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tantly, the soft gel not only adheres well to the skin, but also promotes the
penetration of water-soluble molecules, effectively improving the accumulation
of bodily fluids on dry skin surfaces. The constructed GOx-gel-rGO-Au/SPGE
biosensor maintains stable sensing performance even after 1000 bending cycles.
In addition, the biosensor exhibited significantly current response to glucose at a
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human sweat), with a sensitivity of 53.7 and 27.4 pA/mM cm” and low detec-
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rGO-Au/SPGE could accurately determine glucose in human sweat, demon-
strating a promising feature for personal healthcare diagnosis.

Handling Editor: Annela M. Seddon.

Address correspondence to E-mail: gchanghubei@gmail.com; ybhe@hubu.edu.cn

@ Springer https:/ /doi.org/10.1007 /s10853-022-08095-7


http://orcid.org/0000-0002-9577-2171
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-022-08095-7&amp;domain=pdf

J Mater Sci (2023) 58:890-901 891

GRAPHICAL ABSTRACT

+ Glucose ‘ GOx @ Gel

Introduction

Flexible and wearable technology is one of the
rapidly developing industries in recent years. It is
widely used in human physiological activity moni-
toring, disease prevention, artificial skin and human-
computer interaction fields [1-3]. In particular, with
the growing awareness of health care, the medical
wearable market has promoted from the current
hospital-centered treatment to patient-centered
diagnosis [4, 5]. Glucose sensor has important
application value in physicochemical sensors related
to health and medical care [6, 7]. Diabetes is a com-
mon disease that endangers people’s health. Patients
need to be regularly monitored for blood glucose in
order to receive timely and correct treatment [6, 8].
The traditional fingertip blood collection method
often brings physical pain and psychological pres-
sure for patients. It is particularly urgent to develop a
non-invasive and wearable glucose sensor. As an
innate body fluid, human sweat contains various
physiological markers, which could realize the non-
invasive measurement of human glucose level [9, 10].
Meanwhile, people with diabetes or metabolic
abnormalities have higher-than-normal levels of
glucose in their sweat [11]. Studies have confirmed
that there is a certain relationship between the

glucose content in sweat and human blood sugar
levels [12, 13]. Therefore, the development of an
in situ non-invasive glucose sensor for monitoring
sweat has important practical significance for real-
time evaluation of human health and clinical diag-
nosis. Due to the complex chemical environment of
human sweat, the high selectivity of the sensor is
crucial. Glucose oxidase (GOx) has high selectivity
and sensitivity, and enzymatic glucose biosensors are
considered to be the ideal choice for wearable
Sensors.

Conventional flexible substrates of non-invasive
wearable biosensors are currently dominated by
polyethylene terephthalate (PET) [14] or polyimide
(PI) [15, 16]. However, due to the mismatch between
the sensor substrate and the epidermis would lead to
sweat accumulation and inaccurate detection. An
ideal wearable sensor is required to maintain excel-
lent performance when subjected to severe defor-
mation such as bending, stretching and even
twisting. In addition, they need to be biocompatible
and non-toxic to ensure that they do not damage
clothing or skin, and could function in moist bodily
fluids. Hydrogels consist of polymer network struc-
tures containing more than 90% water and could be
ideal ionic conductors [17]. Compared with tradi-
tional conductive materials, hydrogels have good
swelling properties and biocompatibility [17, 18]. The
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hydrogel is able to adapt to the dynamic properties of
the skin, creating a good contact between the sensors
and human skin even under severe deformation. The
unique three-dimensional network structure of
hydrogels is more conducive to the diffusion and
collection of small molecules, which effectively solves
the problem of body fluid collection of wearable
sensors [19, 20]. Solid gel replaces traditional liquid
electrolyte, providing a favorable platform for real-
time monitoring of non-invasive wearable sensors. In
addition, glycerol is often introduced to solve the
problem of water absorption and shrinkage of
hydrogels.

