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Abstract. Accurate and reliable monitoring of blood glucose is needed for the treatment of diabetes, which has
many challenges, including lack of patient compliance. Measuring tear glucose is an alternative to traditional
finger-stick tests used to track blood sugar levels, but glucose sensing using tears has yet to be achieved.
We report a methodology for possible tear glucose monitoring using glucose-sensitive silicone hydrogel (SiHG)
contact lenses, the primary type of lenses available in today’s market. Initially, we assessed the interpenetrating
polymer network, with nearly pure silicone and water regions, existing in the SiHGs using a polarity-sensitive
probe Prodan. We then synthesized a glucose-sensitive fluorophore Quin-C18 with a hydrophobic side chain for
localization of probe at the interfacial region. Using our glucose-sensing contact lens, we were able to measure
varying concentrations of glucose in an in-vitro system. The Quin-C18 strongly bound to the lenses with
insignificant leaching even after multiple rinses. The lenses displayed a similar response to glucose after
three months of storage in water. This study demonstrates that it may be possible to develop a contact lens
for continuous glucose monitoring in the near term, using our concept of fluorophore binding at the silicone–
water interface. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.23.5.057005]
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1 Introduction
Diabetes mellitus is a chronic disorder affecting more than
27 million individuals in the United States and over 442 million
people worldwide as of 2014.1 Without further intervention,
these numbers are expected to increase to 642 million by
the year 2040.2 Diabetes mellitus commonly manifests as
an insulin- (type 1) or noninsulin-dependent (type 2) form
and a pregnancy-specific (gestational) form.3 The long-term
consequences of elevated blood glucose include neuropathies,
retinopathies, cardiovascular diseases, blindness, and a higher
risk of birth defects in infants born to women with diabetes
in pregnancy.4–9

Successful management of diabetes depends on strict glyce-
mic monitoring, which is aided by routine and accurate glucose
monitoring by both healthcare practitioners and the patient.
Despite clinical evidence supporting the importance of blood
glucose self-testing (BGST), patient compliance with routine
testing remains an issue. At present, several methods are
used for continuous glucose monitoring.10,11 The latter can be
performed noninvasively,12–15 minimally invasively, i.e., with
implantable pellets,16–18 using microneedle glucose sensors,19 or
invasively using intravenous glucose electrodes.20 Implanted
electrodes are used to control insulin pumps, but there can be
a site of infection that needs to be replaced at regular intervals.
These implanted sensors also do not provide stable readings, and

recalibration is recommended with a finger stick using fresh
blood four times per day, resulting in only an incremental health
benefit.21,22 The inconvenience, discomfort, and expense of
frequent finger stick or blood sample testing all play a role in
a patients’ compliancy to BGST.

The need for more convenient and acceptable blood glucose
estimation methods resulted in extensive research to develop
various approaches and to obtain continuous measurements
of blood glucose. The basic mechanism of glucose sensing
has not changed for over 40 years. The majority of self-testing
glucometers are based on glucose oxidase and colorimetric or
electrochemical detection of the hydrogen peroxide (H2O2).
The signal drift is thought to be due to several reasons, including
damage of glucose oxidase by the H2O2, depletion of oxygen
around the sensor, and formation of a tissue capsule altering glu-
cose diffusion to the electrode.23 Accordingly, the decrease or
drift in sensor response in implanted sensors or pellets results
in the need for frequent calibration with a fresh blood sample.
Other methods were also tested, including optical rotation,
photonic crystals, Raman scattering, and impedance and NIR
spectroscopy.24–29 There have also been multiple attempts
for semi-invasive glucose measurements of interstitial fluid
obtained using microneedles, suction, and reverse iontophoresis
as in the GlucoWatch.30–32

The failures of measurements of glucose in blood or inter-
stitial fluid and the difficulties of obtaining frequent fresh
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blood samples have resulted in the search for alternative sites or
fluids to determine glucose concentrations.33–37 There is reason-
able evidence to indicate that tear glucose follows blood glucose
concentrations with ∼5-min time delay.33–37 However, tear glu-
cose measurements have not been widely used because of sam-
ple collection issues. Any direct contact with the eye results in
changes in the rate of tear production and, thus, loss of the cor-
relation between blood glucose and tear glucose. Collection
methods that caused the least eye irritation showed the best
correlation between tears and blood glucose.33–37 In this regard,
using contact lens as a sampling/diagnosis format is a superior
method with unperturbed correlation between blood glucose and
tear glucose.

