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health metrics monitoring.*8] These de-

Monitoring the concentration of useful biomarkers via electronic skins
(e-skins) is highly important for the development of wearable health
management systems. While some biosensor e-skins with high flexibility,
sensitivity, and stability have been developed, little attention has been paid to
their long-term comfortability and optical transparency. Here, a conformable,
gas permeable, and transparent skin-like Cu,O @ Ni micromesh structural
glucose monitoring patch is reported. With its self-supporting micromesh
structure, the skin-like glucose monitoring patch exhibits excellent shape

vices give the wearers insights into the dy-
namics of their own physiology and allow
them to actively monitor their own health.’!
The primary task is to develop various phys-
ical and chemical sensors that can be inte-
grated into wearable formats such as wrist-
bands, clothing, and patches to track a
range of biological indicators. Among var-
ious biofluids, sweat shows great prospects

conformability, high gas permeability, and high optical transmittance. The
skin-like glucose biosensor achieves real-time monitoring of glucose
concentrations with high sensitivity (15420 pA cm~2mM~"), low detection
limit (50 nM), fast response time (<2 s), high selectivity, and long-term
stability. These desirable performance properties arise from the synergistic
effects of the self-supporting micromesh configuration, high conductivity of
the metallic Ni micromesh, and high electrocatalytic activities of the Cu,O
toward glucose. This work presents a versatile and efficient strategy for
constructing conformable, gas permeable, and transparent biosensor e-skins

with excellent practicability towards wearable electronics.

1. Introduction

Circulating nutrients and metabolites are useful biomarkers of
biological processes in the human body, and their concentrations
have been widely monitored for assessment of a human’s health
at a biomolecular level.l'3] Many advances in biomedical mea-
surements and diagnostic technologies have been achieved, and
simultaneously, the rapid development of semiconductor-based
devices has led to a boom in wearable devices (or wearables)
that can be worn on human skin and body for continuous
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for wearable sensing, because it can be gen-
erated non-invasively and on-demand. The
ease of access and rich composition give
sweat great potential to be adopted to evalu-
ate the health state of individuals at a chem-
ical and biomolecular state. Wearable sweat
sensors placed close to a sweat generation
site have also been developed for rapid, con-
tinuous, and non-invasive detection of a va-
riety of sweat constituents such as chloride
concentration for cystic fibrosis diagnosis,
glucose concentration for diabetes manage-
ment, and uric acid for cardiovascular dis-
ease diagnosis.[*1?] Yet, the development of
wearable sweat sensors is still stagnating
at the experimental and laboratory stage,
which largely arises from the incomplete understanding of
the sweat-to-blood correlation of analyte concentration. A few
analytes including ethanol and chloride have been extensively
investigated and correlated to the concentration in blood.['*:3-15]
Preliminary correlation studies have shown promising appli-
cations for other analytes such as glucose, metabolites, and
biomarkers and glucose,['*?2] including some recent works that
focus on the sweat-to-blood correlation of glucose concentration
in healthy individuals and subjects with diabetes.['’~22] However,
more comprehensive studies should be further conducted in
order to robustly establish the sweat-to-blood correlation of
analyte concentration. One of the primary limitations to further
push forward the large-scale tracking studies of sweat testing
is how to achieve wearable sweat sensors with simultaneous
measurement accuracy and wearing comfort, which can support
long-term monitoring of analytes in sweat.

