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A Highly Sensitive and Long-Term Stable Wearable Patch for
Continuous Analysis of Biomarkers in Sweat

Farnaz Lorestani,* Xianzhe Zhang, Abu Musa Abdullah, Xin Xin, Yushen Liu,
Md Mashfiqur Rahman, Md Abu Sayeed Biswas, Bowen Li, Ankan Dutta, Zhenyuan Niu,
Shuvendu Das, Shishir Barai, Ke Wang, and Huanyu Cheng*

Although increasing efforts have been devoted to the development of
non-invasive wearable electrochemical sweat sensors for monitoring
physiological and metabolic information, most of them still suffer from poor
stability and specificity over time and fluctuating temperatures. This study
reports the design and fabrication of a long-term stable and highly sensitive
flexible electrochemical sensor based on nanocomposite-modified porous
graphene by facile laser treatment for detecting biomarkers such as glucose in
sweat. The laser-reduced and patterned stable conductive nanocomposite on
the porous graphene electrode provides the resulting glucose sensor with an
excellent sensitivity of 1317.69 pA mM~' cm=2 and an ultra-low limit of
detection of 0.079 uM. The sensor can also detect pH and exhibit
extraordinary stability to maintain more than 91% sensitivity over 21 days in
ambient conditions. Taken together with a temperature sensor based on the
same material system, the dual glucose and pH sensor integrated with a
flexible microfluidic sweat sampling network further results in accurate
continuous on-body glucose detection calibrated by the simultaneously
measured pH and temperature. The low-cost, highly sensitive, and long-term
stable platform could facilitate the early identification and continuous
monitoring of different biomarkers for non-invasive disease diagnosis and
treatment evaluation.

detection of biomarkers.'"] Compared
with biofluids like tears, saliva, and urine,
sweat is ideal for continuous and non-
invasive biomarker detection due to its
convenient on-body sampling possibil-
ity to rapidly reflect the physical body
condition.[*] Despite the great potential,
sweat-sensing devices still face challenges
in real-time sweat sampling and need a
highly sensitive, selective, and long-term
stable sensing platform. Besides, the
biosensor read-out is often affected by
variations in the sweat pH, salinity, tem-
perature, and other physiochemical factors.
Furthermore, human sweat with a varied
salinity (10-100 mm) and pH (4.5-7) is
subject to temperature variation associated
with exercise and ambient conditions,
which can impact the measurement of
biomarkers.[1%141 The temperature can also
greatly affect the activity of enzymes in
enzymatic sensors.I"! Therefore, integrat-
ing flexible physiological sensors to detect
pH and temperature in a non-invasive
sweat biosensing platform can calibrate
the biomarker measurement for improved

1. Introduction

Wearable and flexible electrochemical biosensors have attracted
substantial interest because they enable accurate and noninvasive

read-out accuracy. Also, low-cost sensors applied over a large pop-
ulation are needed to account for individual differences in per-
sonalized medicine and population health. Furthermore, temper-
ature changes associated with exercise and possible high ambient
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temperature conditions can greatly affect the activity of enzymes
and ensure the accuracy of targeted biomarkers concentration
readings.'>! Consequently, the integration of flexible physiologi-
cal sensing platforms with wearable biological sensors for an ac-
curate result is a must. On the other hand, sweat biosensors often
need to work close to their limit of detection because the concen-
tration of biomarkers in sweat is generally lower than that in in-
terstitial fluids or blood."*8] The sweat biomarkers typically ex-
hibit low concentration levels compared with their counterparts
in blood and can vary depending on factors such as individual
differences, hydration status, physical activity, and overall health.
On average, the sweat glucose concentration ranges from ~0.2
to 2.0 millimoles per liter (mmol L™!) or ~3.6 to 36 milligrams
per deciliter (mg dL7").[1%2%] In summary, it is challenging to de-
velop a highly sensitive, selective, low-cost, and long-term stable
flexible sensing platform for continuous and accurate healthcare
monitoring.

With a simple fabrication process, laser-induced graphene
(LIG) electrodes as an affordable, flexible, and multifunctional
candidate start to gain momentum for electrochemical biosen-
sors and electrical platforms.[!2°] However, low sensitivity
and limited surface area can limit the detection of ultra-low
biomarker concentration in sweat or other fluids. As a result, a
wide range of conductive nanomaterials has been incorporated
into the porous structure of LIG to increase the available sur-
face area, facilitate electron transfer, and enhance the electrocat-
alytic activity of the electrode.[?-8] For instance, 2D carbon ma-
terials such as graphene oxide (GO), and reduced graphene ox-
ide (rGO) can facilitate electron transfer for enhanced catalytic
activities on the electrode.[?-3!] Despite a high edge density on
the 2D sheets, it is greatly reduced in the 3D arrangement. On
the other hand, 1D carbon nanotubes (CNTs) with extraordinary
conductivity, high aspect ratio, and chemical and mechanical sta-
bility can provide highly available 3D surface area and facilitate
catalytic electron transferring, but their surface charge density is
lower than GO.I?2] Although the unique interactions between
matrix and nanoparticles provide a range of property combina-
tions to engineer properties of the biosensing platforms, the de-
sign and development remain heuristic and challenging. Hence,
it would be of high interest to systematically design and optimize
the performance of the rGO-CNT composite for maximized edge
density in 3D arrangements.

