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Low glucose levels during exercise may lead to hypoglycemia, which can have grave consequences in
diabetic athletes. Mobile colorimetric wearable biosensors that measure glucose levels in sweat are ideal
for self-monitoring as they can utilize the camera in smartphones for signal reading. However, colori-
metric biosensors proposed thus far have higher limit of detection (LOD) than electrochemical devices,
which makes them unsuitable for detecting hypoglycemia. In this manuscript we describe colorimetric
wearable biosensors that detect glucose in sweat with an LOD of 0.01 mM and a dynamic range up to
0.15 mM. The devices are made of filter paper and incorporate a sweat volume sensor and a color chart
for signal correction. The biosensors do not suffer from interferences originated by delayed sample read-
ings, or differences in bending angle and sample pH. When applied to volunteers performing an exercise
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routine, sweat glucose levels corrected with sweat volume measurements correlated well with blood
glucose measurements performed with a commercial device. The devices are lightweight and easily dis-
posable. These features, along with the smartphone-based colorimetric readout, makes them promising
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Introduction

Wearable devices are becoming increasingly popular for maxi-
mizing the benefits of healthy living."™ Colorimetric bio-
sensors are particularly advantageous for this purpose because
they can leverage the camera of a smartphone for signal detec-
tion. This allows for a streamlined design that simplifies the
fabrication of the wearable device and ensures an easy inte-
gration with health apps.® However colorimetric devices have
limitations with respect to sensitivity for monitoring low con-
centrations of biomarkers. For example, monitoring glucose
consumption during exercise is key to avoid hypoglycemia,
which can cause fainting, or, in the case of diabetic athletes,
have grave consequences. The lowest limit of detection (LOD)
achieved with a colorimetric wearable device is
0.03 mM.">*** The generic nondiabetic glycemic threshold
for impairment of cognitive function is 2.8 mM in plasma,**
which corresponds to ca. 0.028 mM in sweat.""'® In patients
with type 2 diabetes glucose values below this threshold have
been associated with mortality.'® Therefore, it would be desir-
able for wearable colorimetric devices to be able to detect this
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as “over-the-counter” tests for measuring glucose levels non-invasively during exercise.

biomarker in sweat with a lower limit of detection. Such
devices could combine the benefits of colorimetric readouts
with the high sensitivity that is currently only attainable with
electrochemical devices.>'>'*1®

In this manuscript we describe a wearable analytical plat-
form with colorimetric readout that detects glucose in sweat
with a limit of detection of 0.01 mM. It consists of a biosensor
for measuring glucose, a sensor for determining the sweat
volume, and a color chart for signal normalization (Fig. 1). The
sensors are made of filter paper and are worn by fixing them
on the skin with adhesive medical tape, where they absorb
sweat by capillarity through the inlet (Fig. 1A). In the glucose
biosensor, sweat carries the enzymes glucose oxidase (GOX)
and horseradish peroxidase (HRP) to the detection zone
(Fig. 1B). There, the chromogen TMB is oxidized by HRP using
the H,0, produced by GOX during the oxidation of glucose.
This design, which relies in mobilizing enzymes to a colori-
metric transducer, reduces background signals that may com-
promise the detection of low concentrations of glucose.'” The
biosensor shape was also fine-tuned to improve the LOD and
precision. The sweat volume sensor is a paper strip modified
with pegylated gold nanoparticles (AuNPs) that allows estimat-
ing the volume of sample entering the platform (Fig. 1A). The
nanoparticles are stored in a reservoir containing polystyrene
sulfonate (PSS), which prevents irreversible interactions with
the paper even in dry conditions.'® Thanks to this, the nano-
particles are carried through the paper as the wearer sweats,
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Fig. 1 Design of the wearable device. (A) Schematic representation. The
paper strips are isolated from the skin thanks to a medical adhesive
underneath it. Sweat enters the sensors through the inlet, which is the
only part in contact with the skin. The color reference chart allows to
account for differences in light conditions between different measures.
(B) Photographs of a real application of the device before and after
sweating.

thus creating a red-colored trail that is related to the volume of
sweat entering the biosensor (Fig. 1A and B). The color chart
in the platform is used as a reference for normalizing the color
of pictures taken with a smartphone, which enables signal
quantification in different ambient light conditions. The
device yields consistent results at different sweat volumes,
bent angles or sweat pH values. When applied to 9 healthy vol-
unteers during an exercise routine, sweat glucose levels corre-
lated well with blood glucose levels measured with a commer-
cial glucometer. This paves the way for using our wearable
analytical platform as an alternative to invasive methods for
glucose monitoring during exercise.

