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Microneedle (MN)-based electrochemical biosensors have emerged as a revolutionary technology for

minimally invasive diagnostic applications and point-of-care (POC) testing of biomarker-rich interstitial

fluid (ISF). Featuring painless skin penetration, rapid electrochemical response, high sensitivity, and seam-

less integration with portable/wireless devices, MN-based electrochemical biosensors offer distinct

advantages over conventional invasive or lab-based assays. Therefore, this review comprehensively sum-

marizes the recent advances in MN-based electrochemical biosensors. It begins by introducing the

design strategies and unique advantages of different microneedle platforms for efficient ISF sampling.

Subsequently, the review elaborates on the construction of MN-based electrochemical biosensors.

Furthermore, the application progress of these biosensors for monitoring a wide range of biomarkers,

including metabolites, hormones, electrolytes, nucleic acids and proteins, is systematically highlighted.

Finally, the current challenges and future perspectives in this rapidly evolving field are discussed, outlining

the development path toward next-generation MN-based electrochemical diagnostic devices.

1. Introduction

With the growing demand for personalized healthcare and
health monitoring, the development of technologies capable
of real-time, continuous, and minimally invasive monitoring
of key physiological indicators has become a core challenge
and cutting-edge direction in the field of biomedical engineer-
ing. Conventional in vitro diagnostics based on venous blood
collection face significant limitations, including inherent inva-
siveness, reliance on clinical settings, and prolonged analytical
timelines. These constraints prevent real-time biomarker
monitoring and hinder their application in point-of-care
testing (POCT) and personalized health management.1–3 ISF
has emerged as a highly promising alternative biofluid. As an
extracellular reservoir in the dermis, ISF is rich in physiologi-
cally relevant biomarkers, such as metabolites, electrolytes,
and hormones. Crucially, their concentrations in ISF exhibit a
strong correlation with blood levels, establishing ISF as a valid
and minimally invasive source for diagnostic information.4–6

In contrast to blood testing, ISF-based biomarker detection
eliminates invasive venipuncture, reduces needle-related infec-

tion risks, and avoids interference from blood cells, platelets
or clotting cascades. Currently, conventional methods for
efficiently extracting ISF face huge challenges including
dermal confinement, poor accessibility, low extraction
efficiency, bulky auxiliary instruments, complex processing
flow, and high costs. Fortunately, the MN technology addresses
these critical limitations through unique structural and func-
tional merits that enable minimally invasive direct ISF extrac-
tion and real-time in situ sensing, unlocking ISF-based diag-
nostic potential.7–9 Owing to these advantages, microneedles
(MNs) have emerged as a sampling tool to construct a core
system for biomarker monitoring,10 compared with repeated
venipunctures. Meanwhile, MNs have also been functioning as
a well-established platform for tunable intradermal delivery11

and wearable systems (e.g., optoelectronic devices12). Based on
the dual sensing–delivery functionalities, the integrated
closed-loop diagnosis and therapeutic system will be promis-
ing for simultaneous biomarker monitoring and drug
administration.

Recently, MN-based biosensors coupling minimally invasive
percutaneous microneedles and advanced sensing elements
represent a transformative paradigm in biosensing.13–15 The
versatility of the MN biosensing platform is demonstrated by
its successful integration with a diverse range of biosensing
modalities, including fluorescence, colorimetry, surface-
enhanced Raman scattering, and electrochemistry.16–18 Its
principal advantages include (1) direct, painless access to
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in situ ISF, eliminating the need for venipuncture; (2) capa-
bility for real-time, continuous monitoring of dynamic physio-
logical processes; and (3) user-friendly suitability for patient-
centric and point-of-care applications, potentially enabling
self-administration and facilitating decentralized
healthcare.19–21 Among them, MN-based electrochemical bio-
sensors have gradually emerged as some of the most promi-
nent and technologically compelling platforms for advanced
POCT. Their exceptional advantages for real-time, continuous,
and decentralized health monitoring lie in high sensitivity and
selectivity, direct and rapid signal transduction, inherent ease
of miniaturization and integration into wearable formats. A
quintessential and commercially mature example is the con-
tinuous glucose monitoring (CGM) system. The CGM system
employs enzyme-functionalized microneedles to electrochemi-
cally detect glucose in the ISF, demonstrating a high corre-
lation with blood levels and revolutionizing diabetes manage-
ment. This paradigm underscores the powerful synergy
between electrochemical biosensing technology and MN
technology for reliable, patient-friendly, and integrated POCT,
solidifying its leading role in the evolution of personalized
diagnostics.22