Recently, nanomaterials with high surface area,
high conductivity and electrochemical activity have
attracted growing attention in the sensing field. In
order to effectively improve the sensitivity of sensors,
reduced graphene oxide (rGO) is often used as a
supporting substrate for nanomaterials [21, 22]. For
instance, the Ag-CuO/rGO nanocomposite was con-
structed as a novel non-enzymatic glucose sensor,
with the synergistic effect of Ag, CuO and rGO, the
sensor exhibited excellent catalytic performance for
glucose detection [23]. Liu and co-workers [24] com-
bined porous enzyme nanofiber membranes with
PtNPs/graphene nanocomposites to facilitate elec-
tron transport between enzymes and electrodes,
thereby improving the catalytic performance of glu-
cose and lactate. Over the past few decades, Au
nanomaterials-based electrodes frequently appear in
various types of stretchable biological analysis fields,
indicating that they have broad prospects in wearable
electrochemical biosensors [25, 26].

Herein, a flexible and wearable glucose electro-
chemical biosensor based on reduced graphene oxi-
de/gold nanoparticle-modified screen-printed gold
electrodes (rGO-Au/SPGE) and hydrogel as elec-
trolyte was fabricated. The controllable and in situ
formation of rGO-Au nanocomposites onto SPGE
was achieved via a one-step electrodeposition strat-
egy. And the porous gel was synthesized by poly-
merization reaction to replace the liquid electrolyte,
thus achieving moisturization and GOx fixation and
effect. The feasibility and electrochemical properties
of the gel as electrolyte were characterized using
electrochemical methods. The mechanical stability
and sensing performance of the constructed biosen-
sor were verified by bending cycle experiments. In
addition, the detection results of the constructed
sensor in human sweat were compared with
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commercial enzyme Kkits to evaluate the accuracy of
the sensor in practical application.

Experimental
Reagents and instruments

Single-layer graphene oxide (GO) was purchased
from XFNANO (Nanjing, China). Glucose oxidase
(GOx, 100 U mgfl), chloroauric acid trihydrate
(HAuCl,-3H,0), ammonium persulphate, acrylamide
and N, N, N’, N’-tetramethylethylenediamine were
procured from Aldrich Co., Ltd. Ethanol, NaCl, KCI,
Na,HPO,412H,0, NaH,PO42H,0, D( +)-glucose
monohydrate, glycerol and chitosan (white mush-
room, high molecular weight), and N, N’-methylene
diacrylamide were all obtained from Sinopharm
Chemical Reagent. Dopamine (DA), uric acid (UA),
ascorbic acid (AA), lactic acid and urea were pur-
chased from Shanghai Macklin Biochemical Co., Ltd.
Nafion (5 wt% in low aliphatic alcohols) was sup-
plied by Du Pont. Phosphate-buffered saline (PBS)
was prepared with NaH,PO4-2H,O and Na,HPO,.
12H,0. D ( +) glucose solution was diluted in 0.1 M
phosphate-buffered saline (PBS, pH 7.4) and allowed
to stand for 24 h prior to use to allow equilibration.
Deionized water was obtained from the water
purification system P60-CY (Kertone Water Treat-
ment Co., Ltd). During the experiment, deionized
water was used for all reagent dissolution and
glassware cleaning.

Screen printing gold electrode (SPGE) was pro-
duced by Qingdao Poten Technology Co., Ltd., the
working electrode (D = 4 mm) and the counter elec-
trode were made of gold electrodes, the Ag/AgCl
electrode prepared by silver ink was used as the
reference electrode, and polyimide (PI) was used as
the flexible substrate. Cyclic voltammetry (CV) and
chronoamperometry (i-t) were carried out on a
CHI660e electrochemical workstation (CH, Shanghai,
China). The morphology of the working electrode
and the thickness of the prepared gel were charac-
terized by field emission scanning electron micro-
scopy (FE-SEM, ZEISS, Germany) with energy-
dispersive X-ray spectroscopy (EDX). The crystal
structure of the prepared material was determined by
X-ray diffractometer (XRD, D8A25, BRUKER Tech-
nology Co., Ltd., USA). The resistivity of the pre-
pared gel was measured using 4-point probe
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resistivity measurement system (RTS-9, Guangzhou,
China). UV 3600 Plus (Shimadzu Corporation, Japan)
was used to test the absorbance of glucose. Addi-
tionally, all the experimental measurements were
carried out at normal temperature.