Measurements of tear glucose levels have recently been
investigated using GlucoLens, being developed by Google
X.38,39 The GlucoLens contains the electronic components
and glucose sensors to allow continuous glucose measurements.
However, the need for complex and embedded electronics may
prevent the GlucoLens from becoming a daily use product. For
safety reasons and patient choice, the daily use contact lens is
the dominant mode of use in developed countries.40–42 On the
other hand, continuous monitoring of glucose levels in tears
can be greatly simplified using glucose-sensitive fluorophores
(Glu-SFs) embedded into a contact lens. Glu-SFs are almost
always based on complexation of glucose with a boronic acid
moiety (Fig. 1). A fluorescent glucose-sensitive contact lens
(Glu-CL) would use remote optical detection to avoid sensor
contact with the eyes. The limiting factor for creating a Glu-CL
is the lack of Glu-SFs, which respond to tear glucose concen-
trations when placed into a contact lens. Many known Glu-SFs,
which work in aqueous buffer solutions,36,37,43–46 show little
or no response in nonsilicone hydrogel (HG) lenses.36,37 Over
the period of time, the contact lens chemistry has developed
drastically. The previous generation of contact lenses and some
currently used lenses are made from cross-linked polymers of
hydroxyethylmethacrylate (HEMA) and similar monomers,
which form a network of interwoven polymer strands [Fig. 2(a)].
The spatial distribution of these interiors is uniform throughout

the lens, and in some cases, oxygen transport from the air limits
the duration a contact lens can be continuously worn. Oxygen
transport in HEMA-type lenses can be increased with higher
water content (Fig. 3). However, the lenses with high water con-
tent become too frail for practical use, which includes removal,
insertion, and washing.47

The problem of maintaining both rapid transport of fluids and
high oxygen permeability was solved by the introduction of glu-
cose-sensitive silicone hydrogel (SiHG) lenses. A typical mono-
mer contains a long silicone backbone and carbon-containing
reactive groups at the ends for polymerization [Fig. 3(a)].
The interior of SiHG lenses has a different structure than
HEMA lens [Fig. 2(b)]. The SiHG contains separate regions,
which are 100% silicone and regions, which are 100%water.48,49

An important feature of these SiHG lenses is that these regions
are organized in a unique manner so that the water channels and
silicone-rich regions provide continuous pathways across the
lens [Fig. 2(b)]. This spatial configuration is called an interpen-
etrating polymer network (IPN). The water channels provide
tear fluid transport, and the silicone regions provide high oxygen
transport [Fig. 2(b)], which can be higher than from an equiv-
alent thickness of pure water [Fig. 3(b)]. The existence of IPN
in SiHG lenses implies that there are interfaces between the
low polarity silicone and the high polarity water channels.
We recognized these regions could be used to bind amphipathic
molecules at the interface. We further reasoned that previously
known Glu-SFs, which work in water,36,37,43–46 could be modi-
fied with a hydrophobic moiety for binding to the lens while
keeping the Glu-SF moiety in the aqueous phase and, hence,
exposed to tear fluid. Subsequently, in this report, we first
studied the IPN properties of SiHG contact lens using a
polarity–sensitive probe Prodan followed by a Glu-SF that
provides a reversible glucose response with long-term stability.
Additionally, our recognition of the importance of IPNs pro-
vides a rational path to the design of other Glu-SFs. The intro-
duction of this Glu-CL can be facilitated by the rapid evolution
of consumer electronics, such as CMOS cameras, and methods
to track the iris even if an eye is moving. It is difficult to predict
the exact design of the device, which will detect emission from

Fig. 1 Simplified scheme for boronic acid binding to sugars.

Glu-SF

100 nm(a) (b)

Fig. 2 (a) Schematic cross section of HG contact lens showing the
homogeneous interior structure. (b) Schematic of a small region of
a SiHG showing the hydrophylic and hydrophobic IPNs. The dimen-
sion is an approximation.
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Fig. 3 (a) Typical monomer used in a silicone HG contact lens.
(b) Water content and Dk values of HG and SiHG lenses. LA,
Lotrafilcon A; LB, Lotrafilcon B; G, Galyfilcon A; C, Comfilcon A;
S, Stenfilcon A; and N, Nelficon A. Comfilcon A is a third-generation
SiHG with improved Dk and high water content.
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the Glu-CLs, but our approach can be adapted with a variety of
optical detection configurations. It appears likely that Glu-CLs
will contain multiple locations that provide known emission
intensities for calibration and, thus, be self-calibrating.