Nowadays, significant advances in MN-based electro-
chemical biosensors are being realized. In this review, we aim
to provide a comprehensive overview of recent progress in this
field through the following aspects: (1) to systematically sum-
marize the structural designs of microneedles for efficient and
reliable interstitial fluid sampling; (2) to elaborate on the con-
struction strategies of MN-based electrochemical biosensors;
(3) to highlight their expanding applications in monitoring
diverse biomarkers. Furthermore, we provide insightful discus-

sions on the integration of these microneedle-based electro-
chemical biosensing systems with wearable platforms for syn-
chronous POC monitoring of multiple biomarkers. Finally, we
critically discuss the remaining challenges and future perspec-
tives, which will pave the way for transforming these promising
technologies into practical clinical diagnostic tools.

2. Microneedle design for sampling
ISF

To sample ISF efficiently, microneedles tailored for functional
demands are designed into distinct types (Fig. 1), including
solid MNs (SMNs), hollow MNs (hMNs), porous MNs (PMNs),
and hydrogel MNs (HMNs). Each design category targets core
challenges of ISF extraction, including minimally invasive
access, efficient fluid collection, and compatibility with down-
stream detection, laying the foundation for practical point-of-
care diagnostic applications.

2.1. Design of SMNs

SMNs are rationally engineered with tailored structural para-
meters, including needle height, tip radius, base diameter,
and array density.23–25 This appropriate design can ensure
efficient skin penetration (by avoiding nerve endings for
minimal pain) while retaining robust mechanical integrity.
Such performance is achieved via the selection of suitable
materials, including stainless steel, titanium, silicon, and bio-
compatible polymers (e.g., polycarbonate).26–29 To attain
efficient ISF extraction, the surface wettability of MNs can be
flexibly regulated through multiple practical strategies.

Fig. 1 Schematic representation of transdermal sampling using different types of tailorable MNs for ISF analysis, including (i) SMNs, (ii) hMNs, (iii)
PMNs, and (iv) HMNs.
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Hydrophilic functional groups are typically introduced via
chemical modification or plasma treatment. Constructing
micro/nano-scale rough structures or bionic architectures rep-
resents another effective method for enhancing the wettability
of MNs. Additionally, MNs can be treated with hydrophilic
coatings (e.g., surfactant,30 silicon oxide layer31), facilitating
the adsorption capacity for ISF. A pivotal advantage of SMNs in
MN-based biosensors are their capacity to enable painless,
minimally invasive and repeated sampling of ISF or other bio-
fluids/tissues, without inducing significant trauma, secondary
infection, or requiring highly trained personnel, thus overcom-
ing the inherent drawbacks of surgical excision and venipunc-
ture. Specifically, within MN-based biosensor configurations,
SMNs can fulfill two core functions: (i) serving as sampling
tools to directly extract dermis-derived ISF, a well-recognized
surrogate for blood that contains a wealth of biomarkers (e.g.,
glucose, cytokines, and pathogens);32–34 (ii) acting as transduc-
tion platforms when integrated with conductive materials (e.g.,
gold nanoparticles, carbon nanotubes) or bio-recognition
elements (e.g., antibodies, aptamers) to achieve real-time, on-
site monitoring of target analytes.35,36