Synthesis of rtGO-Au/SPGE

The single-layer GO was dissolved in deionized
water and dispersed by ultrasonic to form a uniform
solution of 0.5 mg mL~". 25 uL. graphene dispersed
droplets were placed on the surface of SPGE working
electrode, fixed with Nafion and dried at room tem-
perature. rGO-Au/SPGE was synthesized by CV
scanning 6 cycles from 0.0 to — 1.5V in 1.0 mM
HAuCl, solution. Finally, the electrode was gently
rinsed with deionized water and stored in the
refrigerator for use in the next step. As a comparison,
rGO/SPGE and Au/SPGE were prepared in the same
method.

Preparation of gel electrolyte

Using a simple polymerization reaction, the two
solutions labeled A and B are mixed to synthesize gel
electrolyte [12, 27]. In the preparation process, acry-
lamide was used as monomer, N, N’-methylene
diacrylamide as crosslinking agent, N, N, N’, N'-te-
tramethylethylenediamine as accelerator and ammo-
nium persulfate as initiator. 0.6 M NaCl and glycerol
were used as solvents (V/V =5:1) to ensure the
preparation of hydrogel with good electrical con-
ductivity and water retention. Dissolve 0.4 g acry-
lamide, 0.015 g N, N’-methylene diacrylamide and
30 pL N, N, N’, N’-tetramethylethylenediamine in
6 mL solvent to prepare solution A. Similarly, solu-
tion B was composed of 4 g ammonium persulfate
dissolved in 12 mL of solvent. Solutions A and B
(V/V = 1:2) were mixed in an ice bath environment,
and the mixture was coated on a clean glass surface
and quickly covered by another piece of glass. The
film could be formed after about 10 s. In order to
enhance the moisture retention of the gel, the pre-
pared gel was peeled off and soaked in glycerin for
overnight storage. Finally, the gel was taken out to
dry and cut into sizes of 1.1 cm 1.2 cm. 5 puL
5 mg mL~' GOx was dropped onto the surface of gel,
then dripped chitosan solution on the surface to
achieve stable anchoring of the coating and placed at
4 °C to dry overnight before use.

Fabrication of the biosensor

The fabrication process of glucose biosensor was
depicted in Scheme 1. First, the gel was carefully
transferred to the surface of the rGO-Au/SPGE.
During the transfer, it is necessary to make sure that
the gel was in close contact with the electrode and no
bubbles existed; otherwise, the stability of the elec-
trode would be affected. 3 pL glucose standard
solution of different concentrations was dropped
onto the gel surface, and data were collected by i-t
method. The detection mechanism was as follows:
Under the action of GOx, glucose was decomposed
on the surface of the gel into glucose acid and
hydrogen peroxide (H,O,) (Reaction a). After that,
the small molecules of HO, pass through the gel and
contact the rGO-Au catalyst, and the reduction reac-
tion occurs to generate hydroxide (OH7), thereby
generating the response current (Reaction b).

Human sweat samples handle
and measurement procedure

Fresh sweat from two volunteers was collected as
practical samples. About 3 mL of sweat was collected
on the surface of the volunteers” arms after playing
badminton. 5 L. sweat samples were dropped onto
the surface of GOx-gel-tGO-Au/SPGE to record the
current response of i-t. As a control, a commercial
glucose enzyme kit was used to test sweat samples to
verify the accuracy of the prepared biosensor. To
truly reflect that the constructed sensor could be
worn on the human body to achieve the purpose of
real-time monitoring, during the attachment experi-
ment, the sensor was directly attached to the human
skin surface.

Ethics statement

All experiments were conducted in accordance with
the relevant laws and institutional guidelines from
the Zijing Hospital (Wuhan, China) and “Regulations
on the Administration of Medical Institutions” from
China and were approved by the Ethics Committee of
Hubei University. All experiments were performed
in compliance with the laws of the People’s Republic
of China. Informed consents were obtained from all
volunteers for this experiment.
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Scheme 1 Schematic
illustration of the construction
of a glucose biosensor and its
sensing principle in sweat.