Experimental

Materials

p-(+)-Glucose (>99.5%), 3,3',5,5-tetramethylbenzidine (TMB,
>99%), horseradish peroxidase (HRP, Type VI-A, salt free),
glucose oxidase (GOX) from Aspergillus niger (100 000-250 000
U g', Type X-S), Tween 20, Whatman filter paper Grade 6
(3 um pore, cellulose, ashless), Grade 1 (11 um pore, cellulose,
ashless), Grade 41 (20 pm pore, cellulose, ashless), poly
(sodium 4-styrenesulfonate) (PSS, 30% in water), poly(ethylene
glycol) 2-mercaptoethyl ether acetic acid (PEG-COOH, M,
2100), sodium citrate tribasic dehydrate (>99.0%) and gold(u)
chloride hydrate (99.995%) were purchased from Sigma-
Aldrich. Bovine Serum Albumin (BSA, protease free) was pur-

3274 | Analyst, 2021,146, 3273-3279

View Article Online

Analyst

chased from VWR. Phosphate buffered saline (PBS) containing
1 mg mL™" BSA and 0.05% Tween was prepared following stan-
dard procedures. Polyethylene glycol coated gold nanoparticles
(PEG-AuNPs, 20 nm) were fabricated as described elsewhere."’

Fabrication of glucose biosensor

For the rectangular design, Whatman filter paper (Grade 41,
20 pm) was manually cut into 1.5 cm x 0.2 cm strips and modi-
fied with a solution of BSA-Tween (1 mg mL™" and 0.05% in
PBS, respectively) to avoid non-specific interactions between
enzymes and the paper substrate. TMB (10 mM) was drop
casted (0.5 pL) at the end of the strip. As for the circular
design a circular area with a 0.5 cm diameter was included.
Strips had a total length of 1.5 cm. In this case TMB was drop
casted in the circular area, which admitted more volume
(1 pL). In both cases HRP (50 pg mL™" in PBS) and GOX
(10 mg mL™" in PBS) were drop casted 3 mm away from the
TMB area (Fig. 1A). GOX concentration was optimized to
obtain the highest colorimetric signal (Fig. S17).

The entry point for sweat is a 0.3 cm X 0.2 cm inlet in
contact with the skin. Sweat flows through the device by capil-
lary action. Due to the sample flow, enzymes arrive to the
detection area at the same time as glucose. The rest of the
device is covered with medical adhesive to isolate it from the
skin (3 M, Minnesota, USA).

Fabrication of sweat volume sensors

Grade 41 filter paper (20 pm) from Whatman was manually cut
into 3.5 cm X 0.2 cm strips and modified with BSA-Tween
(1 mg mL™" and 0.05% in PBS, respectively) to avoid non-
specific interactions. Afterwards, 0.5 pL of PSS (10%) was
added 2 mm away from the inlet and dried. Finally, AuNPs
(0.5 uL of a 1:2 dilution) were added in the same spot. An
inlet of 0.3 cm x 0.2 cm serves as the entry point for sweat,
which flows through the sensor by capillary action (Fig. 1A and
B). The sensor was calibrated by measuring the distance from
the inlet to the flow end line after the addition of PBS volumes
between 2.5 and 8 pL. The rest of the device is covered with
medical adhesive to isolate it from the skin (3 M, Minnesota,
USA).

