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Abstract

Conventional blood sampling for glucose detection is prone to cause pain and fails to continuously record glucose fluctuations
in vivo. Continuous glucose monitoring based on implantable electrodes could induce pain and potential tissue inflammation,
and the presence of reactive oxygen species (ROS) due to inflammation may affect glucose detection. Microneedle technology
is less invasive, yet microneedle adhesion with skin tissue is limited. In this work, we developed a microarrow sensor
array (MASA), which provided enhanced skin surface adhesion and enabled simultaneous detection of glucose and H,O»
(representative of ROS) in interstitial fluid in vivo. The microarrows fabricated via laser micromachining were modified
with functional coating and integrated into a patch of a three-dimensional (3D) microneedle array. Due to the arrow tip
mechanically interlocking with the tissue, the microarrow array could better adhere to the skin surface after penetration into
skin. The MASA was demonstrated to provide continuous in vivo monitoring of glucose and HyO, concentrations, with the
detection of H,O; providing a valuable reference for assessing the inflammation state. Finally, the MASA was integrated into
a monitoring system using custom circuitry. This work provides a promising tool for the stable and reliable monitoring of
blood glucose in diabetic patients.
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Introduction

Diabetes, a disease caused by high blood glucose levels due to
insufficient pancreatic function in the body [1-3], gives rise
to numerous complications that pose a threat to the heart,
brain, eyes, kidneys, and other organs [4-6]. Researchers
have developed a variety of strategies to diagnose diabetes
[7-9], such as urine glucose testing, venous blood chemistry,
fingertip blood glucose meters, ambulatory glucose meters,
implantable glucose meters, and noninvasive glucose meters
[10-12]. Unfortunately, the detection performances, such as
sensitivity, stability, and requirement for repeated testing of
these glucose-detection technologies, are still less than sat-
isfactory with respect to improving our daily lives [13, 14].
Invasive methods are intended to improve sensitivity but are
painful and inconvenient to use, with a potential risk of bac-
terial or viral infection and consequent disease transmission
due to unavoidable wounds [15-17]. Consequently, nonin-
vasive approaches have attracted significant attention from
researchers in the recent past decade [18-20]. The collec-
tion and measurement of body fluids, including saliva, sweat,
and tears, enabled the detection of specific biomarkers and
facilitated the diagnosis and treatment of diseases [14, 21,

22]. However, the application of noninvasive approaches to
body fluids is limited by the poor correlation of biomarkers
between body fluids and blood vessels, which has not yet
been proven [20, 23, 24].

Based on the frequent and close substance exchange
between subcutaneous capillaries and intertissue fluid [25,
26], implantable electrodes have been developed as continu-
ous glucose monitoring technology for clinical use [27-29].
However, the commonly used implantable electrodes were
approximately 1 cm in length [30, 31], which could easily
trigger subcutaneous inflammatory reactions as well as tis-
sue fibrosis, introducing bias in the accuracy of detection.
Moreover, the implantation of electrodes can be accom-
panied by pain, bleeding, and infection, reducing comfort
and discouraging compliance in long-term wearing. These
factors encouraged the development of microneedles, with
needle lengths of 500-800 pwm, which are capable of pene-
trating the dermis and epithelium with minimal invasiveness
to directly reach the interstitial fluid without piercing the
blood vessels or stinging the nerves, thereby avoiding painful
sensations by the special miniatured needle structure [16, 32,
33]. Microneedles are widely used for detection and drug
release because of their excellent minimal invasiveness and
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Fig. 1 Schematic diagram of the microarrow array system for the detec-
tion of H,O, and glucose. The designed microarrow sensor array
allowed for minimally invasive detection through the skin, where
the concentration fluctuations of glucose and H,O; in the subcuta-
neous tissue fluid were measured by a multilayer structurally modified
microarrow sensing tip, after which the signals were transmitted

good biosafety, particularly in the field of diabetic diagnosis
[34]. Reactive oxygen species (ROS) in living organisms are
indicators of their health status as well as the progression
of diseases. Diabetes is generally detected by the catalytic
decomposition of glucose in the blood with the aid of glucose
oxidase (GOx), which generates HyO, for amperometric
sensing. High concentrations of ROS in the body could raise
the glucose signals measured during the detection process
such that they deviate from the actual situation, causing sens-
ing bias. The detection of the concentration of ROS in the
in vivo environment would enable the understanding of the
stage of inflammation that may interfere with glucose mon-
itoring and result accuracy [35].

On the other hand, microneedles are prone to possess
insufficient adhesion to skin and structural rebound in sub-
sequent measurements due to the high elasticity of the skin
and limited penetration depth of the microneedles [36, 37].
Moreover, adhesives based on chemical materials tend to
cause skin irritation owing to their glue curing, degradation
products, or low adhesion strength [38—40]. Inspired by the
endoparasite, Yang et al. [41] developed a biphasic micronee-
dle array that mechanically interlocks with tissue through
swellable microneedle tips, achieving a 3.5-fold increase in
adhesion strength compared with staples in skin graft fixa-
tion, providing universal soft tissue adhesion with minimal
damage, less traumatic removal, and a reduced risk of infec-
tion. Similarly, Han et al. [42] reported a bioinspired, digitally
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to a microcontroller for processing through a printed circuit board,
enabling specific and sensitive responses to different metabolites in
the subcutaneous tissue fluid. DAC: digital-to-analog converter; MCU:
microcontroller unit; ADC: analog-to-digital converter; W.E.: work-
ing electrode; C.E.: counter electrode; R.E.: reference electrode; ROS:
reactive oxygen species; Glu: glucose

light processing three-dimensional (3D) printing fabricated
microneedle with backwards-facing barbs. The tissue adhe-
sion of the backwards-facing barbed microneedle is 18 times
stronger than that of the barbless microneedle, enabling sus-
tained drug release in the tissue as well, demonstrating the
potential of the structure in drug delivery, biofluid collec-
tion, and biosensing. For functional microneedle sensors,
the development of microneedles with specialized tip mor-
phologies is more challenging due to the difficulties of 3D
fabrication of conductive microneedle materials and the need
to avoid interference with the sensor module [43].

In this work, we developed an arrow-shaped microneedle
(microarrow) sensor array (MASA), which offered enhanced
adhesion to the surface and achieved simultaneous detection
of glucose and ROS in interstitial fluid in vivo (Fig. 1). A
planar steel sheet of microarrows was fabricated using laser
micromachining, which was further modified with a func-
tional coating and integrated into a patch of a 3D microneedle
array with arrow-like tips. Due to the mechanical interlocking
of the arrow tip with the tissue, the MASA adhered firmly to
the skin surface after penetrating the skin. The microarrow
sensor could detect various concentrations of glucose and
H,0» (representative of ROS) with sufficient sensitivity, and
the detection displayed an excellent linear response range,
reproducibility, and stability. Continuous in vivo monitoring
of both glucose and HyO» concentrations by the microar-
row sensor was demonstrated, with the detection of H>O,
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providing a valuable reference to evaluate the inflammation
state during microneedle glucose detection. The MASA was
integrated into a wearable monitoring system using a cus-
tomized circuit. This work offered a promising tool for the
reliable continuous monitoring of glucose fluctuation, which
would facilitate the development of a closed-loop system for
the automatic treatment of diabetic patients.