2.2. Design of hMNs

hMNs are also rationally engineered with structural parameters
including lumen diameter, length, tip geometry and wall thick-
ness tailored for optimal performance.37,38 hMNs are fabri-
cated via advanced microfabrication techniques, such as laser
drilling, photolithography, replica molding, 3D printing,39–42

etc. Additionally, hydrophilicity of hMNs can be enhanced
through laser exposure induced surface oxidation and photo-
degradation of the polymer backbone.43 Biocompatible
materials (e.g., titanium and poly(lactic-co-glycolic acid)) are
predominantly used for the fabrication of hMNs. In the design
of MN-based biosensors, hMNs offer distinct advantages,
whose intrinsic lumen enables direct and quantitative
sampling of ISF with no sample dilution or loss,44 which is
superior to SMNs and invasive sampling methods (e.g., veni-
puncture). Functionally, hMNs serve as precision sampling
conduits for delivering biomarker molecules in ISF.
Furthermore, hMNs also act as versatile, modifiable lumen
interfaces for sensor element functionalization, enabling
direct capture, recognition, and on-site analysis of target mole-
cules in ISF. Collectively, hMNs enable integrated, sample-to-
result diagnostic workflows with high translational potential.

2.3. Design of PMNs

PMNs are usually designed with numerous capillary channels
and fabricated with polymers, metals, and inorganic materials.
Their structural parameters include controlled pore size, high
porosity, interconnected pores, and optimized height, tip
radius, and array density.45–47 PMNs are prepared via template
replication, phase separation, electrospinning, or 3D
printing.48,49 A key advantage of PMNs lies in their micro-
porous structure, which endows them with a larger specific
surface area, thereby providing more active sites for target
detection. For ISF extraction, PMNs can directly utilize their

capillary-driven micro-channels for collecting fluid in the
dermal layer. In addition, PMNs can be integrated with ionto-
phoresis methods to enhance the delivery of ISF from the
dermis to the sensing chamber for subsequent analysis.50

2.4. Design of HMNs

HMNs are generally designed to achieve efficient ISF extraction
and integrated biosensing through their unique swelling pro-
perties.51 HMNs are typically fabricated via mold casting of
hydrophilic polymers (e.g., hyaluronic acid, polyvinyl alcohol)
that undergo physical or chemical crosslinking for solidifica-
tion. This manufacturing approach offers the advantages of
process simplicity, low cost, and scalability.52–55 The key super-
iority of HMNs for sensing applications lies in their dual func-
tionalities: (i) as an excellent immobilization matrix for bio-
logical recognition elements (e.g., enzymes, antibodies,
aptamers);56,57 (ii) as an efficient medium for in situ ISF extrac-
tion and analyte enrichment. On the thermodynamic level, the
driving force for ISF extraction mainly stems from the osmotic
pressure difference between ISF and hydrogel networks of
HMNs. After MNs are inserted into the skin, the introduction
of counter ions or osmolytes into hydrogel networks will
increase the Donnan osmotic pressure,53,58,59 causing an
expansion of the HMNs. The ISF extraction efficiency of HMNs
is also governed by swelling kinetics.60 When a HMN contacts
with the dermis, ISF permeates its polymer matrix via intrinsic
voids derived from local segmental motion, with subsequent
relaxation of the polymer chains.61 Hydrogels in HMNs can be
allowed to swell under the polymer network’s propagation and
relaxation.62 Generally, the nature of the polymer, degree of
cross-linking, 3D structure, and porosity of hydrogels confer
favorable thermodynamics and kinetics for ISF sampling via
HMNs.63–65 This integrated design enables simultaneous
sampling, enrichment, and detection when combined with
electrochemical transducers, significantly enhancing detection
efficiency.66–68 Practical implementations have demonstrated
successful monitoring of biomarkers using HMNs, including
glucose and ketones in ISF,51,55 highlighting their great poten-
tial for point-of-care testing applications.