Colorimetric detection

Pixel intensity (PI) profiles were obtained using Image].
Colorimetric signal (S) was calculated by subtracting the pixel
intensity from 255 (pure white in grayscale). This yields an
inverted signal in comparison to the raw data. When S is cor-
rected by the sample volume measured with the sweat sensor,
it is expressed as S/V to indicate that it has been divided by the
volume. During this project images were obtained using two
different methods: scanning the paper strips using an
MFC-1910 W scanner from Brother or using a Huawei P30 lite
smartphone. Regarding the later, changes in light conditions
were compensated using a 3-color reference chart made of
photographic cards (see Fig. 1A and B). Both methods are com-
pared in Fig. S2.1
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Volume-corrected detection of sweat glucose with the wearable
analytical platform

The device was applied to 9 healthy volunteers during a
stationary bicycle routine. All experiments were performed in
accordance with the Health Research Institute of the Balearic
Islands (IdISBa) Guidelines and approved by the Balearic
Islands Ethics Committee (IB 4053/19 PI). Informed consents
were obtained from all human participants of this study.

It consisted of a 15 min warm-up followed by gradual
increases of the workload. A commercial glucometer (Free-
Style Optimum Neo, Abbott) was used to monitor blood
glucose at different times. After a first blood measure to assess
the basal level, the workload was increased gradually every
10 minutes. After the first sweat measure, volunteers were fed
a commercial energy gel containing a high dose of glucose
(total dose of ca. 4 g). This was done in order to confirm that
our device could monitor sweat glucose changes and that
these changes correlated well with blood changes, as pre-
viously observed with other methods.'*>°>*

Results and discussion
Glucose biosensor design

In the glucose biosensor design shown in Fig. 1A sweat carries
enzymes from a reservoir to a detection area. This separation
between enzymes and chromogen was necessary because
mixing them together in the same area resulted in the spon-
taneous generation of color, which could interfere in the pos-
terior detection of glucose (Fig. S3t). The biosensors were fab-
ricated with Whatman paper with a pore size of 20 pm
because devices fabricated with filter paper with a small pore
size (3 pm and 11 pm) yielded lower signals (Fig. S4T). With
papers of smaller pore sizes, the flow rate is slower and there-
fore less enzymes arrive to the detection zone, resulting in a
lower sensitivity and loss of linearity.'” Our first prototype con-
sisted in a paper strip with a continuous rectangular tip,
which contained the detection zone modified with TMB
(Fig. 2A). Enzymes were placed above the detection zone and
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Fig. 2 Impact of biosensor shape on the colorimetric signal S. (A)
Calibration of the rectangular tip design. (B) Calibration of the circular
tip design. Error bars represent the SD of three biosensors.
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carried there by the sample flow as shown in Fig. 1. This proto-
type was calibrated by adding a fixed volume (3 pL) of solu-
tions containing glucose at different concentrations (0 to
0.1 mM). In Fig. 24, the rectangular tip becomes blue as the
concentration of glucose increases. The corresponding cali-
bration shows a linear trend, with a limit of detection
expressed as the signal above 3 times the standard deviation of
the blank (3SD criterion) of 0.008 mM. However, the deviation
obtained among the different replicates for the same sample
concentration was very high and thus the biosensor was unsui-
table for monitoring sweat glucose levels precisely. We hypoth-
esized that this could be originated by an inefficient transport
of enzymes to the detection zone due to the small volume
added (3 pL), as shown for paper substrates with smaller pore
sizes (Fig. S47). Attempts at calibrating the biosensors with
higher sample volumes were unsuccessful because the bio-
sensor area was too small to absorb them. We then hypoth-
esized that a round tip could solve this problem as it would
increase the detection area, thus allowing more sample to flow
in. In turn, this should improve the transport of reagents to
the detection zone and yield higher signals. In Fig. 2B, bio-
sensors with a round tip were calibrated with solutions con-
taining different concentration of glucose and a fixed volume
of 7 puL. The plot shows a linear trend with a slope higher than
the one obtained with the squared design (277 vs. 202, respect-
ively), which agrees well with the idea that a larger tip
increases signals by adsorbing more sample. In addition, the
new prototype has still a low limit of detection (0.01 mM) and
considerably reduces the standard deviation of 3 independent
measurements obtained with different devices. Furthermore,
the dynamic range (0.01-0.15 mM) fits well with the sweat
glucose physiological range (0.04-0.1 mM) and also covers the
hypoglycemic threshold in type 1 diabetes (<0.03 mM),*?
which is promising for measuring variations of this biomarker
under pathological conditions. Thanks to the sweat volume
sensor, the sample volume can be monitored to avoid the sat-
uration of the glucose biosensor. Once the nanoparticles indi-
cate that the desired sample volume has entered the sensor,
the device is removed from the skin to prevent saturation.