Experimental section

All of the following chemicals were purchased from Sigma—
Aldrich (Guangzhou, China): NaCl, KCl, CaCl,, MgCl,,
tetrahydrofuran, dimethyl formamide, polyurethane, 3%
hydrogen peroxide, bovine serum albumin (BSA), glu-
taraldehyde solution (2%-2.5%), GOx, poly(vinyl butyral)
resin BUTVAR B-98 (PVB), and phosphate buffered saline
(PBS) (pH=7.2). The following chemicals were purchased
from Yuncaitaotao Company (Huizhou, China): gold sulfite
solution, platinum sulfite solution, and Ag/AgCl ink. All of
the chemicals were used as received without further purifi-
cation. All solutions were prepared using deionized water
produced by Millipore Water Purification Systems unless
otherwise noted.

Design of the microneedle structure

Based on SUS304 stainless steel, the microneedles were
designed as a sheet structure, each with a length, width, and
thickness of 12, 3, and 0.2 mm, respectively, with five pro-
truding microneedles attached to the center of the long side,
each approximately 800 pm long and 400 wm wide. The tip
of each of the microarrows was machined with a pinch angle
of approximately 30° and a microarrow structure on both
sides of the needle tip, with each barb angle showing a sharp
arrowhead with an exposed edge of approximately 20 pm. To
integrate the preparation into a prototype effectively, a long
shank of approximately 1540 pwm for bending was added to
the back of the microneedle sheet. The shank was folded
at 90° in the subsequent preparation before combining the
microneedles side-by-side to form a 4 x5 microarrow array,
which facilitated integration with the printed circuit board
(PCB) through the PCB interface, ensuring the stable and
continuous detection of glucose and H,O; concentrations.

Fabrication of the microarrow electrode

Stainless steel (SUS304) with a thickness of 200 wm was
cleaned and dried using ethanol according to the design
process shown in Fig. 2a. A microarrow electrode with a con-
ductive lead was cut using a laser machine, after which the

lead of the microarrow electrode was bent at 90°, degreased,
and washed. A YLP-F series optical fiber laser marking
machine was utilized during the fabrication, with the fol-
lowing conditions: laser wavelength 1.06 pm, engraving
line speed 1500 mm/s, power 18 W, and engraving 1200
times. The microarrow electrodes could also be fabricated by
Huasheng Precision Hardware Co., Ltd. (Shenzhen, China).
The oxidized layer on the surface was removed using acidic
detergent, followed by the formation of a protective layer
via electrochemical Au plating by electrochemical plating
for 720 s with a current of 20 mA. The acidic detergent
contained 24% zinc oxide, 30% ammonium chloride, 6%
hydrochloric acid, 30% acetic acid, 12% deionized water,
and 3% surfactant, and was provided by the company Yun-
caitaotao. After modification, a microarrow electrode array
was formed by integrating the electrodes with polydimethyl-
siloxane (PDMS).

Preparation of microarrow sensing electrodes

The H,O,-sensing microarrow electrode was prepared by
the electrochemical deposition of Pt on the gold-coated elec-
trode in platinum sulfite solution at a voltage of —0.3 V
for 300 s to enhance the HyO» response. The electrode was
washed with deionized water and dried. For glucose sensing,
500 mL BSA (80 mg/mL), 200 mL glutaraldehyde solu-
tion (2.5%), and 100 mL GOx (50 mg/mL) were mixed and
shaken for 30 min on a shaker to decorate the microarrow
glucose-sensing electrode. The platinum-coated microarrow
electrode was coated with the mixture using the dip-coating
technique and dried overnight in an ambient environment.
This was followed by further dip coating in a mixture com-
prising 9.8 mL tetrahydrofuran, 0.2 mL dimethyl formamide,
and 0.4 g polyurethane to limit the transmission efficiency
and allowed to dry overnight, at which point they were ready
for testing. All the microarrow electrodes were stored in a
sealed container at 4 °C when not in use.

Fabrication of the reference electrode

A piece of laser-cut microarrow electrode was immersed in
acidic detergent and ultrasonically soaked for 5 h. It was
then washed with 75% alcohol, wiped dry, and plated in gold
sulfite solution at —20 mA for 1200 s. After ultrasonic soak-
ing in 75% alcohol for 5 min, the sample was dried and
uniformly coated with silver chloride ink before drying at
90 °C for 1 h. The prepared microarrow reference electrode
was then dipped into PVB solution using an immersion coat-
ing method and dried at room temperature for 12 h whereupon
they were ready for testing.
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Fig. 2 Fabrication of the microarrow array system and characterization
of microarrow electrodes. a Fabrication of the microarrow array. Planar
steel was processed into a planar microarrow structure through laser
cutting before a conductive gold layer was deposited on the microarrow
tip by electrochemical reaction, followed by electrochemical deposition
of a platinum layer for the sensing of H>O» concentration. Furthermore,
coating modifications of glucose oxidase (GOx) and polyurethane (PU)
layers were performed on the microarrow electrode for glucose sens-
ing. These microarrow working electrodes formed above were utilized
for the selective measurement of glucose and HyO, concentrations. In
addition, the microarrow electrodes coated with an electrochemically
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deposited conductive gold layer were further modified with Ag/AgCl
ink as well as a poly(vinyl butyral) resin BUTVAR B-98 (PVB) protec-
tive layer to form a reference electrode. The three microarrow patches
(the working electrodes for glucose and HyO; concentration sensing)
and the microarrow reference electrode were integrated to form the
microarrow sensor array (MASA), which could be further integrated
with the printed circuit board (PCB) to support the sensing function of
the microarrow device. b Left to right: morphological characteristics of
blank microarrow patches, with no coating (blank), Au layer, Au plating
modified with Pt layer, GOx, and PU layer, respectively
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Assembly of electrodes into a microarrow array
prototype

After the preparation of each patch of working electrodes
and the reference electrode, the microarrow electrodes were
then arranged in parallel at 3 mm intervals, combined with a
12 mmx 12 mm acrylic plate that was designed by software
and processed by an engraved laser to form the MASA. The
other parts of the microarrow electrodes were then covered
with PDMS for insulation, after which the ends of the leads
were trimmed uniformly and easily connected to the PCB
interface to integrate the prototype.

Characterization with scanning electron microscopy
(SEM)

Phenom Scientific Desktop SEM Pro (SUPRA 60, Wavetest)
was used to characterize the surface morphology of the as-
prepared microarrow electrodes and the modified microarrow
electrodes. Owing to the limited conductivity of the microar-
row electrode with the modified multilayer film structure, we
deposited a layer of gold approximately 10 nm thick on the
surface of the microarrow electrodes for improved observa-
tion.