Figure 1 FE-SEM images of
GO (a), Au-rGO
nanocomposite (b) and Au-
rGO nanocomposite at high
magnification (c). The particle
size distribution of AuNPs
(inset of ¢); (d) the XRD
pattern of SPGE, GO/SPGE
and Au-rGO/SPGE
nanocomposite..
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Results and discussion

Characterization of the synthesis
nanomaterials

The prepared rGO was characterized by FE-SEM. As
shown in Fig. 1a, the rGO film exhibited a typical
light yarn fold-like structure layer, which could
effectively increase the surface area of the working
electrode. In Fig. 1b and ¢, AuNPs were reduced on
the surface of rGO film, and spherical AuNPs with
the size of about 100 nm were evenly distributed
on the wrinkled rGO without agglomeration. In
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addition, Fig. S1 shows the corresponding element
mapping distribution of the prepared material. Au, C
and O elements were uniformly distributed on the
surface of tGO-Au nanocomposites, which confirmed
the existence of AuNPs and rGO. All these results
demonstrated that the rGO-Au nanocomposite could
be successfully synthesized by electrodeposition. One
of the highlights of our work is to replace traditional
liquid electrolytes with gels for flexible, wearable
biosensor monitoring. In Fig. 52, it was observed that
the thickness of the gel was uniform at approximately
160 pum. A typical four-probe system was used to
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determine the gel resistivity of 1736.5 Q cm, and the
relative standard deviation (RSD) was 3.4% (n = 5).
The results show that the gel has uniform thickness
and good conductivity, which provides a favorable
guarantee for its use as a solid electrolyte.

The crystal structure and purity of the rGO-Au
nanocomposite were further determined by XRD. As
shown in Fig. 1d, there were obvious Au character-
istic diffraction peaks on the bare electrode with
sharp peaks, indicating that SPGE as the substrate
has good crystallinity and conductivity. The typical
diffraction peaks corresponding to monolayer GO
(001) were clearly observed on the electrode surface
before electrodeposition. After electrodeposition in
HAuCl, solution, it was observed that the diffraction
peak of GO disappeared, while the diffraction peak of
metallic gold tended to increase. This indicated that
the deposition process could simultaneously reduce
GO and Au3+, which was consistent with the above
FE-SEM analysis.

Electrochemical behaviors of the electrode
materials

Using [Fe(CN)¢]>~/*~ as probe, the electron transfer
behavior of different modified electrodes was inves-
tigated in 0.1 M KCl solution containing 5 mM
[Fe(CN)e]*~/*~ (Fig. 2a). GOx-gel/SPGE (curve a),
GOx-gel-Au/SPGE (curve b), GOx-gel-rGO/SPGE
(curve c¢) and GOx-gel-tGO-Au/SPGE (curve d) all
showed a pair of obvious redox peaks. The oxidation
peak potential was about 0.13 V, and the reduction
peak potential was about — 0.04 V. This was a typical
Fe’"/Fe’* redox peaks peak pair, which visually
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Figure 2 (a) CV curves of GOx-gel/SPGE (curve a), GOx-gel-
Au/SPGE (curve b), GOx-gel-rGO/SPGE (curve c) and GOx-gel-
rGO-Au/SPGE (curve d) in 5.0 mM Fe(CN)s"*~ solution
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demonstrated that small molecules could be con-
tacted with the catalyst on the electrode surface
through the gel and react chemically. On the other
hand, under the synergistic effect of the large specific
surface area of rGO and the high catalytic activity of
AuNPs, the current response value of curve d was the
largest, indicating that GOx-gel-tGO-Au/SPGE has
the fastest electron transfer rate in the electrocatalytic
process.

