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ABSTRACT: A conformal patch biosensor that can detect bio-
molecules is one promising technology for wearable sweat glucose self-
monitoring. However, developing such a patch is challenging because
conferring stretchability to its components is difficult. Herein, we
demonstrate a platform for a nonenzymatic, electrochemical sensor
patch: a wrinkled, stretchable, nanohybrid fiber (WSNF) in which Au
nanowrinkles partially cover the reduced graphene oxide (rGO)/
polyurethane composite fiber. The WSNF has high electrocatalytic
activity because of synergetic effects between the Au nanowrinkles and
the oxygen-containing functional groups on the rGO-supporting
matrix which promote the dehydrogenation step in glucose oxidation.
The WSNF offers stretchability, high sensitivity, low detection limit,
high selectivity against interferents, and high ambient-condition
stability, and it can detect glucose in neutral conditions. If this
WSNF sensor patch were sewn onto a stretchable fabric and attached to the human body, it could continuously measure
glucose levels in sweat to accurately reflect blood glucose levels.

KEYWORDS: stretchable electrochemical sensor, wearable sweat glucose sensor, nanohybrid fiber, non-enzymatic sensor,
on-body monitoring

■ INTRODUCTION

Personal monitoring of glucose concentration by using an
electrochemical glucose meter and finger-pricked blood plays
an important role in managing diabetes.1 However, existing
portable devices require inconvenient, invasive sampling and
cannot provide continuous monitoring. For convenient,
painless, and automated continuous glucose monitoring, new
glucose self-monitoring systems have been proposed, including
contact lenses,2,3 watches,4 tattoos,5 and patches,6−11 which
collect their information from tears,2,3 interstitial fluid,4,5,8 or
sweat.6,7,9,10 Among these technologies, patch-type wearable
glucose sensor systems can be mounted to the human body to
continuously and noninvasively determine the glucose levels in
sweat.6,7,9−11

Recently, a few wearable patches containing enzymatic
electrochemical biosensors have been developed and interfaced
with a flexible signal processing unit10,11 or portable electro-
chemical analyzer6,9 to measure glucose levels in sweat and
transmit the results to a mobile device. Those approaches
could assist wearers in the personal diagnosis and monitoring
of health conditions in their homes, schools, workplaces, and
sports facilities. Even though most previous works have
investigated enzymatic electrochemical sensors with mechan-
ical flexibility, conformal attachment of the sensors to the
human skin during daily activities remains limited.11 Thus, a
wearable patch containing a stretchable, enzymatic, electro-

chemical biosensor would be advantageous, providing a
conformal contact with the skin and adjusting itself to the
skin deformations induced by the wearer’s activities.6,7,9

However, stretchable enzymatic electrochemical glucose
biosensors can be degraded by long-term storage,12,13

temperature,14 or pH,14 which can cause instability in their
sensing performance.
As an alternative to a stretchable, enzymatic, electrochemical

sensor, a stretchable, nonenzymatic electrochemical sensor that
uses electrocatalytic materials such as metal oxides,15−18

alloys,19,20 metal nanomaterials,21−24 and carbon nanocompo-
sites25−28 to directly oxidize glucose might be an attractive
approach. Extensive research on nonenzymatic electrochemical
biosensors for the detection of glucose has been done using a
rigid substrate.16−18,21−26 One stretchable nonenzymatic
glucose sensor was proposed for glucose detection in
sweat,29 but the sensing device required multiple steps for
fabrication and was not capable of continuous on-body glucose
monitoring. In developing a stretchable, nonenzymatic glucose
sensor, imparting mechanical stretchability to the electro-
catalytic materials is the most important and daunting task. A
simple fabrication process for a stretchable, nonenzymatic
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glucose sensor that could be integrated into a wearable form
would open new possibilities for wearable devices for glucose
self-monitoring.
Herein, we propose highly electrocatalytic, wrinkled,

stretchable nanohybrid fibers (WSNFs) made of reduced
graphene oxide−polyurethane (rGO/PU) with gold (Au)
nanowrinkles for use as a nonenzymatic electrochemical
biosensor that can perform continuous glucose monitoring in
sweat. A new design of free-standing WSNFs with a high total
surface area of Au nanowrinkles that partially covers the rGO/
PU composite fiber can provide high electrocatalytic effect,
stretchability, and durability under mechanical deformation.
Synergetic effects between the Au nanowrinkles and the rGO
supporting matrix, which contains oxygen-containing func-
tional groups, are presumed to enhance the sensor’s electro-
catalytic activity by inducing abundant hydroxide anions onto
the surface of Au nanowrinkles (Au(OH)abs) to promote
dehydrogenation in the glucose oxidation reaction. Therefore,

the WSNF electrode exhibits high responsivity to glucose, with
high sensitivity (140 μA·mM−1·cm−2), low detection limit (500
nM), high selectivity against interferents, and stability under
ambient conditions, and it can detect glucose in neutral
solution conditions. The stretchable glucose sensor is
composed of WSNFs as the working electrode (WE), a
counter electrode (CE), and a reference electrode (RE)
modified with Ag/Ag/Cl. It has stretchability up to 30% and
stable responses after 10 000 stretching cycles at 30% strain.
Furthermore, the sensor patch can be fabricated by directly
sewing the WSNF electrodes onto a stretchable fabric. We
demonstrated its function by attaching it to the human body
and continuously measuring glucose levels in sweat through a
portable electrochemical analyzer wirelessly connected to a
smartphone. The results indicate that the glucose concen-
tration in sweat is closely correlated with that in blood both
before and after ingestion.6,9,29,30 This stretchable non-
enzymatic glucose sensor based on WSNFs, which have a