Assessment of the penetration of porcine skin
via fluorescence characterization

An aqueous solution of rhodamine B (2 mg/mL) was pre-
pared, and a cotton swab was used to absorb a small amount
of the solution and drop it on the head of the microarrow elec-
trode to evenly stain the surface of the microarrow electrode
tip. A piece of fresh porcine skin, utilized as a substitute for
human skin, was cleaned by removing the grease from the
surface and placed flat on a piece of foam. A microarrow elec-
trode tip was positioned perpendicular to the surface of the
porcine skin, propelled into the skin with force and allowed to
stand for 4 min before the needle was pulled out. The porcine
skin was subsequently observed using an optical microscope.
Additionally, to demonstrate the transdermal performance of
the microarrow electrode tip, a thin slice (with an approxi-
mately 200 pm) of the porcine skin that had been subjected to
transdermal penetration was dissected along the cross section
of the hole left by the microarrow electrode using a razor
blade. The skin was then placed under a fluorescence micro-
scope for observation of the red fluorescence.

Puncture force characterization

In vitro experiments were performed using porcine skin as a
simulation of human skin. The microarrow electrode tip was
fixed vertically downwards on the fixture of the puncture
force measurement machine and placed vertically directly

above the fixed skin. Then, the microarrow electrode tip was
pressed vertically onto the surface of the fresh porcine skin
by applying pressure from top to bottom, with a moving rate
of 3 mm/s until lancing into the pig skin. After standing
for 20 s, the tip was removed along the original path until
the microarrow electrode was completely separated from the
skin, during which the changes in the penetration force were
recorded with a penetration force measurement machine to
verify the adhesion of the microstructure of the microarrows,
while the entire process of needle entry and detachment from
the skin was recorded with a camera (6300, Canon (China)
Ltd.) for instant and visual observation.

Microarrow electrode in vitro sensing
characterization

This experiment was conducted by placing the solution in
a 25 mL beaker covered with a four-fold cling film to sim-
ulate the skin. A metabolite sensing microarrow array was
used to puncture the cling film to simulate skin penetration,
such that the microarrow electrode was fully exposed to the
solution to detect glucose and H,O, concentrations in the
solution. A series of electrochemical characterizations were
performed using a CHI 760E workstation (CH Instruments
Inc., Shanghai, China) using a commercial Ag/AgCl elec-
trode in combination with a commercial Pt counter electrode
to evaluate the performance of the working electrodes. A
three-electrode system was used to record the response of the
metabolite sensor to PBS. The potential scan of the microar-
row glucose-sensing electrode was scanned with a modified
working electrode as the working electrode, a commercial
platinum electrode as the counter electrode, and the Ag/AgCl
electrode as the reference electrode. The electrodes were
immersed in 10 mL of PBS solution in the beaker, and the
cyclic voltammograms were recorded with CHI 760E soft-
ware in the range of —0.4t0 0.8 V atascanrate of 0.1 V/s. The
potential of the HyO»-sensing electrode was scanned using
a modified working electrode as the working electrode, a
commercial platinum electrode as the counter electrode, and
a Ag/AgCl electrode as the reference electrode. The elec-
trodes were immersed in 10 mL of PBS solution in the beaker,
and the cyclic voltammograms were recorded with CHI 760E
software in the range of —0.4t0 0.8 V ata scanrate of 0.1 V/s.

Using a microarrow metabolite-sensing electrode as the
working electrode, a commercial platinum electrode as the
counter electrode, and a commercial Ag/AgCl electrode as
a reference electrode, step response tests were performed
on all metabolite sensors by applying a voltage (0.5 V for
glucose sensing and —0.5 V for H,O; sensing) to the three-
channel system to evaluate their linear response capability for
each subject over a specific range. For the detection of glu-
cose, the concentration of glucose in the solution increased
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gradually from 3t0 6,9, 12, and 18 mmol/L, while the amper-
ometric response of the electrode gradually increased with
increasing glucose concentration. During these experiments,
measurements were paused for 30 s each time the solution
was changed to allow for complete diffusion of the solute
in the solution. Similarly, H> O, was detected by gradually
increasing the concentration of H,O; in the solution from 0
to 2,4, 6, 8, and 10 mmol/L.

In vivo experiments

In vivo experiments were conducted using rats to evaluate
the role of MASA in animal monitoring. The study was
approved by the Institutional Animal Care and Use Commit-
tee of Sun Yat-Sen University. All animals received humane
care in accordance with institutional guidelines. Sprague
Dawley (SD) rats were obtained from the Sun Yat-Sen Uni-
versity Animal Facility and used for experimental studies.
The animals used included two healthy rats and one dia-
betic rat. First, the rats were anaesthetized with gas, and
an area of 4 cmx4 cm was depilated using surgical scis-
sors and depilatory cream. Subsequently, the MASA was
positioned over the depilated area such that the microarrow
electrodes penetrated the skin. Care was taken to ensure that
the MASA was in close contact with the skin and pene-
trated the stratum corneum. The amperometric detection by
the metabolite-sensing microarrow electrode was recorded,
and measurements were taken every 30 min for 3 h. In this
study, we performed parallel experiments with three rats. The
amperometric data measured by the MASA were converted
into the concentrations of glucose and H,O» according to
the standard curve of the amperometric metabolite concen-
trations of the MASA. Blood was also collected from the
tail artery of the rats every 30 min before using a biochemi-
cal analyzer to determine the concentrations of glucose and
H;0, in the blood as a reference value. The glucose levels
in the blood collected from the rats were measured using
a glucose meter (Roche, Ltd.), while the serum was ana-
lyzed using an HyO» kit (Qiyun Biotechnology Co., Ltd.,
Guangzhou, China). Then, the rats were placed in their cages
and observed to determine whether they engaged in normal
activity.

Fabrication of printed circuit board

The PCB was designed and wired by an auto designer, after
which it was then printed and aligned for soldering. After
connecting the electrodes through the sensor interface, the
board was powered by the battery module to collect poten-
tiometric signals from the surface of the metabolite-sensing
microarrow electrode and process them through a two-stage
differential circuit to reduce signal distortion and common
mode noise interference. Subsequently, the collected analog

@ Springer

signal was converted into a digital signal by the STM32 chip
through an analog-to-digital converter (ADC), and a gradient
conversion was performed according to the calibration curve
obtained from in vitro experiments to obtain the correspond-
ing metabolite concentration. The result was transmitted to
the Bluetooth module via a serial port to send the concentra-
tion data of different metabolites to the mobile terminal to
display the graph showing the changes in the metabolite lev-
els on the interface designed using Android Studio software.