This work reports a long-term stable, flexible sensing plat-
form based on laser-reduced and patterned porous graphene
nanocomposites for highly sensitive, selective, and accurate mon-
itoring of biomarkers. With the facile laser treatment that is used
to pattern the porous LIG electrode, a 3D network of highly con-
ductive noble metal alloys and carbon-based nanocomposite ma-
terials is easily created on the LIG electrode. Besides the in-
creased sensitivity, the LIG nanocomposites also exhibit signif-
icantly higher stability compared with the drop-casting of pre-
synthesized nanomaterials that also need to use complicated
and multistep processes (e.g., chemical, thermal, and electro-
chemical reduction processes). The laser-reduced and patterned
LIG nanocomposite electrode provides a highly stable and sensi-
tive platform for dual non-enzymatic glucose and pH measure-
ments. Combined with a flexible LIG-based temperature sensor,
the wearable device can calibrate glucose detection based on si-
multaneously measured temperature and pH. Integrated with
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a microfluidic network for sweat sampling, the wearable device
demonstrates a high potential to conveniently, accurately, and
continuously analyze sweat in diverse conditions for practical
use. The low-cost integrated sensing platform can also be facilely
adapted to measure other health-relevant biomarkers such as
metabolites, hormones, neuropeptides, and cytokines from vari-
ous biofluids for individual and population health, personalized
medicine, and precision nutrition.

2. Results and Discussion

2.1. Device Structure

The wearable microfluidic sensing device includes three major
components: an electrochemical dual glucose and pH sensor,
a temperature sensor, and a stretchable microfluidic network
for sweat sampling (Figure 1A). The hydrophilicity-enhanced
polyethylene glycol-polydimethylsiloxane (PEG-PDMS)B34%] is
used to fabricate the stretchable microfluidic layers with coil-
shaped microfluidic channels and inlet/outlet wells for self-
driven on-body sweat uptake (Figure 1B; see the design and
fabrication procedure in Figures S1 and S2, Supporting In-
formation). The dual glucose/pH and temperature sensors are
aligned and bounded with coil-shaped microfluidic channels
from the top and bottom after plasma treatment. The elec-
trochemical dual glucose and pH sensor exploits three LIG-
based electrodes with the working electrode (WE) modified
with laser-reduced nanocomposite for enhanced sensitivity and
stability (Figure 1C). The wearable patch can be comfortably
mounted on different locations of the human body such as
arms with a skin-adhesive layer for sweat sampling and analysis
(Figure 1D).

2.2. Design and Characterization of Flexible Dual Glucose/pH
Sensor

2.2.1. Nanocomposite Modification

The design of the high-performance flexible dual glucose and
pH sensor consisting of three LIG electrodes (Figure 2A) relies
on engineered modification of the WE with conductive mate-
rial and nanocomposite to facilitate the electrocatalytic perfor-
mance for electrochemical glucose detection (Figure 2B). When
glucose comes into contact with the metal-modified electrode,
it undergoes oxidation at a lower potential compared to tradi-
tional carbon-based electrodes. This oxidation generates a mea-
surable current or potential change, which is directly propor-
tional to the glucose concentration in the solution. The metal
catalyst enhances the electrochemical activity and selectivity to-
ward glucose oxidation, enabling accurate and rapid glucose
sensing.***8] The LIG electrode is modified by the GO-CNT
composite to effectually combine the high 3D surface area of
CNT with the high charge density of GO for dramatically in-
creased edge density per unit nominal area with an excellent cat-
alytic effect for electrochemical detection. The hydrophilic oxygen
groups and multiple aromatic parts in GO could also assist in
obtaining a stable GO-CNT complex with a strong z—r stacking
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Figure 1. Schematic showing the design, structure, and application of the microfluidic non-enzymatic sweat analysis patch: A) Bird's eye and B) exploded
views of the patch that integrates dual glucose/pH and temperature sensors with a microfluidic network based on thin PEG-PDMS layers to interface with
the skin via a skin-adhesive layer. C) Working principles of functionalized dual glucose/pH and temperature sensors. D) A photograph of the wearable
patch on the arm of a human subject.
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Figure 2. Modification of nanocomposite-LIG electrode glucose sensor before laser treatment. Schematics showing A) the three-electrode electrochem-
ical sensor based on laser-induced graphene (LIG) nanocomposite and B) the electrochemical glucose detection on the LIG working electrode (WE)
modified by nanocomposite. C) Performance comparison in cyclic voltammetry curves between the LIG WE with different carbon-based nanomaterial
modifications (i.e., LIG, LIG/GO, LIG/CNT, LIG/GO-CNT) for oxidation of glucose. Optimization of the volume ratio of D) gold nanoparticles and
E) silver and gold alloys in the GO-CNT matrix. F) Performance comparison in cyclic voltammetry curves between the LIG WE before and after modifi-
cation with different nanomaterials (i.e., GO-CNT, AuNPs-GO-CNT, AgNRs-GO-CNT, AgNRs/AuNPs-GO-CNT). (Note: 1 mm glucose in 0.1 m NaOH,
scan rate 50 mV s™').
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interaction. Considering the catalytic activity of various metals
and their alloys,***¥ the LIG electrode modified by the carbon-
based nanomaterials is further decorated with metal nanopar-
ticles followed by laser treatment for enhanced electrochemical
properties.

