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The eyes provide rich physiological information and offer diagnostic potential as a sensing site, and probing
tear constituents via the wearable contact lens could be explored for healthcare monitoring. Herein, we
propose a novel adhesive contrast contact lens platform that can split tear film by natural means of tear
secretion and blinking. The adhesive contrast is realized by selective grafting of a lubricant onto a
polydimethylsiloxane (PDMS)-based contact lens, leading to high pinning zones on a non-adhesive
background. The difference in contact angle hysteresis facilitates the liquid splitting. Further, the method
offers control over the droplet volume by controlling the zone dimension. The adhesive contrast contact
lens is coupled with fluorescent spectroscopic as well as colorimetric techniques to realize its potential as
a diagnostic platform. The adhesive contrast contact lens is exploited to detect the level of lactoferrin in tear
by sensitizing split droplets with Tb®" ions. The adhesive contrast contact lens integrated with a
fluorescence spectrometer was able to detect the lactoferrin level up to a concentration of 0.25 mg mL ™.
Additionally, a colorimetric detection based on the fluorescence of the lactoferrin-terbium complex is
demonstrated for the measurement of lactoferrin, with a limit of detection in the physiological range up to
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Introduction

The eye contains abundant physiological information and
metabolite biomarkers that are currently being investigated
via a wearable diagnostic platform such as a contact lens.
Owing to the advances in electronics, microfabrication
techniques, materials, and sensing technologies, the potential
of contact lenses as a disease diagnostic platform via probing
various biochemical/physical parameters has recently been
under intense investigation."® Moreover, the tear fluid-
contact lens interaction has been extensively studied for the
development of self-moisturizing contact lenses, contact lens-
based sensing platforms, lower protein adsorption, and
antibacterial contact lenses.*" The surface wettability of the
contact lens plays a crucial role in the lens surface-tear film
interaction."” Inspired by naturally occurring surfaces,
researchers are employing various strategies to fabricate
superhydrophobic, superhydrophilic, and wettability contrast
surfaces."'* The precise control of hydrophobic and
hydrophilic properties at the interface through modification
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of the surfaces via chemical or physical methods has opened
a myriad of applications, including water harvesting,
microfluidic platforms, and concentration enrichment of
analyte molecules for chemical analysis.">™” Among these,
wettability contrast droplet assay platforms via selective
modification of the surface via chemical or physical
approaches and by utilizing the wettability or adhesion
difference for droplet splitting have been gaining more
attention recently. Such platforms offer unique advantages
such as consuming less sample volume, facilitating parallel
processing, generating more and better-quality data for
comparative as well as multiplexed analysis, and having
limited space requirements. The spontaneous splitting of a
droplet into multiple smaller droplets and integration with
various sensing platforms has shown great potential,
especially when integrated with optical spectroscopic
studies.'®® However, most of these studies were carried out
on flat surfaces and thus limit real-life applications where the
surfaces are non-flat. To the best of our knowledge, no
studies have been reported on curved surfaces such as contact
lenses that utilized them for tear fluid splitting via adhesion
differences of the substrate or employed optical sensing for
tear fluid constituent measurements.

In the burgeoning research field of wearable devices for
healthcare monitoring and diagnosis, contact lenses are
emerging as a preferred candidate. Contact lenses offer a
sensing platform for intraocular pressure, temperature,
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glucose, pH, and nitrites.®> However, most of the sensing
contact lens-based platform relies on the complex fabrication
of microchannel networks for guiding tears to sensing
chambers or multilayer material fabrication, as well as
inorganic or 2D nanomaterials for sensing, whose toxic
effects have not been investigated in detail."*° In contrast,
herein, a novel, simple and facile adhesive contrast contact
lens concept is employed wherein the adhesive contrast
facilitates the tear film splitting, and these zones act as
platforms for spectroscopic analysis of the tear constituents.
More importantly, the adhesive contrast is realized by
chemically grafting biocompatible silicone oil selectively onto
PDMS-based contact lenses via an oxygen plasma treatment
approach. The lubricant grafting turns the PDMS surface
non-adhesive and reduces the contact angle hysteresis,
which, in turn, is expected to favour eyelid movement due to
reduced friction. Conversely, the pristine or non-oil-grafted
PDMS region remains a droplet-pinning region due to its
inherent high contact angle hysteresis. The contact angle
hysteresis  difference  between the lubricant-grafted
background and pristine PDMS zones results in the splitting
of the tear film. This novel approach allows the tears to be
collected in the specified zones of the contact lens by
completely natural means, such as normal secretion and
blinking. The current work stands out from all published
works because of its novel fabrication method, which allows
the creation of adhesive contrast on curved surfaces as well
as flat surfaces. Moreover, the adhesive contrast on the
contact lens surface is a unique platform for tear fluid
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fluorescence spectroscopy with the adhesive contrast contact
lenses, sensitive detection of lactoferrin can be achieved.
Lactoferrin is a critical glycoprotein and a potential
biomarker in ocular health screening, such as dry eye
disease. Fluorescence spectroscopy coupled with the adhesive
contrast contact lenses allows the detection of lactoferrin up
to a concentration as small as 0.25 mg mL™". Additionally, a
less sophisticated method of colorimetric detection of
lactoferrin on the adhesive contrast contact lens is
demonstrated with a lab-built, cost-effective illumination
setup. It is envisaged that with further development, adhesive
contrast contact lenses will facilitate a novel, cost-effective
and reliable screening tool for advanced eye-care
applications.

