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ABSTRACT: Diabetes is a disease condition characterized by a
prolonged, high blood glucose level, which may lead to devastating
outcomes unless properly managed. Here, we introduce a simple
camera-based optical monitoring system (OMS) utilizing the
nanoparticle embedded contact lens that produces color changes
matching the tear glucose level without any complicated electronic
components. Additionally, we propose an image processing algorithm
that automatically optimizes the measurement accuracy even in the
presence of image blurring, possibly caused by breathing, subtle
movements, and eye blinking. As a result, using in vivo mouse models
and human tear samples we successfully demonstrated robust
correlations across the glucose concentrations measured by three
different independent techniques, validating the quantitative efficacy
of the proposed OMS. For its methodological simplicity and accessibility, our findings strongly support that the innovation offered
by the OMS and processing algorithm would greatly facilitate the glucose monitoring procedure and improve the overall welfare of
diabetes patients.
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Diabetes is one of the major diseases responsible for
chronic illness and frequent mortality.' > The prolonged
elevation of glucose level in body fluids such as blood and
urine substantially increases the risk of cardiovascular diseases,
while other grim complications including diabetic retinopathy,
diabetic nephropathy, and diabetic neuropathy, and long-term
cognitive deficit.’""" Early diagnosis and proper glycemic
management are crucial to control and prevent further
progression and complications. In modern management of
diabetes, conventional point-of-care glucose monitoring
systems and blood glucose self-testing (BGST) are usually
recommended. However, since both methods require pricking
a finger to obtain a small amount of blood for analysis,'""'* the
patient’s compliance with frequent, routine testing up to eight
times a day is usually low due to the involved discomfort and
procedural inconveniences, further raising the risk of feared
complications."?

On the other hand, tear fluid has been known to reflect the
elevated glucose concentration in the blood of diabetes
patients and is suggested as a source of test medium.'*'®
Compared to the traditional blood test, evaluating the tear
fluid glucose level offers a noninvasive option for continuous in
vivo and in situ monitoring. Technically for this purpose, a
number of measurement methods employing either electric
sensors or optical arrangements have been proposed and
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widely investigated."®™"? In particular, continuous monitoring
of tear fluids has been frequently performed using the
electronic glucose sensors; however, the sensors in the device
are not typically biocompatible, thus limiting the in wvivo
measurement. Moreover, electric drifts in the sensor response
constantly require frequent calibrations with fresh blood
samples. Ultimately, unfavorable drawbacks in the construction
of the electric glucose system such as bulky detector,
complicated fabrication process, and excessive electrical
components warrant major improvement of the device
structure and measurement concept.zo’21

Regarding the current optical technologies in the broad
sense, two detection concepts, one based on surface plasmon
resonance (SPR) and the other on fluorescence resonance
energy transfer (FRET), are widely accepted and studied for
designing quantification strategies of the tear glucose
concentration.””** These techniques are typically based on
evaluating color changes in an optical indicator that responds
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Figure 1. Schematic illustration of colorimetric NECL and optical monitoring system. (a) NECL color was changed to yellow (colorless Ce** to
yellow Ce*") as it exposed to tear depending on glucose concentration. (b) A color CCD camera with a zoom lens for the demagnification (0.45x)
record NECL surface color change (RGB). CNPs, cerium oxide nanoparticles; PEG, polyethylene glycol; GOx, glucose oxidase; HEMA,

hydroxyethyl methacrylate; H,O,, hydrogen peroxide.

to the activation of fluorescently labeled enzymes by glucose.
However, the approaches usually require an additional, high-
power light source to consistently estimate the tear glucose
concentration from the contact lens, which may cause damage
to the cornea.'”** Furthermore, the measurement accuracy
and clinical practicality of these techniques can be easily
hampered by their high sensitivity to motion, a requirement of
a long calibration process, and short lifetime of fluorophores by
degradation.” Because of such demerits, optical techniques
have been deemed ineflicient and unsuitable for monitoring
the tear glucose level despite the potential in vivo and in situ
advantages.”