As an easy and tunable deposition method for small and flex-
ible electrodes, drop-casting allows the nanomaterial with differ-
ent volume ratios to be easily dispersed by ultrasonication force
into the desired solvent and spread over the electrode area fol-
lowed by drying under controlled conditions. After the fabrica-
tion of the modified nanomaterial LIG sensor (Figure S2A, Sup-
porting Information), the catalyst activity is evaluated with cyclic
voltammetry (CVs) to detect 1 mm glucose in a 0.1 m NaOH solu-
tion. The sensor with the LIG/GO-CNT nanocomposite exhibits
higher sensitivity toward glucose detection (Figure 2C) com-
pared to that with the LIG/CNT or LIG/GO electrode.[*#%] Fur-
ther, introducing gold nanoparticles (AuNPs) into the nanocom-
posite significantly increases glucose oxidation cathodic peaks
as the gold-to-carbon-based matrix ratio increases from 1:1 to
1:6 possibly due to reduced agglomeration of gold particles
in the high matrix ratio (Figure 2D). The existence of silver
nanorods (AgNRs) in the AgNRs/AuNPs—GO-CNT nanocom-
posite can also enhance the catalytic activity toward glucose
detection.

The AgNRs/AuNPs-GO-CNT with a volume ratio of 1:1:6
shows an increase in the oxidation peak for glucose detec-
tion due to the synergistic contribution of the alloy’s compo-
nents in the synthesized composite for increased electrochemi-
cal activity (Figure 2E). The ratio 1:1:12 of the AgNRs/AuNPs—
GO-CNT nanocomposite indicates a well-defined glucose ox-
idation peak possibly due to the increased available surface
area as a result of less agglomeration of AgNRs and AuNPs
in the nanocomposite (Figure 2E).*”*! The AgNRs/AuNPs-
GO-CNT nanocomposite sensor exhibits higher sensitivity to-
ward glucose detection (Figure 2F) compared to carbon-
based and silver or gold carbon nanocomposites-modified
electrodes.

The effect of the drop-casted nanomaterial on the sensor
performance is further characterized by field emission scan-
ning electron microscopy (FESEM) (Figure S3, Supporting In-
formation). Despite being simple and accessible, drop-casting
that depends on solvent properties and the solvent evapora-
tion rate is often associated with nanomaterial agglomeration,
concentration gradient, and non-uniform coating due to dif-
ferent evaporation rates across the electrode surface and fast
in-plane diffusion.”®) Indeed, the agglomeration of the metal
nanoparticles in the carbon matrix is not negligible (Figure
S3b(i), Supporting Information). The characterized electrochem-
ical activity of the resulting sensors toward glucose detection
also exhibits low repeatability and stability despite applying com-
mon physical modification methods such as tuning the nano-
material component volume ratio,’®* solvent hydrophilicity,*?
and optimizing solvent evaporation rate or annealing (50 °C
for 5 min).’*l Also, the synthesized AgNRs/AuNPs-GO-CNT
nanocomposite is further characterized by transmission electron
microscopy (TEM) image and corresponding elemental map-
ping analysis. The result confirms the agglomeration of the met-
als in the carbon matrix nanocomposite (Figure S5, Supporting
Information).
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2.2.2. Characterization of Laser Treatment