Experimental
Materials

Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning),
silicone oil (350 cSt, Sigma Aldrich), human lactoferrin
(Sigma Aldrich), terbium(im) chloride hexahydrate (TbCl;-6H,-
O, Sigma Aldrich), tris(hydroxymethyl)aminomethane buffer
(TRIS, Sigma Aldrich), artificial tears (carboxy-methylcellulose
sodium eye drops IP 0.5% w/v, Refresh Tears, Allergen), and
acridine orange (Himedia).

Preparation of adhesive contrast contact lens

The fabrication of adhesive contrast PDMS contact lenses
involves two steps: first, the fabrication of PDMS-based

analysis. The study also reports that by integrating  contact lenses, followed by the selective grafting of
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Fig. 1 Schematic of fabrication of a) a PDMS contact lens via mold casting and b) an adhesive contrast contact lens via selective lubricant

grafting.
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silicone oil (Fig. 1). The choice of PDMS for the present
study stems from the fact that this material is
transparent, flexible, biocompatible and has been used in
a wide range of bio-applications. It has high oxygen
permeability, making it advantageous for making contact
lenses. PDMS has been extensively used in the literature
for the fabrication of contact lenses, especially smart
contact lenses, with applications in drug delivery and
sensing.> > Herein, the PDMS contact lenses were
fabricated via the mold casting method using a pair of
smooth convex and concave metallic molds, as shown in
Fig. 1a. The molds were created with metallic parts using
a lathe, followed by manual polishing. The molds were
machined to deliver a contact lens with a cord diameter
of 15 mm and a base radius of 8.5 mm. The separation
between convex and concave molds determines the
thickness of the contact lens, which, in this case, is ~70
pum. The PDMS base and a crosslinking curing agent were
thoroughly mixed in a ratio of 10:1 and desiccated to
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remove air bubbles. A few drops of the mixture were
added to the concave mold, and the convex mold was
pressed against the PDMS film. PDMS was cured at 80 °C
for 30 min. After cooling to room temperature
spontaneously, the PDMS contact lenses were carefully
peeled off from the molds. The second step involves the
selective grafting of silicone oil onto the contact lens
surfaces; this circular spot of different diameters was
made on the contact lens surface with a marker pen. The
spots of different sizes ranging from 1 mm to 2.5 mm
were placed outside the central optic zone (diameter 8
mm), as shown in Fig. 1b, so that the droplets after tear
film splitting were not in the line of sight (optical zone)
and did not impact the user's vision. The masked contact
lenses were then exposed to oxygen plasma with a power
of 90 W for 60 seconds (Femto low-pressure plasma
system, Diener Electronic, Germany); immediately after
this, a drop of silicone oil was spread on the lens surface
and allowed to react for 24 hours under room conditions.
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Fig. 2 a) Sessile drop images on pristine PDMS and oil-grafted PDMS on a flat surface and contact lens; b) advancing, receding, and contact angle
hysteresis on a pristine as well as an oil-grafted PDMS surface; c) change in velocity of a 10 pL-water droplet with a tilt angle on a uniformly oil-
grafted PDMS surface; and d) droplet pinning and non-adhesive behaviour of pristine and oil-grafted PDMS, respectively, towards water and

artificial tear on a contact lens surface.
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The unbound oil and mask were cleaned with toluene
and Milli-Q water by ultrasonication.

