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Abstract: Real-time monitoring of physiological indicators inside the body is pivotal for contemporary
diagnostics and treatments. Implantable electrodes can not only track specific biomarkers but also
facilitate therapeutic interventions. By modifying biometric components, implantable electrodes
enable in situ metabolite detection in living tissues, notably beneficial in invasive glucose monitoring,
which effectively alleviates the self-blood-glucose-managing burden for patients. However, the
development of implantable electrochemical electrodes, especially multi-channel sensing devices, still
faces challenges: (1) The complexity of direct preparation hinders functionalized or multi-parameter
sensing on a small scale. (2) The fine structure of individual electrodes results in low spatial resolution
for sensor functionalization. (3) There is limited conductivity due to simple device structures and
weakly conductive electrode materials (such as silicon or polymers). To address these challenges,
we developed multiple-channel electrochemical microneedle electrode arrays (MCEMEAs) via a
separated functionalization and assembly process. Two-dimensional microneedle (2dMN)-based
and one-dimensional microneedle (1dMN)-based electrodes were prepared by laser patterning,
which were then modified as sensing electrodes by electrochemical deposition and glucose oxidase
decoration to achieve separated functionalization and reduce mutual interference. The electrodes
were then assembled into 2dMN- and 1dMN-based multi-channel electrochemical arrays (MCEAs),
respectively, to avoid damaging functionalized coatings. In vitro and in vivo results demonstrated
that the as-prepared MCEAs exhibit excellent transdermal capability, detection sensitivity, selectivity,
and reproducibility, which was capable of real-time, in situ glucose concentration monitoring.

Keywords: micro/nanoneedle array; biosensing; blood glucose monitoring; separated functionalization
and assembly; multi-channel electrochemical microneedle electrode array

1. Introduction

In modern clinical medicine, the continuous detection of correlated physiological
indicators within patients constitutes the development of new technologies for disease
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diagnoses and treatment [1,2]. The fluctuation of physiological indicators is closely asso-
ciated with the progression of diseases, and real-time tracking of substance levels within
the patient’s body aids in predicting disease development, facilitating an early diagnosis,
and preventive measures [3–5]. Simultaneously, the continuous detection of the target
fluctuation within patients plays an important role in assessing treatment efficacy and
adjusting treatment plans [6–8]. By implanting sensing electrodes into the patient’s body, it
is possible to trace the fluctuations of specific biomarkers, thereby achieving tracking of
correlated physiological indicators [9–11]. With technological advancements, implantable
electrodes can not only monitor and record electrical signals within tissues but also be
utilized for therapeutics through electrical signal stimulation [12]. For example, pacemakers
constructed by implanting electrodes in a patient’s heart can monitor heart beats, detect
abnormal heart rates, and deliver electrical stimulation to maintain normal heart function
when abnormalities occur [13]. Furthermore, short-term stimulation or long-term recording
of brain activity can be achieved by affixing flexible implantable electrodes to the surface of
a patient’s cerebral cortex. This may be employed for treating conditions such as epilepsy,
Parkinson’s disease, and Alzheimer’s disease, among others in certain cases [8,14]. In addi-
tion to physical signal recording such as electrophysiology, implantable electrochemical
electrodes modified with enzymes, antibodies, and other recognition elements can detect
metabolites or proteins in situ [15]. Implantable electrochemical electrodes offer valuable
tools for the continuous monitoring of biochemical signal fluctuations [16]. Presently, an
invasive continuous glucose monitoring (CGM) device is one of the most mature applica-
tions of implantable electrodes [9]. Multi-layer modified implantable glucose electrodes,
when embedded subcutaneously, can measure glucose concentrations in subcutaneous
tissue fluid, thereby estimating blood glucose levels and effectively alleviating patients’
self-blood-glucose-management burden [17]. Implantable CGM electrodes enable continu-
ous tracking of glucose fluctuations in interstitial fluid, gaining widespread recognition
clinically and commercially [18–20].

However, the development of implantable electrochemical electrodes also faces several
challenges [21–23]. Firstly, due to a relatively long length, implantable electrochemical
electrodes are prone to nerve contact, leading to pain and bleeding with the risk of infec-
tion. Second, an allogeneic reaction that leads to tissue fibrosis and inflammation may be
induced due to poor biocompatibility during long-term implantation, which can lead to
signal distortion, sensitivity reduction, or a decrease in delivery directly. In recent years,
microneedle (MN) arrays within the range of 500–800 µm have been invented to penetrate
the stratum corneum of the skin and contact interstitial fluids [24–26]. By avoiding contact
with subcutaneous nerves, microneedles can reduce the risk of capillary damage and the
possibility of bleeding or pain, leading to a wide range of applications in biosensing and
drug delivery [27–29].

Particularly, microneedle-based glucose monitoring has gained significant traction in
diabetes detection and treatment [30–32]. For example, Gu et al. employs hyaluronic acid to
encapsulate insulin and glucose oxidase to prepare glucose-responsive microneedle patches.
At elevated glucose levels, the microneedle patches are transformed automatically, undergo
dissociation, and release insulin in response to high glucose levels [33]. Similarly, Li et al.
utilize porous materials to fabricate highly permeable microneedle arrays to penetrate the
skin and form physical channels. Iontophoresis was combined to extract glucose from in-
terstitial fluid for enzyme-catalyzed electrochemical detection, which enables in vivo blood
glucose measurement [34]. In addition, modifying sensing electrodes with microneedles is
also an effective approach in in vivo biomarker detection. Gao et al. integrated conductive
polymers and nanomaterials to develop a microneedle electrode sensing array, which
pierces the skin and facilitates the in-situ detection of glucose, uric acid, and cholesterol in
interstitial fluids [35]. Furthermore, Yang et al. developed a microneedle array combined
with iontophoresis-assisted insulin drug delivery [36]. By puncturing the skin, microscopic
holes are formed and iontophoresis is used to promote insulin diffusion from the back of
the microneedle into the interstitial fluids, enabling blood glucose regulation in vivo.
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The development of multi-channel sensing technologies might further contribute to
the development of microneedle-based electrochemical sensing arrays [37–40]. First, multi-
channel sensing devices possess excellent spatial resolution to understand the biomarker
distribution in the target area, thus contributing to early diagnoses and understanding
the biochemical distribution in tissue. Second, the data collected from each channel can
be utilized to gain the average signals, which can be combined with software algorithms
to enhance detection stability and data reliability, reducing errors due to environmental
interference at a specific skin location. Additionally, the development of multi-parameter
detection devices based on multi-channel sensors allows for the targeted recognition of
different biomolecules through different sensing channels, enabling multimodal recording
of relevant indicators. This is beneficial to better understand the biochemical indicator
profiles in relation to the disease [41–43].

However, the development of microneedle-array-based multi-channel electrochemi-
cal sensing arrays is currently constrained [27,44–46]. Electrochemical sensing arrays in
biosensing primarily relies on the utilization of enzymes, achieving biomarker detection in
interstitial fluid through microneedle electrode functionalization. However, the preparation
method encounters challenges in producing multi-channel arrays on a small scale or devel-
oping versatile electrodes. The fine structure and small spacing of individual microneedle
tips result in a lower spatial resolution for electrochemical sensing array functionaliza-
tion. The partitioning modification of different materials on the same microneedle patch
poses technical challenges in terms of processing complexity. The direct preparation of
multi-channel electrochemical sensing arrays via three-dimensional micro-nanofabrication
involves a complex manufacturing process. Additionally, commonly used silicon-based
or polymer-based three-dimensional microneedle patches suffer from issues such as poor
conductivity, simple structure and simple materials compositions, and insufficient mechan-
ical hardness, making it difficult to meet the requirements of preparing multifunctional
microneedle sensing electrodes for system integration [47–49].