To improve practical measurement of the tear glucose
concentration, we devised a unique, clinically feasible optical
quantification method based on the nanoparticle embedded
contact lenses (NECLs), therefore eluding the imitations as
mentioned earlier. In this letter construct, a simple camera-
based optical monitoring system (OMS) was designed and
built using NECL in Figure 1b. This colorimetric contact lens
produces a unique color change depending on the tear glucose
concentration without any complicated electrical components
and high power light sources. Additionally, we developed
image processing algorithms that maximize the measurement
accuracy even in image blurring due to motion artifact. Along
with such improvements, the central objective of the current
research was to facilitate both sampling and testing of the
diabetes assay medium through the use of tear fluid.
Experimental validations were performed with collected
human tear samples and murine subjects in vivo. In particular,
in situ glucose monitoring was performed in the eyes of awake
(transgenic and normal) and anesthesia mice (inhalant and
injectable anesthesia), which demonstrated in vivo measure-
ment accuracy of the proposed OMS as well as its clinical
feasibility. These innovative features provided by the OMS
with its processing algorithm would greatly benefit patients by
enabling the near real-time visualization of the blood glucose
level and by significantly alleviating pain, discomfort, and other
inconveniences involved with the traditional testing methods
of diabetes.

8934

Colorimetric contact lens of NECLs consisted of cerium
oxide nanoparticles (CNPs), glucose oxidase (GOx), and
polyethylene glycol (PEG) complex. NECLs oxidize tear
glucose to produce hydrogen peroxide (H,0,), the NECL'’s
color turns yellowish after reacting with Ce** and H,0,, and it
oxidized Ce*", as shown in Figure la. NECL of HEMA-based
contact lens was fabricated with 105 uL of ethylene glycol
dimethacrylate (EGDMA), 34 uL of methacrylic acid (MAA),
and 17 uL of photoinitiator mixed with 4 mL of 2-
hydroxyethyl methacrylate (HEMA). CNP-PEG-GOx com-
plexes, prepared based on the previous methods,*® were added
to the HEMA-based contact lens solution and sonicated for
dispersion, subsequently filling a plastic curvature shape mold
and being polymerized by UV illumination (365 nm, 15 mW/
cm?) for 30 min. NECLs are immersed in distilled water for
cleaning and stored in 0.9% NaCl at 4 °C. The CNPs are
known to undergo a reversible transformation between Ce**
and Ce* in photocatalytic applications.””® Since the reverse
chemical reaction of CNPs occurs slowly, the NECLs were
used for identifying forward reaction (increment) only rather
than dynamic glucose estimation. In addition, the biocompat-
ibility of NECLs was tested with human umbilical vein
endothelial cells (HUVECs) and human corneal epithelial cells
(HCECs) using the Cell Counting Kit-8 (CCK; Dojindo,
Japan).””*° The NECLs were exposed for 24 h in an incubator
(at 37 °C, 5% CO,) and showed no cytotoxicity to HUVECs
and HCECs in Supporting Information Figure S§9. To improve
the visibility through the NECLs with wearing, we created
center-transparent NECLs in the shape of a doughnut with a
clear central field of view as shown in Supporting Information
Figure S10.

The experimental configuration for the measurement of tear
glucose concentration is shown in the Supporting Information
(Figure Sla). After the animal is placed on the heating pad in
this setup, the white light LED (MWWHL4, Thorlabs Inc.,
U.S.A.) with a diffuser was used for uniform illumination. A
CCD camera (QIClick, Qimaging, U.S.A.) with a demagnifi-
cation zoom lens (MVL6 X 12Z, Thorlabs, U.S.A.) was used to
record the NECL’s color variation for 5 min. We also modified
the system for the human tear glucose test. White light LED
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Figure 3. The calibration curve for the estimation of tear glucose concentration using fractional RGB intensities. (a) The NECLs being wearied
mockup mouse eyes and monitored NECLs color. (b) The ROI color of NECLs changed to yellow as glucose concentrations were increased. The
fractional RGB intensities were calculated at the different glucose concentrations (0—2.4 mM). We computed from calibration data by a linear

regression line to estimate tear glucose concentration. The center of the dotted line with red, green, blue colors inside panels (c—e) indicates the
regression line from the mean value. Scale bar: 200 ym (n = ).

with a diffuser illuminates uniformly on NECLs surface placed channel and 1.72, 0.62, 3.95% for r, g, b channel, respectively.

on the three-axis stage for the human tear glucose test.