Contact angle measurements

The nature of surface wetting was investigated using a
commercial contact angle instrument (Holmarc, India). Static
contact angles were determined with a 5 puL drop volume.
The data were collected from at least three different positions
on each sample. Advancing and receding contact angles were
determined by increasing and decreasing the drop volume
between 2 and 15 pL at a rate of 1 uL min .

Results and discussion

The surface wettability of the silicone oil-grafted substrate
was measured in terms of the equilibrium water contact
angle (WCA), a 10 uL droplet onto the non-grafted and
grafted substrate, which was found to be 108 + 2° and 113 +
20, respectively (Fig. 2a). The WCA of the droplet was
measured at different locations of the substrates, and there
was no significant difference in terms of the WCA. The WCA
values are well within the error bar. The contact angle
hysteresis measurement reveals that even though there are
no significant changes in terms of the WCA, advancing and
receding contact angles changed after lubricant grafting
(Fig. 2b). The large difference between advancing and
receding contact angles on pristine PDMS yields a contact
angle hysteresis of 41° (Fig. S1f). Conversely, lubricant
grafting substantially changes the advancing and receding
contact angles, especially an increase in the receding contact
angle, resulting in a lower contact angle hysteresis of 12°
(Fig. S2f). The change in the contact angle hysteresis
confirms oil grafting, similar to our previous report.’> To
investigate the non-adhesive nature of the silicone oil-grafted
substrate against a water droplet, the behaviour of a 10 pL
water droplet was investigated for different tilt angles. It is
observed that the water droplet starts to move downwards for
a tilt angle of 40°, beyond which the droplet starts to slide
spontaneously at a velocity that is found to increase
exponentially with the sliding angle (Fig. 2c). The droplet
velocity increases from 0.12 mm s to 3.2 mm s ' while
changing the angle from 40° to 90°. It is pertinent to note
here that the water droplet adheres strongly to the non-
grafted substrate, and a 10 pL water droplet adheres to the
substrate even when the substrate is tilted upside down (a tilt
angle of 180°, Fig. S31). To investigate the non-adhesive
behavior on the contact lens surface, PDMS-based contact
lenses were fabricated with a base radius of 8.5 mm and a
cord diameter of 15 mm using the mold casting method,
onto which the lubricant was grafted uniformly. The contact
lenses uniformly grafted with lubricant exhibit sliding off of
the droplet of water with an average velocity of nearly 1.5
mm s', as shown in Fig. 2d (Video V1t). In contrast to the
lubricant-grafted surface, the high contact angle hysteresis of
pristine PDMS causes the pinning of the droplet on a curved
contact lens surface. Fig. 2d also shows the non-adhesive
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Fig. 3 a) Transmission spectra of pristine PDMS and oil-grafted PDMS;
photographs of b) pristine and c) oil-grafted contact lenses; d)
photograph of the fabricated contact lens, and a microscopic view of
the cross-section of the contact lens.

property of uniformly grafted lenses against a drop of
artificial tear solution, showing similar behavior to that of
water (Video V17).

Optical transparency is of crucial importance in the case
of contact lenses, especially in the visible region. PDMS is
intrinsically highly transparent in the visible region, and even
after lubricant grafting, the transparency is not reduced, as
evident from the transmission spectra (Fig. 3a). The grafted
and pristine PDMS show good optical transparency, with a
percentage transmission of ~90%. The photographs of the
lenses are also shown in Fig. 3b and c. Herein, the well-
known compression moulding technique is adopted for
contact lens fabrication. This technique allows the
fabrication of thin contact lenses, where the thickness is

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 a) A droplet of water and an artificial tear splitting to a smaller droplet while sliding across adhesive contrast surface of zone diameter 2
mm:; b) variation in the volume of droplet after splitting with zone dimension (scale bar = 1 mm); c), droplet array on fabricated adhesive contrast
surface after splitting a drop of fluorophore (acridine orange) photographed under visible and UV illumination (inset photograph of a single zone
of diameter 1.5 mm); d) liquid film splitting on adhesive contrast contact lens and photograph of the adhesive contrast contact lens with zone
dimensions of e) 1 and f) 2 mm after splitting water mixed with food coloring.

determined by the spacing between the convex and concave
molds. The central thickness of fabricated lenses is ~70
microns (Fig. 3d).