2 Experimental Methods

2.1 Materials

The molecular structures of the fluorophores, Prodan, Quin, and
Quin-C18, used for this study are shown in Fig. 4. The polarity–
sensitive probe Prodan was obtained from Sigma-Aldrich and
employed as received. Quin was prepared using a previously
described procedure by us.36,37 Quin-C18 synthesis involves
a two–step procedure as shown schematically in Fig. 4(c). At
first, 6-hydroxyquinoline was treated with 1-bromooctane in
isopropyl alcohol in the presence of NaOH at 100°C for 6 h
to obtain 6-octyloxyquinoline. Then, column purified 6-octylox-
yquinoline was reacted with 2-(bromomethyl)phenylboronic
acid in acetonitrile at room temperature for 12 h to obtain
Quin-C18. The final product was recrystallized from hot
acetonitrile and used for this study. The SiHG and HG contact
lenses, used in this report are listed in Table 1, were obtained
from commercial sources. These include three SiHG-type
lenses [Lotrafilcon B (Optix Aqua), Comfilcon A (Biofinity),
and Stenfilcon A (Aspire)] and one HEMA-type HG lens
[Nelfilcon A (Dailies)] as a control to test our concept of local-
izing the Glu-SF at a silicone–water interface. The fluorophores
were labeled by soaking the contact lenses in methanolic probe
solutions for 1 h followed by washing them with water and
buffer solutions for several times to eliminate the unbound
probe from the contact lens. The dye-doped lenses were stored
in water until they were used for the measurements. For probe

washing-out experiments, the probe-doped contact lenses were
taken in a scintillation tube with a buffer inlet and outlet acces-
sory and subjected to 10 min of continuous buffer flow. The
process is repeated multiple times before using the contact
lens for the spectral measurements.

2.2 Fluorescence Measurements

Steady-state and time-resolved fluorescence measurements were
performed using a specially designed holder that gently grips
the lens without significant distortion, which is inserted into a
2.5- × 0.8-cm cuvette and typically at an angle near 60° to avoid
direct reflection off the surfaces toward the detection channel
(Fig. 5).36,37 The solution surrounding the lens is easily changed
to modify the glucose or fructose concentration. Fructose shows
higher affinity to monoboronic acid probes and being consid-
ered for this study to know its binding trend in the contacts
lens environment. Emission spectra and time-resolved decays
were recorded with a FluoTime 300 instrument from PicoQuant.
The amount of light incident on the contact lens and eye will
be less than the intensity of bright sunlight. For example, the
data shown in Fig. 6 were obtained using incident intensity
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Fig. 4 Molecular structure of (a) Prodan, (b) Quin, and (c) Quin C18.
(c) Shows the Quin-C18 synthetic scheme.

Table 1 Selected silicone HG and HG contact lenses for this study.

Polymer Trade name Manufacturer
Water

content (%) DK

Lotrafilcon B (SiHG) Optix Aqua CIBA Vision 33 138

Comfilcon A (SiHG) Biofinity Cooper Vision 48 128

Stenfilcon A (SiHG) Aspire Cooper Vision 54 80

Nelifilcon A (HG) Dailies CIBA Vision 69 26
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Fig. 5 (a) Optical configuration for measuring fluorescence from sur-
faces of contact lens. BE, beam expander; VA variable aperture; and
LD, laser diode. (b) Device to hold contact lens. (c) A 2.5- × 0.8-cm
cuvette.
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<0.05 mW∕mm2. The average light intensity on the lens will
be lower because the incident light can be turned off between
measurements. The total solar irradiance reaching the earth
from 350 to 700 nm is near 0.21 mW∕mm2,50 which is about
fourfold larger than the average excitation energy used for
Fig. 6. The solar irradiance between 365 and 395 nm is near
0.04 mW∕mm2. For these reasons, we do not expect the inci-
dent light to be phototoxic to the cornea. Time-resolved decays
were recorded at emission maxima of the probes. Fluorescence
intensity and lifetime images were measured using an Alba laser
scanning confocal microscope from ISS, Inc. The lifetime
images were determined using frequency-domain phase angle
measurements at a single modulation frequency of 40 MHz
as described in Ref. 51 but using a pixel-by-pixel basis by
laser scanning.