In this study, we developed a separated functionalization and assembly process to
fabricate multiple-channel electrochemical microneedle electrode arrays (MCEMEAs) based
on 1D and 2D microneedle electrodes. The real-time, in situ detection of glucose levels in
living animals was achieved while overcoming the difficulties of preparing and modifying
microneedle sensing arrays (Figure 1). Using micro-nanofabrication, stainless steel sheets
were developed into 2d microneedle (2dMN)-based electrode sheets, which were then
functionalized individually to construct 2dMN-based sensing electrodes. Through parallel
arrangement with the support structure, the 2dMN-based electrodes were assembled into a
2dMN-based multi-channel electrochemical array (MCEA), avoiding damage to the func-
tionalized coatings by the high temperature during fabrication. For the 1d microneedle
(1dMN)-based MCEA, 1dMN-based electrodes were prepared using laser cutting and pro-
tective layer deposition before combining with support structures to construct 1dMN-based
electrode arrays. After the separated functionalization of the 1dMN-based electrodes, the
electrodes were positioned for 1dMN-based MCEA assembly, which could reduce mutual
interference and improve the stability during modification. In vitro simulation experiments
verified the high skin penetration, and excellent detection stability and selectivity of the
as-prepared MCEMEAs. In vivo experiments confirmed that the as-prepared MCEMEAs
can detect the glucose concentration of living animals in real-time. This study is expected to
promote continuous, stable, and reliable monitoring of relevant indicators in patients with
diabetes and provide strong support for the development of multi-parameter detection
systems for related diseases.
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Figure 1. Illustration showing the strategy for MCEMEA fabrication based on microneedle compo-
nents. (a) Development of the 2dMN-based MCEMEA. The 2d microneedle electrodes were fabri-
cated using laser micromachining and modified individually to obtain 2dMN-based working elec-
trodes, counter electrodes, and reference electrodes. Subsequently, through a separated functional-
ization and assembly process, the 2dMN-based MCEA for interstitial fluid glucose detection was 
developed. (b) The fabrication of the 1dMN-based MCEA. The 1dMN-based electrodes were pre-
pared using laser micromachining and pre-positioned into a 1dMN-based electrode array. Multi-
channel sensing of glucose concentration in subcutaneous tissue was achieved by the separated 
functionalization of the working electrode, counter electrode, and reference electrode, respectively, 
which were then positioned and assembled into the 1dMN-based MCEA. 
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vivo glucose detection was verified. A 2dMN-based MCEA was constructed using 2D la-
ser processing and individual sheet enzyme modification methods. The 2dMN-based elec-
trode sheets were prepared by laser machining on stainless steel sheets, and then electro-
plating of gold was applied on the surface of each 2dMN-based electrode sheet to mini-
mize the substances’ interference during detection. Generally, stainless steel contains 
components such as carbon, chromium, cobalt, nickel, etc., which are prone to electrode 
polarization during electrochemical sensing and cause signal interference. By modifying 
the surface of the stainless-steel electrode with gold, the direct contact between the stain-
less-steel electrode and the detection solution is isolated, which helps to improve the bio-
compatibility and anti-interference ability of the electrodes. In addition, the electrochem-
ical deposition of platinum and dip-coating of glucose oxidase (GOx) were sequentially 
performed on the electrode surface to form the 2dMN-based working electrode, which 
could detect glucose concentration in the solution. Finally, after modifying the 2dMN-
based counter electrode and the 2dMN-based reference electrode, the electrodes were as-
sembled in a parallel arrangement to form a multi-channel electrochemical microneedle 
electrode array with three sensing channels, avoiding mutual interference between adja-
cent electrodes during fabrication. Similarly, the construction of the 1dMN-based MCEA 
relied mainly on one-dimensional processing and modification methods. Gold electroplat-
ing was applied to the laser-cut 1dMN-based electrodes by electrochemical deposition, 
after which the electrodes were pre-positioned with a 3D-printed resin. Next, 1dMN-

Figure 1. Illustration showing the strategy for MCEMEA fabrication based on microneedle compo-
nents. (a) Development of the 2dMN-based MCEMEA. The 2d microneedle electrodes were fabricated
using laser micromachining and modified individually to obtain 2dMN-based working electrodes,
counter electrodes, and reference electrodes. Subsequently, through a separated functionalization
and assembly process, the 2dMN-based MCEA for interstitial fluid glucose detection was developed.
(b) The fabrication of the 1dMN-based MCEA. The 1dMN-based electrodes were prepared using
laser micromachining and pre-positioned into a 1dMN-based electrode array. Multi-channel sensing
of glucose concentration in subcutaneous tissue was achieved by the separated functionalization
of the working electrode, counter electrode, and reference electrode, respectively, which were then
positioned and assembled into the 1dMN-based MCEA.

2. Results and Discussion

To address the challenges of microneedle-based multi-channel electrochemical sensing
arrays in terms of materials, preparation, and functionalization, 1dMN-based and 2dMN-
based MCEMEAs were constructed and their ability in skin penetration and in vivo glucose
detection was verified. A 2dMN-based MCEA was constructed using 2D laser processing
and individual sheet enzyme modification methods. The 2dMN-based electrode sheets
were prepared by laser machining on stainless steel sheets, and then electroplating of gold
was applied on the surface of each 2dMN-based electrode sheet to minimize the substances’
interference during detection. Generally, stainless steel contains components such as
carbon, chromium, cobalt, nickel, etc., which are prone to electrode polarization during
electrochemical sensing and cause signal interference. By modifying the surface of the
stainless-steel electrode with gold, the direct contact between the stainless-steel electrode
and the detection solution is isolated, which helps to improve the biocompatibility and
anti-interference ability of the electrodes. In addition, the electrochemical deposition of
platinum and dip-coating of glucose oxidase (GOx) were sequentially performed on the
electrode surface to form the 2dMN-based working electrode, which could detect glucose
concentration in the solution. Finally, after modifying the 2dMN-based counter electrode
and the 2dMN-based reference electrode, the electrodes were assembled in a parallel
arrangement to form a multi-channel electrochemical microneedle electrode array with
three sensing channels, avoiding mutual interference between adjacent electrodes during
fabrication. Similarly, the construction of the 1dMN-based MCEA relied mainly on one-
dimensional processing and modification methods. Gold electroplating was applied to the
laser-cut 1dMN-based electrodes by electrochemical deposition, after which the electrodes
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were pre-positioned with a 3D-printed resin. Next, 1dMN-based working electrodes were
prepared by platinum electrochemical deposition and glucose oxidase modification, while
the 1dMN-based reference electrode and 1dMN-based counter electrode were constructed
by silver/silver chloride ink decoration or platinum electrochemical deposition on the pre-
positioned 1dMN-based electrodes, respectively. Finally, the 1dMN-based electrodes were
re-positioned and assembled to form an MCEMEA with three sensing channels, avoiding
the damage to the functionalized layer of 1dMN electrodes.

For the fabrication of the 2dMN-based MCEA, a laser cutting system was initially em-
ployed to cut stainless steel sheets, forming the 2dMN-based electrode sheet (Figures 2a and S1).
Subsequently, the 2dMN-based electrodes were cleaned prior to removal of the oxide layer,
and then modified with multiple functional layers to obtain the 2dMN-based working
electrode, counter electrode, and reference electrode, respectively. The 2dMN-based work-
ing electrode was constructed after Pt electrodeposition and GOx coating on the gold-
electroplated 2dMN-based electrode (Figures S2 and S3). Glucose oxidase catalyzed the
decomposition of glucose to produce H2O2, while the platinum layer further catalyzed the
decomposition of H2O2, which caused an amperometric signal change. Platinum-coated
2dMN-based electrode sheets were used as counter electrodes, while 2dMN-based electrode
sheets modified with silver/silver chloride were used as reference electrodes (Figure S4).
After the fabrication of the 2dMN-based working electrode, counter electrode, and reference
electrode, each electrode sheet was embedded into a 3D-printed resin base (Figure S5), and
then adhered and encapsulated using PDMS (polydimethylsiloxane), resulting in an MCE-
MEA via a stacking process. This separated functionalization and assembly process could
effectively mitigate potential mutual interference issues during the chemical modification.

