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In brief

Yang et al. present a fully integrated
wearable system with an ultrasensitive
3D-structured biosensor for real-time
monitoring of multiple metabolites for
disease management. The proposed
system demonstrates superior sensitivity
Glucose and selectivity in glucose and lactate
sensing. Furthermore, in vivo animal
experiments have been conducted to

o e validate its potential for clinical
j applications.
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Highlights
e The fully integrated wearable device monitors multiple
metabolites dynamically

e The device features an ultrasensitive dual-channel 3D-
structured biosensor

e The proposed biosensor possesses superior sensitivity and
selectivity

e The device provides dynamic trends of metabolites in ISF for
disease management
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MOTIVATION The management of chronic diseases requires routine monitoring of specific biomarkers.
However, traditional in vitro diagnostic technologies suffer from complex sampling processes and long
detection intervals and only allow for single-analyte detection, which is not practical in home-based health
management. Wearable devices taking advantage of compact size, rapid detection process, easy integra-
tion, and small sample consumption are promising to take the place of endpoint detection, providing more
comprehensive information about human health. Thus, a wearable device based on a dual-channel
biosensor for continuous, real-time monitoring of multiple metabolites was developed in this work to
address the existing limitations.

SUMMARY

Chronic diseases call for routine management of frequent monitoring of specific biomarkers. Traditional
in vitro diagnostics technologies suffer from complex sampling processes and long detection intervals,
which cannot meet the need of continuous monitoring. Wearable devices taking advantage of compact
size, rapid detection process, and small sample consumption are promising to take the place of endpoint
detection, providing more comprehensive information about human health. Here, we proposed a fully inte-
grated wearable system with an ultrasensitive 3D-structured biosensor for real-time monitoring of multiple
metabolites. The 3D-structured biosensor shows wide linear ranges of 400-1,400 uM and 0.1-8 mM and
high sensitivities of 460.5 and 283.09 xA/(mM-cm?) for lactate and glucose detection, respectively. We
have conducted in vivo animal experiments, and the proposed wearable biosensor demonstrated high
consistency with established methods. We envision that this system could provide a real-time wearable

detection platform for multiple biomarker detection.

INTRODUCTION

Diabetes mellitus, as one of the most prevalent and serious
chronic diseases, was responsible for 6.7 million deaths in
2021 all over the world." Patients with diabetes mellitus suffer
from insulin deficiency or insulin resistance, which both lead to
abnormal levels of blood glucose. Lasting high blood glucose
levels in the human body may cause irreversible damage to
nerves and blood vessels, giving rise to more than 100 kinds of
diabetic complications and endangering the heart, brain, kidney,
eyes, feet, and so on.” Thus, maintaining glucose levels within an
appropriate range is vital for diabetes control and health man-
agement, which calls for routine blood glucose monitoring and
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antidiabetic agent administration. However, commonly used
antidiabetic agents usually enhance anaerobic glycolysis or
cast down gluconeogenesis, which may lead to increased blood
lactate levels. Together with naturally accumulated glycated
hemoglobin, which will significantly aggravate and accelerate
the lactate production by intensifying anaerobic glycolysis, the
blood lactate level is frequently elevated in patients with dia-
betes, causing hyperlactatemia and lactic acidosis without
noticeable symptoms.® Thus, dynamic monitoring and regulating
blood lactate levels in real time is also indispensable for manag-
ing diabetic complications. Therefore, simultaneous monitoring
of blood glucose and lactate levels are of great importance in
evaluating the health status and managing diabetes progression.
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Figure 1. Schematic illustration of the wearable system for multiple-metabolite monitoring
(A) Diagram of the wearable system for multiple-metabolites monitoring. A microneedle is applied to obtain interstitial fluid, and the analyte was tested by the

biosensor. Later, the data were sent to the terminals via Bluetooth.

(B) Diagram of the wearable system for multiple-metabolite monitoring. It consists of five parts: an MCU module, a potentiostat module, a data transmission

module, a data processing module, and an electrochemical biosensor module.

(C) Construction of the dual-channel 3D-structured nickel foam biosensor. The biosensor contains two working electrodes, one reference electrode and one
counter electrode. The nickel foam working electrodes were modified with glucose oxidase and lactate oxidase, respectively.