To explore the glucose detection mechanism of the
constructed biosensor, CV images of GOx-gel-rGO-
Au/SPGE in 0.1 M PBS solution without and with
1.2 mM glucose were investigated. In Fig. 2b, no
significant peak was observed in the CV curve (curve
e) of GOx-gel-rGO-Au/SPGE in 0.1 M PBS solution.
After glucose was added, a significant reduction peak
appeared on curve f around -0.1 V. This corresponds
to the reduction process of hydrogen peroxide (a by-
product of glucose under the action of GOx). The
electrocatalytic properties of different modified elec-
trodes for glucose were analyzed by i-f method. As
shown in Fig. 53, under the synergistic action of rGO
and AuNPs, GOx-gel-rGO-Au/SPGE (curve d) has
excellent electrocatalytic performance for glucose.
The above phenomenon was basically consistent with
the analysis result of Fig. 2a.

Optimize the number of deposition cycles,
working potential and pH value

In order to obtain the best detection performance of
the glucose biosensor, the number of deposition
cycles, the working potential and the pH value of the
electrolyte were systematically optimized.

()

Current/uA

16 -

PR R U U R R
-0.8 -0.6 -0.4 -0.2 0.0 0.2

Potential/(V vs Ag/AgCl)

containing 0.1 M KCI. Scan rate: 50 mV s~ '. (b) CV curves of
GOx-gel-rGO-Au/SPGE without (e) and with 1.2 mM glucose

(f) in 0.1 M PBS solution, scanning rate: 50 mV s. 7L
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AuNPs have good catalytic activity, and its load
quality is crucial to the sensitivity of glucose
biosensors. In Fig. 3a, the current response of the
biosensor to glucose gradually increases with the
increase of the deposition cycles. When the number
of deposition cycles reaches 6, the current response of
the biosensor reaches the maximum value. This was
attributed to the excessive amount of AuNPs gener-
ated which would cause agglomeration of particles
and reduce the active sites, resulting in a decrease in
the sensitivity of the biosensor. In addition, the
deposition cycle number also affects the electro-
chemical activity of rGO. rGO has excellent electron
transmission performance. However, excessive
deposition cycles would lead to the stacking of rGO
and decrease the electron mobility, weakening the
electrochemical activity of rGO. Therefore, the elec-
trodeposition cycle number 6 was selected for further
investigations.

To get the highest sensitivity in the sensor perfor-
mance analysis, it is crucial to use the appropriate
working potential. Figure 3b shows the sensitivity of
GOx-gel-rGO-Au/SPGE with a continuous addition
of glucose at different potentials (from — 0.1 to — 0.
5V). It could be observed that when the working
potential was — 0.3 V, the current of the biosensor
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changes greatly and the response sensitivity was
high. What’s more, that low working potential could
effectively reduce the interference signals from other
electroactive substances in the real sample
environment.

The pH value of electrolyte plays an important role
in enzyme activity and biosensor stability. Figure 3¢
shows the current response of the glucose biosensor
in the pH range of 6.5-8.0. And the maximum current
response was obtained at pH 7.4. Too acidic or too
alkaline an environment could seriously affect the
activity of GOx. Based on this result, pH 7.4 was
selected as the optimum electrolyte pH for the sub-
sequent experiments.

Analytical performance of the glucose
biosensor

Under the optimized conditions, the glucose-sensing
performance of the GOx-gel-rGO-Au/SPGE biosen-
sor was evaluated using the i~¢ technique, as shown
in Fig. 4a. The current response of the biosensor was
enhanced with the increase of glucose concentration.
The rapid current response was due to the coopera-
tion of high activity of AuNPs and the conductivity of
rGO. In Fig. 4b, low concentration glucose molecules
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Figure 4 (a) Amperometric response of the glucose sensor with
glucose concentration of 0.00125, 0.13, 0.20, 0.30, 0.64, 0.85, 1.2,
1.72, 2.48, 3.47, 4.78, 6.17, 7.72 mM in 0.1 M PBS, pH 7.4,
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Table 1 Comparison of