Figure 1. Architecture and fundamental characteristics of the WSNF used as an electrochemical sweat glucose sensor. (a) Field-emission scanning
electron microscopy (FE-SEM) images of the rGO/PU nanocomposite fiber. (b) FE-SEM images of WSNF of rGO/PU/Au. (c) Schematic
diagram of the fabrication process for free-standing WSNF electrodes (CE, WE, and RE) partially embedded on a PDMS substrate or sewn onto
stretchable fabric to produce a stretchable WSNF glucose sensor. (d) WSNF glucose sensor sewn onto a stretchable fabric (inset) and attached to
the forehead of a human body. (e) Continuous on-body monitoring of glucose levels in sweat before and after meals.
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simple fabrication route, is promising because of its direct and
facile integrability into fabric or clothes for continuous on-
body measurement of glucose levels in sweat.

■ RESULTS AND DISCUSSION

Free-standing WSNFs, with a large surface of highly wrinkled
Au on a functional supporting matrix of the rGO/PU
composite fiber, were generated using a stretch-release
method. First, a free-standing elastomeric rGO/PU nano-
composite fiber containing 3.5 wt % of rGO, which has an
average diameter of 500 μm and a smooth surface (Figure 1a),
was fabricated via a wet spinning method (Figure S1). Then, a
5 nm-thick Cr layer (for adhesion promotion) and a 60 nm-

thick Au layer were deposited in sequence by e-beam and
thermal evaporation, respectively, on the two sides of the
nanocomposite fiber under 100% prestretched conditions, and
the Au-coated nanocomposite fiber was released to generate a
free-standing WSNF rGO/PU/Au hybrid (Figure S2). Two
salient features of this WSNF are the formation of Au
nanowrinkles on the surface and the partial coverage of the Au
layer on the rGO/PU nanocomposite fiber (Figure 1b). To
confirm the mechanical stretchability and durability, we
studied the electrical properties of the WSNFs under applied
mechanical deformation. The results show that the WSNF can
be stretched up to 50% with a very small change in the
electrical current (Figure S3). To apply the fabricated WSNFs

Figure 2. Electrochemical response of the WSNF electrode to glucose. (a) CV curves of the WSNF electrode in PBS. (b) CV curves of the WSNF
electrode in PBS with 10 mM glucose. (c) CV curves (second oxidation peak) of WSNF electrodes fabricated with various reduction times in PBS
with 10 mM glucose. (d) CV curves (second oxidation peak) of WSNF electrodes fabricated with various reduction times in PBS with 1 mM
glucose. (e) Ipeak data from WSNF electrodes as a function of reduction time. (f) CV curves of WSNF electrodes with one side or two sides coated
in Au in PBS with 10 mM glucose concentration. (g) Schematic diagram of the formation of the Au(OH)abs layer on WSNF electrodes fabricated
using various conditions: (I) short-reduction-time WSNF coated with Au on two sides, (II) long-reduction-time WSNF coated with Au on two
sides, and (III) short-reduction-time WSNF coated with Au on one side. (h) CV curves of WSNF, wrinkled PU/Au fiber, and Au thin film
electrodes in PBS with 10 mM glucose. (i) CV curves of WSNF and nonwrinkled rGO/PU/Au nanohybrid fiber electrodes in PBS with 10 mM
glucose. (j) CV curves of the WSNF electrode in PBS with various glucose concentrations.
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to a stretchable electrochemical sensor, we fabricated three-
electrode electrochemical devices using the WSNFs as the WE,
CE, and RE. The WSNF electrodes were partially embedded
into a polydimethylsiloxane (PDMS) substrate or sewn onto
the stretchable fabric to create stretchable electrochemical
glucose sensors (Figure 1c). The WSNF glucose sensor
integrated with fabric was simply interfaced with a portable
electrochemical analyzer and attached to the forehead of a
human body (Figure 1d) for continuous on-body monitoring
of glucose levels in sweat before and after meals (Figure 1e).
To investigate the fundamental electrochemical glucose