Over the past decades, various methods have emerged to
detect biochemical markers such as glucose and lactate,
including colorimetry,” chemiluminescence,® high-performance
liquid chromatography,® and enzymatic fluorescence.’ Although
these methods are sensitive and reliable, they suffer from com-
plex sampling pre-treatment, long detection times and the
requirement of cumbersome instruments, which cannot meet
the demand for real-time tracking of the dynamic change of
glucose and lactate levels and may miss plenty of critical infor-
mation such as transient fluctuation of metabolite levels out of
normal ranges.® Electrochemical detection methods with high
sensitivity, rapid response, and flexibility of integration have
emerged and have become mainstream techniques for
biochemical molecule detection.” Therefore, conceiving novel

devices based on electrochemical technology for real-time
monitoring of glucose and lactate levels is feasible and vital.
Wearable devices, taking advantage of their compact size,
comfortable attachment, long working life, and small sample
consumption, show promising applications in routine monitoring
of metabolite levels without causing discomfort or interruptions
to daily activity.'>'" So far, a handful of miniaturized wearable
devices have been developed, such as the epidermal patch for
multiple metabolite detection,'? the tattoo-based biosensor for
sweat testing,’® and skin-like sensors (SLSs) for multimodal
signal monitoring including bioelectric and biomechanical sig-
nals.'* However, these wearable biosensors applied only to
the body fluid detection on the surface of epidermis, suffering
from low sensitivity and poor accuracy caused by individual
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Figure 2. Property characterization of nickel foam electrode
(A) Top view and side view of modified nickel foam. Scale bar: 0.5 mm.
(B) SEM imagine of bare nickel foam electrode. Scale bar: 100 um.

(C) SEM imagine of enzyme-modified nickel foam electrode. Scale bar: 100 pm.

(D) Schematic diagram of the fabrication and application of the enzyme-modified nickel foam electrode.
(E) Confocal microscopy image of enzyme-modified dual-channel nickel foam electrode. Scale bar: 250 pm.
(F) Confocal microscopy image of enzyme-modified dual-channel nickel foam electrode. Scale bar: 100 um.
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greatly simplifying the peripheral circuit

variance and environmental changes. Besides, limited by the
intermittent secretion of body fluids, wearable biosensor
patches have difficulty to collecting continuous metabolite infor-
mation, leading to the omission of key points or the absence of
transient outrange values. Therefore, developing minimally inva-
sive devices to collect high-quality dynamic changes of metab-
olite levels is of great importance.

Recently, minimally invasive continuous glucose monitoring
(CGM) systems that can achieve metabolite analysis with inter-
stitial fluid (ISF) and provide accurate and dynamic metabolite
information, have been put forward and have attracted wide-
spread attention. However, these CGM systems still suffer
from high cost and low sensitivity and can only realize the detec-
tion of a single metabolite. Recently, Tehrani et al.'® reported a
fully integrated, wireless continuous monitoring system for ISF
biomarkers, that can realize real-time sensing of two metabolites
through the wearable microneedle array. However, this system
has disadvantages of limited stability for only a few hours and
a complicated fabrication process, making the system unsuit-
able for daily use and long-term monitoring. Therefore, devel-
oping a wearable CGM device with high sensitivity, good stabil-
ity, low cost, simple processing steps, and negligible crosstalk
for simultaneous monitoring of multiple metabolites is of great
importance.

Here, we propose a fully integrated wearable biosensing de-
vice with an ultrasensitive 3D-structured biosensor for contin-
uous real-time monitoring of multiple metabolites in ISF. The
device consists of a sample collection module, a biosensing
module, a signal processing module, and so on. The biosensing
module is fabricated with a cost-effective movable-type bio-
electronics printing method'® and finally integrated with
enzyme-modified 3D-structured nickel foams on the working
electrodes. All the modules, including sensors, micro control
unit (MCU), data processing modules, wireless communication
modules, power management modules, etc., are compatibly
integrated as a wearable device. This wearable biosensing
device benefits from the following aspects. Firstly, the biosen-
sors with 3D-structured electrodes could provide high specific
surface area, high electro-catalytic activity and large contact
area with samples, which could significantly improve the sensi-
tivity of these biosensors.'”'® Secondly, the developed
biosensor on our platform for monitoring of multiple metabo-
lites uses a shared counter electrode and reference electrode,

and reducing its footprint in integration
and fabrication. Besides, the developed
biosensor could be easily replaced or
expanded to realize simultaneous monitoring of a variety of me-
tabolites, such as glucose, lactate, uric acid, cortisol, and other
biomolecules, providing a general method for accurate metab-
olite detection. Thirdly, this monitoring system working with a
portable and minimized potentiostat can provide actionable in-
formation on the dynamic trend of metabolites in a wearable
fashion for improved disease management. In summary, we
developed a wearable device for accurate and real-time moni-
toring of multiple metabolites. To assess the performance of
this wearable device, we have conducted in vivo animal exper-
iments and compared the results with gold-standard measure-
ments in blood for simultaneous monitoring of glucose and
lactate. We envision that this system could provide a wearable
real-time monitoring platform for electrochemical detection of
multiple biomolecules.