The surface morphology of the 2dMN-based electrode during different modification
steps was characterized, using a field emission scanning electron microscope (SEM). Due
to the limited conductivity of the enzyme-modified microneedle electrodes, a thin layer of
gold (approximately 10 nm thick) was deposited on the electrode surface via sputtering to
enhance conductivity for electron microscope characterization. As shown in Figure 2b, each
2dMN-based electrode processed a length of 800 µm, a width of 400 µm, and a maximum
width of about 440 µm. The microneedle tip with an angle of nearly 70◦ was sufficient
to penetrate the stratum corneum and contact the interstitial fluid, avoiding contact with
vessels or causing pain. There were about 20◦ chamfers on both sides of the needle
tip, which helped to improve the microneedle adhesion after insertion, ensuring stable
signal collection. The distance between the tips of each microneedle was about 1.2 mm,
which was beneficial for stable microneedle array construction. The 2d blank microneedle
was constructed based on stainless steel with excellent conductivity; only scratches and
pits on the surface could be observed. After acid washing and electrochemical gold
deposition, the pits on the electrode surface were covered and no visible bulge was found.
After electrochemical platinum plating, the electrode conductivity was improved and the
electrode surface was uniform and smooth, with fewer undulations. The thickness and
surface morphology of the gold layer could be well adjusted by controlling the parameters
of electrochemical deposition. The uniformity of the platinum-coated microneedle surface
could be controlled by adjusting the current magnitude or the deposition duration during
the fabrication. After electrochemical deposition, 2dMN-based electrodes showed no
significant change in electrode diameter and morphology, which was still able to achieve
stable skin puncture. The surface of the electrode modified by Ag/AgCl showed more
lamellar structures and covered the electrode surface well, keeping the potential stable
during in vitro and in vivo detection. After being modified by glucose oxidase (GOx), the
platinum layer on the electrode surface was completely covered with some undulations.
Due to the limited conductivity of the enzyme, the uneven coating of the gold layer showed
obvious dark areas. The uniformly covered glucose oxidase helps to rapidly convert glucose
in the detection and enable the electrochemical detection of H2O2.
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Figure 2. (a) The schematic diagram of the fabrication process of the 2dMN-based MCEA. Stainless
steel sheets were laser cut for the fabrication of 2dMN-based electrode sheets. Then, the oxide
layer of the electrodes was removed, and Pt deposition and GOx decoration were performed to
form the 2dMN-based working electrode, counter electrode, and reference electrode. Finally, the
electrodes were developed into the MCEMEA by the separated functionalization and assembly
process in combination with a 3D-printed support base. (b) Surface morphology of 2dMN-based
electrodes during fabrication at different scales. From left to right: the untreated 2dMN-based
electrode; gold-electroplated 2dMN-based electrode; 2dMN-based counter electrode; 2dMN-based
reference electrode; and 2dMN-based working electrode.

Similarly, 1dMN-based electrodes were fabricated based on the separated functional-
ization and assembly process, for the construction of the 1dMN-based MCEA (Figure 3a).
For 2dMN-based electrodes, each microneedle was interconnected via a metal substrate,
making it impossible to construct isolated electrical signal channels on each microneedle
tip. Multi-channel sensing arrays were prepared using 1dMN-based electrodes so that
each microneedle became an addressable independent channel. First, the 1dMN-based
electrodes were prepared by cutting acupuncture needles with a laser cutter and removing
the oxide layer on the needle surface. The 1D needle was then electroplated with gold.
Subsequently, a 3D-printed resin substrate was fabricated with through-holes according to
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the size of the microneedle diameter. At the same time, microelectrode arrays with three
parallel electrical channels were designed and prepared on the surface of the polyimide
(PI) substrate, where the pads were soldered with silver wires as extended electrical leads
to connect the microneedle electrodes (Figures S6 and S7).
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The center of each microelectrode pad processed a through-hole, which allowed the
microneedle electrode to pass through the pin-hole. A PDMS buffer layer with a thickness of
about 3 mm was prepared, and attached underneath the resin substrate to adjust the length
of the exposed microneedle tips. The 1dMN-based electrodes were sequentially inserted
into the through-hole of the PI substrate, and the resin substrate, and penetrated through the
PDMS buffer layer to form a 3 × 3 microneedle electrode array. At this period, the 1dMN-
based electrodes were not fully immobilized and remained length-adjustable. The length of
the needles exposed below the substrate was more than 3 mm, which was more convenient
for the individual modification of the needle electrodes. Subsequently, the 1dMN-based
counter electrode was fabricated through platinum electrochemical deposition on the gold-
plated needle electrode, while the 1dMN-based reference electrode was obtained by coating
with silver/silver chloride ink on the gold-electroplated needle electrode. The 1dMN-based
working electrode was obtained by dip-coating with GOx on the surface of Pt-coated
needle electrodes. During the detection process, GOx on the surface of the 1dMN-based
working electrode would catalyze the decomposition of glucose in the solution, generating
H2O2. Then, driven by an electrochemical bias, the generated H2O2 would be catalytically
decomposed on the platinum surface, forming amperometric signals that correlate the
glucose concentration with the collected electrical signal.

After the microneedle electrode modification, the length of the needle below the
substrate was adjusted to be less than 1 mm, forming the 1dMN-based MCEA. To further
improve the stability of the sensing circuit, silver wires were connected onto the back of the
1dMN-based electrodes using silver paste, and finally encapsulated by PMMA. As shown
in Figure S8, the as-prepared 1dMN-based MCEA possessed a total of nine microneedles’
tip in a 3 × 3 array profile, and each microneedle was about 800 µm in length. The working
electrodes contained three separated channels, resulting in three independent glucose
detection channels. The reference electrode and counter electrode each possessed three
connected microneedle electrodes as one electrical channel. These three working electrodes
shared a counter electrode and a reference electrode, forming a multi-channel sensing array
with independently addressable working channels. Subsequently, SEM was utilized to
characterize the surface morphology of the 1dMN-based electrodes. As shown in Figure 3b,
the length of each 1dMN-based electrode was approximately 800 µm and the diameter was
approximately 200 µm, which was sufficient to achieve safe and stable skin penetration
as well as interstitial fluid detection. The distance between the microneedle tips in the
1dMN-based MCEA was approximately 3 mm, which could be adjusted as needed to
develop multi-channel or multifunctional sensing arrays. Based on stainless steel, 1d blank
microneedles processed well electrical conductivity and mechanical strength. The surface
morphology of the blank microneedle electrode was uniform, with only scratches and
grooves visible in some areas. After acid washing and electrochemical gold deposition, the
pits on the surface of 1d blank microneedles were evenly covered, and the conductivity was
significantly improved. After electrochemical platinum deposition, more spiny structures
could be observed on the electrode surface, due to the long deposition time and high
electric field intensity. The formed spiny structure was beneficial to increase the specific
surface area of the electrode and improve the detection sensitivity. The thickness and
surface morphology of the gold and platinum layers could be adjusted by controlling
the electrode area, current, or deposition time. The Ag/AgCl ink could evenly cover the
electrode surface, and the laminated sheet material could be observed in the magnified
image. After dip-coating of GOx, the platinum layer with a spiny structure was completely
covered, and the electrode surface was relatively uniform and smooth with a small number
of point-like protrusions. The uniform coverage of glucose oxidase could respond quickly
to glucose fluctuation, and the 1dMN-based MCEA after decoration still processed well
mechanical properties and could achieve stable skin penetration and biomarker detection.