oxidation characteristics of the fabricated WSNFs with two Au-
coated sides, we affixed the WSNFs to a glass substrate as a
WE and used a commercial Ag/AgCl/saturated KCl and Pt
wire as the RE and CE, respectively (Figure S4). To ensure
that the WSNFs would function as a wearable electrochemical
nonenzymatic glucose biosensor for continuous on-body
monitoring, we evaluated their performance at the physio-
logical pH of the body fluid (neutral condition). Normally,
nonenzymatic electrochemical biosensors require an alkaline
condition for the electrocatalytic oxidation of glucose,15 which
can limit their usability as wearable on-body monitors of
glucose levels in sweat. Therefore, we first investigated the
catalytic performance of the glucose oxidation reaction of the
WSNFs in neutral phosphate buffered saline (PBS). The
appearance of a broad peak at ∼0.4 V in the cyclic
voltammogram (CV) curves in a 0.1 M PBS (pH 7.4) implies
the chemisorption of hydroxide anions onto the surface of the
Au nanowrinkles (Au(OH)abs) (Figure 2a). This phenomenon
was demonstrated in previous reports that used Au
nanostructures as a WE.31−35 To demonstrate the ability of
the WSNFs (as a WE) to detect glucose under neutral
conditions, we measured the CV curves in 0.1 M PBS
containing 10 mM glucose at a scan rate of 50 mV/s. In the
positive potential scan, the results showed the occurrence of
two anodic oxidation peaks (Figure 2b). The first peak at the
potential of ∼0.1 V is due to the formation of Au(OH)abs and
adsorption of glucose to form intermediates. Also, the second
peak at the potential of ∼0.4 V arises from oxidation of the
intermediates to gluconolactone under the catalytic effect of
Au(OH). During the negative scan, the third peak at ∼0.3 V
(Figure 2b) refers to the reduction of gold oxide to form a
fresh gold surface. These results indicate that the formation of
Au(OH)abs on the surface of the Au nanowrinkles is
approximately correlated with the onset of the electro-
oxidation of glucose. Therefore, we suggest that the Au(OH)abs
is a catalytic component on the Au surface and plays an
important role in glucose oxidation.34,36

The general mechanisms for the electrochemical oxidation
of glucose on Au electrodes have been reported in other
literature studies.31,34,36 The first step is the formation of
Au(OH)ads (eq 1). The second step is the oxidation of glucose
via the interaction between the hemiacetal group of glucose

molecules, , and Au(OH)ads, which can be expressed as

two processes: (1) the hydrogen bond to C1 carbon in the
hemiacetal group will be the first to be oxidized on the Au
surface, forming radical species (eq 2). This process transfers
one electron to the electrode. (2) These radical species are
further oxidized to generate gluconolactone and transfer
another electron to the electrode (eq 3). Finally, glucono-
lactone is desorbed from the electrode and hydrolyzed to form

sodium gluconate in the PBS (eq 4). In other words, the
generation of plentiful Au(OH)ads active sites (eq 1) and the
rate of the dehydrogenation step (eqs 2 and 3) play important
roles in the electro-oxidation of glucose on Au electrodes.

Au H O AuOH H e2
(1 ) λ+ → + +λ− − + −

(1)

In our WSNFs, the Au nanowrinkles formed on two sides of
the fiber as an electrocatalytic material did not completely
cover the fiber, instead partially surrounded the outer surface
of the rGO/PU fiber supporting matrix, which has many
oxygen-containing functional groups. Therefore, the non-
covalent interactions between the oxygen-containing groups
on rGO and H2O present near the active sites on the Au-
coated area facilitate the formation of Au(OH)abs on the
surface of the Au nanowrinkles,37−39 which is critical for the
dehydrogenation steps that initiate the glucose oxidation
mechanism (eqs 2 and 3). Moreover, the oxygen-containing
functional groups on the rGO flakes themselves also have
noncovalent interactions with both the reactant (glucose) and
the intermediate (adsorbed intermediate gluconolactone),
which speeds dehydrogenation in the glucose oxidation
mechanism.37−39 Therefore, we expect that the synergetic
effects between the rGO and Au nanowrinkles enhance the
electrocatalytic effects for glucose oxidation.
To further scrutinize the electrocatalytic enhancement

effects of the oxygen-containing functional groups in the
rGO/PU fiber in the WSNFs, we fabricated WSNFs with
various reduction times (30 min, 2, 4, 5, and 6 h) to vary the
density of the oxygen-containing groups on rGO and then
carried out electrochemical measurements. The CV curves in
Figure 2c,d illustrate the glucose oxidation peaks of WSNF
electrodes with various reduction times in 0.1 M PBS with 10
and 1 mM glucose, respectively. The oxidation peak current
(Ipeak) values as a function of reduction time, obtained from the
data in Figure 2c,d, indicate that Ipeak gradually increased as the
reduction time decreased from 6 to 2 h and decreased as the
reduction time was further decreased to 30 min (Figure 2e).
We attribute these results to the change in the density of
oxygen-containing functional groups on rGO in the fibers.
When the reduction time is reduced, the increased number of
oxygen-containing functional groups on rGO in the WSNF
electrode might induce more Au(OH)abs and generate stronger
noncovalent interactions with the intermediate and glucose
species. As a result, WSNF electrodes with a short reduction
time produced higher Ipeak values than those with a longer
reduction time. However, when the reduction time dropped to
30 min, more oxygen-containing functional groups remained
on rGO, causing a drop in the Ipeak and indicating a relatively
less stable intermediate state exposed to very strong non-
covalent interaction forces (such as hydrogen-bonding,
electrostatic interaction forces, van der Waals forces, or
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hydrophobic interactions).38 These results demonstrate that
the optimum reduction time for WSNFs used as a WE for a
highly sensitive nonenzymatic electrochemical glucose sensor
is 2 h.
To further study the probable contribution of oxygen-