For the monitoring a unique color change of NECLs
depending on the tear glucose concentration, we defined
fractional RGB intensities to normalize the total signal from
each channel to minimize the effect of illumination conditions.
The signal variation in each color channel is minimized
between the original and the fractional channel (Supporting
Information Figure S3). The relative variability in the original
and fractional channels are 8.92, 9.62, 11.88% for R, G, B

In each channel, calibration curves were computed from the
calibration data by a linear regression line, y = a + bx, as shown
in Figure 3c—e. Note that the slope of the calibration curve was
positive in the red and green channels while it was negative in
the blue channel. The mean fractional blue intensity difference
was more prominent than the mean of fractional green and red
intensity because blue has a complementary color relationship
with yellow.”" The resultant glucose concentration was
estimated by the arithmetic mean of those from the three
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Nano Lett. 2021, 21, 8933-8940


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c01880/suppl_file/nl1c01880_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c01880/suppl_file/nl1c01880_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01880?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01880?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01880?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01880?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01880?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01880?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01880?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01880?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c01880?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

e

(?_) 3.0 “‘22 3.0 ( )700

T T y=256.97x+75.45

T 25 ek T 25 - 600 R=0.71 P KX %
§ § g

- *kk - L ] -

£ 20 ) ’ £ 20 — O £ 50

s c ]

8 8 < 3 4001

€15 % 15 - 9 ®

] 8 o e @ L . .

>] o 300 ® “g0 ©

] . 3 - S . . °

@10 . @ 10 . 3

g S 5 200 [

s 3 3 .

© o o .

oos o (d) = 08 . @ 100 W

2 e g | rme , e

o : ; : ;
Awake (Normal) InhalantANES Injectable ANES Awake (Normal) Awake (Diabetes) 0.5 10 15 20 25 3.0

—~
o

~
—_
o
~

Tear glucose concentration (mM)

-~
o
=3

3 3

g 600 . E)soo

; 500 akk = 500

[ o g

2 = v

= 400 2 400

n 3

S 3

S 300 8 300

— >

o )

3 200 5 200
[+

S <}

@ 400 m10f —TESeeett

kkk
@ Awake control mouse
® Inhalant anesthesia (Isoflurane) mice
Injectable anesthesia (Zoletil) mice
@ Awake diabetes mice

0 N . L
Awake (Normal) InhalantANES Injectable ANES

Awake (Normal)

Awake (Diabetes)

Figure 4. Analysis of estimated tear and blood glucose concentration between awake (normal and diabetic) and anesthesia mice (isoflurane and
Zoletil). The comparison results show the difference of tear and blood glucose concentration in normal, inhalant ANES with isoflurane, injectable
ANES with Zoletil, and transgenic diabetic mice (a—d). (e¢) We computed the linear correlation between estimated tear and blood glucose
concentrations. (ANES: anesthesia; black dots, control mouse; red dots, anesthesia from isoflurane; green dots, anesthesia from Zoletil; blue dots,
transgenic diabetic mice) (n = 8), *indicates p 0.05, ** p < 0.01, and *** indicates p < 0.001.

channels based on fractional RGB intensities. In addition, we
investigated the NECL’s color variation at low glucose
concentrations (0.001, 0.01, and 0.1 mM). A meaningful
colorimetric change was confirmed at the 0.1 mM by the
optical monitoring system (p < 0.01 compared to 0 mM) as
shown in Supporting Information Figure S7. The calibration
curve performance for the low glucose detection was estimated
by calculating linear regression for a range of 0.1—0.6 mM with
0.1 mM interval. Two different linear regression lines were
nearly overlapped (Supporting Information Figure S8a—c),
and the mean of estimated glucose difference was +0.005 mM
in 50 trials (Supporting Information Figure S8d).