To address the issues of nanomaterial agglomeration and im-
prove the stability and repeatability of the modified film on the
electrode in the sensor,>°! laser scribing is exploited to help
create LIG nanocomposite-based electrodes. Inspired by the ap-
proach that uses a laser to reduce GO to rGO electrodes with no-
table stability under high mechanical stress,*’*% we introduce
the direct laser treatment on the LIG nanocomposite for uni-
form and repeatable nanomaterial deposition. After drop-casting
of the optimized ratio of the synthesized AgNRs/AuNPs-GO-
CNT nanocomposite material on the LIG WE followed by drying
in ambient conditions, the laser treatment is performed using
10.5% of maximum power, 11% of maximum speed, 1000 PPI,
and an image density 6 (Figure 3A). The controlled high-power
CO, laser also reduces GO into conductive, crack-free, and ro-
bust rGO,573%61 which avoids damaging the substrate that of-
ten occurs in chemical,[®! thermal,**) and electrochemical(®*! re-
duction methods. The Fourier-transform infrared (FTIR) spec-
trum of GO-CNT and Ag/AuNPs-GO-CNT films before and af-
ter laser treatment indicates that the broad peak from O—H
stretching vibrations at 3265 cm™! disappears after the laser treat-
ment. The peaks at 1729, 1624, 1366, and 1057 cm™' are at-
tributed to C=0 stretching, C=C aromatic ring stretching bond
and O—H bending, C—OH stretching, and C—O—C stretching,
respectively. The broad peaks at 3318 and 3844 cm™! could be as-
cribed to absorbed water molecules O—H stretching vibrations
(Figure 3B).[%%

Noble metal nanocrystals with superior electrocatalytic per-
formance such as bimetallic Ag-Au can be controllably syn-
thesized with laser treatment of AgNRs and AuNPs. The Ag-
NRs under laser treatment are initially transformed into shorter
nanorods and then into NPs.[®* The effect of laser treatment on
the nanocomposite is further investigated by the TEM, SEM, and
elemental mapping energy dispersive spectroscopy (EDS) char-
acterizations. As we discussed before, the TEM images and cor-
responding elemental mapping analysis of the AgNRs/AuNPs-
GO-CNT nanocomposite before laser treatment indicate that the
metals are not well dispersed in the carbon matrix and mainly ag-
glomerated on the edges of GO sheets and wrinkles (Figure 3C-
E and Figure S5, Supporting Information). In comparison, the
FESEM images and corresponding elemental mapping of the
nanocomposite on the LIG WE after laser treatment confirm the
obvious change from an agglomeration of AgNRs and AuNPs
on wrinkled GO-CNT to well-dispersed decorations of Ag/Au
nanoparticles on an overlapped 3D network structure of rGO-
CNT flakes (Figure 3F-H, and Figure S6, Supporting Informa-
tion). The dispersion of the components in the laser-treated
nanocomposite is further confirmed by the EDS analysis (Figure
S4, Supporting Information). Because the surface morphology
and chemistry significantly impact the active surface area, elec-
trical conductivity, and electrocatalyst activity,®%! the electrode
based on the resulting LIG nanocomposite can provide long-term
stable electrochemical sensing. The X-ray photoelectron spec-
troscopy (XPS) analysis further investigates the valence state of
the chemical bonding of the Ag/AuNPs-rGO-CNT nanocompos-
ite before and after laser treatment (Figure 4). The survey scan
spectrum of the Ag/AuNPs-rGO-CNT nanocomposite after laser
treatment confirms the presence of predominant peaks at 370,
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Figure 3. Characterization of laser-treated LIG nanocomposite. A) Schematic showing drop-casting of the AgNRs/AuNPs-GO-CNT nanocomposite on
the LIG WE (left) and effect of laser treatment to create the Ag/AuNPs-rGO-CNT nanocomposite (right). B) FTIR spectra of the GO-CNT and Ag/AuNPs-
rGO-CNT nanocomposite on the LIG WE before and after laser treatment. C) The TEM, and D,E) EDS mapping images of the AGNRs/AuNPs-GO-CNT
nanocomposite before laser treatment. F) The FESEM, and G,H) EDS mapping images of the Ag/AuNPs-rGO-CNT nanocomposite on the LIG WE after

laser treatment.

350, 590, and 85 eV binding energies, corresponding to the Ag 3d,
Au 4d, Ag 3p, and Au 4{, respectively (Figure 4A). The primary
shape at 284 eV is consistent with a sp2 graphitic carbon peak
of the Ag/AuNPs-GO-CNT nanocomposite before (Figure 4Bi),
and after (Figure 4Ci) laser treatment, but a high energy side of
the trailing edge of the main peak that suggests that a C—O or
C=0 component is less visible after laser treatment (Figure 4Ci).
In the high-resolution spectrum of the Au 4f region, the bind-
ing energies at 84.05 and 87.72 eV are attributed to Au 4{7/2
and Au 4f5/2 of the metallic Au, ensuring the zero-oxidation
state of the AuNPs deposited in the carbon-based nanocompos-
ite matrix before (Figure 4Bii), and after (Figure 4Cii) laser treat-
ment. The high-resolution spectrum of the Ag 3d region of laser-
treated Ag/AuNPs-rGO-CNT nanocomposite also shows a higher
intensity in the peaks at 368.26 and 374.26 eV corresponding to
3d5/2 and 3d3/2 (Figure 4Ciii) than that before laser treatment
(Figure 4Biii), which also confirms higher existence of Ag in the
zero valence state after laser treatment. Also, the intensity of the
Ag oxide peaks at 368.82 and 374.82 eV correspond to Ag (oxide)
3d5/2 and 3d3/2 in the nanocomposite is much lower after laser
treatment.