Since the first demonstration by Ali Javey et al., a se-
ries of sweat sensors have been developed which combined
various form factors, analyte types, substrates, and detection
mechanisms.[2%23-33] The sweat sensors show excellent detection
performances towards various analytes and have been integrated
into different form factors depending on the application case. For
acquiring more accurate results, patch-style formats that can be
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conformably adhered to human skin and allow greater flexibil-
ity for their location are preferable. A critical requirement for
such patch-style sensor systems is that they minimally impact
the user’s mobility and comfort for on-body use. For these rea-
sons, sensors are ideally fabricated on substrates that are soft and
deformable and not delaminated from the underlying skin such
as paper,!>®] polyethylene terephthalate,[11232029-33] polyimide
(P1),[1%24] and nitrile?’] substrates. While high flexibility and de-
formability have been achieved in reported wearables with ex-
cellent detection performances using the above-mentioned sub-
strates, the long-term comfortability and tight adhesion cannot
be guaranteed due to low gas permeability during times of per-
spiration. Meanwhile, sensor devices that have high water vapor
and gas permeability do not block the sweat and steam secreted
by human skin, suppressing the potential risks of skin inflam-
mation and bringing the wearers long-term comfortability. More-
over, tight adhesion to the skin is also essential for achieving ac-
curate and robust analyte concentration information, while high
optical transparency is instrumental for making wearable devices
a visually perfect fit with the surrounding skin and pushing for-
ward the practical applications of wearables. Therefore, a con-
formable sensor patch that simultaneously exhibits high optical
transparency and high gas permeability would provide the best
fit and highest comfort, along with long-time, non-invasive, and
accurate analyte monitoring.

Here we designed an architecture to address these technolog-
ical challenges in developing wearables. A self-supporting, skin-
like micromesh architecture with excellent conformability, high
gas permeability, and high optical transparency is proposed and
fabricated, in which the glucose biorecognition element Cu,O is
electrodeposited onto a metallic micromesh to construct a glu-
cose monitoring patch. The resulting glucose monitoring elec-
trodes are ultralight weight (1.25 mg cm~2), highly conformable
(thickness ~ 11 pm), highly optical transparent, (~82%) and have
excellent gas permeability (>2500 mm s~' at 10 Pa) while also
showing excellent glucose detection responses including a low
detection limit (50 nM), high sensitivity (15420 pAcm—>mM™1)
and fast response (<2 s). Such excellent physical and electro-
chemical properties are attributed to the synergistic effects of
the self-supporting micromesh configuration, the high conduc-
tivity of the metallic mesh, and high reactivity of Cu,O towards
glucose. Furthermore, the great selectivity, long-term stability,
and reproducibility are verified in glucose detection, making
the wearables presented here promising for large-scale applica-
tions in practical long-time glucose monitoring. The proposed
electrode architecture herein, employing a metal oxide as the
biorecognition element and self-supporting metallic micromesh
film as a transducer, is an effective approach to design and fabri-
cate conformable, gas-permeable, and transparent electrochemi-
cal biosensor patches for wearable applications.

2. Results and Discussion

The schematic diagram of our proposed Cu,O@Ni micromesh
film is shown in Figure 1a. The micromesh structural glucose
monitoring patch is closely attached to human skin, and the
glucose in sweat is converted to gluconolactone after being cat-
alyzed by Cu,O, leading to a measured current change versus
glucose concentration. The novel Cu,O@Ni micromesh patch
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was rationally fabricated by a scalable two-step process. The self-
supporting Ni micromesh film was prepared using the direct
laser writing and selective electrodeposition methods (Figure S1,
Supporting Information, and more details are given in the Exper-
imental Section) and then used as a transducer for glucose detec-
tion. Subsequently, Cu,O was grown on the Ni micromesh using
an electrochemical deposition method. The resulting Cu,O@Ni
micromesh film was ultrathin on the pm level and ultralight
weight (~1.25 mg cm™2), and thus it could be attached to any ar-
bitrarily shaped object, making it promising for wearable biosen-
sor patch applications. The micromesh film was placed on a
dandelion and could stand stably without deforming the dande-
lion (Figure 1b), confirming the extreme lightweight and excel-
lent shape-conformable properties of the Cu, O@Ni micromesh
film. Meanwhile, the clearly visible “Campus Scenery of Soo-
chow University” postcard beneath the micromesh film shows
its high optical transparency (Figure 1c,d). From the perspec-
tive of the naked eye, the prepared glucose monitoring patch
could be closely attached to a human arm or finger, indicating
its excellent skin adhesion and optical transparency (Figure 1e,f).
To further investigate its skin adhesion at the micron level, we
used optical coherence tomography (OCT) to characterize the
Cu,O@Ni micromesh film attachment to a human arm and fin-
ger. Here, the micromesh film was transferred to the human arm
and finger by the “face-to-face” water transferring method with-
out the use of any adhesive. The face-to-face water transfer print-
ing technology overcomes the difficulty: the micromesh patch is
transferred directly and easily to the target human skin, and can
be adhered to the human skin. As shown in Figures 1gh, the
Cu, O@Ni micromesh film glucose monitoring patch was tightly
adhered to human skin, confirming its excellent shape conforma-
bility, and a fine hair beneath the patch was still clearly visible.
The self-supporting Cu, O@Ni micromesh film also exhibited
high optical transparency (T ~ 82%) over the entire visible-band,
as depicted in Figure 1i. Moreover, the gas permeability of the
Cu,O@Ni micromesh films was measured to be >2500 mm s™!
at an air pressure of 10 Pa (Figure 1j), which was significantly
higher than cloth textiles and previously reported wearable elec-
tronic skins. Water also could directly pass through the film, fur-
ther verifying its high gas permeability (inset of Figure 1j). Such
excellent shape-conformability, high gas permeability, and high
optical transparency make the micromesh film promising for
wearable biosensor patches due to its self-supporting micromesh
configuration (Figure S2, Supporting Information). As shown in
the scanning electron microscopy (SEM) images, the micromesh
was formed by a uniform hexagonal array over the entire re-
gion and was intrinsically interconnected at the junctions due
to the pre-defined micro-groove pattern and the selective elec-
trodeposition process. The diagonal length and line width of the
micromesh film was 150 and 5 pm, respectively. It was rather
remarkable that the Ni micromesh coverage was less than 5%,
which resulted in the extremely low transmittance loss and high
gas permeability.