RESULTS

System design and construction of the biosensor

The developed ultrasensitive dual-channel biosensor is based
on the enzyme-modified 3D-structured nickel foam electrode
interface. On the one hand, 3D-structured nickel foam provides
high specific surface area, high electro-catalytic activity, and
large contact area with samples, endowing the biosensor with
excellent electron conductivity and superior sensitivity. On the
other hand, specific enzymes attached to the surface of the
3D-structured nickel foam can specifically catalyze redox reac-
tions of the target metabolites, greatly improving the selectivity
and accuracy of the dual-channel biosensor in complex biolog-
ical fluids. Finally, the developed ultrasensitive dual-channel
biosensor is integrated in a single three-electrode electrochem-
ical system. The two separate sensing interfaces share the
counter electrode and reference electrode during detection,
notably simplifying the peripheral circuit and facilitating the mini-
aturization of the wearable system.

Figures 1A and 1B show the schematics of the fully integrated
wearable device. The device consists of six modules including
the adhesive layer, a base box, a dual-channel biosensor, a mi-
croneedle, a circuit board, and a cover, which can detect and
transmit real-time data to electronic terminals such as cell
phones, watches, personal computers, and so on. Figure 1C
shows the configuration of the developed enzyme-modified
dual-channel 3D-structured nickel foam biosensor based on
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Figure 4. Sensitivity characterization of dual-channel nickel foam biosensor for lactate and glucose detection

(A) The i-t curves of lactate at different concentrations.

(B) Stable i-t values plotted as functions of lactate concentrations (n = 5). Inset is the linear curve fitting between currents and lactate concentrations, coefficient of
association R% = 0.9905. The linear range was 400-1,400 uM, and the sensitivity was 460.5 pA/(mMxcm?) (the area of the working electrode was 0.05 cm?).

(C) The i-t curves of glucose at different concentrations.

(D) Stable i-t values plotted as functions of glucose concentrations (n = 5). Inset is linear curve fitting between currents and glucose concentration,
coefficient of association R? = 0.9886 (n = 5). The linear range was 0.1-8 mM and the sensitivity was 378.3 pA/(mM xcm?) (The area of the working electrode was

0.05 cm?).

the three-electrode scheme. The biosensor possesses two
working electrodes in a shared three-electrode system, which
can detect glucose and lactate, respectively.

As seen from Figure 2A, the surface of the working electrode
was covered by 3D-structured porous, sponge-like nickel
foam. The average size of the pores in the nickel foam scaffold
was calculated to be 96 um, and the porosity was determined
to be 77.8%. Additionally, the pores per line inch (PPIl) of
the nickel foam scaffold was up to 100, providing sufficient spe-
cific surface area to immobilize enzymes and increase the con-
tact area between the electrode and the analyte solution.
Figures 2B and 2C) show the scanning electron microscopy
(SEM) images of the developed 3D-structured nickel foam elec-
trode before and after enzyme immobilization. The enzyme
immobilization process mainly includes enzyme adsorption and
crosslinking (Figure 2D; STAR Methods). After the immobilization
of glucose oxidase and lactate oxidase, the inside and the sur-
face of the nickel foam were evenly covered by clusters of ellip-
soidal particles, as can be seen from confocal images
(Figures 2E and 2F), suggesting stable immobilization and effec-
tive dispersion of the enzymes with negligible influence to the
structure of nickel foam scaffold.

4 Cell Reports Methods 3, 100579, September 25, 2023

Electrochemical characterization of the dual-channel
3D-structured nickel foam biosensor

The electrochemical performance of the bare dual-channel elec-
trode and the developed dual-channel 3D-structured nickel
foam electrode was first evaluated by electrochemical imped-
ance spectroscopy (EIS) testing. EIS results of the bare electrode
and the nickel foam-modified electrode were plotted, and the
equivalent circuit parameters were calculated. As shown in Fig-
ure 3, the polarization resistances (Rps) were determined to be
579.1 Q in the 3D-structured nickel foam electrode and
7,851.0 Qin the bare electrode, demonstrating outstanding elec-
troconductibility of the developed dual-channel 3D-structured
nickel foam electrode. The standard errors of equivalent circuit
fitting of the bare electrode and the 3D-structured nickel foam
electrode were 8.3x10~° and 2.6 x 10~8, respectively, which
suggested that the equivalent circuits well fit the Nyquist plot.

Performance of the dual-channel 3D-structured nickel
foam biosensor

The amperometric (i-t) curves and the corresponding linear fitting
curves for detection of glucose and lactate solutions at various
concentrations are presented in Figure 4, respectively. The
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Table 1. Comparison of the analytical performance of the 3D-structured nickel foam biosensor in this work with other electrochemical

sensors

Electrode Linear range Sensitivity/uA/(mM-cm?) LOD/uM Ref.