Adv. Funct. Mater. 2023, 33, 2306117 2306117 (5 Of12)

2.2.3. Characterization of Biosensor Performance

Evaluation of the laser-treated Ag/AuNPs-rGO-CNT
nanocomposite-modified LIG electrodes for non-enzymatic
glucose detection reveals the improved electrochemical perfor-
mance due to an increased available surface area and higher
conductivity (Figure 5A). By applying a small voltage to the
sensor, the measured faradaic current generated from the
non-enzymatic oxidation of glucose is calibrated for the de-
tection of glucose concentration. Different potentials applied
by chronoamperometry to oxidize the glucose of a specific
concentration determine the optimized value of 0.7 V (Figure
S8, Supporting Information) to achieve a high sensitivity of
1317.69 pA mm~' cm™? (higher than that of 312.55 yA mm~!
cm~? without laser treatment) and a low limit of detection (LOD)
0f 0.079 um (Figure 5B,C).

The improved performance is likely attributed to the high spe-
cific surface area to facilitate electron and ion transfer for elec-
trocatalyst activities. Generally, metal nanoparticles (NPs) such
as Ag and Au NPs have a negative surface charge as a conse-
quence of their negative ¢-potential values.l®’] As a result, the

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. XPS spectra of the Ag/AuNPs-rGO-CNT nanocomposite. A) Survey scan and zoom-in views of the Ag/AuNPs-rGO-CNT nanocomposite
B) before and C) after laser treatment in the i) [280, 304], ii) [81, 95], and iii) [364, 380] eV regions.
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Figure 5. Effect of the laser treatment on the Ag/AuNPs-rGO-CNT nanocomposite-modified biosensors. A) Comparison of the CV curves of the
Ag/AuNPs-rGO-CNT nanocomposite-modified LIG WE before and after laser treatment (1 mm glucose in 0.1 M NaOH, scan rate 50 mV s7').
B) Amperometric response of the laser-treated sensor to increased glucose concentration from consecutive injection into the stirred 0.1 M NaOH
(applied potential of +0.7 V versus Ag/AgCl) and C) the comparison of calibration curve before and after laser treatment. D) Selectivity study of the sen-
sor after laser treatme to 5 mm glucose, 25 um ascorbic acid, 20 pm fructose, 5 mm lactic acid, and 20 um uric acid (at +0.7 V). E) The stability of
the biosensor kept in ambient conditions between such successive runs to 1 mm glucose over 3 weeks, with the corresponding current-time plot of
the chronoamperometric response shown in the inset. Comparison in the F) stability of and G) temperature effect on chronoamperometric responses
between Ag/AuNPs-rGO-CNT nanocomposite-modified glucose sensors with and without laser treatment in artificial sweat with 1 mm glucose. H) The
dependence of the peak potential of the dual-mode sensor on the pH. |) Resistive responses of the LIG-based temperature sensor as a function of
temperature in the physiologically relevant range.

modified Ag/AuNPs-rGO-CNT alloy nanocomposite glucose sen-
sor provides good selectivity by repelling negatively charged an-
alytes such as UA and AA, with a selectivity factor of 0.6039 fol-
lowing the calculation in the literature.[®®) Also, the optimized
low applied voltage reduces the oxidation of other analytes to give
enhanced selectivity toward glucose. In addition to the good se-
lectivity (Figure 5D), the non-enzymatic sensor also exhibits ex-
cellent stability even for storage at room temperature in the am-
bient (or ionic solution) condition between the measurements
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over 3 weeks (Figure 5E and Figure S9, Supporting Information).
Compared with a sensitivity loss of more than 20% from the
Ag/AuNPs-rGO-CNT alloy nanocomposite glucose sensor with-
out laser treatment, the laser-treated sensor only shows a sensitiv-
ity loss of less than 9% over 3 weeks (Figure 5F). The significantly
improved stability from laser treatment is likely attributed to
the high-temperature annealing as previously reported.[) Mean-
while, the sensitivity of the glucose sensor can be further in-
creased when operated at elevated temperatures such as those
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relevant to heat stress (Figure 5G). Taken together with the high
linearity, a fast response time of under 5 s, and excellent stability,
the obtained glucose sensor compares favorably with the previ-
ous literature reports (Table S4, Supporting Information).