Next, the electrochemical detection performance of the 2dMN-based MCEA was
characterized in a glucose solution in vitro. The fasting blood glucose concentration in
a healthy human body is generally in the range between 3.3 mmol/L and 6.9 mmol/L.
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Therefore, the glucose concentration in the in vitro test was gradually increased from
0 mmol/L to 12 mmol/L to cover the range of blood glucose levels in humans. A polyvinyl
chloride film was used to simulate the skin stratum corneum, and the film covered the
surface of a 25 mL beaker containing 20 mL of a PBS (phosphate buffer solution). The
2dMN-based working electrode was penetrated through the film so that the electrode tip
was immersed in the solution. The performance of the 2dMN-based working electrodes
was evaluated via CHI760E with the sensing electrode as the working electrode, the
commercial platinum electrode as the counter electrode, and the commercial silver/silver
chloride electrode as the reference electrode. In the electrochemical tests, i-t amperometric
characterization was performed by applying a bias voltage (0.5 V vs. silver/silver chloride
electrode) on the surface of the 2dMN-based working electrode. In the presence of oxygen,
GOx on the electrode surface would catalyze the decomposition of glucose, producing
gluconic anhydride and H2O2. Next, H2O2 was catalyzed to decompose and electron
transfer occurred, generating an electrical signal that flowed into the electrodes, forming a
current loop. In this way, the glucose in the solution was converted into H2O2, which was
catalytically decomposed by the platinum layer of the microneedle electrode to generate a
change in the current signal. Therefore, the presence of glucose concentration in the solution
could be converted into a measurable amperometric signal. To minimize experimental
errors, the recording was paused for 30 s each time for the glucose concentration to be
increased during the experiments, to allow an adequate diffusion of the added glucose in
the solution, after which the signal acquisition was resumed.

As shown in Figure 4a, with the gradual increase in glucose concentration from
0 mmol/L to 12 mmol/L, the current detected by the 2dMN-based working electrode
gradually increased from 0.038 µA to 0.38 µA in channel #1, with a detection sensitivity
of 29.3 nA/mM, whereas, in channel #2, the current detected gradually increased from
0.033 µA to 0.38 µA, with a detection sensitivity of 28.9 nA/mM; in channel #3, the current
detected increased from 0.26 µA to 0.60 µA, with a detection sensitivity of 26.8 nA/mM,
and the average value of detection sensitivity for these three channels was 28.3 nA/mM
(Figure 4b). In vivo glucose detection is mainly performed by electrochemical methods,
which is easily interfered with by internal or external substances such as uric acid, L-
ascorbic acid, lactic acid, salt, and cholesterol. The coexistence of multiple biomarkers may
interfere with glucose detection, so the detection specificity of the 2dMN-based working
electrode was evaluated based on the ratio of various interfering substances to glucose in
healthy human blood. The specificity of the 2dMN-based working electrode was tested
by sequentially adding 10 mmol/L of glucose, 0.2 mmol/L of uric acid, 0.05 mmol/L
of ascorbic acid, 0.1 mmol/L of lactate, 5 mmol/L of the salt solution (represented by
sodium chloride), and 2 mmol/L of cholesterol to the test solution during continuous
monitoring. The results showed that for channel #1, a significant current signal change was
detected in the presence of glucose (~22.0 µA), whereas the presence of other interfering
substances, including uric acid, ascorbic acid, lactic acid, sodium chloride, or cholesterol,
produced weak current signals (<2.5 µA) to the electrode, which were more than 8 times
lower than the signals produced by glucose (Figure 4c,d). To facilitate the visual analysis
of the amperometric signal changes, signals collected were normalized with the signal
change generated by the glucose as a reference value. The results showed that the addition
of uric acid, ascorbic acid, lactic acid, sodium chloride, and cholesterol produces relative
interferences of approximately 11%, 5.2%, 3.7%, 0.6%, and 5.4% to the glucose-induced
current signal, respectively. Among them, ascorbic acid and cholesterol caused more
interference, but neither exceeded 15%.
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Figure 4. (a) Response curves of three sensing channels of the 2dMN-based MCEA to different
glucose concentrations (0 to 12 mmol/L). (b) The sensitivity and data analysis of the three sensing
channels of the 2dMN-based MCEA in glucose detection. (c–h) Current signals collected over time
by the 2dMN-based MCEA in the presence of substances (glucose, uric acid, ascorbic acid, lactic
acid, sodium chloride, and cholesterol) in the in vitro simulated solution, and the normalized results.
The interferences of substances on the collection of amperometric signals were minimal. These
figures correspond to the detection results of channel 1 (c,d), channel 2 (e,f), and channel 3 (g,h),
respectively. (i) Response curves of three sensing channels of the 1dMN-based MCEA to different
glucose concentrations (3 to 21 mmol/L). (j) The sensitivity and data analysis of the three sensing
channels of the 1dMN-based MCEA in glucose detection. (k–p) Amperometric signals collected over
time by the 1dMN-based MCEA in the presence of substances (glucose, uric acid, ascorbic acid, lactic
acid, sodium chloride, and cholesterol) in the in vitro simulated solution, and normalized results. The
substances’ interferences to data collection were minimal. These figures correspond to the detection
results of channel 1 (k,l), channel 2 (m,n), and channel 3 (o,p), respectively.

Similarly, for channel #2, the addition of glucose induced a significant signal change
(~20.3 µA), whereas the presence of other interfering substances induced tiny signal changes
(≤3.0 µA), which were more than 6 times lower than the glucose signal (Figure 4e,f).
Normalized results showed that the addition of uric acid, ascorbic acid, lactic acid, sodium
chloride, and cholesterol produced relative interferences of about 15%, 9.6%, 6.1%, 0.5%,
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and 0.9% to the glucose-induced signal, respectively. Among these, ascorbic acid produced
a greater interference of about 15%. Channel #3 produced a more pronounced change in
the amperometric signal in the glucose presence (about 24.0 µA), and was insensitive to
the presence of interfering substances (<3.5 µA), which were more than 6 times lower than
the signal produced by glucose (Figure 4g). After normalization, the relative interferences
to the collected amperometric signals were about 10%, 14%, 7.2%, 3.4%, and 0.6%, with
ascorbic acid producing a larger interference of about 14% (Figure 4h). The results above
indicated that all three channels of the developed 2dMN-based MCEA were capable of
detecting glucose with good performance.

