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Abstract: As the most commonly used hydrogel material in contact lenses, the amount of water in a lens
affects its optical properties and comfort for the wearer. Therefore, an important challenge is to determine
the safety and efficacy of contact lenses by accurately and non-destructively measuring the water content
in real time. In this study, we demonstrate the accurate detection of water content in hydrogel contact
lenses using a high-precision ATR format in a portable terahertz time-domain spectroscopy system. The
technique can resolve small variations in the dielectric constant in solution, which is difficult to achieve
with traditional transmission and reflection measurement modes. Information is obtained from the
interaction between the sample and the swift waves propagating along the prism surface. The swift waves
can excite longitudinal modes that are not directly accessible by conventional techniques. It is worth
noting that the reference wave can be measured by removing the sample without disturbing the optical
path. We also enhance the plasma effect at the interface with the hydrogel by using PVDF dielectric films
of different polarities. We observed that the water content and refractive index changes in the ATR mode
show different response patterns for nonpoled PVDF and poled PVDF membranes. This suggests that
reflection and relative phase can be accurately evaluated in the THz-ATR technique, resulting in an
accurate method for determining complex dielectric constants in the reflection geometry. This will allow
accurate measurement of both surface and in vivo water content in hydrogels in the future and is a
potential technical route for application in bioaqueous tissue measurements.
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1. Introduction

A hydrogel, a three-dimensional network of crosslinked hydrophilic polymers, swells in water and
maintains structure by holding a large amount of water (about 24 — 78 v/v%)'. Hydrogels are more suitable
to fabricate contact lens as they are soft, optically transparent, biocompatible (required to maintain the
corneal and general eyeball physiological conditions) and highly permeable to oxygen®?. Additionally,
hydrogel contact lens improves wearing comfort to the consumers. Over the last five decades, the hydrogel
has emerged successful as the material of soft contact lens and others in the commercial markets-12.

In order to achieve various properties, various functional polymers and hydrogel were deigned and
synthesized for biocompatible.’*1” The key properties of the hydrogels are governed by their water content,
mainly the interactions between the polymer and the water, as observed in various aqueous systems.!8-20
The usability of the soft contact lens depends strongly on the free (water that do not interact with the
polymer) and bound (water interacting with the polymer) water content, their ability for transport of water
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and permeability to oxygen??%. The dehydration of the hydrogel lens is caused by repeated wearing;
blinking of the eyes cause air drying (open eye) and rehydration (closed eye)?. Moreover, it is influenced
by several factors such as ambient conditions?> %, thickness?!, and the use of surfactant?. Dehydration of
hydrogel lens can induce complications associated with discomfort due to — (1) mismatch between the lens
and the outer shape of the eyeball, and (2) diminishing adhesive forces between the lens and the cornea®-
31, Additionally, it can modify important properties such as radius of curvature, permeability to oxygen,
and wettability®®. Since dehydration is critical in the functionality of the hydrogel contact lens, it is
inevitable — (1) to develop new polymers for the fabrication of the contact lens, (2) to optimize of different
types of existing contact lenses, and (3) to develop methods to determine the water content of the contact
lens.

Several methods have been demonstrated for measuring water content of the hydrogel contact lenses.
Traditionally two methods have been used. The first method was based on the refractive index, although
simple in use, it was inaccurate? 363, Another method was developed based on a gravimetric technique®-
4. The water content in the contact lens was accurately measured before and after drying. The
overestimation of the true water content is possible if the moisture on the surface is not removed prior to
weighing. The other methods to determine the water content in the contact lens included
sorption/desorption experiments*, nuclear magnetic resonance (NMR)* 4, Raman spectroscopy¥, and
Fourier transform infrared (FTIR) spectroscopy* #. An aquaphotomics approach based on near-infrared
(NIR) spectroscopy and multivariate analysis was developed®. It is a rapid and non-invasive method to
examine the state of water in the hydrogel contact lens. Recently a novel tetrahertz (THz = 102 Hz) system
was demonstrated to study the dehydration process of different hydrogel contact lenses3'. THz radiation
possess unique properties, non-invasive technique with non-ionizing properties, that are suitable for
biomedical research®. The energy of THz corresponds to the intermolecular oscillations that can identify
orientations of crystal of the same molecule. THz radiation is used to determine water content of living
cells and biomaterials®, leaves®, drying paint®, and imaging for diagnosis of cancer>.