The glucose recognition element Cu,O was grown on the
metallic micromesh film using a simple electrochemical deposi-
tion method to prepare a glucose monitoring patch. After Cu,O
deposition, the hexagonally arranged micromesh structure was
retained (Figure 2a), as well as the accompanying low optical
losses (=5%) and thus the high optical transmittance of 82% at
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Figure 1. a) Schematicillustration of the self-supporting Cu,O@Ni micromesh film that can be worn on human skin for continuous glucose monitoring.
Digital photographs of the self-supporting Cu,O@ Ni micromesh film when placed b) on a dandelion, ¢,d) on a “Campus Scenery of Soochow University”
postcard, and digital photographs of the self-supporting Ni and Cu, O@Ni micromesh films e) on a human arm and f) on human fingers. OCT images
of the fabricated Cu, O@Ni micromesh film g) on a human arm, and h) on human fingers, indicating its excellent attachability and shape-conformability.
The inset shows the micromesh film attached on the arm and fingers. i) Transmittance curve of the self-supporting Ni and Cu,O@Ni micromesh films.
j) The gas permeability of the self-supporting Cu,O@Ni micromesh film under 10 Pa at different regions along the film. The inset shows that water can
directly pass through the micromesh film, further supporting its high gas permeability.

550 nm (Figure 1i). Scanning electron microscopy (SEM) images
(Figures 2a,b) and elemental mapping results (Figure S3, Sup-
porting Information) demonstrated that the conformal deposi-
tion of Cu, O, which was confirmed to be Cu,O as discussed be-
low, was uniformly achieved on the Ni micromesh. A dense and
crack-free Cu,0 nano film composed of 100-300 nm of Cu,O
nanoparticles was wrapped around the Ni mesh (Figure 2c),
forming a core-shell structure with the Ni mesh as the conduc-
tive “core” and the uniformly deposited Cu,O layer as the active
“shell” (Figure 2d). The thicknesses of Ni “core” and Cu, O “shell”
were measured to be 7.6 and 1.7 pm, respectively. Moreover, as
shown in Figure 2e, in addition to the (111), (200), and (220)
peaks in the X-ray diffraction (XRD) data that correspond to the
Ni metal, five characteristic peaks located at 73.5°, 61.5°, 42.3°,
36.5° 36.5°, and 29.5° that correspond to the (311), (220), (200),
(111), and (110) planes in the Cu,O phase were also observed
(JCPDS nos. 78-2076),134%] suggesting that Cu,O was success-
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fully prepared on the Ni micromesh. Moreover, the Cu 2p X-ray
photoelectron spectroscopy (XPS) spectrum exhibited the core-
level Cu 2p1/2 and Cu 2p3/2 (Figure 2f), located at 952.2 and
932.4 eV, respectively, which was in good agreement with pre-
vious reports for Cu,0.3°%7] The two broad peaks at 955.1 and
935.3 eV were designated as Cu 2p1/2 and Cu 2p3/2 of Cu’*, re-
spectively, suggesting the formation of amorphous CuO on the
surface due to surface oxidation.