2.3 Fluorescence Lifetime Analysis

Fluorescence intensity decays IðtÞ are typically analyzed with
the multiexponential model

EQ-TARGET;temp:intralink-;e001;326;712IðtÞ ¼
Xn
i¼1

αi exp

�
−

t
τi

�
; (1)

where τi are the individual decay times and αi are the amplitudes
of each component at τ ¼ 0, and Σαi ¼ 1.0.52,53 The values of
αi and τi are determined using nonlinear least-squares (NLLS)
analysis. The fractional contribution of each component to
the total steady-state emission is proportional to the product
of αiτi. The multiexponential model makes the implicit
assumption that fluorophores in the sample exist in discrete
populations with specific decay times. In these initial studies
of fluorophores in contact lenses, there is no reason to assume
unique populations. Hence, the time-resolved decays were also
analyzed using the lifetime distribution model54,55 that allows
continuous changes in the α and τ values. For this model,
the intensity decay is represented by

EQ-TARGET;temp:intralink-;e002;326;521IðtÞ ¼
Z

∞

τ¼0

αðτÞe−t∕τdτ; (2)

where ∫ αðτÞdτ ¼ 1.0. To decrease the number of variables in
the NLLS analysis, we constrained the αðτÞ distribution to be
a sum of Gaussian distributions.55 The results of this analysis
are presented as the fractional contribution to the total intensity
that is the product of the amplitude α multiplied by the lifetime
τ, that is, αðτiÞ. This mode of presentation provides results in
an intuitive description of the overall intensity decays.

3 Results and Discussion

3.1 Fluorophore Binding to an SiHG Contact Lens

When we began these studies, we found no report on fluoro-
phores bound to SiHG lenses. Therefore, it was necessary to
confirm that the nonpolar silicone regions were accessible to
molecules from the aqueous phase, and contact lenses contained
hydrophobic regions that would bind nonpolar molecules.
We selected the uncharged fluorophore Prodan that is known
to be highly sensitive to local polarity.56 We incubated a
Comfilcon A contact lens in a solution containing a low concen-
tration of Prodan for 1 h as mentioned in Sec. 2. The lens was
then washed in water for several hours to remove weakly bound
Prodan. This procedure resulted in a highly fluorescent lens that
can be seen near a UV headlamp in a scintillation vial [Fig. 6(b),
inset]. The Prodan emission was strongly shifted toward shorter
wavelengths as compared to water. This peak emission wave-
length near 445 nm and the narrow width of the emission
spectrum indicate that the Prodan is located in regions of low
polarity. The homogeneity of this environment is confirmed by
the time-dependent intensity decay of the probe in the lens,
which is a single exponential with a decay time of 3.98 ns.
In contrast, Prodan in water displays a redshifted emission
with band maximum of 540 nm and a shorter lifetime near
1.0 ns (Fig. 6). Further insights on Prodan location in contact
lens were obtained from the lifetime distribution analysis of
the intensity decays [Fig. 6(c)]. The decay times from Prodan
within a Comfilcon A contact lens were found to be single
exponential and have relatively wider lifetime distributions as
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compared to that observed in water. The wider lifetime distribu-
tion in lens indicates relatively more, obvious, heterogenic
environment in contact lens. More importantly, the absence of
shorter decay time components in the Prodan lifetime distribu-
tions in contact lens represents the probe presence is insignifi-
cant in the polar aqueous regions of the contact lens. These
results demonstrate two important attributes: (1) the hydropho-
bic molecules can readily diffuse into the SiHG (Comfilcon A)
lens and (2) the existence of nonpolar regions in SiHG lenses.