Similarly, the electrochemical detection performances of different channels in the
1dMN-based MCEA were evaluated. As depicted in Figure 4i, with the gradual increase in
glucose concentration from 3 mmol/L to 21 mmol/L, the current detected by the 1dMN-
based working electrodes increased from 1 nA to approximately 90 nA. Detection sensi-
tivities for each channel were 2.36 nA/mM, 2.13 nA/mM, and 1.13 nA/mM, respectively,
with an average of 1.87 nA/mM (Figure 4j). The sensitivity of channel #3 was compara-
tively lower than the other two channels, possibly attributed to some inconsistency during
the manual fabrication or electrode decoration of electrodes. To improve the detection
stability, the fabrication processing could be improved by replacing manual operations
with automated production. For in vivo applications, it is necessary to normalize the
signals to reduce the detection error between channels. Similarly, different concentrations
of glucose, uric acid, ascorbic acid, lactate, saline (represented by sodium chloride), and
cholesterol were added sequentially to the testing solution of 1dMN-based working elec-
trodes. Channel #1 exhibited significant amperometric changes with glucose addition
(approximately 1.2 µA), while other interfering substances generated weak amperometric
signals (<0.12 µA), more than 10 times lower than the glucose signal (Figure 4k). Nor-
malized results indicated that the relative interference introduced by uric acid, ascorbic
acid, lactic acid, sodium chloride, and cholesterol was approximately 3.9%, 7.4%, 1.1%,
1.3%, and 9.9%, respectively (Figure 4l). Notably, interferences from ascorbic acid and
cholesterol were slightly high, but none of them exceeded 10%. Likewise, in channel #2,
glucose caused a noticeable amperometric change (approximately 0.14 µA), while other
interfering substances induced changes that were more than 5 times lower (≤0.03 µA).
The normalization analysis demonstrated that the relative interferences introduced by uric
acid, ascorbic acid, lactic acid, sodium chloride, and cholesterol were 9.9%, 11.3%, 13.6%,
2.9%, and 18.9%, respectively (Figure 4m,n). Interference from ascorbic acid was relatively
high at around 19%. In channel #3, glucose introduction resulted in a more pronounced
change in the amperometric signal (approximately 2.0 µA), while sensitivity to the presence
of interfering substances was less pronounced (<0.3 µA), more than 6 times lower. The
relative interferences introduced by uric acid, ascorbic acid, lactic acid, sodium chloride,
and cholesterol were about 6.6%, 13.5%, 0.4%, 0.5%, and 9.4%, respectively (Figure 4o,p).
The reproducibility of the fabricated MCEA was carried out via the repeated i-t test in
5 days. After 5-day storages, the sensitivities of each 2dMN-based working electrode main-
tained 94%, 95%, and 81%, with an average of 90%. For the 1dMN-based working electrode,
the sensitivities maintained 96%, 89%, and 80%, with an average of 88% (Figure S9). To
enhance the life of MCEA, employing biocompatible materials like polyvinylpyrrolidone or
polyvinyl alcohol to reduce mechanical damage during skin penetration could be helpful. It
is also effective to store the sensor in a cryogenic container or in an environment filled with
inert gas. By maintaining the glucose oxidase activity of the sensing electrode, the life of the
sensor can be extended and long-term monitoring can be achieved. These results suggested
that the three detection channels of the 1dMN-based MCEA can respond selectively to
glucose fluctuations and were insensitive to interference from other substances.

After 2dMN-based MCEA integration (Figure 5a), the transdermal performance of the
2dMN-based MCEA was investigated (Figure S10). The in vitro experiment was conducted
using fresh porcine skin as a simulation of human skin to characterize the penetration
ability of the 2dMN-based electrodes. First, a Rhodamine B solution was prepared, and
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the electrode tips were dipped into a small amount of the solution, uniformly staining
the 2dMN-based electrodes. Subsequently, the 2dMN-based MCEA was placed on the
surface of a fresh porcine skin, with pressure applied vertically from above to ensure the
perpendicular insertion of the 2dMN-based MCEA into skin. After maintaining for 200 s,
the 2dMN-based MCEA was withdrawn, and skin treated with microneedles was observed
under an optical microscope and fluorescence microscope.
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Figure 5. (a) Optical images of the 2dMN-based MCEA, including the 2dMN-based reference
electrode, 2dMN-based counter electrode, and 2dMN-based working electrode. (b) The fluorescence
image of the 2dMN-based electrode stained with Rhodamine B, observed under a fluorescence
microscope. (c) The fluorescence characterization of Rhodamine B dye deposition within porcine skin
after 2dMN-based electrodes’ penetration (cross-sectional view). (d) The optical image of the porcine
skin surface staining after 2dMN-based MCEA penetration. (e) A schematic representation diagram
showing the application of MCEMEA in vivo glucose detection in live rats. (f) In in vivo experiments,
the 2dMN-based MCEA was inserted into rat skin and the amperometric signals collected in the three
sensing channels were examined over time. (g) Results and the data analysis of glucose concentrations
in interstitial fluid of living rats measured by three sensing channels in the 2dMN-based MCEA. All
results were calculated from standard curves derived from in vitro detection and compared with
reference values of blood glucose. (h) Optical images of the 1dMN-based MCEA, consisting of the
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1dMN-based working electrode, 1dMN-based counter electrode, and 1dMN-based reference electrode,
respectively. (i) The fluorescence image of the 1dMN-based electrode stained with Rhodamine B,
observed via the fluorescence microscope. (j) The fluorescence characterization of Rhodamine B
dye deposition within the porcine skin penetrated by 1dMN-based electrodes (cross-sectional view).
(k) The optical image of the porcine skin surface staining after 1dMN-based MCEA penetration.
(l) In vivo detection results of the three sensing channels in the 1dMN-based MCEA. The MCEA was
inserted into the rat skin and the amperometric signals were examined over time. (m) Results and the
analysis of the glucose concentrations in interstitial fluid of living rats measured by the 1dMN-based
MCEA. The signals collected were converted according to standard curves and compared with blood
glucose reference values. (n) The heatmap showing the standard deviation (SD) of different sensing
channels of the MCEMEA in interstitial fluid glucose detection of living rats.

Next, cross-sectional slices of porcine skin (approximately 200 µm thick) were obtained
by cutting along the holes left by the 2dMN-based MCEA with a blade. Red fluorescence
was observed under a fluorescence microscope. As shown in Figure 5b,c, tissues surround-
ing the transdermal site of the 2dMN-based MCEA emitted red fluorescence, demonstrating
the successful skin penetration of the microneedle-based electrodes. Fluorescence micro-
scopic images of the cross-section showed a clear deposition of the fluorescent dye, which
was consistent with the morphology of the 2dMN-based electrodes. The maximum pene-
tration depth of 2dMN-based electrodes was approximately 400 µm, shorter than the tip
length of 2dMN-based electrodes (about 800 µm), most likely due to the skin elasticity
that prevented complete embedding of the microneedles. The surface of the porcine skin
penetrated by the 2dMN-based MCEA also exhibited the color correspondingly (Figure 5d).
The total thickness of the stratum corneum (10 to 15 µm) and the epidermis (50 to 100 µm)
of human skin is less than the penetration depth of the 2dMN-based electrode, and these
results validated the skin-penetrating ability of the 2dMN-based MCEA. The excellent
mechanical strength of the metal material enhanced the upper limit of the force exerted by
the microneedles when penetrating the skin.

Subsequently, in vivo experiments were conducted on rats to verify the detection ca-
pability of the 2dMN-based MCEA (Figure 5e). First, the rats were depilated using surgical
scissors and depilatory cream to expose the back’s skin. Then, 2dMN-based MCEAs were
pressed onto the rats’ back skin, ensuring the microneedles’ penetration to the stratum
corneum. A bias voltage of 0.5 V (vs. silver/silver chloride electrode) was applied to
the 2dMN-based working electrodes, and the amperometric signal between the working
and counter electrodes was recorded. To stabilize the signal, each sensing channel was
acquired independently for 120 s by sharing the counter electrode and reference electrode.
To reduce the dependence of the working electrode on the response time, the last 20 s of
the stable amperometric signals was averaged and converted into glucose concentration
correspondingly, based on the standard curve obtained in vitro. Simultaneously, blood sam-
ples were collected through the rats’ tail arteries to obtain reference values. Amperometric
signals collected from the three sensing channels of the 2dMN-based MCEA were recorded
separately and then converted to blood glucose levels. The results above confirmed stable
electrical signals in all channels of the 2dMN-based MCEA during detection (Figure 5f).
The detected subcutaneous glucose concentrations in rats were 339.0 mg/dL, 331.2 mg/dL,
and 339.7 mg/dL, with an average of approximately 336.7 mg/dL (Figure 5g).