Glucose

GOx/gold/MoS, 10-500 nM - 0.01 Majumdar and Mahanta'®
GOX/TiOo/PAni 20-140 uA 163.14 0.533 Puttananjegowda et al.?°
GOX/ENFM/SICNPs 0.5-20 mM 30.75 0.56 Cai et al.”’!

PB ink/PAni/GOx/PU 0-12 mM 16.66 - Popov et al.”?
GOx/PAni/rGO 0.5-50 mM 2.8 89 Liu et al.*®

This work 0.1-8 mM 283.09 1.54 -

Lactate

LOx/Pt-G/PEN 0.4-6 mM 6.68 = Madden et al.”*
LOx/Pt-chitosan/LIG 0.2-3 mM 35.8 110 Han et al.?®
LOX/PdCu/LIG 0.1-30 mM 51.91 - Tsou et al.*®
LOx/NiOx-Nafion 0.5-4 mM 205.6 270 Neampet et al.”’
LOx/Pt/PANI/MXene 0.005-5.0 mM 5.64 5 Heikenfeld et al.”®

This work 0.4-1.4 mM 460.5 40 -

results indicated that the dual-channel 3D-structured nickel
foam biosensor possessed a wide linear range and high sensi-
tivity in glucose and lactate detection. As shown in Figures 4A
and 4B, the response current increased gradually as the concen-
tration of lactate increased from 400 to 1,400 uM. A similar phe-
nomenon was observed for glucose detection in Figures 4C and
4D, with a linear range of 0.1-8 mM. According to the measured
results, the sensitivity of lactate detection in PBS medium was
460.5 uA/((mM x cm?)), while for glucose detection the sensi-
tivity was 378.3 uA/(mM X cm?), which outperformed most of
the previously reported electrochemical biosensors (Table 1),
and satisfied the requirement of clinical lactate and glucose
detection in ISF.

Design and characterization of a potentiostat integrated
with the biosensor
According to the equivalent circuit of the dual-channel 3D-struc-
tured nickel foam biosensor, we designed and fabricated a
potentiostat connected to the three-electrode biosensor. The
simulation results of the potentiostat can be found in Figure S1,
where the experimental values of the potentiostat (seen from
Table S1) were approximately equal to the theoretical values,
proving the feasibility of the designed potentiostat.
Additionally, to assess the accuracy of our designed potentio-
stat integrated with the dual-channel 3D-structured nickel foam
biosensor, we applied both the developed potentiostat and a
commercial electrochemical workstation to work with the three-
electrode biosensor to compare their performances in cyclic
voltammetry (CV) and i-t curve measurements. As shown in Fig-
ure 5A, CV curves from our developed potentiostat and commer-
cial electrochemical workstation matched well. As calculated,
the main parameters for CV testing including the peak potential
and peak current corresponding to oxidation and reduction
processes, measured by the developed signal processing
system and by the Chenhua electrochemical workstation, were
highly consistent (Figure 5B) with a deviation of less than 2%
(Table S2). Additionally, as can be seen from Figures 5C and

5D, the i-t curves at different glucose concentrations match
well between these two detection systems (p = 0.727, paired
t-test). These results demonstrated that our detection system
was capable of performing CV or i-t curve detection accurately
with the electrochemical biosensor, holding great potential in
the construction of a fully integrated wearable device for real-
time metabolite monitoring.

Dynamic monitoring and in vivo detection of the fully
integrated wearable device

The integrated wearable device works with a sample collection
module, a biosensing module, and a signal processing module
to realize dynamic metabolite monitoring (see Figure 6A). To be
specific, the system applied a microneedle to obtain the ISF
sample, and the analyte solution was tested by the dual-chan-
nel 3D-structured nickel foam biosensor. The electrochemical
signal was rapidly processed and sent to electronic terminals
like cell phones, smart watches, computers and so on via Blue-
tooth. Figure 6B shows the i-t curves of dynamic measurement
of lactate and glucose solutions using the developed device
with the dual-channel 3D-structured nickel foam biosensor.
PBS solutions containing lactate at different concentrations
ranging from 0 to 1,800 uM with an interval of 200 uM were
tested continuously, simulating the dynamic secretion of lactate
in vivo. Similar experiments were also conducted in those solu-
tions containing glucose at different concentrations ranging
from 0 to 12 mM with an interval of 2 mM. The amplitudes of
response currents increased rapidly as the concentrations of
lactate or glucose went up, demonstrating the sensing capa-
bility of the detection system with the dual-channel biosensor
that can facilitate dynamic monitoring of both lactate and
glucose.