Results and discussion

The fabrication process of the microarrow array is illustrated
in Fig. 2a. First, the structural pattern of the microneedle
sheet, designed using AutoCAD software, was transferred
to a stainless-steel sheet with a laser-marking machine
to prepare microneedles with a length of 800 wm. Each
microneedle sheet contained five isolated microneedles, with
a thickness of each microneedle of approximately 200 pm.
The head of each microneedle was arrow-shaped, with a
sharp angle of 30° at each end of the barbs, facilitating adhe-
sion of the device to the skin surface after puncture. The
stainless-steel microarrows were immersed in a gold sulfite
solution for electroplating. By using an applied voltage of
—0.8 V, a gold layer was electrochemically deposited uni-
formly on the surface of the microarrows to improve the
electrode stability, biocompatibility, and corrosion resistance
in the solution. For the detection of Hy O, voltages of approx-
imately —0.3 V were applied in platinum sulfite solution
to electrochemically deposit a platinum layer on the sur-
face of the microarrows to further improve the stability of
the electrode in the solution, enhancing the sensitivity of
the electrode to H,O,. Meanwhile, the presence of the plat-
inum layer facilitated the resistance to corrosion by oxygen
and voltage in solution and served to protect the microarrow
sensing electrode. Furthermore, to specifically detect glucose
concentration in the interstitial fluid, GOx was deposited on
the surface of the Pt electrode using dip coating to selec-
tively convert glucose into H,O», which enabled the glucose
concentration in solution to be correlated with the H,O» con-
centration by exploiting the electrochemical response of the
electrode to HyO, concentration. This in turn allowed the
fluctuations in the glucose level in the interstitial fluid to be
detected.

Electrochemical detection was based on microarrow elec-
trodes with progressively deposited gold and platinum layers
serving as counter electrodes. The microarrow reference
electrode was prepared as described previously. The surface
of this microarrow reference electrode was modified by dip
coating with PVB to slow the oxidation of Ag and improve
the stability of the reference electrode. The protective PVB
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layer served to stabilize the potential of the microarrow ref-
erence electrode, thereby markedly enhancing the immunity
of the electrode signal to changes in the chloride concentra-
tion in the environment, which improved the stability of the
signal to ultimately enhance the detection accuracy.

The microarrow electrodes described above were then
arranged, bonded, and assembled in the form of a 3D
microarrow array with a tip spacing of 3 mm within a 3-
mm-thick PDMS layer. These three microarrow working
electrodes were utilized for metabolite detection. The sur-
face morphology of the multiple-layer microarrow electrodes
during fabrication was characterized using SEM. As shown
in Fig. 2b, the stainless-steel and gold-coated microarrow
electrodes possessed smooth and uniform surface morpholo-
gies. In contrast, after platinum plating and coating with
the GOx membrane, the surface of the microarrow elec-
trodes exhibited the corresponding layer morphology. The
polyurethane coating resulted in an uneven morphology with
nodule-like protrusions, which lowered the transmission effi-
ciency of glucose. Finally, a 5-mm-thick microarrow device
was formed by bending the conductive leads on the substrate
of the microarrow sheet for a more effective connection with
the PCB.

The as-prepared microarrow sensing electrodes were
tested in an in vitro simulated solution. A polyvinyl chlo-
ride (PVC) film was utilized to simulate the skin cuticle,
which was placed on top of the solution. The microarrow
electrodes penetrated the film such that the tip of the elec-
trodes extended into the solution below the film for testing.
In general, the glucose concentration of a healthy human
ranges from 3.3 to 6.9 mmol/L, and the H,O; concentration
in the human body is less than 1 mmol/L. Testing the MASA
in vivo required a wider concentration range that included the
above substrate concentration range; e.g., glucose was tested
in the range of 3—18 mmol/L, and H,O; was tested in the
range of 0—10 mmol/L. For the detection of H,O3, the con-
centration was varied gradually from O to 10 mmol/L in the
aqueous solution tested in vitro. By applying a certain nega-
tive bias (—0.5 V vs. Ag/AgCl, which was obtained through
a cyclic voltammetry test, Fig. S1 in Supplementary Infor-
mation) to the surface of the microarrow platinum electrode,
the decomposition of H>O, was produced on the surface of
the electrodes, generating electrons that form an electrical
signal and flow through the electrode surface to the elec-
trode interior. This formed an amperometric loop, through
which the H>O; in solution was converted into an electri-
cal signal, and the subcutaneous H>O; concentration was
converted into a measurable amperometric signal and corre-
lated with the corresponding ROS concentration. As shownin
Fig. 3a, as the H; O, concentration gradually increased from O
to 10 mmol/L, the amperometric detected by the microarrow
electrode also gradually increased from —110 to —460 pA. A

linear fit of the amperometric signal to the H,O» concentra-
tion revealed a linear relationship between the amperometric
signal of the microarrow electrode and the H,O, concentra-
tion with an average sensitivity of 35.45 wA-mmol~!-L~!.

To facilitate the mass production of microarrow array sen-
sors and to verify their potential for repeated applications,
the reproducibility of different H,O,-sensing microarrow
electrodes was evaluated. Five batches of H,Oj-sensing
microarrow electrodes were prepared and used in parallel to
analyze the test solution. As shown in Fig. 3b, a comparison
of the responses of five HyO,-sensing microarrow electrodes
from different batches revealed that the same type of sensor
showed a similar trend with increasing substrate concentra-
tion and operated with a similar sensitivity (approximately
10% error). Additionally, the stability of the HyO,-sensing
microneedle electrodes was investigated, and the perfor-
mance after storage was explored after fabrication. Figure 3¢
shows the changes in the daily sensitivity of each microar-
row electrode over five days, where the sensitivity changes
were calibrated for each subsequent day by testing different
electrodes and setting sensitivity on the first day to 100% as
the base value (the absolute value of sensitivity over storage
time is shown in Fig. S2 in Supplementary Information). The
results showed that the HyO»-sensing microarrow electrode
maintained excellent temporal stability over four days and
still maintained a sensitivity of approximately 80% after five
days. Apart from this, the coexistence of multiple biomarkers
for metabolite detection may be disturbed after integrat-
ing the microarrow metabolite-sensing electrodes into the
MASA. Therefore, the selectivity of the metabolite-sensing
sensor was evaluated using the corresponding markers. Fig-
ures 3d and S3 (Supplementary Information) depict the
response of the H,O;-sensing microarrow electrode to the
target and interfering substances during continuous monitor-
ing. The test was performed by sequentially adding lactic
acid, potassium chloride (as a representative salt), choles-
terol, ascorbic acid, and uric acid to the test solution used
to test the HyO;-sensing microarrow electrode. The results
showed that this microarrow electrode detected a significant
amperometric signal only in the presence of HyO», whereas
the presence of interfering substances produced only a weak
amperometric signal (<8%) to the electrode, demonstrating
that the HyO»-sensing microarrow electrode could selec-
tively detect H,O; and was not affected by interference from
other interfering substances.

