv. 0.01 w/v.

%ZJ[\H

PMMA-TiO,

%HEMA-TiOZ

Y : : PGMA-TiO,

/)

Figure 3. XRD patterns of blank TiOp, PMMA-TiO,, PHEMA-TIO,, and PGMA-TiO,.
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Figure 4. UV-Vis transmittance of blank TiO,, pure PMMA, PHEMA, and PGMA polymers, and
doped nanocomposites PMMA-TiO,, PHEMA-TiO,, and PGMA-TiO;.

Figure 5. Cont.
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Figure 5. SEM images for (a) TiO, NPs, (b) PMMA, (c) PHEMA, (d) PGMA, (e) PMMA-TIO,,
(f)y PHEMA-TiO,, and (g) PGMA-TiO,.

The refractive index curves of each of the three polymers were plotted before and after
doping with TiO, NPs as a function of wavelength (in nm) with a range 480-660 nm [28].
The graphs were inserted under the MTF chart to show the relationship of the refractive
index for improving or worsening the MTF function, which refers to the dissipation of
energy spread on the retina as illustrated from the spot diagram [29]. Figure 6a shows
the worst retinal images that were achieved when the pure polymers were applied as
CLs because of their low index of refraction. Figure 6b clearly proves that all of the
hybrid contact lenses had good contrast at low frequencies (less than 20 cycles/mm) and
degradation of the contrast over 0.5; this is clear from the smaller spot size accumulated on
the retina shown in Figure 6c.
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PMMA-TIO2
RMS:2.734

PHEMA-TIO2
RMS:2.716

PGMA-TIOZ2

RMS:2.665

Figure 6. Polychromatic MTF simulation curves of (a) prepared contact lenses, (b) TiO, NP-doped
contact lenses, and (c) the spot diagram of the prepared contact lenses.

4. Discussion

XRD patterns were recorded on a Philips XPERT-MPD diffractometer to evaluate the
modification of the polymer matrix after doping them with the TiO, NPs to increase their
refractive indices [26]. TiO, NPs of 70-90 nm were characterized with the anatase phase
peaks appearing in Figure 3 at 25.5°, 37.7°, and 48.2° which belong to the planes (101),
(004), and (200), respectively. PMMA-TiO; that found 26 = 26.04°, 42.95°, and 57.03 were
assigned to (100), (101), and (111) planes, respectively. However, both PHEMA-TiO, and
PGMA-TiO, had no significance shift in their patterns [30].

All of the nanocomposites were highly transparent in the visible range after doping
them with TiO, NPs. Transmittance of all films was higher than 95%, indicating the
homogeneity and compatibility of doping PMMA with TiO, NPs [31]. Figure 4 shows
that due to the effect of doping PMMA with TiO, NPs, the transmittance percentage
reduced to 98-96% [32]. However, the prepared nanocomposites were transparent and
maintained value of transmittance above 95% in the visible region. The observed higher
transmittance for the prepared PMMA-TiO, nanocomposites was much better than what
had been obtained in some previous investigations [33]. Theses lenses worked as a UV
blocker due to lower transmittance values in the UV region. This agrees with the results of
a previous investigation [34]. Both PHEMA-TiO; and PGMA-TiO; contact lenses showed
the same light transmission indication in blocking the UV region which was less than the
PMMA-TiO; lens due to the scattering generated from agglomerating the TiO, NPs during
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the preparation. The change in n values at 486.10 nm, 587.60 nm, and 656.30 nm was
attributed to the dispersal phenomenon. This alternation-produced hybrid nanocomposite
v4 values for the samples were obtained at 31.00, 54.00, and 60.80 for PMMA-TiO,, PHEMA-
TiO,, and PGMA-TiO, contact lenses, respectively. The effect of the epoxy group on the
optical properties of the PGMA-TiO, composite could be summarized as highly transparent
in the whole visible range [35], exhibiting a transparency of approximately 90%. The sharp
UV-Vis transmittance spectra onsets also indicated that TiO, nanocomposites do not
scatter light to any appreciable extent in the visible range. When preparing high refractive
index nanocomposites, the concern for transparency loss is primarily due to scattering by
nanoparticles within organic polymers.