3. Construction of MN-based
electrochemical biosensors

MN-based electrochemical biosensors are composed of micro-
needle units and electrochemical biosensing units, achieving
biomarker monitoring in ISF. The construction of MN-based
electrochemical biosensors for ISF biomarker analysis mainly
follows two core integration modes: (1) a MN direct detection
system based on a fully integrated three-electrode sensing con-
figuration for achieving in situ electrochemical signal transduc-
tion upon skin insertion; (2) a MN-mediated detection system
coupling ISF sampling and electrochemical detection of bio-
markers. These two design paradigms, tailored for different
application scenarios and detection requirements, have jointly
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promoted the advancement of MN-based electrochemical bio-
sensors in real-time and continuous ISF monitoring.

3.1. MN direct detection system

The MN direct detection system adheres to the classic electro-
chemical biosensing framework, consisting of a working elec-
trode (WE), a counter electrode (CE), and a reference electrode
(RE). The integration strategy varies according to the MN type,
and the synergistic core lies in the coupling of the structural
design of the MN module and the signal transduction of the
electrochemical sensing module. For example, SMN-based
electrochemical biosensors offer the most direct integration
strategy. To design the WE, conductive modifications of SMNs
can be achieved through either surface functionalization with
conductive materials (e.g., carbon nanotubes, graphene oxide
and polyaniline) or internal coating with conductive compo-
sites,68 followed by the immobilization of biorecognition
elements (e.g., antibodies, enzymes, and nucleic acids) to
specifically capture target analytes.69–72 By integrating a CE
composed of chemically stable inert metals (e.g., Pt, Au) with a
RE (typically Ag/AgCl), the all-solid-state MN-based three-elec-
trode system not only maintains structural mechanical stabi-
lity to withstand skin insertion forces but also forms a reliable
electrochemical interface, enabling direct in situ capture of
biochemical analytes in ISF and their conversion into measur-
able electrochemical signals (e.g., current, potential) upon
transdermal penetration.73–75 For PMNs and HMNs, the WE in
the integration mode is further extended by pre-encapsulating
conductive materials and biorecognition elements within the
porous structure of PMNs or the hydrogel matrix of HMNs.
The universal three-electrode configuration holds substantial
potential for expanding the application scope of MN-based
electrochemical biosensors, with particular relevance to
chronic disease management, sports medicine, fitness moni-
toring, etc.

3.2. MN-mediated detection system

The MN-mediated detection system coupling ISF sampling
units and electrochemical biosensing units is designed to
sample sufficient ISF for biomarker monitoring. Different
types of MN units in the design of MN-based electrochemical
biosensors can be integrated with the electrochemical biosen-
sing unit. For instance, hMNs and PMNs in MN-based electro-
chemical biosensors usually serve as the sampling units to
extract ISF with the assistance of a micro-pump and through
the inherent capillary from the phase-separated porous struc-
ture, respectively.76–79 Subsequently, the collected ISF diffuses
onto the pre-functionalized electrochemical interfaces of bio-
sensing units (e.g., screen-printed electrodes, microfluidic
chips) to enable sensitive biomarker monitoring.80,81 In con-
trast, HMNs offer a more streamlined sampling strategy, since
they eliminate the need for a complex cavity or porous struc-
tural design. Upon transdermal insertion, HMNs can extract
ISF efficiently based on thermodynamics and swelling
kinetics,59,82 allowing its direct transfer to coupled electro-
chemical sensing units.83 This facilitates rapid, accurate and

efficient biomarker quantification in subsequent steps.84 The
construction of MN-based electrochemical biosensors based
on the MN-mediated detection system enables efficient collec-
tion and synergistic biomarker quantification of ISF through
integrating diverse MN units with electrochemical biosensing
units, thereby supporting POCT and clinical monitoring
applications.