For the testing of blood glucose levels in vitro, the concen-
tration of the aqueous solution was varied gradually from 3 to
18 mmol/L. Assisted by oxygen, GOx was able to selectively
catalyze the decomposition of glucose in solution, producing
gluconic anhydride and H,O;. By applying a certain posi-
tive bias (0.5 V vs. Ag/AgCl) to the surface of the platinum
microarrow electrode, the generated H,O, was catalytically
decomposed, followed by electron transfer, after which the
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Fig.3 Characterization of microarrow electrodes. a Linear response of
the H>O,-sensing microarrow electrode to different concentrations of
H,0; (0-10 mmol/L). b Parallel experiments to test the response of five
H,0,-sensing microarrow electrodes to detect different concentrations
of HyO». ¢ Statistical analysis of the stability of the linear response of
the HyO,-sensing microarrow electrode to detect different concentra-
tions of HyO; detected over five days, expressed as normalized values.
d Specific response of the H, O;-sensing microarrow electrode to H,O»,
with changes in response amperometric related to the presence of lac-
tic acid (LA), sodium chloride (NaCl), cholesterol (CHO), ascorbic
acid (AA), and uric acid (UA), respectively. e Linear response of the
glucose-sensing microarrow electrode to detect different concentrations
of glucose from 3 to 18 mmol/L. f Parallel experiments of the linear
response of glucose-sensing microarrow electrodes to the glucose con-
centration. g Statistical analysis of the stability of the linear response

generated electrical signal flowed through the electrode sur-
face to the interior of the electrode, forming an amperometric
loop. In this way, the glucose in solution was converted into
H;03, and an amperometric signal was generated, converting
the unmeasurable glucose concentration into a measurable
signal. The amperometric signal between the microarrow
working electrode and the reference electrode was measured
by applying a forwards bias voltage (0.5 V) between the
working electrode and the reference electrode, which was
further correlated with the corresponding glucose concentra-
tion.

As shown in Fig. 3e, the gradual increase in glucose
concentration from 3 to 18 mmol/L. was accompanied by
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of the glucose-sensing microarrow electrode to the glucose concentra-
tion over five days, expressed as normalized values. h Specific response
of the glucose-sensing microarrow electrode to glucose concentration,
with changes in the response amperometric related to the presence of
lactic acid, sodium chloride, cholesterol, ascorbic acid, and uric acid,
respectively. i Comparison of the temporal stability of the HyO,-sensing
microarrow electrode with that of the glucose-sensing electrode and
summarized as a heatmap. In this case, the final relative sensitivity of
the HyO»-sensing microarrow electrode remained above 80% after five
days of utilization. Similarly, the final relative sensitivity of the glucose-
sensing electrode was close to 70% after five days of usage. j The
detection selectivity of the two types of microarrow sensing electrodes
was summarized as a heatmap with the interference signal normalized
to the target detection signal. PBS: phosphate buffered saline; Glu: glu-
cose

a gradual increase in the amperometric signal from 0.54 to
1.84 pA. A linear fit of the amperometric signal to the glu-
cose concentration revealed a linear relationship between the
amperometric signal of the microarrow electrode and the
glucose concentration with an average sensitivity of 89.43
wA-mmol~!-L ™1, A similar approach was utilized to evaluate
the reproducibility of different microarrow glucose-sensing
electrodes. Five batches of microarrow glucose-sensing elec-
trodes were prepared and tested in parallel. Figure 3f
compared the sensing responses of the five microarrow
glucose-sensing electrodes, which indicated that the glucose-
sensing electrodes exhibited similar trends with increasing
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substrate concentration and operated with similar sensitiv-
ity (an error of approximately 30%). The stability of the
glucose-sensing microarrow electrode was also investigated,
as shown in Fig. 3g, by conducting a daily sensitivity test for
five days, with the sensitivity on the first day set to 100% as
the base value and calibrated for sensitivity changes on each
subsequent day. The results suggested that the microarrow
glucose-sensing electrode maintained excellent temporal sta-
bility over five days and maintained a sensitivity close to 70%
after five days. The decrease in sensitivity was mainly due to
the degradation of glucose oxidase coated on the micronee-
dle during the storage period. In practical applications, the
enzyme activity of glucose oxidase could be better preserved
by storage of microneedles at lower temperatures or even in
noble gas environments. Moreover, the stability of the elec-
trode can be improved by adding or optimizing the outer
membrane (e.g., Nafion or PU membrane) on the electrode
to protect the enzyme layer. The enzyme stability of glucose
oxidase could also be improved by designing more optimized
enzymes through synthetic biology methods or using inor-
ganic nanoenzymes so that the enzyme degradation issue
could be better avoided.

In addition, evaluation of detection selectivity was demon-
strated, as shown in Fig. 3h, where lactic acid, potassium
chloride (as a representative salt), cholesterol, ascorbic acid,
and uric acid were added sequentially to the test solution
during in vitro detection by the glucose-sensing microarrow
electrode. The results showed that the microarrow glucose-
sensing electrode possessed specific detection performance
for glucose concentration. For the detection of glucose, the
microneedle sensor was based on glucose oxidase, which
selectively catalyzed the decomposition of glucose in the
blood to produce H,O,, and H,O, was further detected by
applying a bias voltage to decompose H,O» at the micronee-
dle electrode. Since glucose oxidase can only catalyze the
oxidation of glucose specifically, theoretically, the sensor
would rarely respond to other molecular substances, such as
fructose, galactose, lactic acid, uric acid or ascorbic acid,
as we tested. Furthermore, the results in Figs. 3i and 3;j
showed the temporal stability and specificity of the HyO»
and the microarrow glucose-sensing electrodes. These results
were summarized in the form of a heatmap plot, where
the corresponding sensing signals were normalized. The
results indicated that the glucose-sensing microarrow elec-
trode exhibited a significant amperometric signal only in
the presence of glucose, whereas the presence of interfer-
ing substances produced only a weak amperometric signal
(<10%) to the microarrow electrode, thus demonstrating that
the glucose-sensing microarrow electrode could selectively
detect glucose levels without being affected by interfer-
ing substances. The above results suggested that for the
MASA, each interfering substance generated less than 10%
of the interference signal, which indicated that the MASA

could potentially monitor the corresponding metabolites in
complex environments, such as in sweat, tears, or intersti-
tial fluids. These results demonstrated that the as-prepared
microarrow electrode could sensitively and selectively detect
the concentration changes of the target metabolite across a
good linear range, consistent with the detection range for
in vivo application. To ensure that the continuous monitor-
ing was sufficiently accurate, electrochemical sensing data
were acquired for a period of 120 s for signal stabilization.