Terahertz (THz) molecular spectroscopy provides considerable scientific potential as numerous
absorption, and emission lines of molecules of interest in the chemical sciences belong to this spectral
region, where various chemical species exhibit strong characteristic rotational and rovibrational transitions.
Electromagnetic waves with frequencies between 0.3 — 10 THz or millimetre-wavelength (3 — 300 cm-1) are
defined as THz radiation. They are included in the electromagnetic spectrum between the microwave or
millimetre and the far-infrared regions. The energy for molecular rotations in the gas phase, crystalline
phonon vibrations, low-frequency vibrations, and intermolecular vibrations in the solid-state fall in the
THz energy range. In this THz energy range, numerous biological and chemical compounds exhibit
characteristic absorptions and dispersions because of vibrational transitions, mostly collective and
intermolecular vibrational modes. These THz vibrational modes provide fingerprint information for the
identification of organic molecules. Therefore, THz molecular spectroscopy has been widely used in
chemistry and related fields>.

In this work, we used the THz time-domain spectroscopy, which includes the usage of attenuated total
reflection (ATR) spectroscopy mode for enhanced signal SNR measurement. By incorporating high
precision ATR mode in a portable terahertz time-domain spectroscopy system, we demonstrated accurate
detection of moisture levels in the hydrogel contact lens. THz time-domain ATR spectroscopy enabled us
an accurate measurement of the complex dielectric function of the analyte, either in liquid or gaseous states.
This technique made it possible to resolve slight changes in dielectric constants in solution, a goal that is
difficult to achieve with the conventional transmission and reflection measurement mode. ATR mode
provides information on the interaction between the sample and the evanescent wave traveling along a
prism surface. The evanescent wave can excite longitudinal modes that are not accessed directly by
conventional techniques. It is noteworthy that the reference wave can be measured by removing the sample
without arranging the optical pathways. It shows that the reflection and relative phases can be evaluated
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accurately in the THz-ATR technique, resulting in an accurate method to determine complex dielectric
constants in reflection geometry. As a result, the proposed method is successful in improving the
calculation of the optical properties of the samples.

2. Experimental Section

We employed 2 contact methodologies and 2 types PVDF film attenuated total reflection (ATR) mode.
Figure 1(a) shows the lab setting picture of THz-TDS in transmission mode and method, Figure 1(b) shows
the schematic diagram of THz-TDS in Attenuated Total Reflection (ATR) setup. We used TERA K15 (Menlo
Systems GmbH, Germany) as source system in our experiments. The two femtosecond fibre lasers with 250
MHZz repetition rate and 90 femtosecond laser pulses with around 1.56 pm central wavelength are used to
excite two photoconductive antennas namely emitter and receiver with the coverage of bandwidth up to
3.5 THz. The THz beam is focused with TPX lenses, and the size of the focus beam is approximately 1 mm
with maximum THz output of 0.3 THz. The THz focused beam was shone on the leaf surface and
transmitted beam was collected. The ATR prism, made of silicon crystal was placed at the focal position of
the THz radiation. The incident angle of the THz pulse on the prism surface was 57-degree. The complex
dielectric constant was measured from 0.15 to 4.0 THz, with the frequency resolution set at 7.6 GHz. For
the ATR test, the reference spectrum is obtained by scanning air (sample holder without sample) with an
integration time of 20 seconds too.

For ATR test, the 2 types PVDF was developed to enhance the surface plasmonic with contact lens
during the measurement. A polyvinylidene fluoride (PVDF) polymer with molecular weight (MW) of
~534,000 (Sigma Aldrich), N, N-dimethylformamide (DMF) (Merck), acetone (Merck), and commercial
sugar (C12H22011) was used in this work. Dissolving the PVDF polymer powder in a DMF/acetone
mixture produced the PVDF solutions (50:50 in volume). 12 hours at 60 °C in a silicone oil bath with stirring
was required to completely dissolve the polymer. The PVDF foam (F-PVDF) was fabricated by mixing the
PVDF solution with commercially available sugar to form a dough-like mixture with a polymer-to-sugar
mass ratio of 1:9. As soon as the mixture had been formed, it was immediately dried in an oven at 100 °C
to remove excess solvents and ensure complete drying of the mixture. To obtain a porous structure, the
sample was removed from the mold and leached (rinsed) repeatedly in hot water to remove the sugar. On
the other hand, the samples were dried in an oven for 12 hours at 100 °C. A sample pellet with a thickness
of ~ 0.273 mm and ~ 1.5 cm was made with hydraulic pressure using ~ 46 MPa at room temperature. The
corona poling method was used to stimulate the formation of poled PVDF film (polar (3-phase in F-PVDF),
which involves raising the needle to a high potential enough to cause a partial breakdown of the air around
the needle. The surrounding air is then ionized. These ions fall down towards the sample, causing a charge
build-up on the surface and raising the surface potential. Poling was carried out on a small circular disk of
F-PVDF, cut into 270 pm thickness and charged at 60 kV. The distance between the sample's surface and
the needle was set at 3 mm. To ensure the flatness of the interface during ATR testing, all PVDF films are
covered with a 0.5 mm thick silicon wafer.
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Figure 1. An Image (a) and a schematic diagram of ATR method on PVDF-based plasmonic THz sensor for
the detection of water in the hydrogel lens.