Similarly, transdermal performance was carried out after 1dMN-based MCEA fabrica-
tion (Figures 5h and S11). As depicted in Figure 5i,j, the 1dMN-based electrode tip emitted
red fluorescence under a fluorescence microscope after penetration, with an approximately
800 µm length. Cross-sectional images showed red fluorescence in the surrounding tissue,
confirming the successful penetration of the 1dMN-based electrodes. In addition, the
fluorescent dye deposition on the skin surface penetrated by the 1dMN-based MCEA was
observed by microscopy, which closely matched the electrode distribution of the 1dMN-
based MCEA (Figure 5k). Fluorescence microscopy results showed that the maximum
penetration depth of the 1dMN-based electrodes was about 400 µm, and the average
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penetration depth was about 300 µm, which was more than the total thickness of the
human epidermis (10 to 15 µm) and dermis (50 to 100 µm). These results confirmed the
ability of the 1dMN-based electrodes to effectively penetrate the skin. The 1dMN-based
electrodes were tested in vivo and the amperometric signals were recorded separately for
each sensing channel for a duration of 120 s, suggesting that the 1dMN-based electrodes
were able to maintain stable signal collection for more than 100 s in vivo (Figure 5l). The
measured subcutaneous glucose concentrations in rats were 469.8 mg/dL, 423.1 mg/dL,
and 467.9 mg/dL for the respective channels, with an average of 453.6 mg/dL (Figure 5m).
To further assess the accuracy of different detection channels in MCEAs, the standard devi-
ation was statistically analyzed using a heatmap (Figure 5n). For the 2dMN-based MCEA,
the standard deviation for each sensing channel was 0.7%, 1.6%, and 0.9%, respectively. For
the 1dMN-based MCEA, the standard deviation for each sensing channel was 3.5%, 6.7%,
and 3.1%, respectively. For both the 1dMN-based MCEA and 2dMN-based MCEA, the
standard deviation of all channels did not exceed 8%. Notably, for both the 1dMN-based
MCEA and 2dMN-based MCEA, the amperometric signal tends to be stable after 20 s, and
no intense transient could be found during measurement, suggesting that the dependencies
of response on time of MCEAs are relatively low (Figure S12). By adjusting instrument
parameters, modifying sensitive sensing materials, reducing the detection voltage, or opti-
mizing software algorithms, the dependencies of response on time of the MCEAs could be
further reduced.

In in vivo testing, no inflammatory response or bleeding was found in skin penetration
and glucose sensing. To enhance the biocompatibility of the MCEA, biocompatible materials
such as polyvinyl pyrrolidone can be used to decorate the sensing electrodes to prevent
inflammatory reactions and reduce the risk of bleeding.

These results indicated that the as-prepared MCEAs could selectively measure glucose
concentration in both in vitro and in vivo environments, and the detection sensitivity of
each channel was relatively similar. Additionally, this separated functionalization and
assembly process could be further extended to research applications for the detection of
ions, reactive oxygen species, uric acid, and other indicators. Notably, the 1dMN-based
MCEA was constructed based on isolated sensing electrodes, which could realize flexible
electrode assembly as needed and was beneficial to the integration of multifunctional array
devices. Based on the 1dMN-based MCEA, hollow microneedles or channel microneedles
could also be integrated for subcutaneous drug delivery. However, the effective sensing
area of the 1dMN-based system was limited and the amperometric signal may be affected.
The detection sensitivity could be improved by combining signal amplification circuits or
highly sensitive biometric components. The 2dMN-based MCEA was easy for preparation
and the effective sensing area was increased. Meanwhile, the MCEA constructed based
on planar microneedle electrodes processed higher mechanical strength and higher skin
penetration capabilities for in vivo biomarker detection.

3. Materials and Methods

Preparation and modification of 2dMN-based electrodes: To fabricate the 2dMN-
based electrode, the structural pattern of the 2dMN-based electrode was initially designed
(Figure S1), followed by laser cutting on a stainless-steel sheet. The 200 µm thick SUS304
stainless steel sheet was cleaned with ethanol and dried at 80 ◦C. Subsequently, the YLP-F
series fiber laser marking machine (Hanslaser Co., Ltd., Shenzhen, China) was employed
for precise cutting of the stainless-steel sheet to obtain the 2dMN-based electrodes. The
parameters were set as laser wavelength: 1.06 µm, engraving line speed: 1200 mm/s,
power: 25 W, and cycles: 1500. The width and thickness of each microneedle sheet were
3 mm and 0.2 mm, respectively. The maximum width and length of each microneedle
were 0.4 mm and 0.8 mm, respectively. Each 2dMN-based electrode had 5 distributed
microneedles with a spacing of 1.2 mm. A handle, 15.4 mm in length and 1.5 mm in width,
was connected to the back of the microneedle sheet for connection.
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Next, the 2dMN-based electrode was treated with an acidic cleaning solution (contain-
ing 24% zinc oxide, 30% ammonium chloride, 6% hydrochloric acid, 30% acetic acid, 12%
deionized water, and 3% surfactant; Yuncaitaotao Co., Ltd., Huizhou, China) to remove the
oxide layer. Afterward, the electrode was washed in 80% ethanol and dried at 90 ◦C, then
immersed in a gold sulfate solution (0.2 mmol/L; Yuncaitaotao Co., Ltd., Huizhou, China)
for gold deposition (Figure S2). The introduction of gold is beneficial to enhance electrode
stability under positive bias during electrochemical detection (Figure S3). By applying a
continuous voltage of −0.8 V for 300 s, the uniform electrochemical deposition of gold
was carried out on the microneedle electrode surface. The gold-electroplated microneedle
electrode was further immersed in a platinum sulfate solution (1 mmol/L, Yuncaitaotao
Co., Ltd., Huizhou, China) for platinum deposition. A voltage of about −0.3 V was ap-
plied for 600 s to electrochemically deposit platinum on the surface of the gold-plated
microneedle electrode.

In preparing the glucose sensing electrode, a homogeneous mixture of 500 mL of
bovine serum albumin (BSA, 80 mg/mL, Guangzhou Shuoheng Biotechnology Co., Ltd.,
Guangzhou, China), 200 mL of a glutaraldehyde solution (2.5% w/w, Sigma), and 100 mL
of the glucose oxidase (GOx) solution (50 mg/mL, Sigma) was obtained. The mixture
was uniformly coated on the surface of the platinum-plated 2dMN-based electrode and
dried at room temperature overnight as a 2dMN-based working electrode. Meanwhile,
the gold-electroplated 2dMN-based electrode was uniformly coated with silver/silver
chloride ink (Yuncaitao Co., Ltd., Huizhou, China) and dried at 90 ◦C for 1 h to obtain the
2dMN-based reference electrode (Figure S4).

Assembly of 2dMN-based electrodes: For the integration of 2dMN-based electrodes,
the supporting structure was designed using design software. A 15 × 15 mm resin
(Figure S5) with a thickness of 3 mm was fabricated using a 3D printer (Jihe SE8K, Dong-
Guan Broad Technology Co., Ltd., Dongguan, China). The 2dMN-based working electrode,
counter electrode, and reference electrode were then arranged in parallel with a 3 mm spac-
ing and embedded into the 3D-printed resin. Subsequently, PDMS was utilized to coat the
back of the 2dMN-based electrode, simultaneously fixing the electrodes, and encapsulating
the conductive part on the back of the electrodes to avoid short circuits.

Fabrication and modification of 1dMN-based electrodes: Acupuncture needles (Jiuzil-
ing Pharmaceutical Co., Ltd., Anhui, China) were employed as the substrate for microneedle
electrode fabrication. SUS304 stainless steel acupuncture needles were cut into 1dMN-
based electrodes with a length of 6 mm using a YLP-F series fiber laser marking machine.
The laser cutting conditions were as follows: laser wavelength—1.06 µm, engraving line
speed—1000 mm/s, power—18 W, and engraving cycles—1200. Next, 1dMN-based elec-
trodes were placed in an acidic washing solution (Yuncaitaotao Co., Ltd., Yunnan, China)
to remove the oxide layer from the surface. Subsequently, after washing with ethanol
and drying in an oven at 80 ◦C, a gold layer was electrodeposited onto the 1dMN-based
electrodes. Using a gold electrode as the anode, the 1dMN-based electrode was connected
to the cathode of the electrochemical workstation (CHI760E, CH Instruments Inc., Shanghai,
China), and gold was electrodeposited in a gold sulfate solution. Then, the 1dMN-based
electrodes were cleaned with ethanol and dried at 80 ◦C. For the fabrication of the substrate
structure of the microneedle array, a hole-patterned resin was printed using a 3D printer,
after which it was washed in ethanol and dried at 60 ◦C.