The electrocatalytic oxidation performance of the Cu,O@Ni
micromesh film was first assessed by current versus voltage (CV)
measurements utilizing a standard three-electrode configuration
(the experimental setup was shown in Figure S4, Supporting
Information, and the micromesh film, Ag/AgCl electrode, and
Pt wire was used as working electrode, counter electrode, and
reference electrode, respectively), and the bare Ni micromesh
film was also characterized as a comparison. Figure 3a presents
the electrochemical performances of the bare Ni and Cu,O@Ni

© 2021 Wiley-VCH GmbH
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Figure 2. a,b) SEM images of the fabricated self-supporting Cu, O@Ni micromesh film. c) SEM image of the fabricated Cu, O@Ni micromesh film. Inset
diagram reveals the high-resolution SEM image of Cu,O nano film deposited on the Ni strings. d) Cross-sectional SEM image of the fabricated Cu, O@Ni
micromesh film showing its core-shell structure with a conductive Ni “core” and electrodeposited Cu,O active “shell”. e) XRD patterns of the self-
supporting Ni micromesh film before and after the electrodeposition of glucose recognition element Cu,O. f) XPS spectrum of Cu,O electrodeposited

on the Ni micromesh.

micromesh films in the presence and absence of 0.1 mM glucose
in 0.1 M NaOH. Typical redox peak signals were seen for the Ni
micromesh film in 0.1 M NaOH; however, an inappreciable cur-
rent change could be observed upon glucose addition, indicat-
ing that the bare Ni micromesh film was inactive for glucose oxi-
dation. In contrast, a remarkable cathodic current enhancement
was seen in the presence of 0.1 mM glucose with the accompa-
nied decrease of anodic peak current, suggesting the highly sen-
sitive catalytic activity of the Cu, O@Ni micromesh films towards
glucose oxidation. Here, Cu** played a critical role in the electro-
catalytic cycling reaction of Cu, O toward glucose, as illustrated in
Equations S1-S4, Supporting Information.[*®! The Cu* on Cu,0
was firstly electrochemically oxidized to Cu(OH), and then trans-
formed to CuO. Then, the Cu?* was electro-oxidized to Cu**
(CuOOH), which catalyzed the glucose oxidation into glucono-
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lactone, and was finally reduced to Cu(I1).1*®! During the electro-
oxidation of Cu*, the generated electrons shuttled through the Ni
micromesh into the electrochemical loops, and thus excited the
current response upon glucose addition. The electrochemical ki-
netics of the Cu, O@Ni micromesh film were further explored by
measuring the CVs at ranging scan rates from 10 to 200 mV s~}
in a 0.1 M NaOH solution with 0.1 mM glucose, as illustrated
in Figure 3b. It is worth noting that the current response, that
is, both cathodic and anodic current densities, were enhanced
with an increase in scan rate and were accompanied by a negative
shift in the anodic peak potential. These responses imply a quasi-
reversible electron transfer process in the glucose oxidation reac-
tion by Cu,O. Figure 3c depicts the linear relationship between
the peak current densities and the square root of the scan rate,
demonstrating a typical diffusion-controlled electrochemical
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Figure 3. a) CV curves of the prepared Ni and Cu, O@Ni micromesh films in the presence and absence of glucose (0.1 mM) in a NaOH solution (0.1 M)
at 100 mV s~'. b) CV curves of the Cu,O@Ni micromesh film in a NaOH solution (0.1 M) containing glucose (0.1 mM) at different scan rates from 10
to 200 mV s, c)The linear calibration plot of the peak current densities versus square root of scan rate extracted from Figure 3 (b). d) CV curves of the
Cu,O@Ni micromesh film at a scan rate of 100 mV s~ in a NaOH (0.1 M) solution containing different concentrations of glucose (ranging from 0 to
1 mM). e) The corresponding calibration plot of panel (d). f) CV curves of the Cu,O@Ni micromesh film in 0.1 M NaOH containing low concentrations

of glucose ranging from 0 to 100 uM.