The 270 pm thick PVDF film was deposited on a 1 mm thick high resistivity Si (100) substrate by spin
coating. We selected two setups of measurements: (1) Face-down — the hydrogel lens was pressed down by
Si/PVDF substrate on the top surface of prism, and (2) Face-up — the hydrogel lens was pressed down on
the top of Si/PVDF substrate placed on top of the prism. The enlarged ATR measurement module is shown
in Fig. 1(b). A prism was put under the Si substrate to refract the THz light into the sample for first
measurement setup, while THz light focus on the Si plate with a desired incident angle to the Si-PVDF
interface in the second measurement setup. In both the cases the TIR condition should be met. A fiber-
coupled THz-TDS system was established for the measurement. The system was built based on Tera K15
from Menlo Systems GmbH. In the THz experimental system, femtosecond fibre lasers with 250 MHz
repetition rate and 90 femtosecond laser pulses with around 1.56 um central wavelength are used to excite
two photoconductive antennas, one is used as emitter and another is used as receiver, which are fibre-
coupled. The THz pulse is generated with the coverage of bandwidth up to 3 THz. The incident angle of
the ATR setup is XX degree. The THz beam was manipulated by a set of TPX lenses and focused onto the
Si-PVDF interface.
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Figure 2. A schematic diagram of a PVDF sensor with a face-down method for the detection of water content
in the hydrogel lens (a), and the THz intensity response of the water level on non-poled and poled PVDF
sensor (b).

In the face-down method, the lens focal was between the PVDF sensor and Si prism. THz light passed
through the whole hydrogel lens due to the strong absorption of THz wavelength in water. The face-down
arrangement detected most of the absorption intensity from the hydrogel sample. The hydrogel dried as
time progressed, causing a reduction in the absorption intensity and an increase in reflection. The
absorption intensity increased with the exposure time of the lens. The non-poled PVDF showed high

reflection signal intensity with low sensitivity 2—1) < 6.2%, while poled PVDF showed high sensitivity, i—D >
o o

9.0%, after 36 min. The piezoelectric coefficient of PVDF reduced the background intensity and detected
the high response signal. However, the reflection intensity of the poled PVDF sensor was lower than that
of the non-poled PVDF due to the high interface absorption and interaction between poled PVDF and the
sample at the PVDF/hydrogel lens interface. The face-down ATR mothed was very sensitive to the amount
of water in the hydrogel with the poled PVDF suggesting its strong interfering effects with the sample.
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Figure 3. The absorbance (a) and THz refractive index (b) as a function of frequency for face-down method
with non-poled PVDF sensor, exposure times from 0 to 60 min. The absorbance (c) and THz refractive index
(d) as a function of frequency for face-down method with poled PVDF sensor with an exposure time from 0
to 60 min.

The absorbance and the reflection index (n) at different THz wavelengths with the time of test are
plotted for the face-down method (Fig. 3). The poled PVDF exhibited the same attenuation phenomenon
as non-poled films during the hydrogel dehydration. However, the polarized films showed more
characteristic absorption peaks and a lower absorption background due to strong interface absorption at
the poled PVDF/hydrogel lens interface. The water/poled PVDF interface displayed increased spectrum
response at THz wavelength, possibly due to the interface plasmonic effect, which is more sensitive at a
particular THz wavelength. For poled PVDF, the value of n did increase with the increase in the dryness of
the hydrogel at higher frequencies (> 1.5 Hz). The strong interaction at the poled PVDF/hydrogel interface
than that of the non-poled PVDF/hydrogel interface reduced the total reflection THz broadband signal.
Overall, the face-down method can be used to obtain water content in the hydrogel. The strong reflection
intensity of the non-poled PVDF at THz effectively obtained information on the varying water content in
the hydrogel during the observation period.
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Figure 4. A schematic diagram of a PVDF sensor with a face-up method for the detection of water content
in the hydrogel lens (a), and the THz intensity response of the water level on non-poled and poled PVDF
sensor (b).