To characterize the ability of the microarrow to pene-
trate skin, in vitro experiments were conducted using porcine
skin for simulation. First, the blank microarrow tips were
stained with rhodamine B displaying red fluorescence, after
which excess stain was removed. Then, microarrow tips
were positioned above the surface of fresh porcine skin and
inserted perpendicularly by applying pressure on the top.
After standing for 4 min, the tips were removed, and the
microaarrow-treated porcine skin was observed under optical
and fluorescence microscopy. As shown in Fig. 4a, the tissue
surrounding the positions where the surface of the porcine
skin was penetrated by the microarrows emitted red fluores-
cence, confirming successful penetration of microarrows in
the skin. Clear deposition of fluorescent dye was observed
in the cross-sectional view of the fluorescence microscopic
image, consistent with the morphologies of the microar-
row in the skin penetration area. As shown in Fig. 4b, the
maximum penetration depth of the microarrows was approx-
imately 400 pwm, which was shorter than the tip length of the
microarrow (~800 pm). This was speculated to be caused
by either the curvature of the skin or the elasticity of the
skin that caused rebounding of the microarrow. Nevertheless,
the penetration depth of the microarrow tips was on aver-
age 200-300 wm, which extended beyond the total thickness
of the human stratum corneum (10-15 pwm) and epidermis
(50-100 pwm) layers. This verified the ability of the microar-
row tips to penetrate the skin layer.

To evaluate the ability of the microarrow structure to
enhance adhesion into skin, the microarrows were tested
in vitro using fresh porcine skin for simulation. First, the
microarrow patch was clamped pointing vertically down-
wards in the mechanical test fixture, and fresh porcine skin
was placed on the mechanical test platform. The software was
set to drive the mechanical test fixture downwards slowly and
evenly, ensuring that the microarrow tips penetrated the skin
vertically and stopped at the maximum depth of the microar-
rows. The microarrow tips were left in the skin for 20 s to
allow the skin to remove excess stress. Thereafter, the soft-
ware was set to control the mechanical test fixture to slowly
move upwards at the same speed to retract the microarrows
upwards from the surface of the porcine skin (Fig. 4c). The
changes in the forces on the different microarrow structures
(Fig. 4d; red: with microarrows; black: without microarrows)
before and after penetrating and being retracted from the skin
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Fig.4 Characterization of microarrows. a Fluorescence images of
microarrow electrodes stained with rhodamine B at different magnifi-
cations. b Deposition of rhodamine B on porcine skin after penetration
of microarrow electrodes. ¢ Photographs showing the process of pene-
tration and withdrawal from porcine skin via the microarrow electrodes
with the structure of microarrows. d Curves showing the different
responses and stresses of the microneedle array when applied to flat

were recorded. A maximum force of approximately 20 N
was observed, suggesting that the skin adhesion ability of
the microarrow structure was higher than that of electrodes
without the arrow structure.

The adhesion properties of electrodes with the microar-
row structure were also tested in vivo. Specifically, by using
microneedle arrays with and without microarrow structures
for electrochemical sensing, in vivo experiments were carried
out to evaluate the measurement performance of different
metabolites. The microarrow electrode array sensor was
attached to the skin of rats, and bias potentials (positive for
glucose sensing and negative for HyO» sensing) were applied
through the electrochemical system to record the changes in
the amperometric signal over time. As shown in Fig. 4e,
although the microneedles without arrow tips could also
detect electrochemical signals in vivo, the sensing signal was
more prone to disappear during experiments since the sensor
could more easily detach from the rat skin due to the body
movement of the rat. On the other hand, because the barb
structure adhered to the skin more effectively, the sensor with
the microarrow structure recorded continuous amperomet-
ric signals after transdermal penetration with higher success
rates in a more stable manner during experiments.

@ Springer

Current (pA)

400 uym
O

0 80
Time (s)
60
Time (s)

120

porcine skin with (red) and without (black) the microarrow struc-
ture. € Amperometric signal response of glucose-sensing microarrow
electrode (left) and HyO,-sensing microarrow electrode (right) when
attached to the back of rats in the absence (red) and in the presence
(black) of microarrows during in vivo experiment. MAA: microarrow
array

In vivo experiments were performed on rats to verify
the performance of the MASA with respect to the detec-
tion of HyO; and glucose fluctuations in interstitial fluids.
The rats were anaesthetized, and the hair was removed from
their dorsum. Then, the MASA was pressed against the skin
on the rat’s dorsum, allowing the microarrows to penetrate
the stratum corneum. A bias voltage of 0.5 V was applied
to the microarrow working electrode (vs. Ag/AgCl refer-
ence electrode, for the detection of H,O;, a bias voltage
of —0.5 V was applied) to detect the amperometric signal
between the working and counter electrodes of the sensor,
and measurements were recorded every 30 min for 3 h. Paral-
lel experiments were performed on three rats, including two
healthy rats and one diabetic rat. The amperometric signal
collected by the microarrow array sensor was used to derive
the corresponding concentrations of HyO, and glucose by
converting the standard curve of the amperometric-substrate
concentration of the MASA. Blood was collected from the
tail arteries of the rat every 30 min, and the corresponding
glucose concentration in the blood was determined using a
commercial blood glucose meter as a reference to evaluate
the sensor accuracy. The H,O» concentration was deter-
mined via differential centrifugation of the collected arterial
blood to obtain serum, and H>O, indicator test paper was
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Fig.5 In vivo continuous monitoring of rats using metabolite-sensing
microarrow electrodes for 3 h. Transdermal penetration was performed
by pressing the metabolite-sensing microarrow electrode against the
dorsum of the rat. The amperometric signals of the concentration of
two metabolites (a HyO, and b glucose) detected by the microarrow
electrode were recorded. The amperometric signals were converted into
the corresponding metabolite concentrations according to the standard
curve derived from in vitro tests. Reference concentrations of HyO»
and glucose in rat blood were measured at r=0.5 h using a commer-
cial standard method, and the results recorded with the MASA were

(b) @ ViaMASA O Reference Yy Calibration
- g T Rat #1 (healthy)
= )

s =2
= 2400
sE
=]
] M o
S S 200F e}
oo
k]
0 1 ' 1 'I’I b N e 1
1 2 3 25 26 27
Time (h)
600 1k =
= al #2 (healthy)
] R
5 £ 4001
g g %o—o#0 3 O_M
S S 200
oo
k]
0 1 ' 1 III‘ 1 1 1
1 3 25 26 27
Time (h)
= 600 o " Rat #3 (diabetic)
53 0
S
® E 400 —o/mo #—Q
c3
g8
5 3 200F
oo
k]
0 1 1 1 J'lf‘ 1 1 1
1 2 3 25 26 27
Time (h)
(d)
600 1 F
jary | Reference Rat #2 (healthy)
5 lg, Glucose
= E M Glucose calibrated
£ 74001
@ @
Q9
§3
[Shy=]
© 200 I I I I I l
1 2 3 25 26 27
Time (h)
60 - < 600 -
B H,0, calibrated S+ [ Glucose calibrated
[J Reference S I Reference
F=i=]
5E
30 & % 300
S8 P
53
)
% k]