proposed work with other Electrode Sensitivity LOD Linear range References
reported glucose biosensors (HA/MM em’) (1M) (mM)
GOx/PB/graphene 18 10 0.2-1.0 [29]
MWCNTs-PB/Carbon WE 105.9 4.95 0.5-1.0 [28]
GOx/3D-printed G-PLA electrode 3.63 15 0.5-6.3 [30]
CS/SWCNTs-GOD/PB/v-AuNWs 23.7 10 0-1.4 [31]
CS/GOD/PB/Au/Au NWs & SEBS 11.7 6 0-500 [26]
ZnO TPs/MXene/GOx 29 17 0.05-0.7 [32]
GOx/AuNPs/Pty/PB/SPCE 16.7 1.0 0.0010-1.0 [33]
CHIT(GOx)/AuLr-TiND 13.23 14.38 0.10-7.52 [34]
3.79 7.52-40
Ti;C,-PLL-GOx 71.42 42 0.004-0.02 [35]
38.18 0.02-1.1
Au/CNT/b2LOXS/PEI-PEGDGE/C 5.6 57 0.1-5.0 [36]
GOx-gel-rtGO-Au/SPGE 53.7 1.25 0.00125-0.85 This work
27.4 0.85-7.72

diffuse rapidly in gel, and the sensitivity of the
biosensor was improved. With the increase of glucose
concentration, the diffusion of glucose molecules in
gel gradually flattens and tends to saturation. This
indicates that there are two linear relationships
between glucose concentration and current response
value. The first linear segment increases from 1.25 to
850 pM with a linear regression equation of Ia
(MA) = 3.555Cg1, (mM) + 0.024 (R* = 0.994), and the
second linear segment increases from 0.85 to 7.72 mM
with a linear regression equation of Ib
(MA) = 1.809Cg, (mM) + 1.834 (R*>=0.994). The
sensitivity of the biosensor was 53.7 pA/mM cm? and
274 pA/mM cm?, respectively. And the limit of
detection (LOD) was estimated to be 1.25 uM, which
was suitable the practical requirements of sweat

glucose levels in humans (0.01-1 mM is typical glu-
cose concentrations in human sweat) [13, 28]. Table 1
displayed a comparison between this work and the
previously published glucose biosensors. The
biosensor exhibited wide linear range, low detection
limit and high sensitivity for glucose detection,
indicating that it has a bright application prospect in
flexible wearable medical detection platform.

PB: Prussian blue; MWCNTs-PB: mixture of multi-
walled carbon nanotubes and Prussian blue; carbon
WE: carbon working electrode; G-PLA: graphene-
polylactic acid; CS: chitosan; SWCNTs: single-walled
carbon nanotubes; GOD: glucose oxidase; v-Au NWs:
vertically aligned Enokitake-like gold nanowires; Au
NWs: gold nanowires; SEBS: styrene-ethylene-buta-
diene-styrene; ZnO TPs: ZnO tetrapods; GOx:
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Figure 5 (a) Electrochemical 120

(a)

response of 0.10 mM glucose
and added 0.1 mM NaCl,

0.1 mM KCI, 3 mM lactic
acid, 3 mM uric acid, 3 mM
ethanol and 1 mM UA,
respectively. (b) Storage
stability of the biosensor..
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glucose oxidase; Pty: polytyramine layer; SPCE:
screen-printed carton electrodes; PLL: poly-L-lysine;
CNT: carbon nanotubes; b2LOxS: DET-type engi-
neered LOx; PEGDGE: poly(ethylene glycol) digly-
cidyl ether.

Selectivity plays an important role in the perfor-
mance of glucose biosensor. Some interfering sub-
stances including NaCl, KCl, lactic acid, uric acid,
ethanol, UA and AA were added to glucose. As
shown in Fig. 5a, the GOx-gel-rGO-Au/SPGE has no
obvious response to interfering substances due to the
selective oxidation of GOx fixed on the surface of the
working electrode, which indicates that the GOx-gel-
rGO-Au/SPGE-based biosensor has excellent selec-
tivity for glucose detection. Therefore, GOx-gel-rGO-
Au/SPGE could be expected to be highly selective for
glucose detection.