2.2.4. Characterization of the Dual-Mode Sensor for pH Sensing

Because rGO as a protonated probe responds to pH,!”! the laser-
treated Ag/AuNPs-tGO-CNT nanocomposite-modified LIG elec-
trode can serve as a dual-mode sensor to detect pH variations.
Cyclic voltammetry with a scan rate of 1 mV s is selected to eval-
uate the electrochemical redox activity and detect the pH (Figure
S10, Supporting Information), as the background capacitance
shows a large influence at a higher scan rate. The measured cyclic
voltammetry in different pH buffer solutions shows the anodic
peak potentials during the anodic reaction associated with hy-
droquinone oxidation and the cathodic peak potential from the
quinone/hydroquinone redox couple (Figure S10a, Supporting
Information), which is consistent with the literature report.l’!]
The obtained anodic potential exhibits a highly linear depen-
dence on the pH in the physiologically relevant range from 4 to
8, with a sensitivity of 0.3565 V pH~! cm~? (Figure 5H). The use
of CV for pH measurement based on peak potential is different
from CA measurements for glucose to give different units in the
obtained sensitivity. Besides enhanced accuracy and sensitivity,
these measurements also allow for direct comparison with the
previously reported literature for each target analyte.

2.3. Design and Characterization of Flexible LIG-Based
Temperature Sensor

Despite the increased sensitivity of the glucose sensor at elevated
temperatures, the fluctuations in the temperature during glu-
cose detection could lead to inaccurate readings. Therefore, it is
of high importance to integrate temperature sensors to calibrate
the temperature effect.’273] By exploiting a serpentine-shaped
pattern, the LIG temperature sensor is designed to encompass
the dual-mode electrochemical sensor to sensitively detect the
temperature change in the region (Figure S11, Supporting In-
formation). The linear fit between the measured relative resis-
tance changes and the temperature in the physiologically rele-
vant range from 22 to 58 °C gives a sensitivity of —3.937 Ohm
°C-! (Figure 5I).

2.4. Calibration of the Glucose Sensor with Simultaneously
Measured pH and Temperatures

The fast response time of the glucose sensor in the range of
3-5 s allows rapid in vitro characterization of its linear response
curves from 10 um to 5 mwm at various pH levels and tempera-
tures. The calibration of the glucose sensor based on the simul-
taneously measured temperature and pH starts with the deter-
mination of the glucose sensor responses as a function of the
temperature and pH (Figure 6A,B). The amperometric current
signal to a given glucose concentration increases with the increas-
ing temperature and pH. Next, the correction factors in the linear
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fit between the amperometric current and glucose concentration
as a function of body temperature and sweat pH are determined
from these calibration curves (Figure 6C,D). The calibrated glu-
cose concentration is then obtained with the corrected slope and
intercept in the linear fit (see details in Supporting Information
1.6.1).

2.5. On-body Evaluation of the Calibrated Glucose Sensor
Integrated with a Microfluidic Patch

The integration of the calibrated glucose sensor with a microflu-
idic device provides a means for on-body sweat sampling and
glucose analysis. Evaluation of the sensor performance in near-
neutral solutions such as artificial sweat that closely mimics
the chemical compositions of human perspiration could en-
sure safety and reliability for on-body measurements. The laser-
treated Ag/AuNPs-rGO-CNT nanocomposite-modified sensor is
first calibrated in the artificial sweat with various glucose concen-
trations before the on-body measurement (Figure S12, Support-
ing Information). The accuracy of the sweat glucose concentra-
tion measured by the laser-treated nanocomposite sweat sensors
right after, 1 h after, and 2 h after the meal is validated by the com-
mercial glucometer that measures the blood glucose concentra-
tions (Figure S14, Supporting Information).

With the help of a skin adhesive medical tape, the flexible in-
tegrated microfluidic patch can be robustly mounted on the skin
even upon mechanical bending (Figure S13, Supporting Infor-
mation). The patch on the forearm (Figure 6E,F) can continu-
ously collect sweat samples from the sweat glands under the in-
let of the microfluidic device to dynamically analyze the glucose
concentration before, immediately after, and 1 h after the meal
(Figure 6G). As the sweat pH and body temperature fluctuate
with human activities such as intensive exercise and body en-
zyme activity after eating, the sweat pH and the skin tempera-
ture are simultaneously measured (Figure 6H. As a result, the
glucose measurements can be calibrated by using the corrected
slope and intercept in the linear fit based on the measured tem-
perature and pH for obtaining the accurate on-body glucose con-
centration (Figure 61). The increased glucose concentration after
a meal.l’*7%] is more accurately captured by real-time calibration
based on the pH and temperature measurement.