The location of Prodan in the contact lens was further exam-
ined using laser scanning confocal fluorescence microscopy.
The images obtained at different locations along the Z-axis
show contact lens cross sections with different radii, which are
consistent with confocal detection of the curved surface in an
X − Y plane. The absence of signal outside the lens indicates
no detectable fluorophore is present in the surrounding solution
[Fig. 7(a)]. Figure 7(b) shows the phase angle images of the lens.
The uniform color indicates the lifetime is essentially similar in
all regions of the lens. The phase angle is consistent with the
3.98-ns decay time as shown in Fig. 6. The measured phase
angles are essentially independent of laser intensity or measure-
ment times over a wide range of values [Fig. 7(c)]. This is an
important result because fluorescence measurements, which are
independent of the total intensity, will be necessary for glucose
concentration self-testing where the optical geometry is uncer-
tain and where ambient light is present.

3.2 Testing of Glu-SF in HG Contact Lenses

In our previous publications, we tested a large number of
Glu-SFs that were responsive to glucose in buffer solutions.36,37

With one exception, these Glu-SFs did not respond to glucose
when bound to HEMA-type contact lenses. We tested this one
responsive probe, which we call Quin, in a Comfilcon A SiHG
contact lens. Before that, we tested Quin response to glucose in
buffer, and a 50% decrease in intensity in the presence of 100-
mM glucose was observed [Fig. 8(a)]. Quin lifetime in buffer
was a single exponential and remained unchanged at 22 ns
upon addition of glucose [Fig. 8(b)]. This is further corroborated
with the lifetime distribution analysis, in which Quin shows
single narrow lifetime distributions at 22 ns (data not shown).
However, Quin is not suitable for a glucose-sensing contact
lens because it is easily washed out of the SiHG lens
[Fig. 9(a)] and would be removed from the contact lens by
the continual replacement of tear fluid covering the eye,

which occurs about every 10 min.57 This is because Quin is
a hydrophilic molecule, readily soluble in water (aqueous
solvents), and has no long C18 alkyl chain to bind with the
contact lens interior regions.

To prevent probe leaching, it needs to be tethered to the con-
tact lens either physically, such as in this study, or chemically
with a covalent linkage. We choose to use physical adsorption of
probe to minimize the complexity in modifying and re-establish-
ing the characteristics of the lenses. For this reason, a derivative
of Quin was synthesized with a C18 hydrophobic side chain
[Fig. 4(c)]. The probe Quin-C18 could not be removed from
a Comfilcon A (SiHG) lens even after extensive washing,
using the procedure mentioned in Sec. 2 [Fig. 9(b)]. A thor-
oughly washed Quin-C18-doped lens displayed a bright blue
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fluorescence that could be easily seen in room light [Fig. 9(c)].
Subsequently, we tested Quin-C18 response to glucose when
doped in three different SiHG contact lenses (Fig. 10). Quin-
C18 emission intensity was reduced consistently with increasing
concentrations of glucose. However, Quin-C18 did not respond
to glucose when bound to, or in the presence of, a nonsilicone
HG lens (Dailies in Fig. 10). The strong binding ability and glu-
cose response of Quin-C18 in SiHG lenses, but not HG lenses,
confirmed the need for a nonpolar-to-polar interface region,
schematically shown in Fig. 2(b), where the hydrophobic
C18 side chain can help binding the Quin-C18 to contact
lens and hydrophilic boronic acid moiety of the probe is posi-
tioned in the water channels of lens and, thus, able to show
response to glucose. Similar to Quin, the intensity decays of
Quin-C18 did not change in response to glucose binding
[Fig. 11(a)]. However, the lifetime of Quin-C18 bound to the
lens is relatively shorter (with amplitude weighted average life-
time of 7 ns), which can only be best-fitted with multiexponen-
tial decay parameters. As per our understanding, Quin-C18 is
not an environment-sensitive probe and we are puzzled to notice
the short lifetime for the probe in contact lens as compared to
that in pure solvent, such as methanol. The lifetime distributions
of Quin-C18 in methanol and in an SiHG lens are shown in
Fig. 11(b). As can be seen from the figure, the lifetime distri-
bution of Quin-C18 in methanol has single Gaussian peak with
a lifetime at 25.5 ns and that for Quin-C18 in contact lens has

two maxima centered at about 2.6 and 15.9 ns. Moreover, the
latter distribution is slightly broad indicating the probe within
the lens is in more heterogeneous environment than that in
methanol. The refractive index at interface may affect the
lifetime of the probe. However, the behavior we noticed with
Quin-C18 is different from the other probes used within the
lens. For example, lifetime behavior of Prodan in contact lens
(Figs. 6 and 7) shows no refractive index effect. We noticed
insignificant refractive index effect on NBD-C18 in SiHG
lens.58 Owing to the polarity-insensitive nature of Quin-C18,
additional experimentation is required to understand the discrep-
ancies in the lifetime distribution of Quin-C18 in solution and in
contact lens.