With awake mice, their eyes are not always stationary during
the image recording process. Even though we fixed the mouse
head on a holder, the NECL images could shake due to
breathing, body fluctuation, or eye blinking. To address this,
we developed an algorithm to track the NECL in the eye image
frames automatically (Supporting Information Movie S1),
which had an exposure time of 0.3 s. The algorithm discarded
images when the NECL was partially occluded or not visible
during real-time image analysis (Figure 2). After removing
unnecessary frames, the NECL center was automatically found,
and a surrounding region of interest (ROI) was selected with a
size of 150 X 150 pixels or roughly 1 mm?’ Also, a glare
subtraction was applied if there were saturated pixels within
the ROL The color ROI images were then separated into three
channels (Red, Green, and Blue) that provided fractional RGB
intensities. The calibration curve between the glucose
concentration and the fractional RGB intensities was plotted
at a different glucose concentration in Figure 3ab. This
calibration was used to estimate tear glucose concentration.
We used 20 min of NECL reaction time to allow the cerium
nanoparticles to fully diffuse throughout the hydrogel before
the optical monitoring system assessed tear glucose concen-
tration.

8936

In the preclinical animal test, we estimated tear glucose
concentration between awake groups (normal mice and
transgenic diabetic mice) and anesthesia groups (inhalant
and injectable) shown in Figure 4. Tear glucose concentration
was higher in the anesthesia and diabetic mouse groups than in
the control groups. The tear glucose concentration in each
group was calculated by the average tear glucose concentration
for S min, as shown in the Supporting Information (Supporting
Information Figure S1b). The tear glucose concentration for
normal mice without anesthesia was 0.24 + 0.03 mM, and the
tear glucose concentration for injectable (Zoletil) method,
inhalant anesthetics (isoflurane), and transgenic diabetic
mouse were 1.07 + 0.33, 1.23 + 0.25, and 1.56 + 0.37 mM,
respectively in Figure 4a—d. There was a strong correlation, R
= 0.71, between tear and blood glucose obtained from 32
animals (eight per group) in Figure 4e. The anesthetic agents,
Zoletil and isoflurane, have been reported to increase blood
glucose during the anesthesia as they are known to suppress
insulin secretion.””*’ The blood and tear glucose concen-
tration under Zoletil anesthesia was higher than isoflurane
anesthesia mice in Figure 4a,c, which may depend on the depth
of anesthesia.’*** In transgenic diabetic mice, blood glucose
concentrations were relatively high (550—600 mg/dL) and
tear glucose also showed a similar trend with relatively higher
variation in Figure 4b—e. However, the relatively high variation
of tear glucose concentration might be due to inherent
variation among individuals and repeatability issues during the
fabrication process of NECL.

On the other hand, in animal experiments we observed an
increase in blood glucose levels over time in the restrained
group for awake measurement (Supporting Information
Figures SS and $6), potentially due to increased stress levels.
Also, we confirmed that tear glucose concentrations were
slightly increasing in restrained animals (Supporting Informa-
tion Figure S1b). Besides, the accuracy can be improved by
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Figure S. Analysis of human tear and blood glucose concentration between healthy subjects and diabetic patients with an optical monitoring
system, blood glucose meter, and microplate spectrophotometers. (a) Human tears were collected by microcapillary glass tube from lid margin of
eyes with 5—10 uL volumes after measuring blood glucose concentration by finger stick. (b) The optical monitoring system consisted of a CCD
camera, a demagnification zoom lens, a white LED, and a three-axis stage. (c—e) Human tear glucose concentrations were estimated by OMS and
MS after measuring the blood glucose concentration. (f—h) The linear correlations were computed among OMS, MS, and blood glucose meter.
MS, microplate spectrophotometers; OMS, optical monitoring system, (n = 16), *** indicates p < 0.001.

postprocessing and continuous autotracking algorithm by
filtering out blurred images. Moreover, algorithms have been
serialized using only a single core from a quadcore CPU (Intel
i7-8700); it is relatively fast and currently takes approximately
0.5 s to estimate tear glucose concentration. This postprocess-
ing speed is enough to apply smartphone-based health care as
compared to previous research results.*®