3. Conclusion

In summary, this work presents the design and demonstration of
along-term stable wearable electrochemical sensing device based
on laser-treated LIG nanomaterials. Besides the long-term stable
response for atleast 21 days, the resulting glucose sensor exhibits
a remarkably high sensitivity of 1317.69 pA mM~' cm™ in the
range from 10 um to 5 mm with an LOD of 0.079 um. A more ac-
curate glucose detection can be obtained by simultaneous mea-
surements of sweat pH and skin temperature for calibration. The
integration of the calibrated sensor with a flexible hydrophilic mi-
crofluidic device provides the noninvasive continuous on-body
detection of glucose in sweat. The demonstrated highly stable and
sensitive flexible sensing platform can pave the way for the de-
velopment of next-generation sensors and devices for long-term
non-invasive continuous monitoring of various biomarkers to-
ward precision medicine and population health.
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Figure 6. Calibration of the glucose sensor with simultaneously measured pH/temperature and its integration with a microfluidic patch for on-body
glucose analysis. Calibration curves of the glucose sensor at different A) temperatures (40, 45, and 50 °C) and B) pH values (5, 7, and 9). Correction
factors as a function of sweat C) temperature and D) pH. E) Optical images of the microfluidic sensing patch on the forearm of a human subject, with
an enlarged view of the patch shown in (F). G) Chronoamperometric responses of the glucose sensor before, immediately after, and 1 h after the meal,
together with H) simultaneously measured pH levels and the skin temperature. 1) Comparison of the glucose concentration before and after pH and

temperature calibrations.

4. Experimental Section

Chemicals and Materials:  Ethanol (C,HsOH) was purchased from
KOPTEC (King of Prussia, PA, USA), and N, N-dimethylformamide
(DMF) (HPLC grade, M = 73.01 g mol~") was obtained from VWR,
PA, USA. Gold (IIl) chloride hydrate (HAuCl,), multi-walled carbon nan-
otube (MWCNT) (>90% carbon, D x L = 110-170 nm X 5-9 um),
potassium phosphate monobasic (KH,PO,), potassium phosphate diba-
sic (K,HPO,), nitric acid (HNO3, 98%), sulfuric acid (H,SO,, 98%),
and potassium permanganate (KMnO,, 99.9%) were purchased from

Adv. Funct. Mater. 2023, 33, 2306117 2306117 (9 of 12)

Sigma Aldrich, USA. Graphite flakes were procured from Asbury Inc,
USA. AgNRs (D = 50 nm, L = 100-200 um in water) obtained from
ACS MATERIAL, LLC, USA. Commercial silver nanoparticle ink was
purchased from NovaCentrix, USA. Polyimide (Pl) tapes with a thick-
ness of 50 um were purchased from Dupont, USA. Deionized (DI)
water (d = 1 g cm™, M = 18.02 g mol™') from Sigma Aldrich,
USA was used to prepare all kinds of solutions. Polydimethylsiloxane
(PDMS; Sylgard 184) was purchased from the Dow Chemical Company,
USA. Poly (ethylene glycol) (PEG) was purchased from Gelest Inc, PA,
USA.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Synthesis of GO:  Modified Hummers’ method was applied to synthe-
size GO.I’8] The GO solution (0.05 wt%) was dialyzed for 6 h to remove
additional acids or salts. Next, the unexfoliated GO was removed from the
solution using a centrifuge at 3000 rpm (20 min). The suspension was
further dried at 50 °C for 24 h.

Synthesis of Silver NanorodsGraphene Oxide-Carbon Nanotube Nanocom-
posite (AgNRs—GO-CNT): GO suspension was prepared by dispersing
5 mg of GO into 800 puL DI water and 200 uL ethanol, under sonication for
2 h at room temperature. The same amount of CNT was dispersed into a
mixture of 600 uL DI water, 200 uL DMF, and 200 uL ethanol with sonica-
tion for 2 h at room temperature. GO and CNT stock solutions were mixed
with a volume ratio of 1:1 v/v. Next, the solution was stirred using a mag-
netic stirrer (RPM = 330, 80 °C) for 30 min. The GO-CNT dispersion and
AgNRs dispersion were mixed with ratios of (1:1 v/v), (3:1v/v), and (6:1
v/v) and sonicated for 2 h to reach assimilation. The prepared AgNRs-GO-
CNT mixture and chitosan solution (0.5 wt%) were mixed with a volume
ratio of 1:1 and sonicated for another 2 h.

Synthesis of Silver/Gold Alloy NanoparticleGraphene Oxide-Carbon Nan-
otube Nanocomposite (AgNRs/AuNPs-GO-CNT): The stock dispersion of
GO-CNT in water 1:1v/v, AgNRs dispersion, and 0.1 mol HAuCl, solution
were mixed with a volume ratio of 6:1:1 and 12:1:1. Next, the solution was
stirred using a magnetic stirrer (RPM = 330, 80 °C) for 30 min. The pre-
pared AgNRs/AuNPs-GO-CNT mixture and chitosan solution (0.5 wt%)
were mixed with a volume ratio of 1:1 and stirred again for another
30 min.