Diabetic

Healthy Diabetic Healthy

calibrated according to the reference concentrations (purple stars: cal-
ibration points; pink dots: reference HyO, concentration; green dots:
reference glucose concentration). c—e Glucose concentrations were cal-
ibrated using measured HyO, concentrations, and the comparison of
glucose levels with reference levels before and after calibration was
performed for error reduction. f Measurement of H>O; and glucose
concentrations in healthy and diabetic rats for 2 days. Rat #1 and Rat
#2 were healthy rats, and Rat #3 was a diabetic rat. Data were presented
as mean-tstandard deviation (n=3)

@ Springer



26

Bio-Design and Manufacturing (2024) 7:14-30

(@  —Healthy Diabetic (b)  —Healthy—  Diabetic (c) r—Healthy—  Diabetic
Rat#1 Rat#2 Rat#3 Rat#1 Rat#2 Rat#3 Rat#1 Rat#2 Rat#3
60 e 600 _ . 600 _
c~ 2~ S @l
. 23 - — Es?
g EE 2 i Sl 53¢
g2 w0w8> B2 gs B2 i a50 S5 3
= Es F BFFE £ §2¢®
o< ol ==
oS n = 2 o 8
3 Q% 3 § © 3 § > &
s 25 2
O | i | PR 1 [ i w8 | ¢ ¢
(d) (e) (0]
g [ E § 5 s 2
g T3 8P
£ cif
8§ -4 $s3
£ & 30 , 8% 82 kg
o< 4 o< 0 ==
g= ’ g5 §g8
o © ~
o ] /[ E 2> . 2 2 )
o C [0) . 0 £ 4
0 30 60 0 300 600 0 300 600

Reference concentration (umol/L)

@ Rat #1 (healthy)

Fig.6 Calibration and analysis of the sensing results of the MASA.
Heatmap plots of fluctuations in biomarker concentrations in rats
were measured by MASA, including a H,O3, b glucose, and ¢ glu-
cose concentrations calibrated by the measured HyO, concentration.
d-f Clarke’s error grid analysis showing the detection accuracy of

utilized to detect HyO, in the serum as a reference. Addi-
tionally, considering the differences between the in vitro
solution assay and the in vivo assay, the substrate con-
centration measured at the second and second to last time
points recorded was regarded as the calibration value for
establishing the signal-concentration standard curve for the
metabolite-sensing microarrow electrodes. Figures 5a and
5b show the variation in the concentrations of H,O» and glu-
cose detected by the MASA over two days. The blue and
orange curves correspond to the concentrations measured by
the metabolite-sensing microarrow electrodes, respectively,
whereas the pink dots represent the reference H,O» concen-
trations and the green dots represent the reference glucose
concentrations. As shown in Fig. 5a, for the sensing of H,O»,
the concentration fluctuations and errors in vivo were greater
in Rat #1 on the first day and lower on the second day with
smaller errors. For Rat #2 and Rat #3, there was little fluctua-
tion in the concentration of HyO» in the in vivo experiments,
and the error was smaller. For the sensing of blood glucose, as
shown in Fig. 5b, the blood glucose level of healthy rats did
not exhibit large fluctuations in the 2-day in vivo experiment
with a smaller error. For diabetic rats, the blood glucose level
showed large changes on the first day of the experiment and
smaller fluctuations on the second day, but the sensing results
did not show large errors during the in vivo experiment.
Furthermore, the glucose concentration could be cali-
brated by subtracting the measured HO, concentration, as
shown in Figs. 5c—5e and S4 (Supplementary Information).
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the MASA compared to the actual concentration during the sensing of
d H,0,, e glucose concentrations, and f together with data calibrated
with the H>O; level. The calibration points were set at the second and
second to last time points recorded considering the difference between
the in vitro solution assay and the in vivo assay

The measured H, O, was utilized to calibrate the glucose con-
centration, and the glucose concentration was compared with
the reference values, both before and after the calibration, to
verify the correction effect of H>O; during glucose sensing.
Figure 5f displays the comparison of the average concentra-
tions of HoO» and glucose in both healthy and diabetic rats.
For H,03, the average H,O; concentration appeared to be
slightly higher in healthy rats than in diabetic rats. Notably,
the average in vivo HyO» concentration detected by the ref-
erence method and microarrow sensor was relatively small,
at ~10 pmol/L, suggesting that the experimental rats were
not in an obvious inflammatory state. For glucose sensing,
the average glucose concentration of diabetic rats was higher
and fluctuated more than that of healthy rats.

To better analyze the functionalities of HyO» and blood
glucose detection by the MASA, the concentrations of H>O3
(Fig. 6a) and glucose concentration without (Fig. 6b) or with
calibration by the measured H,O» concentration (Fig. 6¢)
were summarized in the form of a heatmap plot. Further-
more, the detection accuracy of HpO, and blood glucose
levels by the MASA was quantified and tested with Clarke’s
error grid analysis. For the detection of H,O;, the mean
error was (32.5+40)% for Rat #1, (32.0+£36.8)% for Rat #2,
and (35.8£52.0)% for Rat #3 (Fig. 6d). In Clarke’s error
grid analysis, 80% of the data from Rat #1, Rat #2, and
Rat #3 were located in zone A as well as zone B (sensing
error<20%). For glucose detection, the error of the ampero-
metric signal measured by MASA was less than 16%, with
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Fig. 7 Design and functional verification of supporting circuit board for
the microarrow sensor array (MASA). a Circuit logic diagram (top) of
the printed circuit board (PCB) and the system block diagram (bottom)
of the supporting circuit for MASA. The yellow dashed boxes indi-
cate the separate regions in which the circuit components and modules
were located. The circuit module contained the required integrated cir-
cuit chips and peripheral electronics to record the amperometric signals
corresponding to the glucose and H,O; levels, as well as the signal
processing, control and feedback, and Bluetooth wireless transmission
circuitry. Thus, a compact system was formed by the module to support
the functions of the microneedle device. The sensing circuit module
consisted of two parallel sets of three-electrode systems for glucose
and H,O; concentration detection. The three-electrode system recorded
the amperometric signals corresponding to the metabolite concentra-
tions. b Circuit implementation and layout design diagram of the PCB.
¢ User interface of the metabolite detection app, which communicates