process for the redox reactions on the Cu,O@Ni micromesh
film. Moreover, to prove the feasibility of glucose monitoring us-
ing the Cu,O@Ni micromesh film, the electrocatalytic perfor-
mance was further studied in glucose concentrations ranging
from 0 to 1 mM by measuring the CV curves at a scan rate of
100 mV s~! (Figure 3d). Upon an increase in glucose concentra-
tions from 0 to 1 mM with a step of 0.1 mM, the cathodic cur-
rent gradually increased, whereas the anodic peak current obvi-
ously decreased. The corresponding calibration curve showed a
polynomial behavior (R? = 0.99971) with the glucose concentra-
tion increasing from 0 to 1 mM. Furthermore, the Cu, O@Ni mi-
cromesh film still exhibited an obvious current response to 10 pM
glucose (Figure 3f), which further showed its great promise in
practical applications and will be discussed below.

To obtain the optimal glucose sensing performance of the
Cu,O@Ni micromesh films, a range of fabrication and charac-
terization conditions such as the Cu,O electrodeposition time,
applied potential, etc., were optimized prior to applications in
glucose sensing. The optimization processes were conducted by
measuring the current values at a constant applied potential with
the stepwise addition of 0.1 mM glucose under constant stirring.
Asillustrated in Figure S5a, Supporting Information, the current
response increased with an increase of Cu,O electrodeposition
time and saturated with an electrodeposition time of 600 s at a
growth current density of 1 mA cm~2, which was adopted for fur-
ther sample preparation. The applied potential was also a vital
parameter in the amperometric determination of glucose. Fig-

Adv. Healthcare Mater. 2021, 2100046

2100046 (5 of 9)

ure S5b, Supporting Information, exhibits the amperometric re-
sponse curveunder different applied potentials of the Cu, O@Ni
micromesh film upon stepwise glucose addition. The highest re-
sponse sensitivity toward glucose was achieved at 0.6 V by chang-
ing the applied potential from 0.5 to 0.65 V. Further potential in-
creases led to a significant increase in the background noise, and
thus greatly decreased the signal-to-noise ratio. Therefore, in or-
der to achieve the best glucose-sensing performances, the glu-
cose recognition element Cu,O was electrodeposited on the Ni
micromesh film at a current density of 1 mA cm=2 for 600 s, and
the applied potential for glucose determination was set as 0.6 V.

The typical amperometric response curve of the Cu,O@Ni
micromesh film upon stepwise glucose addition at 0.6 V versus
Ag/AgCl is shown in Figure 4a, and the response curve to
low glucose concentrations is magnified in the inset. A steep
and stable amperometric response upon the stepwise glucose
addition was obtained with a fast response time (<2 s), and the
current increased stepwise with successive glucose additions.
This response was relatively rapid for an electrochemical glucose
sensor. Moreover, the remarkable amperometric feedback was
well distinguished even when the glucose concentration was
as low as 50 nM, showing the high sensitivity of our fabricated
Cu,O@Ni micromesh film towards glucose oxidation. The cor-
responding calibration curve extracted from the amperometric
response results is plotted in Figure 4b, which could be broken
into two linear regions with a high sensitivity of 15420 pAcm—2
mM~! at low concentrations from 50 nM to 118.25 pM and high

© 2021 Wiley-VCH GmbH
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Figure 4. a) Typical amperometric response to stepwise glucose addition in 0.1 M NaOH at a constant applied potential of 0.6 V (versus Ag/AgCl). Inset
shows the response curve to low glucose concentrations ranging from 50 to 500 nM. b) The corresponding calibration plot of current density versus

glucose concentration extracted from panel (a).

Table 1. Comparison of the glucose detection performances and physics characteristics of the proposed Cu,O@Ni micromesh film in this work with

other previously reported glucose-sensing elements.