containing functional groups in a glucose sensing mechanism,
we fabricated two WSNF electrodes with a Au coating on one
side and two sides of the fiber using the same reduction time.
We expected these WSNF electrodes to have nearly the same
number of oxygen-containing functional groups, but the
number of them near the Au-coated area differed (the
WSNF electrode coated with Au on two sides had more
than that coated on only one side). The CV curves of the two
WSNF electrodes in 0.1 M PBS with 10 mM glucose show that
the Ipeak of the WSNF electrode coated with Au on two sides
was higher than that of the WSNF electrode coated with Au on
one side by a factor of 3.4 (Figure 2f). In this experiment, the
surface area of the Au nanowrinkles on the electrode coated on
two sides was double that of the electrode coated on one side.
In the ideal case, therefore, Ipeak of the WSNF electrode coated
on two sides should be two times higher than that of the
WSNF electrode coated on one side, but the observed
enhancement in Ipeak was higher than that. Therefore, perhaps
only the oxygen-containing functional groups on rGO near the
Au-coated area enhance the electrocatalytic activity of the
WSNF electrode.
To illustrate the formation of Au(OH)abs, which is assisted

by noncovalent interactions between the oxygen-containing
functional groups on rGO and H2O, we present a schematic
(Figure 2g) for the formation of the Au(OH)abs layer on the
WSNF electrodes made using various fabrication conditions: a
WSNF with a short reduction time and a Au coating on two

sides (Figure 2g(I)), a WSNF with a long reduction time fiber
and a Au coating on two sides (Figure 2g(II)), and a WSNF
with a short reduction time and a Au coating on one side
(Figure 2g(III)). The fibers with a short reduction time and a
Au coating on two sides present more oxygen-containing
functional groups near the Au-coated area and more abundant
formation of Au(OH)abs than the fibers with a long reduction
time and a Au coating on two sides. For the fiber with a short
time reduction and a Au coating on one side, only abundant
oxygen-containing functional groups near the Au-coated area
help to induce Au(OH)abs.
To further investigate the role of oxygen-containing

functional groups in enhancing the electrocatalytic activity of
the WSNF electrode, we also measured the CVs of the WSNF,
wrinkled PU/Au fiber with no rGO incorporated, and Au thin
film electrodes with a similar geometric area in 0.1 M PBS with
10 mM glucose for comparison (Figure 2h). Ipeak of the WSNF
electrode was more than three times higher than that of the
wrinkled PU/Au electrode with no rGO and more than 6.7
times higher than that of the Au thin film electrode. Those
results again indicate that the oxygen-containing functional
groups on rGO play an important role in glucose oxidation.
We also carried out a CV scan of the WSNF electrode to it
compared with that of an unwrinkled rGO/PU/Au fiber
electrode in direct glucose oxidation. As depicted in Figure 2i,
Ipeak of the WSNF electrode is 1.4 times higher than that of the
unwrinkled rGO/PU/Au fiber electrode. Therefore, the
increase in the surface area caused by the Au nanowrinkles
also contributes to the observed increase in electrocatalytic
effects.
To study the sensitivity of the WSNF electrode to glucose,

we measured the CV curves of the WSNF electrode with the

Figure 3. Characterization of the electrochemical WSNF glucose sensor. (a) Optical image of the WSNF glucose sensor. (b) CV plots of the
fabricated device under various glucose concentrations. (c) Ipeak of the WSNF glucose sensor as a linear function of glucose concentration. (d)
Optical image of the WSNF glucose sensor on the PDMS substrate under stretching from 0 to 30%. (e) CV plots, (inset) current change, and (f)
Ipeak at various glucose concentrations of a WSNF glucose sensor under an applied strain of 0−30%. (g) CV plots, (inset) current change, and (h)
Ipeak at various glucose concentrations of a WSNF glucose sensor after cyclic stretching from 0 to 10 000 cycles.
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reduction time of 2 h under various glucose concentrations
(Figure 2j). The WSNF electrode exhibited a broad detection
range (0.5 nM to 10 mM) and high sensitivity. The Ipeak value
of the WSNF electrode to glucose is presented as an
exponential function in low glucose concentration (Figure
S5a) and as a linear function in medium and high glucose
concentration ranges (Figure S5b,c, respectively). These
results confirmed that the detection range of the WSNF
electrode for glucose covers the range of glucose levels that
occur in sweat.9 Therefore, the WSNF holds promise as a WE
for stretchable, electrochemical, nonenzymatic biosensors for
continuous on-body monitoring of glucose in sweat.
To confirm that the WSNFs with a reduction time of 2 h can