Fabrication of LIG Electrode: After rinsing and cleaning the Pl film
with ethanol and distilled (DI) water followed by drying in the air, it was
mounted to a glass slide for laser scribing. A 30 W CO, laser (VLS2.30,
Universal Laser Systems, Inc. VLS2.3) with raster mode was used to create
the design of three LIG electrodes with the following optimized settings:
10.5% maximum power, 11% maximum speed, 1000 PPI, and image den-
sity of 6.

Fabrication of LIG-Based Reference Electrode: The prepared LIG elec-
trode was coated with a commercial silver nanoparticle (AgNPs) ink (JS-
A191, Novacentrix) to integrate Ag/AgCl for the reference electrode. The
solvent in the AgNPs ink was vaporized during photonic sintering of the
ink using xenon light pulses, leaving conductive traces on the LIG surface.
The resulting Ag/LIG electrode was soaked in the FeCl; solution for 1 min,
washed with DI water, and then allowed to dry completely in the air. Ap-
plying three drops of Nafion to the electrode completed the fabrication of
the Nafion Ag/AgCl/LIG RE.

Fabrication of LIG-Based WE Modified with the Synthesized Nanocompos-
ite:  The WE was prepared by modifying the LIG electrode with the syn-
thesized AgNRs/AuNPs-GO-CNT nanocomposite by drop-casting 20 uL
of the prepared solution on the LIG electrode and complete drying in am-
bient conditions.

Laser Treatment of the Nanocomposite-Modified WE: Laser treat-
ment was performed on the modified WE with AgNRs/AuNPs-GO-CNT
nanocomposite using 10.5% maximum power, 11% maximum speed,
1000 PPI, and an image density of 6.

Fabrication of Temperature Sensor:  The LIG-based temperature sensor
with designed patterns was fabricated by the same method used for LIG
electrode (see geometric parameters and dimensions of the temperature
sensor in Figure ST, Supporting Information).

Fabrication of Microfluidic Channels: The microfluidic channels con-
sisted of a bottom channel layer and a top encapsulation layer with an out-
let. The PEG-PDMS was prepared using a modified Gokaltun’s method.[””]
In brief, the PDMS in a 1:10 wt/wt ratio (curing agent: base) mixed with
2.5 wt% of PEG was first vacuumed in a petri dish to remove the bubbles
and then cured in a hot oven at 70°C for 20 min. The cured PEG-PDMS was
laser scripted with a 30 W CO, laser (VLS2.30, Universal Laser Systems,
Inc. VLS2.3) using raster mode with 10.5% of the maximum power, 11%
of the maximum speed, 1000 PPI, and an image density of 6 to create the
microfluidic channels. The laser-engraved channels were rinsed with DI
water to remove the residuals created during laser engraving. The cleaned
microfluidic channels were plasma treated for 5 min with a plasma cleaner
(PDC-32G, Harrick Plasma) to improve the hydrophilicity of the surface.
The top PEG-PDMS encapsulation layer with an outlet was created fol-
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lowing the same process for further use (see geometric parameters and
dimensions of the microfluidic channels in Figure S1, Supporting Infor-
mation).

Assembly of Integrated Microfluidic Electrochemical Sensors: The fabri-
cated microfluidic layers were plasma-treated for 5 min with a plasma
cleaner before the assembly. Next, the fabricated electrochemical sensor
and temperature sensor were sandwiched between plasma-treated mi-
crofluidic layers. An adhesive layer on the bottom surface of the assembled
device provided easy attachment to the human skin for on-body measure-
ments (Figure S2, Supporting Information).

Material Characterization: The laser-induced Ag/AuNPs-rGO-CNT
electrode film was characterized by Raman Spectroscopy, SEM, TEM, XPS,
and FTIR spectroscopy. The FTIR measurements on Machine Bruker V70
(Wavenumber: 4000 to 600 cm™~', Resolution: 6 s~') were used to study
the chemical bonding and identify organic and inorganic materials on the
modified nanocomposite films using infrared light. The EDS was carried
out to study the elemental composition of the Ag/AuNPs-rGO-CNT film
before and after laser treatment. EDS equipped with SEM was performed
on Machine FESEM Apreo 5, (Voltage: 3 kV, beam current: 13 pA), The
XPS experiments were performed using a Physical Electronics VersaProbe
Il instrument equipped with a monochromatic Al ka x-ray source (hv =
1486.6 eV) and a concentric hemispherical analyzer.

Supporting Information

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