The surface morphology of 0.005 w/v PMMA-TiO,, PHEMA-TiO,, and PGMA-TiO,
specimens at different magnifications are shown in Figure 5. Different sizes and shapes
of TiO, NPs were embedded in the PMMA, PHEMA, and PGMA polymer samples; the
pure PMMA, PHEMA, and PGMA. The polymers” morphological images are shown in
Figure 5b—-d. According to the prepared TiO, NP characterization, the XRD patterns showed
a TiOy NP crystallite size of 70-90 nm with a particle size range of 10-30 nm (see Figure 5a).
XRD measures the grain size using the Scherrer equation but SEM measures particle size.
Some areas on the surface of the PMMA-TiO, sample in Figure 5e clearly show the doping
of the polymer and the homogeneity of the nanomaterial within the polymer matrix [32].
Due to the agglomeration of TiO, NPs in the PHEMA network as shown in the SEM image
in Figure 5f, the transmittance of visible light in this sample decreased due to making these
particles an obstacle to the passage of light in one direction. Finally, Figure 5g shows a
more homogeneous distribution of TiO, NPs and more surface adhesion with PGMA than
with PHEMA [36]. Most medical contact lenses depend in their installation on the use of
PHEMA as a basic polymer in their manufacture [37], but the physical problems resulting
from it make contact lenses made of them less desirable because of related complications,
visual problems, and discomfort it causes when wearing [2].

MTF criteria were used to characterize retinal image sharpness and contrast [38].
In Figure 6a,b, the difference in the area under the curve shows that the best effect of
metal nanoparticles appeared when mixed with PGMA with 2.665 spot size, which gave
the highest image clarity and which approached the response of the diffraction limit,
representing the ideal vision system. From the spot diagram and n value at each wavelength
presented in Figure 6c, we concluded that the chromatic aberration generated as a result
of high v4 values was responsible for the decay of the MTF curve for PMMA-TiO, and
PHEMA-TiO,, and consequently, for the increase in the size of the spot in which the
image was focused on the retina [39]. The refractive index indication of the prepared
nanocomposites increased with increasing TiO; NP concentration due to the polymer
density increment (n = ¢/v), whereas v4 values exhibited an opposite trend. Such refractive
indices are superior to commercial CLs (1.43) as well as those reported by others [34] using
different polymers [40]. This discussion above encourage researchers to raise the index
of refraction and maintain the balance with the dispersion coefficient by choosing a TiO,
concentration of 0.005 w/v.

5. Conclusions

Light transmission across the light spectrum may vary from material to material for
several reasons, including whether they have UV blocking capabilities. The prepared
transparent TiO,-doped nanocomposites showed acceptable features to be used in man-
ufacturing a medical contact lens. Contact lens manufacturers still rely on a refractive
index that is lower than the refractive index of the corneal surface, which means that
these lenses have a high dispersion index that increases the possibility of generating an
aberrated image. This study dealt with doping PMMA, PHEMA, and PGMA with TiO,
NPs for evaluating the difference between the effect of each lens on human eye vision
supported by a theoretical study based on the design of the Liou and Brennan eye model
using ZEMAX 13-Realease 2 SPA4 optical design. From this study, we concluded that TiO,
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is a good candidate for raising the n value of the lens to close to the refractive index of
human eye tissue. This in turn enables the lens to eliminate distortions that occur as a result
of scattering and optical refractions. The higher image quality showed a smaller spot size
in the spot diagram because some of the rays accumulated in distant points from the spot
center on the retina. Taking into account the selection of a proper polymer is necessary to
maintain a balance between n and vg4.
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