For use in continuous analyte monitoring, the fluorophores
must have long-term stability and a reversible response to
analyte. Glucose-sensing fluorophores developed using boronic
acid are known to show reversible response to glucose. This is
because boronic acid binding with glucose is reversible (Fig. 1).
Figure 12 shows the Quin-C18-doped SiHG lenses response to
glucose or fructose. The emission intensities were measured at
10-min intervals with continuous flow of buffer or buffer with
varied concentrations of glucose or fructose. Initial five points in
the response curve with continuous flow of buffer indicate
Quin-C18 is firmly bound to the SiHGs. Subsequently, consis-
tent decrease in emission intensity was noticed with increasing
concentrations of glucose in buffer, and similar response from
all three SiHGs used in this study can be seen. The emission
intensity was completely recovered by purging buffer alone.
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a Comfilcon A (Biofinity) SiHG lens. (b) Normalized emission inten-
sities of Quin-C18 within a Nelfilcon A (HG) lens and that in three
SiHG lenses: Comfilcon A (Biofinity), Stenfilcon A (Aspire 1day),
and Lotrafilcon B (Optix Aqua) lenses.
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Then, we tested the same lenses, purged with buffer for 50 min,
response to fructose, which is known to show higher affinity to
monoboronic acids, by purging buffer containing fructose.
As expected, all three lenses show better response to fructose
over glucose, and moreover, once again the emission intensity
can be completely recovered by purging with the buffer alone.
Almost no response either with glucose or fructose was noticed
when the probe is bound to the HG lens (Dailisis). The present
data indicate that the Quin-C18 lenses show consistent revers-
ible response to monosaccharides. Then, to test the shelf life of
the lenses, we measured the glucose and fructose response from
the lenses used for Fig. 12(a), which were stored in water for
three months. The water-stored lenses show similar response
toward glucose or fructose to that of the freshly doped lenses.
Also, the HG lens once again did not respond to glucose
(Fig. 12). This result suggests that a probe, such as Quin-C18,
can be used in extended wear contact lenses.

The results for Quin and Quin-C18 were obtained using
high glucose concentrations up to 100 mM, suitable for blood
glucose range. This is because glucose binds weakly to these
probes with single boronic acid residue. The glucose concentra-
tion in tears is thought to be about sevenfold lower than in blood
(5 mM) so that a Glu-SF must be sensitive to glucose concen-
trations below 1 mM. This can be accomplished using Glu-SFs
that contain two boronic acid groups. Diboronic acid Glu-SFs
are known to display binding constants near 0.5 mM.46,59

Currently, we are designing a diboronic acid probe that is
suitable for the low glucose concentrations and the lenses with
this new probe may be appropriate for glucose monitoring
using tears. However, the presented results emphasize the
concept of using ampipathic sensors within SiHG lenses for

continuous, noninvasive monitoring tear glucose is realistic in
near future.

4 Conclusion
Herein, for the first time, we have described an approach to mea-
sure possible tear glucose with taking advantage of the internal
structure of present SiHG lenses. We anticipate that many
known Glu-SFs, which show response to glucose in water/buffer
conditions and not in contact lenses, can now be made suitable
for contact lens based sensing by the presented approach. These
Glu-CLs can provide immediate health benefits to individuals
with diabetes who already wear contact lenses. The use of
these lenses is likely to find additional uses in juveniles or indi-
viduals who are unable or unwilling to perform frequent BGST.
Our concept of using the interfacial region of SiHG lenses can
also be used with fluorescent probes that are sensitive to many
other analytes. In fact, we tested the possibility of the approach
presented in this paper for pH and chloride, and results show that
the modified contact lens could be useful for the diagnosis of
dry eye disease.58
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ent SiHGs and in a HG in pH 7.2 phosphate buffer. Incrementing glu-
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Dailies is a HG contact lens. (b) Similar response to the glucose or
fructose from Quin-C18-doped lenses stored in water for 3 months.
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