be used as electrodes in stretchable, electrochemical, non-
enzymatic glucose sensors for continuous on-body monitoring
of glucose in sweat, we evaluated the performance of a WSNF
electrochemical sensor. We partially embedded free-standing
WSNFs as the CE and WE and free-standing WSNF coated
with Ag/AgCl on a PDMS substrate as the RE to fabricate a
stretchable WSNF glucose sensor (Figure 3a), and then we
tested the electrochemical performance of that fabricated

device in its normal state and under mechanical deformation.
Figure 3b shows the CV plots of the WSNF glucose sensor
with glucose concentrations from 1 μM to 1 mM in PBS. The
device with the Ag/AgCl-coated RE gave a negative shift of the
glucose oxidation potential (Figure 3b) compared with that
using a commercial Ag/AgCl/saturated KCl RE (Figure 2b).
This phenomenon is contributed by probable difference in the
components of Ag/AgCl ink in comparison with those of
commercial Ag/AgCl/saturated KCl.
To confirm the reproducibility of the WSNF glucose sensor,

we fabricated three devices and measured their CV curves in
the same range of glucose concentration (1 μM to 1 mM). The
results show that the Ipeak values of the three devices were
nearly the same (Figure S6). The average Ipeak values extracted
from the data in Figure S6 are presented as a linear function
with glucose concentration in Figure 3c. Based on those
results, we calculated a sensitivity of 140 μA·mM−1·cm−2. As
shown by these results, the WSNF glucose sensor has high
sensitivity to the glucose concentration in sweat from 1 μM to
1 mM. Therefore, it can be used for continuous on-body
monitoring of glucose in sweat. Furthermore, the good

Figure 4. Performance of the electrochemical WSNF glucose sensor: stability, reliability, and selectivity. (a) Ipeak of the as-fabricated WSNF glucose
sensor in 1 mM glucose after 7 days of device storage in ambient conditions. (b) CA current signals of the WSNF glucose sensor at various glucose
concentrations at temperatures of 23.5, 30, and 38 °C. (c) Replotted response current (ΔI) of the WSNF glucose sensor at various glucose
concentrations at temperatures of 23.5, 30, and 38 °C. (d) Response currents (ΔI) of the WSNF glucose sensor at various glucose concentrations
were measured three times. (e) Replotted response current (ΔI) of the WSNF glucose sensor as a linear function of glucose concentration. (f)
Response current (ΔI) of the WSNF glucose sensor in 500 μM glucose with various interferents.
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electrocatalytic behavior of the WSNF glucose sensor is shown
by the effect of the scan rate on CV performance (Figure S7a).
The Ipeak values linearly increase as the scan rate increases from
20 to 120 mV/s (Figure S7b). This indicates that a diffusion-
controlled electrochemical process occurs on the WSNF
electrode.
The durability of the stretchable WSNF glucose sensor

under mechanical deformation is also an important parameter
for reliable on-body measurement. To characterize the sensing
performance under stretching, we applied a static strain from 0
to 30% to the sensor (Figure 3d) and measured the CV curves
at various glucose concentrations. The CV plots (Figure 3e),
current change (inset in Figure 3e), and Ipeak values at various
glucose concentrations (Figure 3f) demonstrate that the
electrochemical performance of the device remained nearly
unchanged under static mechanical deformation. We also
tested the electrochemical performance of the stretchable
WSNF glucose sensor under repetitive mechanical deformation
using a cyclic stretching test. Figure 3g and its inset show the
CV curves and oxidation current change, respectively, in a 1
mM glucose solution under cyclic stretching of 0, 500, 1000,
and 10 000 cycles at a strain of 30%. The Ipeak values at various
glucose concentrations under cyclic stretching are presented in
Figure 3h. These results indicate that the electrochemical
performance of the device is stable under repetitive mechanical
deformation, decreasing only slightly with cyclic stretching for
up to 10 000 cycles. All those results confirm that the
electrochemical WSNF glucose sensor has high sensitivity and
excellent durability against mechanical deformation. For
comparision with other wearable glucose sensors, selected
wearable glucose sensors in the form factor of patch are
presented in the Supporting Information Table S1.
To realize a stretchable, nonenzymatic glucose sensor based

on WSNFs for continuous on-body monitoring of glucose in
sweat, stability, reproducibility, and selectivity of the device
should be also considered. We tested the stability of the WSNF
glucose sensor by measuring its electrochemical performance
in 1 mM glucose after storage in ambient conditions for 7 days.
The results (Figure S8) indicate that the glucose oxidation
potential of the device shifted in the negative direction as the
storage time increased, but robust sensing performance was
well maintained without a significant change in Ipeak (Figure
4a). The negative shift of the oxidation potential might be
caused by oxidization of the Ag/AgCl-coated RE during
storage.
To evaluate its ability to monitor glucose in human sweat,