Volume and color corrections

The low LOD shown in Fig. 2 was obtained with a fixed sample
volume and with a tabletop scanner, which fixes ambient light
conditions. However, in real applications variations in these
parameters could compromise the performance of glucose
measurements. Our wearable analytical platform incorporates
a sweat volume sensor and a reference color chart in order to
compensate for variations in sample volume and changing
light conditions (Fig. 1). Monitoring the sample volume enter-
ing the biosensor is crucial because as the volume of sample
increases, the amount of sample and enzymes that arrive to
the detection zone also increases. This is shown in Fig. 3A,
where increasing the volume of a solution containing 0.1 mM
glucose increases the colorimetric signal generated by the bio-
sensor. With the present design, the sample volume is calcu-
lated with the sensors shown in Fig. 3B. In this figure, there is
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glucose. (A) colorimetric signal S obtained with the glucose biosensor
after adding different volumes of the same glucose solution. (B)
Calibration of the volume sensor. (C) Calibration of the glucose bio-
sensor with different glucose concentrations corrected with the
measured volume from the sweat volume sensor. (D) Same calibration
as in (C) but without color normalization. Error bars represent the SD of
three different devices.

a linear relationship between the distance travelled by gold
nanoparticles and the added volume, which validates the pro-
posed sensor for determining the sample volume in the range
between 2.5 and 8 pL. This range can be fine-tuned by chan-
ging the width and length of the channel, making it a versatile
approach for determining the sweat volume.'” Next, we tested
the impact of incorporating sweat volume measurements in
the sensitivity and limit of detection of the glucose biosensor.
In Fig. 3C, when the signal was divided by the volume
measured with the sweat sensor the calibration plot shows a
linear trend between 0 and 0.15 mM, which is the same
dynamic range reported in Fig. 2B. The limit of detection (3SD
criterion) is 0.01 mM, which is the same as the prototype
without sample volume correction. The dynamic range is also
the same as above. These experiments demonstrate that cor-
recting the glucose signal using sweat volume measures does
not compromise the analytical performance of the wearable
platform. The colorimetric signal in Fig. 3C was calculated by
taking photographs with a smartphone under varying illumi-
nation conditions and normalizing the colorimetric signals
with the 3-color reference chart. In Fig. 3D raw data without
color normalization yielded a poor linear fit with a smaller
slope, thus demonstrating that color normalization is crucial
for signal quantification.
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Analysis of potential interferences

After overcoming issues related to varying sample volume and
light conditions we sought to test the influence of other poten-
tial interferences, including the time elapsed from signal gene-
ration to signal reading, changes in sweat pH, and differences
in biosensor bending angles. For example, in enzymatic signal
generation schemes the signal increases with time until satur-
ation is reached.”® This may introduce unwanted variability in
the measurements when reading the colorimetric signal if
time is not finely controlled. Fig. 4A and Fig. S5t show that the
colorimetric signal remains stable through time after
3 minutes for all the concentrations of glucose assayed. These
experiments demonstrate that with our biosensors it is not
necessary to exert a fine control over the signal acquisition
time in order to obtain reproducible results as long as at least
3 minutes have passed since the sample entered the
biosensor.