Pre-position of the 1dMN-based electrodes: The customized polyimide (PI) electrode
(Figures S6 and S7, Shenzhen Honghong Precision Circuit Co., Ltd., Shenzhen, China) was
laminated and patterned onto the hole-patterned support structure to achieve microneedle
integration. The 0.5 mm thick silver wires were connected to the solder pad of the PI
electrode, and a 3 mm buffer layer was prepared using polydimethylsiloxane (PDMS,
Dow Corning DC 184). The 1dMN-based electrodes were sequentially inserted into the PI
electrode, resin, and buffer layer, and their orientation and length were adjusted to ensure
a stable position. Subsequently, silver wires soldered to the pads were wrapped around the
1dMN-based electrodes and further bonded with silver paste (Yuncaitaotao Co., Ltd.). The
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reserved length of the soldered silver wire allows the 1dMN-based electrode inserted into
the substrate to remain unattached and fixed at this stage, thus providing an adjustable
length for the 1dMN-based electrode under the substrate for further decoration.

Fabrication of 1dMN-based counter and reference electrodes: The 1dMN-based
counter electrode was prepared by connecting the gold-electroplated 1dMN-based elec-
trode to the cathode of the electrochemical workstation and plating it in the platinum
sulfate solution for 1200 s with a commercial platinum electrode as the anode. To fabricate
the 1dMN-based reference electrodes, the gold-electroplated 1dMN-based electrodes were
uniformly coated with silver/silver chloride ink. The electrodes were then dried in an oven
at 90 ◦C for 90 min and air-dried for 16 h at room temperature.

Fabrication of 1dMN-based working electrode: To fabricate the 1dMN-based working
electrode, a mixture containing the glucose oxidase solution (50 mg/mL), BSA solution
(60 mg/mL), and glutaraldehyde (2.5 mg/mL) at a volume ratio of 2:5:2 was prepared. The
platinum-plated 1dMN-based electrode was coated with the mixture, uniformly pulled,
and air-dried for 16 h at room temperature. Additionally, to maintain the activity of the
sensing layer, the as-prepared electrode should be stored at 4 ◦C when not in use.

Assembly of 1dMN-based MCEA: The direction, position, and needle length of each
electrode were adjusted to expose a uniform microneedle length of 800 µm beneath the
support structure after the fabrication of the 1dMN-based electrodes. The electrodes
were connected to the PI electrodes using silver-paste-coated and -bonded silver wires
(Figure S8). A 2% PMMA (polymethylmethacrylate) solution was then applied to the
surface of the PI electrode for insulation.

Surface morphology characterization of microneedle-based electrodes: The optical
characterization of the prepared microneedle-based electrodes was carried out using a
Minmax optical microscope. Meanwhile, the surface morphology of individual electrodes
during the modification process was further characterized using SEM Pro (PHENOM,
SCIENTIFIC). Due to the different electrical conductivity of each electrode, a thin layer of
gold atoms (~10 nm thick) was deposited on the surface of the electrodes for observation.

Electrochemical performance characterization: For 2dMN-based electrodes, skin was
simulated using a four-folded film and the film covered a 25 mL beaker to which 20 mL of
the PBS (phosphate buffer solution) was added. The 2dMN-based electrodes were used to
pierce the film to simulate the transdermal process. The 2dMN-based sensing electrodes
were connected to the electrochemical workstation, with a commercial silver/silver chloride
electrode as the reference electrode and a commercial platinum electrode as the counter
electrode. The time–current curves of the sensing electrodes were collected over 300 s by
immersing the electrodes in a PBS, applying a bias voltage (0.5 V vs. silver/silver chloride
electrode) and gradually adding glucose to the PBS, with the glucose concentration varying
from 0 mM to 12 mM. Similarly, for 1dMN-based electrodes, time–current curves of the
1dMN-based working electrodes were collected by applying a bias voltage (0.5 V vs.
silver/silver chloride electrode), with the glucose concentration varying from 3 mM to
21 mM. After each experiment, the electrodes were stored in a 4 ◦C refrigerator to maintain
the catalytic activity of oxidase. The reproducibility of the sensors was evaluated by the
repeated i-t test every other day for 5 days.

Selectivity characterization of microneedle-based electrodes: Selectivity tests were
performed by recording the time–current curves of the sensing electrodes through an
electrochemical workstation with a series of selective tests in the PBS (phosphate buffer
solution) including 10 mmol/L of glucose, 0.5 mmol/L of uric acid, 0.5 mmol/L of ascorbic
acid, 0.2 mmol/L of lactic acid, 0.1 mmol/L of sodium chloride (representative of saline),
and 0.5 mmol/L of cholesterol. The amplitude of the amperometric response was recorded
for 300 s. In addition, to further analyze the signal changes caused by various disturbances,
the value of amperometric change after glucose addition was set to 100% for normalization.

Penetration ability characterization of MCEMEA: A 2 mg/mL Rhodamine B solution
was prepared and a small amount of the solution was absorbed onto a cotton swab, evenly
coating the tip surface of the MCEMEA. Using fresh porcine skin as a substitute for human
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skin, the MCEMEA was placed vertically on the skin surface, and inserted tightly into
the skin for a few minutes before removal (Figure S10). Subsequently, porcine skin was
observed using an optical microscope. In addition, a razor blade was used to dissect
along the cross-section of the microneedle electrode penetration site to obtain a thin slice
(approximately 200 µm) after skin penetration. The skin slices were then observed under a
fluorescence microscope for red fluorescence.

In vivo experiment of MCEMEA: This study was approved by the Sun Yat-sen Uni-
versity Animal Care and Use Committee. All animals received humane care according
to institutional guidelines. SD-IGS rats were obtained from the Sun Yat-sen University
Animal Laboratory for experimental research. The animals used included two diabetic
rats. Initially, the rats were anesthetized using gas anesthesia, followed by the depilation of
the rat’s back using surgical scissors and depilatory cream, resulting in an exposed skin
area of approximately 3 × 5 cm2. Subsequently, the MCEMEA was placed on the depilated
area to ensure close contact with the skin and the penetration of the stratum corneum. The
MCEMEA was connected to the electrochemical workstation and a bias voltage of 0.5 V
was applied to the sensing channels of the MCEMEA. For each sensing channel, ampero-
metric signals lasting 120 s were recorded, separately (Figure S11). Blood samples were
collected from the tail vein of the rats after recording and the glucose level in the blood was
measured using a Roche glucometer. The measured amperometric values were converted
to glucose concentrations according to the MCEMEA-current–metabolite-concentration
standard curve. After the measurement, the MCEMEAs were removed and the rats were
returned to their cages.