4. Monitoring biomarkers through
MN-based electrochemical biosensors

Currently, MN-based electrochemical biosensors are widely
applied for analysis of multiple biomarkers in ISF. Compared
with single-point sensing, continuous longitudinal monitoring
through these electrochemical biosensors can not only reveal
fluctuation trends of biomarkers, but also find out the influ-
ences of individual variation, circadian rhythm and time evol-
ution of pathophysiological processes on them.85,86 For
example, continuous glucose monitoring in personalized man-
agement of diabetes can dynamically reflect glucose fluctu-
ations.87 For drug therapy, the biosensors can cooperatively
monitor the blood drug concentration and related
biomarkers,88,89 providing a basis for accurate drug use and
efficacy evaluation.

As shown in Table 1, electrochemical biosensors based on
different types of MNs have been successfully employed to
monitor a wide range of biomarkers including metabolites,
hormones, electrolytes, nucleic acids and proteins, achieving
excellent analytical performance.

4.1. Monitoring of metabolic molecules

The real-time and continuous monitoring of metabolic mole-
cules such as glucose, lactate, and uric acid is crucial for
gaining a deep understanding of the body’s metabolic activity
and achieving precise diagnosis and treatment of metabolic
diseases.111–117 However, traditional detection methods (such
as intermittent blood draws) have limitations, including high
invasiveness and low temporal resolution, which restrict their
application. Existing commercial devices with the ability of
continuous monitoring mainly rely on enzymatic reactions,
making them susceptible to environmental interference and
unfavourable for the stable analysis of metabolic molecules.
Therefore, it is necessary to develop new methods for the mini-
mally invasive, efficient, and stable monitoring of metabolic
analytes.

MN-based electrochemical biosensors have efficiently
addressed these issues in a minimally invasive, continuous,
and stable monitoring manner. For example, Poudineh et al.90

developed an enzyme-free CGM device based on a low-cost
HMN fabricated with a swellable dopamine (DA)–hyaluronic
acid (HA) hydrogel (Fig. 2A). Modified with the synthesized
silver–platinum nanoparticles (Ag–Pt NPs) and conductive poly
(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:
PSS), the swellable conductive HMN array serves as the WE of
the sensor. Meanwhile, an Au-coated MN acts as the CE and
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an Ag/AgCl MN acts as the RE, respectively. They utilized the
HMN-based electrochemical biosensor for continuous moni-
toring from hyperglycemic to hypoglycemic ranges in a type 1
diabetic rat model. Similarly, Kumatani’s and Takai’s groups
constructed PMN-based50 and hMN-based78 electrochemical
biosensors for the monitoring of glucose, respectively.

To achieve multi-complexed monitoring of metabolites
during daily activities, Xu et al.91 reported a fully integrated
microneedle biosensor that simultaneously measures fitness-
related biomarkers (e.g., glucose, lactate, and alcohol) during
physical exercise (Fig. 2B). Such a wearable sensor integrates a
biocompatible 3D-printed SMN array that can comfortably
access skin interstitial fluid and a small circuit for signal pro-
cessing and calibration, and wireless communication. Based
on a series of enzymatic reactions, they developed SMN-based
electrochemical biosensors that could monitor fitness-related
biomarkers across multiple subjects and support multi-day
monitoring, with results showing a good correlation with com-
mercial devices. The biosensing strategy has the potential to
boost intelligent wearable devices in sports health.

Despite the aforementioned advancements achieved by
existing SMN-based electrochemical biosensors, they still
suffer from inherent drawbacks: (1) SMNs are usually surface-
functionalized with enzymes, antibodies, or aptamers that
tend to detach during skin insertion, leading to marked
declines in measurement accuracy and device lifespan.85,118 (2)
Their incompatible rigid nature with the soft, flexible skin
causes physical displacement during in vivo measurements,
resulting in severe measurement instability.86 The limitations
underscore the urgent need for a new type of skin-compatible,