Good reproducibility and stability are the key
parameters to evaluate the success of the biosensor in
practical applications. In Fig. S4A, five flexible sen-
sors were randomly selected from the same batch to
test 1.2 mM glucose under the same experimental
conditions, and the RSD of the test results was only
3.0%. In order to meet the application of wearable
sensors in daily monitoring, a single sensor needs to
be used multiple times. After measuring the same
electrode for 5 consecutive times, the RSD of the test
results shall not be greater than 5.2% (Fig. 54B). These
results indicate that the prepared GOx-gel-tGO-Au/
SPGE glucose biosensor possessed a good stability
and reproducibility. To evaluate the storage stability
of the biosensor, the as-prepared GOx-gel-rGO-Au/
SPGE biosensors were sealed and stored at 4 °C. As
shown in Fig. 5b, the biosensors could retain 85.3% of
the initial current response after 15 days. The results
indicated that the proposed biosensor has
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acceptable storage stability which may meet the
needs of long-distance transportation and real-time
monitoring.

Since wearable sensors need to be attached to the
body, their bending durability is another critical
factor. The electrochemical stability of the biosensor
in the bending state was obtained by testing at dif-
ferent bending radii and different bending times. As
shown in Fig. S4C, the device based on GOx-gel-rGO-
Au/SPGE still maintains stable electrochemical per-
formance within a bending radius of 0.3-1 mm. Even
the extreme condition (Rc = 0.3 mm), the current
response value of the biosensor remains at 81.6% of
the initial value. Moreover, the flexible biosensor
based on the GOx-gel-rGO-Au/SPGE retained 79.1%
of their initial electrochemical after 1700 bending
cycles (Fig. S4D). These good mechanical stabilities
indicate that glucose biosensor based on GOx-gel-
rGO-Au/SPGE has good tensile properties.

Real sample analysis

To verify its feasibility for in practical applications,
the GOx-gel-rGO-Au/SPGE biosensor was applied
for determination of glucose in human sweat. Fresh
sweat from two volunteers was collected as actual
samples. Meanwhile, spectrophotometry method was
used to evaluate the accuracy of the constructed
biosensor, and the corresponding recoveries were
exposed in Table 2. The determination results of
electrochemical method based on GOx-gel-rGO-Au/
SPGE were consistent with the spectrophotometric
method, and the error was small. This manifests that
the GOx-gel-rGO-Au/SPGE biosensor has stable per-
formance and high accuracy, which could be used to
determine the glucose in sweat. On the other hand, in
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Table 2 Detection results of glucose in human sweat samples

Sample Found (Spectrophotometry method) Average found (Electrochemical method) Corresponding Recovery RSD (%,

No (LM) (1M) (%) n=3)

1 63.72 64.67 101.5 1.8

2 89.29 88.25 98.9 23

order to more intuitively verify the application of the Acknowledgements

biosensor in the actual test, we directly attached the
biosensor to the palm of the volunteers who had just
exercised for 15 min and observed the change of the
current. In Movie S1, it is clearly observed that the
current of the biosensor gradually rises and stabi-
lizes. This means that the contact between the
biosensor and the skin surface was stable, and the
sweat was collected through the gel and reacted with
the electrode to generate electrical changes. This
confirmed that it is possible that the constructed
GOx-gel-rGO-Au/SPGE biosensor could be worn on
the human skin surface and measure glucose in sweat
in real time and online.

Conclusions

In summary, a novel flexible wearable electrochemi-
cal biosensor was constructed for simple determina-
tion of glucose in human sweat. Compared with
traditional methods, using soft gels instead of liquid
electrolytes not only allows measure glucose with
fewer samples, but also adapts to the variability of
human movement. Under the synergistic effect of the
nanocomposite catalyst of rtGO-Au/SPGE and the
specific selection of GOx, GOx-gel-rGO-Au/SPGE
biosensor has excellent catalytic activity and anti-in-
terference performance for glucose. The biosensor
maintained stable sensing performance after 1000
bending cycles, demonstrating good bending resis-
tance. In addition, the detection results of the
biosensor in human sweat were comparable to those
of commercial kits, indicating its excellent accuracy
and anti-interference performance. Therefore, we
believe that the combination of nanocatalysts with gel
electrolyte has great potential for non-invasive and
wearable health monitoring.
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