To confirm the feasibility of the developed wearable device
for dynamic in vivo measurement of lactate and glucose levels,
animal experiments were conducted. Since the concentration
of glucose and lactate proved to be closely correlated in ISF
and blood,?® we compared the glucose and lactate levels in
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ISF detected by the wearable system with the glucose and
lactate levels in blood detected by commercial meters.
Through these tests, the performance of our designed system
in routine monitoring could be evaluated, and its potential in
predicting blood glucose and lactate concentrations through
ISF measurement was assessed. To be specific, the lactate
and glucose levels in interstitial fluid of a healthy mouse
were tested with our wearable device (seen from Figure 6C),
and compared with those in tail blood measured by commer-
cial electrochemical analyzers, ACCU-CHEK for glucose and
Lactate Scout 4 for lactate. The trend of measured lactate
and glucose concentrations matched well between ISF test
by the wearable system and the tail blood test by commercial
analyzers with correlations of 0.994 and 0.971 for lactate and
glucose, respectively (Figure 6D), proving the feasibility of the
wearable system in simultaneous monitoring of glucose and
lactate levels in vivo, and the utility to evaluate the dynamic
change of blood glucose and lactate levels through minimally
invasive ISF monitoring.

DISCUSSION

In this work, we developed a fully integrated wearable system
with enhanced accuracy and multimetabolite sensing capa-
bility. The dual-channel 3D-structured nickel foam biosensor
exhibited outstanding performance with wide linear ranges of
400-1,400 uM and 0.1-8 mM and high sensitivities of 460.5
and 283.09 uA/(mM-cm?) for lactate and glucose detection,
respectively, which satisfies the need of glucose and lactate
detection in real ISF. We have designed and simulated a poten-
tiostat according to the equivalent circuit of the biosensor,
which showed high consistency with the electrochemical work-
station. Furthermore, a dual-channel biosensor for glucose and
lactate detection was fabricated by bioelectronics printing

6 Cell Reports Methods 3, 100579, September 25, 2023

wearable device in simultaneous moni-

toring of glucose and lactate in ISF,
which could reflect the dynamic change of glucose and lactate
levels in blood.

In conclusion, we have successfully developed a fully inte-
grated wearable device with an ultrasensitive 3D-structured
biosensor for continuous monitoring of multiple biomarkers.
The proposed wearable system possesses the following advan-
tages. Firstly, the enzyme-modified 3D-structured nickel foam
electrode exhibited outstanding electrocatalytic activity toward
glucose and lactate detection through the unique hollow sphere
surface morphology. The nickel foam electrode held the merits of
highly exposed enzyme immobilization sites, high conductivity
and large electrochemical active surface area, endowing the
biosensor with superior sensitivity and selectivity. Secondly,
the developed ultrasensitive dual-channel biosensor was inte-
grated in a single three-electrode electrochemical system. The
two separate sensing interfaces shared the counter electrode
and reference electrode during detection, notably simplifying
the peripheral circuit and facilitating miniaturization of the wear-
able system. Besides, the developed biosensor on our platform
could be easily replaced or expanded to realize simultaneous
monitoring of a variety of metabolites, such as glucose, lactate,
uric acid, cortisol, and other biomolecules, providing a general
approach for multimetabolite detection. Thirdly, this real-time
monitoring system works with a portable and accurate potentio-
stat that can provide actionable information on the dynamic
trend of metabolites in ISF in a minimally invasive fashion for
improved disease management. In summary, we have devel-
oped a wearable device for accurate and real-time monitoring
of multiple metabolites, which may expand the potential applica-
tions of wearable devices for digital healthcare.

All in all, the development of such a fully integrated, dual-
channel ultrasensitive and dynamic monitoring system en-
riches the functionalities and potentials of wearable devices
and opens the door to numerous wearable healthcare
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Figure 6. Dynamic detection capability verification of the wearable system by in vivo test

(A) Photograph of the main components of our monitoring system with a dual-channel biosensor. The size of the device was 3x5%0.5 (cm®), and its total weight
was 40 g. The working time of the device was 3 days with a button battery. Terminals such as cell phones, smart watches, computers, etc., could be utilized to
acquire real-time monitoring data.

(B) I-t curve for dynamic measurement of lactate and glucose solution with the biosensor. The concentration gradients of lactate and glucose samples ranged
from 0 to 300 uM with an interval of 50 uM.

(C) The photograph of the wearable device attached to a healthy mouse, while the inset shows the photograph of the integrated wearable devices.

(D) Comparison results between our system with two commercial devices. The black line and green dots represent the glucose levels measured by our system
and the Accu-Chek, respectively (n = 3), and the red line and blue dots represent the lactate levels measured by our system and the Scout 4, respectively (n = 3).
The statistical analysis showed no significant difference between interstitial fluid results by the wearable system and blood test results by commercial devices
(paired t-test, p > 0.05).

possibilities, empowering future development of digital medi-
cine. By moving the biological interface of wearable devices
from the epidermis into subcutaneous tissue and expanding
the sensing capability from single-analyte detection to multi-
ple-target monitoring, we envision that the proposed wearable
ultrasensitive metabolite monitoring system will accelerate the
emergence of next-generation continuous monitoring wear-
able sensors and thereby offer a pathway to transform digital
healthcare.