mechanically robust, and analytically stable MN-based biosen-
sing technology to enable reliable and continuous in vivo
monitoring. Poudineh’s group developed a Wearable Aptalyzer
that integrates methacrylated hyaluronic acid (MeHA) HMN
arrays with an electrochemical aptasensing module for real-
time, continuous, dual monitoring of glucose and lactate
(Fig. 2C).93 Upon skin insertion, the HMN patch swells to
facilitate the diffusion of target analytes toward aptamer-func-
tionalized electrodes, with aptamers not directly exposed to
ISF for avoiding probe damage in vivo. Instead, HMN patches
are hybrid-integrated with three-electrode electrochemical
chips, which address the inherent limitations of SMNs by pro-
viding a biocompatible, flexible yet mechanically robust plat-
form for ISF extraction and stable sensing. Furthermore, the
binding-induced conformational change of the aptamer alters
the electron transfer efficiency between methylene blue and
the electrode surface, and the resulting electrochemical signal
could be detected via square wave voltammetry (SWV).
Compared with enzymatic detection methods, the design com-
bining aptamers into HMN-based electrochemical biosensors
enables continuous, reliable, and multiplexed biomonitoring
in vivo.

4.2. Monitoring of hormones

The dynamic changes in hormone levels can directly reflect
the functional status of target organs, providing crucial infor-
mation with long timelines and tissue specificity for assessing
physiological states and diagnosing endocrine-related
diseases.87–89,119 Recently, ISF-based testing enables the con-
tinuous capture of the dynamic fluctuation patterns of hor-

Table 1 Comparison of the monitoring of diverse biomarkers via electrochemical biosensors based on different types of MNs

Target biomarkers MN type
Electrochemical
method Sensing performance (sensitivity and LOD) Ref.

Glucose HMNs Chronoamperometry LOD 0.9 mM 90
PMNs Chronoamperometry Sensitivity 22.99 ± 0.72 μA mM−1 50
hMNs Chronoamperometry Sensitivity 6.53 nA cm−2 mM−1 78

Alcohol SMNs Chronoamperometry Sensitivity 0.081 μA mM−1 91
hMNs Chronoamperometry Sensitivity 0.0452 nA mM−1 92

Lactic acid HMNs SWV LOD 1.04 mM 93
HMNs Amperometry Sensitivity 0.003 ± 0.0004 μA mM−1 94
SMNs Chronoamperometry — 95

Cortisol SMNs DPV LOD 0.22 nM 96
Insulin SMNs Amperometry — 97
Progesterone SMNs DPV LOD 100 aM 98
β-Estradiol LOD 20 aM
Ions (K+) SMNs Potentiometry Sensitivity 52.6–57.9 mV per decade, LOD 10−4.9 potassium activity 99
Ions (Na+, K+, Ca2+) SMNs Potentiometry Sensitivity Na+ 76.24 mV per decade, K+ 47.1 mV per decade,

Ca2+ 21.65 mV per decade
100

pH SMNs Potentiometry Sensitivity 62.9 mV per pH 101
HMNs Chronoamperometry — 102
SMNs Chronoamperometry Sensitivity −57.2 mV per pH 25

cfDNA HMNs DPV LOD 1.1 copies per μL 103
SMNs CV LOD 1.1 fM 104
SMNs i–t LOD 0.3 fM 105

CRP HMNs SWV LOD 1.00 ng mL−1 106
IL-6 SMNs DPV/i–t LOD 0.54 pg mL−1 107
Tyr SMNs SWV Sensitivity 5.52 ± 0.58 mA g−1 mL cm−2, LOD 0.06 mg mL−1 108