In order to get more information about the interface, we wanted the light to pass through the
water/hydrogel interface first. Therefore we used an face-up approach for the measurement. The overall
signal in the face-up method was higher than the face-down method for both poled and non-poled PVDEF.
The high resistivity of Si/PVDF had higher transmission. In the non-poled PVDF film, the decrease in the
absorption intensity was lower than the face-down method due to more response signal from the interface.
However, the non-poled PVDEF/hydrogel interface was not sensitive at THz wavelength. The poled PVDF
enhances the surface plasmonic effect due to strong dielectric features [REF]. The more loss in the
absorption intensity with the exposed time, highlighted the faster loss of water from the hydrogel surface
than in the hydrogel body (Fig. 4b). It is clear that compared to nonpoled PVDF as a result of the probe film
poled PVDF derives from enhanced surface plasma effects due to its strong dialectical properties. In Fig.
4b, as the exposure time increases, loses more of its absorption intensity in the first 12 minutes, which means
that water is lost from the surface of the hydrogel more quickly than from the body of the hydrogel. Also,
the order of the PVDF/contact lens interface shows the intensity of the different interface signals; face down:
first the THz wave passes through the hydrogel before reaching the interface with PVDF, with the
plasmonic effect as an aid. Face up: first THz waves pass through the plasmonic interface before reaching
the upper body of the hydrogel. This assumes that we can observe more loss of water absorption intensity
at different locations of the contact lens through the polarisation detector as well as the order of the
interfaces.

2. At face-up method of ploed PVDF means that this is a non-destructive and fast way to detect the
distribution and changes in water content of contact lenses and other hydrogel-like materials.
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Figure 5. The absorbance (a) and THz refractive index (b) as a function of frequency for face-up method with
non-poled PVDF sensor, exposure times from 0 to 60 min. The absorbance (c) and THz refractive index (d)

as a function of frequency for face-up method with poled PVDF sensor with an exposure time from 0 to 60
min.

In the face-up method, the attenuation amplitude increased significantly in the plasmonic test model
suggesting considerable increase in the sensitivity of the detection (AD—D > 30%). The plasmonic enhanced
o

the absorption in the poled PVDF sensor and change in reflex index information. The non-poled PVDF
provided information only on water loss, although less than the face-down method due to shorter light
transmission path than in face-up method. Few absorption peaks were observed, although insignificant, in
case of non-poled PVDF face-up method compared to face-down method. However, more peak
information was obtained in poled PVDF face-up method compared to face-down method. The plasmonic
effect enhanced THz transfer to the contact lens, which induced more information at the interface than the
non-poled PVDEF sensor (Fig. 5a and 5b). A downward trend was observed in the intensity of the absorption
peaks for 0-5 min, which was significantly different from the samples tested in other modes (Fig. 5c-5d).
The trend suggested a presence of water at the PVDF/hydrogel interface in the poled PVDF for 0-5 min. As
shown in Fig 5c, in the high frequency section (1.6-2.0Hz) the absorption changes are more pronounced,
but the noise is also strong. This is likely to be the response of other organic molecular bonds in the contact
lens to the spectrum. In contrast, in Figure 5d, it can be seen that the higher frequencies have a higher reflex
index n, and all show a consistent enhancement in the first 5 minutes, which then diminishes and stabilises.
This also verifies that there is a process of interfacial water composition change and stabilisation at the

8


https://doi.org/10.20944/preprints202305.0200.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 May 2023 d0i:10.20944/preprints202305.0200.v1

interface between the poled PVDF and the contact lens. This signal can only be amplified by the
enhancement of the surface plasmonic effect. The interfacial water content reached equilibrium for time
greater than 5 min suggesting start of water loss from the contact lenses at the interface, which is not
reported in the previous detection methods [REF].
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Figure 6. The absorption spectra of the hydrogel lens at the sensor surface at different times, (a) Omin, (b) 8
min, (c) 20 min and (d) 50 min.

Figure 6 gives the variation of the THzp spectrum between 0 and 2Thz with time, with different shifts
and changes in the spectrum in each band as expected. The water absorption shows broad peaks at
around 1.1 THz and 1.6-2 THz. The front peak below 1 THz was from the polymer chemicals. A peak was
observed from 0.4-1.6 THz after 3 min (Fig. 6a). Apparently at the beginning the water absorption
frequency peak shows a high intensity and a large amount of water is observed in the sample surface.
However, as time progresses the water peak diminishes, and the chemical fingerprint peak becomes more
pronounced. This just dynamically indicates that water starts to be gradually lost from the surface of the
contact lens. As can be seen, our established test model suggests that poled PVDF in face-up mode is more
sensitive to the water content of the hydrogel interface. With detailed calibration of the individual
characteristic peaks and j-calibration, the water, organic and chemical content of the hydrogel material can
be detected more accurately in the future.
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3. Conclusions

By employing high precision ATR modes in a portable terahertz time-domain spectroscopy system
and attempting to optimise and analyse information about the interaction between the sample and the swift
waves propagating along the prism surfacel to detect changes in the surface and body water content of
hydrogels. The testing and optimisation of the plasma effects at the medium/hydrogel interface resulted in
an accurate method for determining complex dielectric constants in the reflection geometry based on the
THz-ATR technique. This provides a novel detection method for the future accurate measurement of the
content and distribution of water components in biological materials.
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