the temperature dependence of the device performance should
be also investigated because skin temperature changes during
human activities. Figure 4b shows the chronoamperometric
(CA) test results from the stretchable WSNF glucose sensor at
an applied potential of 0.2 V with glucose concentrations from
0 to 1.71 mM in PBS at room temperature (23.5 °C), 30, and
38 °C. The baseline current of the CA curves showed a linearly
increasing tendency as the temperature increased, possibly
caused by the resistance change of the WSNF itself under
temperature variation because of the thermal sensitivity of
rGO.40−42 However, the response current of the device, ΔI = I
− Io, remained nearly unchanged at different temperatures
(Figure 4c). Furthermore, to study the environmental
temperature effect on the WSNF glucose sensor, the glucose
sensor is attached to the human skin and the responsivity of
the device to artificial sweat containing 200 μM glucose in
summer with inside temperature (23.5 °C, room temperature

with air conditioning) and outside temperature (32.5 °C). The
results and detailed discussion are presented in Figure S9.
Based on these results, we can conclude that the temperature
does not contribute significantly to the glucose reaction, but
the resistance of the fiber decreased as the temperature
increased because of the presence of rGO.40−42

The reproducibility of the WSNF glucose sensor was studied
using its amperometric response to glucose at various
concentrations. Figure 4d presents ΔI of the sensor for three
CA measurements; the sensor exhibited the same ΔI at each
glucose concentration. Also, the extracted results present a
linear relationship between ΔI and glucose concentration
(Figure 4e), which can be used as a calibration curve for
measuring the glucose concentration in sweat. Moreover, to
demonstrate the repeatability of the sensor, we measured CA
of the stretchable WSNF glucose sensor by injecting the
glucose solutions four times with the same concentration at the
saturation stage. The results and more detailed discussion are
presented in Figure S10.
In sweat, several noteworthy interferents can affect sensor

performance: uric acid (UA), ascorbic acid (AA), lactic acid
(or derivatives of lactate) (LA), and sodium chloride (NaCl).
Therefore, we examined the selectivity of the WSNF glucose
sensor by verifying the effect of interferents in real-time
measurements. We ran a CA plot with 0.2 V of applied voltage
in 100 μL of PBS (0.1 M) for a baseline readout. We added
100 μL of 1 mM glucose solution to acquire a running baseline
solution that was saturated at 500 μM glucose, and then we
added 50 μL of each interferent solution, AA 50 μM, UA 50
μM, LA 100 μM, and NaCl 10 mM. For comparison, we added
the same volume of PBS (instead of interferent solutions) as a
control. The influence of the interferents is shown in the
unchanged ΔI in a comparison of the selectivity (red) with the
control line (black) in Figure 4f. All those results demonstrate
that the WSNF glucose sensor has great selectivity against
notable interferents in sweat and is suitable for a real sample
demonstration. The high selectivity of the WSNF sensor can
be attributed to the high roughness factor of the Au
nanowrinkles. In glucose sensing, the electro-oxidation of
glucose is controlled by a kinetic process, and thus it is very
sensitive to the nanoscale crevices of Au nanowrinkles.34,43

Meanwhile, the oxidation of the interferents (AA, UA, LA, and
NaCl) is controlled by diffusion, which causes their surface
concentration to be depleted immediately and completely
under an applied anodic potential to the electrode. As a result,
a reactant concentration gradient (a diffusion layer) is
established near the surface of the Au nanowrinkles in the
range of milliseconds, which depletes the interfering molecules
from inside the crevices of the Au nanowrinkles.34,43

Therefore, the oxidation of interferents does not significantly
occur as long as glucose molecules can reach the crevice
surface of the Au nanowrinkles.
Another great advantage of the glucose sensor based on

WSNFs is that it can be directly integrated with stretchable
fabric. A stretchable fabric that is lightweight, breathable,
biocompatible, wearable, and has a high liquid absorption
property is an ideal platform for continuous monitoring of
glucose levels in sweat. The detailed processes by which the
WSNF glucose sensor was fabricated onto the stretchable
fabric are explained in the Methods and Figure S11. To
observe the temperature changes of the human skin and both
collect and store sweat samples, the WSNF glucose sensor was
also integrated with a stretchable temperature sensor and
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absorbent patch to generate a wearable glucose sensor patch
(Figure 5a). The sensor patch was laminated onto the forehead
of a human volunteer using an adhesive bandage (Figure 5b)
and was electrically coupled to a portable electrochemical
analyzer that can transfer the measured data to a smartphone
via Bluetooth.
For continuous on-body monitoring of glucose in human

sweat, two healthy subjects (males, 25 and 27 years old) with

no medical history of diabetes participated in the study. To
generate sweat, we used a cycling protocol. First, they cycled at
a speed of 20 rpm to warm up for 3 min. Then, they cycled at
30 rpm for 14 min for the sweat extraction stage, and then they
stopped cycling to cool the body down in 3 min. Figure 5c
shows the continuous monitoring of skin temperature and
glucose levels during cycling for the total time of 20 min. The
temperature sensor monitored skin temperature changes, and