The droplet splitting on the selective oil-grafted surface
arises from the contrast in the adhesion force between the
oil-grafted and pristine regions during the sliding of the
master droplet. Foay, the contact angle hysteresis force, is
measured in terms of advancing (0,) and receding (6,) angles
using the expression Fcay = yd(cos 6, — cosd,), where y (72.8
mN m™) and d (2.94 mm for 10 pL) are the surface tension
of the liquid and contact line width, respectively.'> Herein,
the hysteresis force for a 10 puL water droplet on the oil-
grafted substrate is estimated to be 4.7 uN, whereas the
estimated hysteresis force for the pristine surface is found to
be 16.4 uN. The oil grafting reduces the contact angle
hysteresis force by nearly 3.5 times. Therefore, the sliding
droplet onto the selectively oil-grafted surface becomes
pinned at pristine zones with high contact angle hysteresis.
The pinned droplet film eventually breaks to form droplets in
each zone, and the volume and size of the droplet depend
upon the dimension of the zone. When a larger water droplet
slides across the surface, no residue is left behind in the oil-

This journal is © The Royal Society of Chemistry 2024

grafted region after the droplet moves away, and the split
droplets adhere completely to the pristine PDMS region. The
artificial tear also shows similar behaviour (Fig. 4a, Video
V2+t). The corresponding volume of the droplet in each zone is
found to vary with the dimension of the zone. The results of
the study with different dimensions of the zones are shown in
Fig. 4b. Since the zones are designed as circles, the split
droplets are similar to a spherical cap in shape, with a base
radius equivalent to the zone radius; hence, the volume of the

h
split droplets is calculated by the equation, V = % (3a> + 1),

where 7 and a are the height and base radius of the droplets,
respectively. The droplet volume is found to increase from
0.08 + 0.02 pL to 1 + 0.1 pL as we change the zone diameter
from 1 to 2.5 mm (Fig. S47). Fabricating multiple zones on a
single substrate can add up to a droplet array platform,
leading to an arrangement of multiple droplets of the desired
volume to develop future analytic platforms. By exploiting the
contrast in the surface, a droplet array platform is fabricated,
wherein a larger droplet can split into multiple smaller
droplets and can reside in predefined positions. Herein, a
fluorescent dye (acridine orange) split across the platform

Lab Chip, 2024, 24, 2327-2334 | 2331
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demonstrates the potential of these surfaces as a fluorescence
spectroscopic assay platform, as shown in Fig. 4c. Further,
selective grafting of oil on the PDMS contact lens led to the
fabrication of a droplet array onto a cured surface similar to a
contact lens. To mimic the eyelid movement, wet cotton is
quickly spread across the contact lens surface, resulting in
the film splitting and sticking of daughter droplets only to the
pristine zones while leaving no residues observed on the oil-
grafted region (Fig. 4d). Contact lenses with various zone
diameters (1 mm and 2 mm) are fabricated here, and the
zones are always designed to position outside the optical zone
(diameter 8 mm) so as not to interfere with the user's visual
experience (Fig. 4e). To further mimic eyelid movements, a set
of studies was conducted. Two experiments were performed
to achieve this. The first experiment evaluated the
performance of the adhesive contrast contact lens at different
blinking speeds, ranging from 15 mm s ' to 230 mm s, to
account for the average speed of the opening and closing
phases of blinking.”® A contact lens with a non-grafted zone is
fabricated and further immersed and taken out of a water
bath at different speeds by mounting the lens onto a
motorized stage. The volume of droplets split on the non-
grafted zone is measured for different trials for a range of
speeds comparable to the blinking speed (Fig. S5f). The
second experiment investigated the stability and performance
of the adhesive contrast substrate against constant and
continuous blinking, for which the substrate was subjected to
15000 blinking cycles. Herein, the adhesive contrast surface
is immersed and taken out of the water bath, where the
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substrate's wetting and dewetting mimic the closing and
opening phases of blinking, respectively. The substrates were
mounted on a motorised stage and moved in and out of the
water bath at a speed of ~80 mm s~*. The volume split on the
non-grafted zone was measured at different cycles, during
which the volume remained constant (Fig. S6t). Both studies
ensured the consistent performance and stability of the
adhesive contrast contact lens.