Electrodes Transparent Flexible Response time [s] Sensitivity [pAcm™2 mM~] LDL [pM] Reference
Cuo@C/D No No <3 1650 05 39]
ISFETs Yes Yes 18-45 - [40]
Ni-Cu/PGE No No 2 2951 0.99 [41]
Cu NWs No No 420.3 0.035 [42]
a-1GZO FET Yes No 170 [43]
CuO/CFF No Yes 13 6476 0.27 [44]
Cu,O SLNs No No ~3 933 0.035 [45]
NiO-BP2 No Yes <25 2701 14 [46]
CuO/MWCNTs No No =1 2596 0.2 [47]
Cu,O@Ni mesh Yes Yes <2 15 420 0.05 This work

Abbreviations: LDL, lowest detection limit; CuO@C/D, CuO@carbon nanowalls/diamond; ISFETs, ion-sensitive field-effect transistors; PGE, pencil graphite electrode; a-1GZO
FET, amorphous InGaZnO field-effect transistor; CFF, carbon fiber fabric; SLNs, shuriken-like nanostructures; MWCNTs, multi-walled carbon nanotubes.

sensitivity of 5850 pAcm 2 mM~! from 118.25 pM to 1.07 mM. In
addition, the glucose-sensing performance, as well as the physi-
cal properties of the Cu2O @Ni micromesh film, are summarized
and compared with previous reported non-enzymatic glucose
biosensors,3**1 as shown in Table 1. It can be clearly seen that
our proposed Cu,O@Ni micromesh film exhibited higher sen-
sitivity than most of the reported glucose biosensors, and more
impressively, this sensitivity was achieved while also achieving
excellent shape conformability, high gas permeability, and high
optical transparency. Moreover, the response time and lowest
detection concentration were also superior or comparable to
most reported glucose biosensors. The proposed Cu,O@Ni mi-
cromesh film had excellent adhesion between the Ni micromesh
and Cu,O due to the use of chemical electrodeposition methods.
Together with the scalability of Ni micromesh creation with
industrially-relevant techniques including direct laser writing
and selective electrodeposition, these micromesh films exhibit
superior reproducibility and feasibility for large-scale and array
production, and hold great potential in practical determination
of glucose levels.
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The accuracy of glucose detection in the presence of other
biomarkers is critical for practical applications of non-enzymatic
electrochemical glucose biosensors. As reported in previous liter-
atures, except for glucose, many interferents including Na* (10—
100 mM in sweat), Cl~ (10-100 mM in sweat), NH,* (0.1-1 mM
in sweat), ethanol (2.5-22.5 mM in sweat) and ascorbic acid (AA,
10-50 pM in sweat) are simultaneously existed in sweat!’! (note
that the maximum concentration of glucose and the main inter-
ferents is adopted for selectivity characterizations), and they may
produce comparable oxidation currents in the sensor and could
interfere with its response toward glucose. Here, the selectivity
performances of the proposed Cu,O@Ni micromesh film were
also evaluated by recording the amperometric current response
with the successive addition of 0.2 mM glucose, 100 mM NaCl,
1 mM NH,CI, 22.5 mM ethanol, and 50 uM AA. As shown in
Figures 5a,b, these interferents had a negligible effect on the glu-
cose response; typically, the ratios of the response to the interfer-
ents compared to the glucose signals were all less than 6%, verify-
ing excellent selectivity performances of our proposed Cu, O @Ni
micromesh electrode when adopted for practical glucose

© 2021 Wiley-VCH GmbH
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Figure 5. a) Amperometric response of the self-supporting Cu,O@ Ni micromesh film toward the successive addition of 0.2 mM glucose, 100 mM NaCl,
1 mM NH,Cl, 22.5 mM ethanol, and 50 yM AA in 0.1 M NaOH. b) Ratio of the interfering noise to the glucose-sensing signal extracted from panel (a).
c) Transmittance spectra of the Cu,O@Ni micromesh film before and after 1800 s of continuous glucose monitoring. d) Long-term air and light stability
properties of the Cu,O@Ni micromesh film for glucose detection in 0.1 M NaOH every 6 days over 26 days. Here, the micromesh film is stored in air

ambient and under indoor light illumination without any encapsulation.