Figure 5.WSNF-based glucose sensor patch integrated with stretchable fabric for continuous on-body monitoring of glucose levels in human sweat.
(a) Schematic diagram of the WSNF glucose sensor on stretchable fabric integrated with a stretchable temperature sensor. (b) The fabricated
device was attached to the forehead of a subject for (c) continuous monitoring of skin temperature and the glucose levels in sweat. (d) Continuous
on-body monitoring of glucose levels in sweat before and after meals. (e) Comparison of the glucose levels in sweat detected by the WSNF-based
stretchable glucose sensor patch, a commercial sweat glucose assay, and the blood glucose level measured by a blood glucose meter. (f) Continuous
on-body monitoring of glucose levels in sweat for 1 day. (g) Summary of the glucose levels measured in 1 day by the WSNF sweat glucose sensor,
the commercial sweat glucose assay, and a blood glucose meter.
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we used those temperature data to correct the temperature-
dependent glucose responsivity. Sweat was extracted after the
first 3 min stage of cycling. At that time, the skin temperature
was gradually cooling because of sweating, which is a natural
mechanism of body temperature control, and the generated
sweat was collected and stored by the absorption patch for
glucose detection. While the perspiration continued, the sweat
was stored until the sensor signal was saturated with enough
sweat to enable glucose sensing and the skin temperature had
become stable.
Figure 5d presents the results of continuous monitoring of

glucose concentration before and after meals. The cycling
protocol, as mentioned above, was used to generate the sweat
before and after a meal. In case of the before-meal experiment,
the perspiration seems to be very slow until 15 min after
cycling. Here, the sweat is enough for glucose sensing until the
signal is saturated and then slightly decreased. This is
expectable because of the dilution effect on the increase of
the sweating rate. The response is similar for the case of after-
meal measurement. However, the perspiration starts earlier (10
min after cycling) and takes place massively in this case. The
sweat glucose level after a meal was higher than before a meal.
To confirm the accuracy and reliability of the patch, we
measured the sweat glucose concentrations before and after
meals three times and compared those results with measure-
ments from a commercial sweat glucose assay kit and the blood
glucose level as measured by a commercial blood glucose
meter. The results in Figure 5e show that the sweat glucose
concentrations measured by the sensor patch are well matched
with those measured by the commercial assay kit. Furthermore,
changes in the sweat glucose concentration are well correlated
with the measured blood glucose concentrations (Figure 5e).
To avoid an error or delay in sweat glucose concentration and
blood glucose concentration, we collected sweat for analysis by
the glucose assay kit while the participants were cycling for
sweat generation, and we conducted the sweat glucose
monitoring using the sensor patch immediately after extracting
blood for measurement by the blood glucose meter. Data from
1 day of continuous on-body monitoring for sweat glucose are
presented in Figure 5f. As summarized in the data, the sweat
glucose levels measured by our patch matched well with the
sweat glucose concentrations measured by the commercial
assay kit and correlated well with the blood glucose
concentration measured by the commercial blood glucose
meter (Figure 5g).

■ CONCLUSIONS

In summary, we considered a unique approach to developing
materials and designing and fabricating a new class of
nonenzymatic glucose sensors based on free-standing
WSNFs. As a WE, the WSNF demonstrated high sensitivity
and low detection limit, which we attribute to the large surface
area of the Au nanowrinkles and the high electrocatalytic
activity facilitated synergistically by the oxygen-containing
functional groups on the underlying rGO/PU fiber. The
WSNF glucose sensor can be stretched up to 30% and offers
high mechanical durability under repetitive cycles of
mechanical deformation. In addition, the fabricated WSNF
glucose sensor device presented high ambient-condition
stability through the use of direct glucose oxidation without
enzymes. The stretchable sensor also showed high selectivity
against interferents and could be operated in neutral

conditions because of the large surface area and nanoscale
crevices of the Au nanowrinkles.
Taking advantage of its outstanding glucose sensing

characteristics and simple fabrication, the WSNF glucose
sensor can be directly sewn onto a stretchable fabric platform
to create a glucose sensor patch and be attached to the human
skin for continuous monitoring of glucose levels in sweat. The
sweat glucose level measured by the sensor patch matches well
with the level measured by a commercial sweat glucose assay
kit and correlates well with blood glucose levels measured by a
blood glucose meter. All our results indicate that the sensor
patch based on WSNFs exhibits high performance in
continuous sweat glucose detection. Therefore, WSNFs hold
promise for use as stretchable, nonenzymatic, wearable, self-
testing, electrochemical glucose sensors. Future work will focus
on integrating the stretchable glucose sensor with a micro-
fluidic biofluid handling device that will collect and store the
sweat sample to prevent a dilution effect and improve the
accuracy of continuous monitoring.