hMNs Amperometry — 109
ErbB2 SMNs DPV Sensitivity 0.3978 μA cm−2 ng−1 mL, LOD 4.8 ng mL−1 110
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Fig. 2 MN-based electrochemical biosensors for monitoring metabolic molecules. (A) Schematic diagram of a conductive hydrogel MN-based
electrochemical biosensor for continuous glucose monitoring.90 Reproduced with permission from ref. 90. Copyright 2022, John Wiley & Sons, Inc.
(B) Schematic design of an MN-based enzymatic electrochemical biosensor for alcohol monitoring.91 Reproduced with permission from ref. 91.
Copyright 2024, Elsevier. (C) Schematic diagram of a hydrogel microneedle-based electrochemical aptasensor for the synchronous monitoring of
lactate and glucose.93 Reproduced with permission from ref. 93. Copyright 2024, John Wiley & Sons, Inc.
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mones, providing real-time physiological insights for early
disease warning and the formulation of personalized treat-
ment strategies that are difficult to obtain with traditional
blood testing methods.

To achieve the effective monitoring of cortisol, Guo et al.96

designed a conductive SMN-based aptasensor by using polylac-
tic acid as the microneedle substrate and constructing a con-
ductive interface through gold plating and electrodeposition of
dendritic gold nanoparticles (Fig. 3A). Based on the confor-
mational changes of the aptamer after binding to the target
molecule, sensitive detection of cortisol was achieved with a
“signal on” response via differential pulse voltammetry (DPV).
The conductive SMN-based electrochemical aptasensor exhibi-
ted a wide detection range (1–1000 nM), a detection limit of

0.22 nM in simulated ISF. Another example stems from the
study of Voelcker’s group.97 They developed a transdermal
electrochemical sensing platform by integrating a 3D-printed
polymer lattice (PL) protective membrane onto the surface of a
gold-plated microneedle (PL-pMNA), for quantitative analysis
of insulin by immobilizing specific aptamers (Fig. 3B). It
achieved linear detection within the range of 0.2–2 nM and
demonstrated excellent skin penetration capability and signal
stability in pig skin experiments. Their strategy based on
micro-processing protective microstructures opens new path-
ways for developing next-generation high-performance,
durable wearable transdermal electrochemical sensing devices.

Furthermore, MN-based electrochemical biosensors have
also been extended to the field of sex hormone monitoring.

Fig. 3 MN-based electrochemical biosensors for the monitoring of hormones. (A) Schematic description of a conductive MN-based electro-
chemical aptasensor for cortisol monitoring.96 Reproduced with permission from ref. 96. Copyright 2024, Elsevier. (B) Scheme of a 3D-printed
polymer lattice-protected Au-microneedle for aptamer-based insulin monitoring.97 Reproduced with permission from ref. 97. Copyright 2024, John
Wiley & Sons, Inc. (C) Schematic description of microneedle electrodes based on flexible conductive polymers for monitoring of sex hormones.98

Reproduced with permission from ref. 98. Copyright 2023, American Chemical Society.
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Progesterone (P4) and β-estradiol (E2), as two key sex hor-
mones, show level fluctuations closely related to female repro-
ductive health and fertility.120–122 As shown in Fig. 3C, Xie
et al.98 reported a flexible electrochemical immunosensor
based on a PEDOT:PSS-coated three-dimensional MN array. As
shown in Fig. 3C, the specific P4 and E2-antibodies were
immobilized on the MN surface of the electrochemical immu-
nosensor via electrochemically deposited gold nanoparticles
for capturing P4 and E2. The MN-based electrochemical
immunosensor presented ultra-high sensitivity detection of P4
and E2 with detection limits reaching 100 aM and 20 aM,
respectively, and a wide linear range spanning six orders of
magnitude (1 fM–1 μM and 10 aM–1 μM) via DPV. This bio-
sensor has been successfully applied for the long-term
dynamic monitoring of hormone levels throughout the female
menstrual cycle, providing a powerful tool for home-based,
convenient health management.