Limitations of the study

In this work, a fully integrated wearable system with enhanced
accuracy and multimetabolite sensing capability was devel-
oped. However, there still exists several limitations that may
hinder its practical application. For one thing, enzymatic elec-
trochemical biosensors for metabolite sensing inevitably face
the problems of enzyme loss or inactivation, leading to limited
lifespan of the device and gradual degradation in the perfor-
mance of metabolite detection over time. For another, the diffu-
sion-based ISF detection approach makes the detection inter-
val of the device greatly affected by the sampling efficiency,
which leads to limited detection frequency and susceptibility

to environmental disturbance. Thus, in the future, further
research could be conducted to address these limitations,
including exploring alternative sensing mechanisms, devel-
oping strategies to enhance enzyme stability, and optimizing
the ISF sampling techniques to achieve long-term dynamic
monitoring.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Nafion Sigma (Steinheim, Germany) Cas: 31175-20-9
Glucose Sigma (Steinheim, Germany) Cas: 50-99-7
Lactate acid Sigma (Steinheim, Germany) Cas: 50-21-5
Gilutaraldehyde solution (50% in H,0) Sigma (Steinheim, Germany) Cas: 111-30-8

Potassium ferricyanide (K3[Fe(CN)g])

Potassium hexacyanoferrate(ll)
(K4Fe(CN)g)

Potassium chloride (KCI)
Glucose oxidase (10 units/mg)
Lactate oxidase (36 units/mg)

Aladdin (Shanghai, China)
Aladdin (Shanghai, China)

Aladdin (Shanghai, China)
Yuanye Bio-Technology Corporation (Shanghai, China)
Yuanye Bio-Technology Corporation (Shanghai, China)

Cas: 13746-66-2
Cas: 14459-95-1

Cas: 7447-40-7
Cas: 9001-37-0
Cas: 9028-72-2

Software and algorithms

MATLAB 2014
Origin 8.0

Multisim 14.0

Altium Designer 19.0

MathWorks (Natick, MA)

OriginLab Corporation (Northampton, MA)
National Instruments Corporation (Austin, TX)
Altium Corporation (Hobart, Australia)

https://www.mathswork.com
https://www.originbab.com
https://www.ni.com

https://www.altium.com.cn/
altium-designer/

Apparatus

Electrochemical workstation Chenhua (Shanghai, China) CHIB60E
Other

Polydimethylsiloxane (PDMS) Dow Corning Corporation Sylgard 184
Ag conductive paste Ausbond Corporation (Shenzhen, China) 3813
Carbon paste Ausbond Corporation (Shenzhen, China) A528
Nickel foam Guangshengjia New Materials Company (Kunshan, China) GSJ76851

Polyethylene terephthalate (PET)

Suzhou Gule Packaging Materials Company (Suzhou, China)

CAS: 25038-59-9

RESOURCE AVAILABILITY

Lead contact

Requests for resources and additional information should be directed to and will be fulfilled by the lead contact, Dr. Han Wang

(hanwang@tsinghua.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

e All data reported in this paper will be shared by the lead contact upon request (hanwang@tsinghua.edu.cn).
® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request
(hanwang@tsinghua.edu.cn).

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
A ten-month-old female adult mouse on a BALB/c background was used in this study. The laboratory mouse was housed, when

possible, on a 12-h light/dark cycle in ventilated racks inside a humidity-controlled room with RH 40-55% and a temperature range
of 21°C-23°C. The mouse had ad libitum access to food and water. The sex and gender of the mice rarely influenced the results of the
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study, which aimed to assess the feasibility of the proposed wearable device. The in vivo animal experiments were approved and
conducted under the guidance and supervision of the Laboratory Animal Center of Tsinghua University. The reporting of this work
complies with ARRIVE guidelines.

METHOD DETAILS

Electrochemical detection mechanism of the 3D-structured nickel foam electrode

The developed enzyme-modified 3D-structured Nickel foam electrochemical biosensor is based on the three-electrode scheme.
First, glucose and lactate in the interstitial fluids are oxidized by corresponding oxidase and generate H,O,. Then H,0O, is rapidly
oxidized with the help of catalyst nickel under appropriate potential. The electrons lost by H,O, are transferred to 3D-structured
Nickel foam and the corresponding current can be detected by our fabricated potentiostat. The following chemical Equations 1, 2
and 3 show the detailed detection mechanism of glucose and lactate on 3D-structured Nickel foam electrode.