With regards to the bending angle, it is well known that
during the application of the device on the skin the wearable
biosensor may bend and that this could limit its perform-
ance.”® Bending could affect the transport of fluids by capillar-
ity. In turn, this could vary the amount of analyte and reagents
being dragged to the detection area, which would make the
measurements less reproducible. In this work we applied the
device to the forehead, where a maximum bending of 40° was
estimated could happen. In Fig. 4B our device performs well at
all angles when tested at 0°, 20° and 40°. A 16% decrease in
the slope of the calibration curve was detected when the angle
increased to 40°. Although this variation was not statistically
significant (p > 0.05), it suggested that extreme angles may
have some impact on the detection of sweat biomarkers.
Changes in sweat pH are another potential source of varia-
bility. The enzymatic activity of both HRP and GOX can be
affected by the pH of sweat, which has been reported to
change between 4.5 and 7.%° To study this, we prepared 3 cali-
bration curves with different glucose dilutions in an artificial
sweat matrix adjusted to pH 5, 6 and 7 (Fig. 4C). The cali-
bration plots were nearly identical, showing the same slope at
the three pH values assayed (CV 4.2%). These results demon-
strate that changes in pH do not contribute to the variability
in the measurements.

Volume-corrected detection of sweat glucose with the wearable
analytical platform

Next we tested the wearable analytical platform implementing
the sweat volume and glucose sensors for measuring variations
in glucose levels during an exercise routine. The sweat volume
correction considers that the inlets of both sensors are close
enough to collect an equivalent sample volume, as previously
shown in other wearable devices featuring more than one inlet
for volume correction.'®*”*® The routine began with a 15 min
warm-up followed by an increase of the workload every
10 minutes. Basal sweat glucose was determined prior to the
intake of an energy gel. The gel was provided to boost blood
glucose levels which would translate into an increase of sweat

This journal is © The Royal Society of Chemistry 2021
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glucose levels. To obtain the concentration of glucose in sweat,
colorimetric signals from the glucose biosensor were corrected
with the color chart and divided by the sweat volume. Then
they were interpolated in a calibration plot performed at 37
degrees to simulate the body temperature (Fig. S6T). Fig. 5
shows variations in glucose levels in blood with time measured
with a commercial glucometer, and the same variations in
sweat measured with our wearable device. Both methods
yielded comparable measurements, with glucose concen-
trations approximately 100 times lower in sweat than in blood
as expected from previous reports in the literature.">"> These
experiments show that blood glucose analyses during an exer-
cise routine can be substituted by non-invasive determinations
in sweat performed with the proposed wearable analytical
platform.

Remarkably, the same sweat glucose measurements without
sweat volume correction showed no correlation with blood
levels, which validates our multisensor design for quantifying
glucose levels during exercise (Fig. S71). This also shows that,
although the sweat volume and glucose sensors may not
capture the exact same amount of sweat, differences are small
enough to enable accurate measurements. Fig. 6 shows a stat-
istically significant correlation between sweat glucose levels
measured with our device and blood glucose levels measured
with the commercial test. The correlation coefficient (R* =
0.8042) agrees with other studies performed with -electro-
chemical sensors, which range from 0.75 to 0.85.'*?93!

Conclusions

In conclusion, a colorimetric wearable device for the detection
of low sweat glucose concentrations has been developed. It
incorporates a glucose biosensor with minimal interference
from signal reading time, bending angle or sweat pH with a
companion sensor for estimating the sample volume and a
reference chart to eliminate the influence of varying light con-
ditions. Measuring the sweat volume allows to correct vari-
ations in the signal originating from different sweat rates. The
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combined platform has a low LOD of 0.01 mM, making it suit-
able for detecting hypoglycemia. Sweat glucose levels corre-
lated well with blood glucose levels, which is promising for
using our approach as a non-invasive alternative for glucose
monitoring during exercise. Compared to other colorimetric
devices made of different ploymers,*® the proposed biosensors
are entirely made of paper. This makes them easy to dispose
of, making them ideal as single-use devices. They are also
lightweight and can be easily fixed onto the skin with medical
grade tape. These features, along with the smartphone based
colorimetric signal transduction mechanism, pave the way for
its widespread use as an “over-the-counter” biosensing device
with a companion app for color quantification.
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