To explore the potential of the adhesive contrast contact
lens as a diagnostic platform, the contact lens is coupled
with a spectrofluorometer to detect the lactoferrin level in the
tear. Lactoferrin is one of the most studied proteins because
of its antioxidant, antibacterial, and anti-inflammatory
properties.”””® The level of lactoferrin is between 1.01 and
2.15 mg mL™" in healthy adults aged from 20 to 28 years old,
with a decreasing rate of 0.01 mg mL™" annually after the age
of 29 years.”®*° Moreover, changes in the level of lactoferrin
are reported to be related to conditions such as dry eye
disease.’’* The detection mechanism employed here relies
on the enhanced fluorescence emission from complexes
formed between lactoferrin deposited on sensing zones of
the lens and trivalent terbium (Fig. S71). The concentration-
dependent emission of lactoferrin and Tb*" complex allows
rapid detection of lactoferrin levels in tears and is reported to
have been adopted in fabricating microfluidic paper
devices.*”** The detection procedure is depicted in Fig. 5a,
wherein wearing the contact lens allows the collection of
tears on the predefined zones via secretion and blinking.
Once the zones collect the tear containing lactoferrin,
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Fig. 5 a) Schematic of lactoferrin detection with fluorescence spectrometry; b) emission spectra of the lactoferrin-Tb complex on adhesive
contrast surface; c) peak intensity change for 545 nm for various concentrations of lactoferrin; and d) colorimetric detection of lactoferrin with
imaging the zones (2 mm diameter) under UV illumination and measuring the concentration-dependent green colour.
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fluorophore (Tb*") is split on the surface of the lenses, which
allows the complex formation and gives the green fluorescent
emission on ultraviolet excitation. In the lab setting, droplets
of lactoferrin with different concentrations in the
physiological range are first split on the adhesive contrast
surface, with zones of diameter 2 mm, followed by 1 mM of
TbCl;-6H,0 (in 50 mM Tris buffer, pH adjusted to 7.4 with
hydrochloric acid). The fluorescence signal emitted from the
sensing zones is captured under UV illumination (275 nm
excitation). Fig. 5b presents the emission spectra of
lactoferrin-Tb*>" for concentrations of 0 to 3 mg mL™" for
emission peaks at 545 nm. As the concentration of lactoferrin
increases in the range, the emission intensity also increases
with a variation in a near-linear fashion (Fig. 5c). This is
because side chain tyrosine groups of lactoferrin have a high
affinity for Tb**, and as lactoferrin concentrations rise, the
complexation product increases, resulting in a stronger
fluorescence signal. The lactoferrin level in the concentration
range of 0.25 to 3 mg mL ™" is demonstrated.

Further, a more cost-effective colorimetric detection of
lactoferrin is demonstrated. For this, lactoferrin of different
concentrations was split across the adhesive contrast surface,
followed by terbium ions (zone diameter 2 mm). The images
were captured using a DSLR (Canon 1300D) under UV LED
illumination (278 nm LED). The experimental setup
schematic is shown in Fig. S8.f The intensity of the green
channel of fluorescing zones was measured using Image],
and the average of three spots is plotted for different
concentrations (Fig. 5d). The concentration-dependent colour
change allows the measurement of lactoferrin in the range of
0.5 to 3 mg mL™". Tear fluid consists of various proteins and
electrolytes, and the selectivity of the sensitizing interaction
between Tb®" and lactoferrin is crucial for the efficient
probing of lactoferrin concentration (Table S1t). The
interaction of different primary tear constituents with Tb*" is
studied by splitting different tear constituents on the
adhesive contrast surface, followed by Tb*" and recording the
green channel signal. The selectivity study reveals that none
of the primary tear constituents except lactoferrin resulted in
a fluorescence signal (Fig. S97).

Conclusions

An adhesive contrast contact lens for tear film splitting and
analysis was fabricated, and its potential as a diagnostic
platform was demonstrated. The adhesive contrast was
fabricated on a PDMS-based contact lens via oxygen plasma-
assisted selective grafting of silicone oil. The lubricant
grafting transforms the high pinning into a non-adhesive
surface by reducing the contact angle hysteresis by nearly 3.5
times. The substantial difference in the contact angle
hysteresis between the pristine (41°) and oil-grafted PDMS
(12°) facilitates adhesion difference-assisted droplet splitting.
This novel approach allowed the tears to be collected in the
predefined zones of the contact lens for further analysis via
fluorescence spectroscopy as well as colorimetric studies. The

This journal is © The Royal Society of Chemistry 2024
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adhesive contrast contact lens integrated with a fluorescence
spectrometer detected the lactoferrin level in the tears up to
a concentration of 0.25 mg mL™ when sensitized with
terbium ions. Additionally, a cost-effective method of
colorimetric detection of the fluorescence of the lactoferrin-
terbium complex from the split tear fluid was demonstrated,
and the concentration-dependent green color emission
enabled the lactoferrin level detection in the physiological
range up to 0.5 mg mL™'. The developed contact lens
platform is expected to be adaptable for sensing multiple
biomolecules present in tears by integrating with a suitable
probe in sensing areas.
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