Glucose + O, G—O>XGIuconate+ H,O0, (Equation 1)
Lactate + O, L—o>xPyruvate +H,0, (Equation 2)
2H,0, — O, + 4H* + 46~ (Equation 3)

GOy refers to glucose oxidase and LOy refers to lactate oxidase. Then, the produced H.O, decomposes on the surface of the
3D-structured Nickel foam electrodes and the corresponding current is detected to calculate the concentration of glucose and
lactate, respectively.

Fabrication of the dual-channel 3D-structured biosensors through a movable type bioelectronics printing technology
A dual-channel biosensor for glucose and lactate monitoring was fabricated by the movable type bioelectronics printing technology,
which includes the following steps. Firstly, we transfer printed the counter electrode and working electrode with conductive carbon
paste and transfer printed linking wires and reference electrode with Ag/AgCl paste. After drying the conductive electrodes in the
ventilating oven at 40°C for 30 min, we transfer printed the protective Nafion layer for enzymes and the insulator layer step by
step. After that, 3D-structured Nickel foam were immobilized on the working electrode with conductive carbon paste under
115°C for 15 min and then lactate oxidase and glucose oxidase were prepared to modify the two working electrodes.

Enzyme modification of dual-channel 3D-structured biosensors

For immobilization of lactate oxidase, chitosan/CNTs solution was prepared by adding 5 mg amino functionalized carbon nanotubes
into a 2 mL chitosan solution (0.2% wt) with ultrasonic mixing for 10 min to achieve complete dispersion. Then 1 mg lactate oxidase
was added to Chitosan/CNTs solution (50 pL) to obtain Lactate oxidase/Chitosan CNTs solution. A drop of Lactate oxidase/Chitosan
CNTs solution (3 pL) was introduced onto one of the working electrodes, dried at room temperature, and then 3 uL glutaraldehyde
solution (5%) was added onto the working electrode. The above mixture was incubated at room temperature to crosslink for 1 h, and
the lactate oxidase-modified electrode was thus prepared. The other working electrode was modified with the same procedures, only
replacing lactate oxidase with glucose oxidase. Finally, the dual-channel biosensor was gently rinsed 3 times with PBS by pipetting
and stored in refrigerator at 4°C until use.

Design of the potentiostat and peripheral circuits

The potentiostat module connected with a three-electrode biosensor is shown in Figure S2. The main function of the potentiostat
module is to maintain a constant voltage between the working electrode and the reference electrode in the electrochemical cell,
and measure the reaction current on the working electrode. To realize this function, an equivalent circuit model of the three-electrode
biosensor was constructed.

The circuit of potentiostat was designed based on the equivalent circuit to maintain the potential (Ugre.wg) between the working
electrode and the reference electrode. During the electrochemical reaction, current was generated between the working electrode
and the counter electrode, to offset the difference between the preset potential and the actual potential of the working electrode. The
operational amplifier connected with the reference electrode acted as a voltage follower, since the input resistance of operational
amplifier was approximately infinite. The infinite input resistance kept the voltage of the reference electrode constant. Through main-
taining constant potential of the operational amplifiers, the potentiostat can generate constant voltage between the working elec-
trode and the reference electrode of the three-electrode sensor in the electrochemical detection system. Meanwhile, the current
passing through the working electrode can be measured for both qualitative and quantitative analysis of the electrochemical reaction
for target analytes.
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Construction of equivalent circuit
The equivalent circuit including its structure and parameters could be simulated via electrical impedance spectroscopy (EIS). EIS is a
highly sensitive technique capable of characterizing the electrical response of electrochemical systems in a nondestructive manner.

The electrolytic cell of a typical electrochemical system consists of electrodes and the electrolyte solution. In the electrolytic cell,
the electric double layer can be equivalently regarded as a capacitor. And the resistance caused by the electrode, solution and elec-
trode reaction can be regarded as equivalent resistors. Therefore, the equivalent circuit of the entire electrolytic cell can be repre-
sented as in Figure S2B. C, and C3 represent the electric double layer capacitance of the working electrode and the counter elec-
trode, respectively. Z; and Z, represent the alternating current (AC) impedance (also called Faraday impedance) of the working
electrode and the counter electrode, respectively. R represents the equivalent resistance of the electrolytic solution, and C repre-
sents the capacitance of the electrolyte solution between the working electrode and the counter electrode.

Regardless of the shape of the electrolytic cell, the distance between the working electrode and the counter electrode is typically
hundreds of times larger than the thickness of the electric double layer capacitor. Therefore, the complex impedance in circuit branch
with C4 is much larger than that in the other circuit branch with C,, so capacitance C; can be omitted. Typically, no electrochemical
reaction occurs on the counter electrode and the area of the counter electrode is much larger than that of the working electrode, thus
Z, and C3 could be very large. Therefore, the interface impedance of the counter electrode can be ignored. Moreover, the Faraday
impedance of the electrolytic cell includes two parts, the electrode polarization resistance Rp and the concentration polarization
resistance Warburg impedance Z,,. Thus, the equivalent circuit of the electrochemical biosensor can be simplified as in Figure S2B.