4. Conclusions

In this work, in response to the difficulties of microneedle sensing array fabrication,
1D and 2D microneedle electrodes were developed into MCEMEAs by the separated
functionalization and assembly process, which avoided the functional coating destruction
during sensor fabrication and avoided interference between adjacent electrodes during
modification. The 2dMN-based electrode sheets prepared by laser cutting were developed
into 2dMN-based sensing electrodes, and subsequently integrated with the 3D-printed
substrate for 2dMN-based MCEA construction. The 1dMN-based MCEA was achieved by
combining the laser-cut 1dMN-based electrodes with the 3D-printed resin, PI electrodes,
and PDMS buffer layer for assembly, and each microneedle tip was individually modified
with coating. The adjustable microneedle electrodes in the pre-position stage aid in the
functionalized modification and integration, thereby reducing damage to the coating in
the soldering operation. MCEMEAs showed excellent skin penetration, sensing selectivity
and reproducibility in in vitro experiments, while in vivo experiments demonstrated that
the MCEAs also had potential for real-time, in situ monitoring of glucose levels in living
animals. The separated functionalization and assembly process could be further combined
with various modification methods to enhance the multi-parameter detection capability of
the sensor devices, as well as providing possibilities for the development and application
of multi-channel or multi-parameter microneedle sensing systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios14050243/s1, Figure S1: The design of the 2dMN-based
electrode. The diagram illustrates the design of the 2dMN-based electrode sheet. The width and
thickness of each microneedle is 3 mm and 0.2 mm, respectively. The back of the microneedle base
is equipped with a handle 15.4 mm long and 1.5 mm wide. Each 2dMN-based electrode sheet has
five microneedles evenly distributed, each with a length of 0.8 mm and a maximum width of 0.4 mm.
The gap between the microneedles was set at 1.2 mm. Figure S2: (a) Chronoamperometric curves
depicting the current variation over time during the electrochemical gold deposition of microneedle
electrodes. To enhance the surface biocompatibility and mitigate the instability of microneedle
electrodes, the electrochemical deposition of gold was performed on the surface of the electrodes after
fabrication and cleaning. The microneedle electrode was electrochemically deposited by CHI760E in
a gold sulfite solution using a microneedle electrode as the working electrode, a commercial gold

https://www.mdpi.com/article/10.3390/bios14050243/s1
https://www.mdpi.com/article/10.3390/bios14050243/s1
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electrode as the counter electrode, and a commercial Ag/AgCl electrode as the reference electrode.
Initially, a cleaning process is performed on the microneedle electrodes by applying a current of
0.6 mA for 15 s, effectively removing impurities adhering to the electrode surface. Next, further
cleaning is carried out by applying a continuous current of −0.6 mA for 15 s. In the last phase, a
uniform gold layer is deposited on the microneedle electrode surface by applying a current of −2 mA
for 300 s, maintaining the electrode surface voltage at around −0.7 V. (b) Chronoamperometric
curves illustrating the current variation over time during the electrochemical platinum deposition of
gold-plated microneedle electrodes. The gold-plated microneedle electrode was electrochemically
deposited by CHI760E in a platinum sulfite solution using a gold-plated microneedle electrode as
the working electrode, a commercial platinum electrode as the counter electrode, and a commercial
Ag/AgCl electrode as the reference electrode. Similarly, the voltage on the electrode surface is
maintained at around −0.3 V at the last stage, resulting in the uniform deposition of platinum on
the microneedle electrode surface. Figure S3: Current variation collected over time for microneedle
electrodes modified with or without gold deposition in the PBS at a bias voltage of 0.5 V. With
the presence of gold, amperometric signals collected by the microneedle electrode maintained a
stable level for more than 600 s, while currents collected by the microneedle electrode without gold
increased significantly at around 60 s, indicating the polarization of the electrode. The microneedle
electrode modified with gold revealed higher stability under positive bias during electrochemical
detection. Figure S4: The comparison of potential difference values between individual reference
electrodes and the calomel electrode in the PBS. The stability of the prepared microneedle reference
electrodes was tested using the open circuit voltage method. The potential difference between each
prepared microneedle reference electrode and the calomel electrode was maintained at about 50 mV,
suggesting that the microneedle reference electrodes modified with Ag/AgCl ink showed stable
potentials during usage. Figure S5: The design schematic of the supporting structure for the 2dMN-
based MCEA assembly. The figure presents the design of the 3D-printed supporting structure for
the integration of the 2dMN-based MCEA. The designed support structure is 15 mm long, 15 mm
wide, and 3 mm thick. The support structure has five hollow channels, each 13 mm long and 0.2 mm
wide, with a 3 mm spacing. These channels facilitate the stacking of 2dMN-based electrodes to
form a 2dMN-based MCEA. Figure S6: The schematic diagram of a PI thin-film circuit design for
integrating a 1dMN-based MCEA. The designed PI thin-film electrode is 15 mm long, 15 mm wide,
and 150 µm thick. The electrode consists of five channels with a total of nine electrode pads arranged
in a 3 × 3 array. Each electrode pad within a channel has an outer diameter of 1.2 mm, an inner
diameter of 0.2 mm, and a spacing of 3 mm between centers. The working electrode channel can
have three 1dMN-based working electrodes connected in parallel, while both the reference electrode
channel and the counter electrode channel have three electrodes connected in series, respectively.
After integration with the 1dMN-based electrodes, the PI film electrodes can be connected to the PCB
via an FPCB interface for stable signal transmission. Figure S7: The schematic of the flowchart of
PI flexible thin-film electrodes. The electrode pattern of the PI electrode was designed using design
software (AutoCAD 2018), followed by sputtering a copper thin film on the PI flexible substrate.
Next, the copper film is electrochemically deposited on the substrate. Subsequently, the copper
thin film on the electrode was patterned by exposure development by applying a dry film and laser
imaging. The copper material was stripped from the non-target area using etching to expose the
circuit pattern. Electrochemical gold deposition was performed on the patterned electrode to improve
the electrode conductivity, and a cover film was pressed and fitted to the substrate. The substrate
was cut and drilled to obtain the patterned PI flexible thin-film electrode. The PI flexible thin-film
electrodes could also be prepared by Shenzhen Honghong Precision Circuit Co., Ltd, Shenzhen,
China. Figure S8: Optical images of the PI electrode for the integration of the 1dMN-based MCEA
and the 2dMN-based MCEA. (a) The optical image of a PI film electrode with nine electrode pads
designed for the 1dMN-based MCEA. Each electrode pad is associated with a silver wire of about
50 µm in diameter and 7 mm in length. After separating the 1dMN-based electrodes from the
fictitious ones, the silver wires were intricately wound and fixed to the 1dMN-based electrodes.
(b) The optical image of the backside of the 1dMN-based MCEA. After penetrating the PI electrode,
support structure, and PDMS layer, the 1dMN-based electrode is wrapped with silver wire from
the PI film electrode pad. The silver wires are bonded using a silver conductive adhesive to form a
stable connection. The resulting 3 × 3 1dMN-based electrode array includes three series-connected
reference electrodes, three series-connected counter electrodes, and three parallel-connected working
electrodes. In addition, the 1dMN-based MCEA can be reliably connected to the corresponding
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PCB via an FPCB interface for stable signal transmission. (c) The optical image of the 2dMN-based
MCEA. Figure S9: The characterization of MCEMEA reproducibility. The as-fabricated MECMEAs
were repeatedly tested in the in vitro environment and the sensitivity was statistically normalized.
The detection sensitivity of each channel in both the 2dMN-based MCEA and 1dMN-based MCEA
was statistically analyzed and normalized using sensitivity of day 1 as the benchmark value. Figure
S10: The schematic diagram showing the characterization of MCEMEA penetration ability. In vitro
experiments were performed using porcine skin to simulate human skin and we placed it on a base.
The electrode tip of the MCEMEA was placed vertically downward on the surface of the porcine skin.
Then, pressure was applied vertically so that the MCEMEA was pressed down uniformly, and the
electrode tip was inserted vertically into the skin surface until there was complete penetration. Figure
S11: The photograph showing the application of the MCEA on an anesthetized rat. The animals used
included two diabetic rats. Initially, the rats were anesthetized using gas anesthesia, followed by the
depilation of the rat’s back using surgical scissors and depilatory cream, resulting in an exposed skin
area of approximately 3 × 5 cm2. Subsequently, the MCEMEA was placed on the depilated area to
ensure close contact with the skin and the penetration of the stratum corneum. Figure S12: In vivo
detection results of the three sensing channels in the 2dMN-based MCEA and 1dMN-based MCEA.
The MCEA was inserted into the rat skin and the amperometric signals were examined over time.
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