concentration detection in sweat. Moreover, the long-term stabil-
ity of the fabricated micromesh film was estimated from the as-
pects of optical transparency and glucose sensing performances.
Figure 5c shows the transmittance spectra of the Cu, O@Ni mi-
cromesh film before and after successive glucose addition for
1800 s. The optical transmittance varied little after 1800 s of con-
tinuous glucose monitoring, and the little transmittance varia-
tion possibly arose from the Cu,O morphology change after glu-
cose oxidation (shown in Figure S6, Supporting Information) and
some measurement errors. The glucose sensing performance
stability was estimated by measuring the current responses to-
ward 0.1 mM glucose using the CV method every 6 days with stor-
ing in air ambient and under indoor light illumination without
any encapsulation and light protection over successive 26 days.
The CV measurements were conducted from 0 to 0.6 V at a scan
rate of 100 mV s~! in 0.1 M NaOH with 0.1 mM glucose. The
current response retained almost 100% of its initial value after
storing the sensor in air ambient for 26 days (Figure 5d), indicat-
ing the excellent air stability of the Cu,O@Ni micromesh film.
In addition, three parallel micromesh films were prepared us-
ing the same fabrication methods and were used to determine
the glucose levels. All three micromesh films exhibited almost
consistent glucose-sensing performances and air stability proper-
ties (Figure S7, Supporting Information), suggesting great repro-
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ducibility of our proposed Cu,O@Ni micromesh film as a high-
performance wearable glucose monitoring patch.

As discussed above, in addition to its excellent shape con-
formability, high gas permeability, and high optical transparency,
the proposed Cu,O@Ni micromesh film also exhibited excel-
lent glucose-sensing performances including low detection limit,
high sensitivity, fast response time, great selectivity, excellent
long-term stability, and high reproducibility. It can be ascribed
from several synergistic effects in the designed architecture.
1) The micromesh structure facilitated efficient electrolyte pen-
etration and diffusion into the Cu,O, meaning thicker Cu,0 up
topm in scale (%1.7 pm in our micromesh film), can be deposited
and still show effective and efficient glucose oxidation. Thus, this
micromesh structure simultaneously leads to high optical trans-
parency and high glucose catalytic activities. 2) The core-shell
structure with the conductive Ni micromesh as the “core” and
the glucose recognition Cu,O as the “shell” induced synergistic
interactions between the Ni mesh and Cu,O, where the highly
conductive Ni micromesh worked as great current collector and
the Cu,O was wrapped around the Ni micromesh. This core-
shell structure yielded enhanced conductivity and catalytic activi-
ties, which facilitated the electron transport in the electrocatalytic
reactions. 3) The direct and strong binding of the Cu,O to the
conductive Ni micromesh without adding extra polymer binders

© 2021 Wiley-VCH GmbH
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ensured high mass-transport kinetics as well as eliminated
partial blocking of the electroactive regions. 4) The core-shell
Cu,O@Ni micromesh structure possessed excellent structural
and mechanical stability, which led to long-term cycling stability
for glucose determination.

3. Conclusion

In summary, a novel, self-supporting, skin-like micromesh ar-
chitecture was rationally designed to achieve a conformable, gas
permeable, and transparent glucose monitoring patch for wear-
able applications. The Ni micromesh film was fabricated by di-
rect laser writing and selective electrodeposition, followed by
electrodeposition of the glucose recognition element, Cu,O. The
well-designed Cu, O@Ni micromesh film was ultralight weight
(1.25 mg cm~2, including Ni and Cu,O), highly shape con-
formable (thickness ~ 11 pm), highly optical transparent (~82%),
and had excellent gas permeability (>2500 mm s~ at 10 Pa),
while also showing excellent performance as a glucose sensor
including a low detection limit (50 nM), high sensitivity (15420
pAcm~2 mM™1), and fast response (<2 s). Furthermore, remark-
able selectivity, good air and light stability, and high reproducibil-
ity were also achieved in glucose detection. The above results
highlight the promising potential of the Cu,O@Ni micromesh
for practical applications as a self-supporting glucose monitor-
ing patch. More significantly, the present work presents a ver-
satile and effective method, in which a self-supporting metallic
micromesh film acts as a nanostructural and conductive trans-
ducer, to design and fabricate conformable, gas permeable, and
optically transparent electrochemical biosensor patches for wear-
able applications.