■ METHODS
Fabrication of the rGO/PU Nanocomposite Fiber. The rGO/

PU nanocomposite fibers were produced by a wet spinning method.
Briefly, the liquid phase blending method was used to prepare the
rGO/PU solution. PU (SG 85 A from Teco Flex) was dissolved in
dimethylacetamide (DMAC, Sigma-Aldrich) with a concentration of
0.3 g/mL. Graphene oxide nanosheets (GO, prepared by the modified
Hummers method) dispersed in DMAC at a concentration of 5 mg/
mL were mixed with appropriate weight fractions of PU solution and
stirred for 12 h. The rGO/PU solution was injected into a water bath
and kept there for 5 min to form PU/GO-gel fibers. They were
reduced in 1 wt % solution of AA (Sigma-Aldrich) in deionized water
(DI water) for the desired reduction time in an oven at 100 °C. Then,
they were taken out, rinsed, and immersed in DI water overnight at
room temperature. Finally, the PU/rGO-gel fibers were dried in an
oven at 120 °C for 2 h to form PU/rGO nanocomposite fibers.

Fabrication of WSNFs from the rGO/PU/Au Nanohybrid.
The rGO/PU nanocomposite fiber was prestretched up to 100% on a
high-temperature plastic holder. The stretched fibers were treated
with an oxygen microwave plasma for 30 s. A 5 nm-thick Cr layer and
60 nm-thick Au layer were deposited by e-beam and thermal
evaporation, respectively, on one side of the stretched fiber and then
on the other side after rotating 180°. The Au-deposited rGO/PU
fibers were then taken from the holder. The wrinkled surface formed
after releasing the deposited fibers.

Fabrication of the Electrochemical WSNF Glucose Sensor.
To make the WSNF glucose sensor on a PDMS substrate, we coated a
completely cured PDMS (10:1, w/w ratio of base to curing agent)
substrate with a liquid PDMS (10:1) layer to a thickness of 0.5 mm by
spin-coating at 2500 rpm, for a total thickness of around 30 μm. Then,
the substrate was partially cured in an oven at 80 °C for 3 min to form
a sticky surface. The formed fiber electrodes were put on the sticky
PDMS substrate and then completely cured in an oven at 80 °C for
30 min. The electrode area was surrounded by a PDMS well to
contain the analyte solution for characterization.

Integration of the Electrochemical WSNF Glucose Sensor
with Stretchable Fabric. To prepare the textile-based substrate, we
bought a stretchable cotton fabric and nylon thread at a local fabric
market (Seoul, Republic of Korea). To make the opening fabric
region, we placed the washed fabric on a plate surface. Gelatin
(Sigma-Aldrich) of 10 wt % in DI water was boiled at 100 °C for 5
min. Then, 50 μL of gelatin was dropped onto the fabric to form a
circular region with a diameter of 1 cm. We put the fabric into the
refrigerator for 15 min to solidify the gelatin. PDMS (10:1) was
coated on the substrate using a spin coating machine at 1000 rpm and
then cured in an oven at 80 °C for 1 h.
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The substrate was rubbed with a brush and then sonicated with 0.1
M NaOH for 20 min to remove the gelatin and mercerize the opening
in the fabric. We then washed the fabric using DI water and dried it at
60 °C under an air supply for 1 h.
We used a sewing needle and the stretchable nylon thread to sew

the WSNF electrodes directly onto the fabric substrate. The circular
fabric absorbent pad, which was also sewn to the substrate, has the
same diameter as the opening in the fabric. A thin sticky PDMS layer
was prepared to cover the back side of the opening in the fabric.
We connected three copper wires to the three electrodes using a

Ag-epoxy paste (1:1) (Epoxy Technology Inc.) and then cured it in
an oven at 80 °C for 2 h. In the end, the thin PDMS encapsulation
covered the whole substrate around the electrode.
Measurements of Sweat Glucose Concentration on a

Human Forehead. The forehead skin of each subject was cleaned
using medical alcohol bought at a local pharmacy (Suwon, Republic of
Korea). The patch glucose sensor was attached to the forehead of
each volunteer by an adhesive bandage and connected to a portable
potentiostat (PStouch-PalmSens) that was wirelessly controlled by an
app on a smartphone. The CV data were acquired at an applied
voltage of 0.2 V. To confirm the accuracy and reliability of the glucose
patch, the sweat glucose concentration was also measured using a
commercial glucose assay kit (no. 10009582, Cayman chemical), and
to observe the correlation between sweat glucose and blood glucose
levels, we used a glucometer (i-Sens, CareSens N) to measure the
glucose concentration in finger-pricked blood from the same subjects.
The human subjects research was carried out after the approval of the
Institutional Review Board (IRB) at the University, and all glucose
measurements from the two subjects (male, age: 25 and 27) were
conducted after receiving informed signed consent from them.
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