an average error of (10.2£20.0)% for Rat #1, (3.9£4.8)%
for Rat #2, and (9.7410.5)% for Rat #3 (Fig. 6e). In Clarke’s
error grid analysis, 87.5% of the data from Rat #1 and 100%
of the data from Rat #2 and Rat #3 were located in zone
A as well as zone B (sensing error<20%). Similar results
appeared after the calibration of glucose with the detected
H>0, concentration (Fig. 6f). The actual concentration of
H>0; was low (below 30 wmol/L) in these rats, indicating
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with the circuit module via Bluetooth transmission in real time. d Pho-
tograph of the PCB. e Signal calibration of the PCB for continuous
and intermittent input and output voltage signals from —4 to O V (top)
and voltage signals from 0 to 3.5 V (bottom), which could be utilized
for amperometric detection of the concentration of H,O, and glucose
measurement, respectively. Amperometric signal response (top) from
f the HyO,-sensing electrode and linearity of the amperometric (bot-
tom) versus HyO, concentration and g the glucose-sensing electrode
and linearity of the amperometric (bottom) versus glucose concentration
using the prepared PCB and a commercial electrochemical workstation
(ECW). h Statistical results of the average sensitivity of the amperomet-
ric signal response of the sensor electrode to HyO» (top) and glucose
(bottom) levels measured using the as-prepared printed circuit board
and ECW. UART: universal asynchronous receiver/transmitter; ADC:
analog-to-digital converter; DAC: digital-to-analog converter; MCU:
microcontroller unit

that less inflammation occurred; thus, the presence of ROS
did not significantly interfere with the detection accuracy of
glucose concentration. Therefore, the calibration of glucose
sensing by the concentration of ROS in the in vivo experi-
ments did not further significantly enhance the microneedle
glucose sensing accuracy. The difference between calibration
with reactive oxygen correction might be more obviously
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observed in animal models with stronger in vivo inflamma-
tory responses. The calibration based on the H,O» sensing
results could further subtract this HyO, background. The
above results indicated that MASA could continuously mon-
itor the concentration of H>O, and glucose in the interstitial
fluid when used as an in-situ sensor.

The entire diabetes detection system consisted of the
MASA, a printed circuit board, and a software system. The
glucose and HyO; levels were detected using the MASA,
which converted the subject concentration to an analog circuit
signal through electrochemical reactions. A printed circuit
that supported the function and operation of the MASA
was developed. The microarrow patch was designed with
extended leads as an interface for electrical connection to the
PCB. The circuit diagrams used for signal conditioning, pro-
cessing, and wireless transmission in MASA and their logical
pathways were depicted in Figs. 7a and 7b, respectively, and
details of the components of each module demarcated by the
yellow lines were presented in Figs. S5—-S10 (Supplementary
Information). The circuit of the PCB contained a detection
module to support the two sets of three-electrode sensors for
glucose and H,O, detection, where each set was capable of
outputting stable bias potentials (positive and negative poten-
tials for glucose detection and H, O, detection, respectively)
and recording the amperometric signals corresponding to the
glucose and H,O» concentrations in real time.

Analog signals were processed and sent to the micropro-
gram control unit (MCU) and converted into digital signals
via the ADC port of the microcontroller. The three-electrode
modules ensured stable recording of the amperometric sig-
nals, which reflected the concentrations of glucose and H,O;
through time division multiplexing. The data output from the
microcontroller could be transmitted to a smartphone appli-
cation via a wireless transceiver for real-time observation.
In addition, as shown in Figs. 7c and S11 (Supplementary
Information), the smartphone app included a main interface
(showing the metabolite levels) and subinterfaces (show-
ing variations in the HyO, and glucose levels over time).
The interface enabled real-time monitoring of fluctuations
in HyO; and glucose levels, demonstrating that the circuit
(Fig. 7d) and application may be utilized to support the
MASA.

The linear accuracy of the acquisition and output signals
of the PCB was characterized. The designed and prepared
detection circuit generated amperometric signals under the
application of a constant voltage of 0-3500 mV (—4000 to
0 mV for H>,O» sensing) and converted the current to the cor-
responding voltage signal through an AD5220 resistor chip;
i.e., the voltage signal was recorded, and the corresponding
output was obtained. The analog electrochemical signals of
both channels were accurately conditioned, processed, and
output (R>=0.99). The stabilized voltage could be used as a
bias potential and for electrochemical sensing of the MASA,
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as shown in Fig. 7e. The results obtained with the MASA
for the detection of fluctuations in blood glucose and H>O;
concentration were consistent with those obtained using the
commercial electrochemical workstation (ECW), both of
which produced similar standard curves based on the signal
concentration. Performance tests (Figs. 7f-=7h; S12 and S13
in Supplementary Information) indicated that the PCB pro-
cessed good linearity and high accuracy for the acquisition
and output of signals, confirming its ability to maintain stable
signal transmission. The analog electrochemical signals of
the two three-electrode systems were precisely conditioned,
processed, and delivered as output (R?=0.99). These obser-
vations indicated a tight connection between the PCB and
the sensor for stable signal acquisition and signal output and
confirmed that this connection could be utilized for commu-
nication with a smartphone and perform metabolite sensing.
In addition, the accuracy of the input and output could be
linearly calibrated using software to eliminate errors such as
amperometric drift and interference by foreign objects, thus
improving the stability of the sensor.

The results showed that the designed printed circuit was
capable of providing satisfactory amperometric output and
signal recording to support the sensing function of the
MASA. The tracking and detection of glucose and H,O,
fluctuations over an extended period of time was achieved
by connecting the MASA to a PCB to form the system (total
size 80 mmx35 mmx 10 mm, mass ~15 g), demonstrating
the potential of the MASA to track fluctuations in subcuta-
neous metabolite concentrations. Additionally, the universal
serial bus (USB) interface of circuit was utilized for power
supply currently for demo, which was not in the form of a
wireless wearable device. However, the USB power could
be further replaced by connecting to a 5-V lithium battery to
increase the portability of the system, although the size and
weight of the device needed to increase to accommodate the
addition of battery. Owing to the combination of electronic
circuits, the system could effectively support the operation
and function of the MASA for real-time subcutaneous mon-
itoring of bioanalytes.

Conclusions

In this work, we developed a microarrow sensor array with
enhanced skin adhesion for continuous transdermal mon-
itoring of glucose and H>O; levels. The sensor included
a microarrow array-based electrochemical sensor, corre-
sponding printed circuit, and mobile application. The device
enabled real-time monitoring of the changes in glucose and
H>O, concentrations, which could potentially provide a
quantitative diagnostic aid for the diagnosis and treatment
of diabetes. The microarrow structure was beneficial for the
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sensor to anchor to the penetrated tissue, which could poten-
tially enhance the sensor stability during sensing. The MASA
was sensitive to real-time changes in glucose and H,O; con-
centrations and exhibited a good linear response, excellent
selectivity, temporal stability, reproducibility, and reliable
signal transmission performance. The in vivo experimental
results showed that the MASA was capable of monitoring
glucose and H>O; concentrations in real time with satis-
fying accuracy, where the detected H,O, signal could be
further utilized for assessing the inflammation issue dur-
ing sensing. This work provided a promising strategy that
would find widespread application for glucose level detection
in subcutaneous tissue fluids, possessing potential clini-
cal applicability and beneficial in aiding the diagnosis and
treatment of diabetes as well as the monitoring of other
biomarkers related to other diseases.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-023-00246-2.
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