4. Experimental Section

Materials: ~ All chemical reagents were used as received without fur-
ther purification unless stated elsewhere. D-Glucose, NaOH, and NaCl
were purchased from Macklin Biochemical Co., Ltd. Lactic acid, NH,Cl,
ethanol, and Ascorbic acid (AA) were obtained from Aladdin Reagents.
Copper (I1) sulfate pentahydrate (CuSO4-5H,0) was obtained from Alfa
Aesar. Deionized (DI) water from Millipore (R > 18.2 MQ cm) was used
for all experiments.

Fabrication of the Self-Supporting Metallic Micromesh Film: The fabrica-
tion process of the self-supporting metallic micromesh film is illustrated
as follows (Figure S1, Supporting Information): First, the photoresist (PR)
layer was spin-coated onto a pre-cleaned indium tin oxide (ITO)-glass sub-
strate, and the hexagonally -arranged groove micro-patterns were gener-
ated by the direct laser writing method. Afterward, Ni metal was selectively
electrodeposited onto the patterned grooves and formed a uniform metal-
lic micromesh film. Finally, the Ni micromesh film was easily peeled off
from the ITO glass substrate after removal of the residual PR with a con-
centrated NaOH solution. The typical Ni micromesh film thickness was
approximately 3-10 ym and could be controlled by adjusting the PR layer
thickness, Ni electrodeposition current density, and Ni electrodeposition
time.

Electrodeposition of Glucose Recognition Element Cu,O: The glucose
recognition element Cu,O was electrodeposited onto the self-supporting
Ni micromesh film using a standard three-electrode configuration, con-
sisting of the Ni micromesh film as the working electrode, a platinum
wire as the counter electrode, and a saturated calomel electrode as the
reference electrode at room temperature. The electrolyte solution was a
mixture of a 0.3 M CuSO,-5H,0 aqueous solution and a lactic acid so-
lution (volume ratio ~ 3:1), and the pH of the electrolyte solution was
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adjusted to ~12 by adding 5 M NaOH aqueous solution. Cu,O was elec-
trodeposited at a constant current density of 1 mA cm=2 for 600 s. The
obtained Cu,O@Ni micromesh film was thoroughly washed with DI wa-
ter several times and dried at ambient conditions.

Characterization Methods: The optical transmission spectra of the
micromesh films were measured using a UV-vis-spectrophotometer
(SPECORD210 PLUS, Analytikjena). OCT (Telesto, THORLABS) was used
to investigate the attachability of the glucose monitoring patch onto hu-
man skin. The gas permeability of the micromesh film was characterized
by a textile air permeability tester (YG461E). The microstructures of Ni
and Cu,O@Ni micromesh films were studied by FE-SEM (SU8010, Hi-
tachi Ltd.). The crystalline structure and chemical composition of the glu-
cose recognition element Cu,O were examined with XRD (PANalytical
Empyrean, Cu ka radiation) and XPS with monochromatized Al ka radi-
ation, respectively.

Electrochemical Tests: The glucose detection performance measure-
ments were all performed on a CHI 760B electrochemical workstation (CH
Instruments Inc., Shanghai) using a three-electrode configuration at room
temperature. The self-supporting Cu,O@Ni micromesh film was used as
the working electrode, and the Ag/AgCl electrode and Pt wire served as
the reference and counter electrode, respectively. Electrochemical mea-
surements were conducted in a 0.1 M NaOH aqueous solution. All the
chronoamperometric measurements were performed by applying an opti-
mized potential to the working electrode and allowing the transient back-
ground current to decay to a steady-state value before the addition of glu-
cose. The electrode area refers to the whole area of the micromesh film
including the Ni metal area and unoccupied area for all presented mea-
surements and calculations.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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