Mathematically, the total impedance of the equivalent circuit can be written in complex form by Equation 1 *°:

1
1
1

Ro+ow 2(1 — )

Z =R+

ij2+

According to the EIS results and Nyquist curve fitting, the parameters of the corresponding components in the equivalent circuit
can be calculated.®’

Fabrication and testing of the potentiostat

EIS testing of a bare three-electrode biosensor as control, and another three-electrode biosensor with Nickel foam by a commercial
electrochemical workstation (CHI660E, Chenhua, Shanghai, China) was conducted to help analyze the equivalent circuit of biosen-
sors. EIS tests were conducted in 1 mM Fe(CN)> 4 (1:1) solution containing 0.1 M KCl and the Nyquist spectrograms were recorded
in order. According to the EIS results and Nyquist curve fitting, the parameters of the corresponding components in the equivalent
circuit were calculated by ZView 3.1 (Scribner Associates, Inc., North Carolina, USA). Then a simulation software Multisim (Multisim
14.0, National Instruments Corporation, Austin, TX) was applied to simulate and test the designed potentiostat module with an equiv-
alent circuit model of the three-electrode biosensor. After simulation, the detection system was designed with Altium Designer (Altium
Designer 19.0, Altium Corporation, Hobart, Australia) and fabricated by a PCB manufacturer (Shenzhen Jialichuang Corporation,
Shenzhen, China). After soldering components on the fabricated PCB, experiment tests of the potentiostat connected with a
three-electrode biosensor in PBS were conducted to verify the feasibility of the potentiostat.

Electrochemical characterization of the dual-channel biosensor with our system

To further evaluate the performance of the dual-channel biosensor for lactate and glucose detection, amperometric i-t curves were
recorded after injecting 100 uL mixed solutions with lactate and glucose into the working electrode at room temperature (25°C). After
each measurement, the working electrode was cleaned three times with DI water. The potential of amperometric i-t tests was set at
0.30 V and the testing time was set to 100 s. All data was processed using MATLAB 2014 (MathWorks, Natick, MA) and Origin 8.0
(OriginLab Corporation, Northampton, MA).

Dynamic monitoring and stability studies of our system

To evaluate the dynamic monitoring performance of the dual-channel biosensor, amperometric i-t curve for measuring lactate and
glucose at different concentrations in PBS solution (pH = 7.4) was tested. Series of lactate and glucose samples with different con-
centrations were prepared and introduced into the working electrode respectively. The applied potential was 0.12 V. The flow rate
was 50 pL/min.

Construction of the fully integrated wearable device

The fully integrated wearable device consisted of six modules including the adhesive layer, base box, dual-channel biosensor, micro-
needle, circuit board and cover, which can detect and transmit real-time data to electronic terminals. All the modules were compat-
ibly integrated into a wearable device. The size of the device was 3 x 5 x 0.5 cm® with a total weight of 40 g. Specifically, the base box
and cover plate of the device were constructed through 3D printing of polytetrafluoroethylene (PTFE), and the medical double-sided
adhesive was used as the adhesive layer to fix the device on the surface of the skin. Besides, the microneedle used in this work was
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customized by biocompatible polyether-ether-ketone (PEEK)*?**® with 70 um inner diameter. The interstitial fluid was extracted to the
detection chamber, in virtue of the negative pressure generated by the PEEK microneedle after penetrating through the skin.** Addi-
tionally, the dual-channel biosensor was first fabricated through the steps mentioned above, connected with the circuit board, and
then integrated into the wearable device.

In vivo animal experiments

The proposed wearable device was attached to a health mouse and a PEEK tube was inserted into the blood vessel in the tail of the
animals. The monitoring results of lactate and glucose were recorded for a total of 2 h. For comparison, blood samples were collected
every 10 min and detected by FDA-approved electrochemical glucose analyzer (Accu-Chek Advantage, Roche Diagnostics Corpo-
ration, Basel, Switzerland) and lactate analyzer (Lactate Scout 4, EKF Diagnostics Corporation, Barleben, Germany), respectively.

Ethical approval for in vivo experiments
The in vivo animal experiments were approved and conducted under the guidance and supervision of Laboratory Animal Center of
Tsinghua University.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis of the data was conducted in Microsoft Office Excel, MATLAB 2014 and Origin 8.0. Figures were prepared with
Adobe lllustrator (version 27.4, Adobe) and Microsoft Office Power Point. All p values <0.05 were considered statistically significant.

Error bars in all plots represent mean + standard deviation with the number of replicates indicated in the figure legends. Statistical
analysis of Figures 5A, 5C and 6D was conducted by paired t-test.
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