In the clinical test, after collecting human tears with a
capillary glass tube, we estimated tear glucose concentration
using optical monitoring system (OMS), microplate spec-
trophotometer (MS), and blood glucose meter between the
diabetic patients and the healthy subjects, as shown in Figure
Sa,b. Tear glucose concentration by OMS and MS was
increased in diabetic patients than in the healthy subjects.
Estimated tear glucose concentration of healthy subjects and
diabetic patients were 0.42 + 0.25 and 0.84 + 0.21 mM in
OMS, respectively, and 0.31 + 0.13 and 0.89 + 0.46 mM in
MS, respectively, in Figure Sc—e. The blood glucose level for
healthy subjects and diabetic patients were 99.14 + 8.34 and
232.3 + 7491 mg/dL, respectively. We plotted three
correlations to investigate the relationship among three
different methods (blood glucose, tear glucose with OMS,
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and tear glucose with MS) along with linear regression lines as
shown in Figure Sf—h. The blood glucose meter has a
moderately positive correlation with both OMS and MS (R =
0.72, and R = 0.78, respectively. The OMS based on NECL
and MS have a strong positive linear correlation with R = 0.82.
In previous studies, tear glucose levels were higher in diabetic
patients than in healthy subjects.”'**” Our data with clinical
samples showed a similar tendency between healthy subjects
(0.42 + 0.25 mM) and diabetic patients (0.84 + 0.21 mM) in
Figure Sc. Clinically, the detection of hypoglycemia is also of
high importance for diabetes mellitus patients since low blood
glucose levels give rise to serious complications often requiring
emergency care. Our benchtop study demonstrated the
technical feasibility of the tear glucose quantification below
0.6 mM with the lowest detection limit of 0.1 mM (see
Supporting Information Figures S7 and S8). The observation
implicates the applicability of the current technique in
detection of hypoglycemia. Although the resolving power
likely requires improvement with further in vivo validations,
our study shows the prospect of wide range determination of
the tear glucose concentration.

https://doi.org/10.1021/acs.nanolett.1c01880
Nano Lett. 2021, 21, 8933—-8940


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c01880/suppl_file/nl1c01880_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01880?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01880?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01880?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01880?fig=fig5&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c01880?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

We also directly compared estimated tear glucose concen-
tration with the microplate spectrophotometer (MS) method,
which was known as a precise way of baseline tear glucose
measurement using a glucose assay kit. We confirmed a
significant correlation (R = 0.82) with OMS and MS in Figure
Sf. However, while the estimated tear glucose concentration
between OMS and MS displayed a clear linear correlation,
correlation with blood glucose meter shows relatively low (R =
0.72) in Figure Sg. This could be due to intrinsic tear glucose
differences among test animals®®*” and temporal mismatch of
the dynamics of glucose concentrations between tear and
blood.”” Human tear glucose concentrations in situ were
indirectly estimated from the collected human tear samples.
The future direction would be applying this technique to
measure the tear glucose of human subjects while wearing the
NECL. This will be enabled by a smartphone or hand-held
optical monitoring device with optimized image processing.
Thus, the practical application of this method warrants further
investigation with real-life environmental conditions such as
ambient lighting and iris color.

In summary, we developed a simple camera-based optical
monitoring system and an image processing algorithm to
estimate tear glucose concentration based on the color changes
in nanoparticle embedded contact lenses. The device provides
a simple means for low-cost, quantitative, and tear glucose
concentration monitoring. Evaluation of the biosensor used for
tear glucose measurement, NECLs, were successfully con-
firmed with experimental testing of both human tear samples
and in vivo, in situ animal models. The present approach
provides a significant step forward in the development of a fully
automated instrument for tear glucose monitoring in diabetes
patients.
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® Supporting Information
The Supporting Information is available free of charge at
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NECL was automatically tracked by finding the center
position even in the presence of image shaking; overall
working flow to calculate fractional r, g, b intensities;
optical monitoring system to estimate tear glucose
concentration for mice; comparison of fractional r, g, b
intensities between artificial tear solution and deionized
water; comparison of image processing between the
original and fractional channels; confirmation of NECL
color change by comparing fractional r, g, b intensities at
different H,0O, concentrations; measurement of blood
glucose concentration with normal and transgenic mice;
measurement of blood glucose concentration with
anesthesia mice (isoflurane and Zoletil); measurement
of the limit of detection (LOD) at the low glucose
concentrations; estimation of curve fitting at the low
glucose concentration with linear regression; cytotoxicity
of the NECLs; transmittance measurement of center-
transparent NECLs; gender, age, and diabetes status of
mice used for tear and blood glucose measurements;
gender, age, and diabetes status of human subjects used
for tear and blood glucose measurements (PDF)

Video of algorithm tracking the NECL in the eye image
frames automatically (MP4)

Video of original image, processed image, and
normalized cropped image (MP4)
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