4.3. Monitoring of electrolytes

Electrolyte balance is essential for maintaining the body’s
physiological homeostasis, since its dynamic changes directly
reflect the real-time status of nerve conduction, muscle move-
ment, and metabolic activity. For example, sodium (Na+) is a
prominent prognostic biomarker for assessing disorders such
as hyponatremia and hypernatremia, which strongly predict
risks in hospitalized and ICU patients with heart failure,123

coronavirus (COVID-19) infection,124 and chronic kidney
disease.125 Abnormal potassium (K+) fluctuations are recog-
nized as early indicators of alcoholism, heart disease, AIDS,
diabetes, and cancer.126 Based on epidermis electrophysiologi-
cal recording and sweat detection, Rogers’s group developed
conformal coatings as ultra-soft elastomeric substrates with
advanced fluid management, excellent biomechanical compat-
ibility, environmental adaptability (e.g., waterproofing, con-
tamination resistance) for multimodal sensing,127,128 etc. In
contrast, MNs enable direct access to ISF via transdermal pene-
tration, featuring minimally invasive sampling, rapid analysis,
as well as targeted delivery potential. For example, Crespo and
his colleagues proposed a wearable all-solid-state microneedle
patch for intradermal potentiometric monitoring of K+ in ISF
(Fig. 4A).99 The SMNs were modified with functionalized mul-
tiwalled carbon nanotubes (f-MWCNTs) and Ag/AgCl coatings
to fabricate the K+-selective working electrode and the refer-
ence electrode, respectively. The SMN-based electrochemical
biosensing patch exhibited a detection limit of 10−4.9 potass-
ium activity, a linear range of 10−4.2 to 10−1.1, and a drift of
0.35 ± 0.28 mV h−1. Measurement experiments of ex vivo intra-
dermal K+ in chicken and porcine skin confirmed the micro-
needle patch’s suitability for monitoring skin K+ changes.
Coupling these two technologies yields a synergistic hybrid
system, which will overcome the limitations of individual
technologies in special extreme environments (e.g., tissue fluid
exudation and skin dryness settings) of clinical scenarios. It is
expected to achieve multifunctional integration from high-fide-
lity electrolyte detection, further enhancing the system’s practi-
cality and applicability.

Compared with single biomarker detection, monitoring
different types of ions (e.g., Na+, K+, Ca2+) simultaneously
could provide more comprehensive information feedback for
more accurate diagnosis of diseases related to physiological
ion changes. However, this brings more stringent require-
ments and heightened challenges for manufacturing different
types of sensors with 3D microneedle arrays and adjusting the
functionalization of their closely spaced tips, which is more
complex than processing planar electrodes. To overcome these
limitations, Xie et al.100 developed a multiplexed biosensing
array assembling planar microneedle chips manufactured by
laser micromachining, achieving real-time, simultaneous
monitoring of Ca2+, K+, and Na+ in ISF. As shown in Fig. 4B,
the MN-based electrochemical biosensing array integrates
three modules, including an ion-sensing MN array (ISMA) elec-
trochemically deposited with a gold layer and a PEDOT:PSS
conductive polymer layer, a recording/control printed circuit
board, and a real-time monitoring mobile application. The
ISMA in vivo exhibited potentiometric responses at physiologi-
cally relevant concentrations of 0.01–100 mM for Ca2+,
1–32 mM for K+, and 10–160 mM for Na+, indicating its excel-
lent multi-ion-sensing ability in subcutaneous tissue fluids.

As another important biomarker, the concentration of H+

or the pH level can reveal changes in electrolyte concentration or
ion distribution, reflecting the acid–base balance status and
microenvironment homeostasis.101,129–131 It has been reported
that the pH level serves as a vital indicator of numerous patho-
physiological states, including ischemia, multiple sclerosis,
insulin resistance, peripheral artery disease, stress, tumor size,
acute respiratory distress, etc.132–136 Unlike the well-buffered
blood, ISF pH can vary considerably under metabolic stress, such
as in tumors or chronic wounds where it can drop below 6.0.
This variability makes ISF pH a valuable diagnostic marker.137

Consequently, the development of wearable sensors for continu-
ous and minimally invasive monitoring represents a promising
pursuit. For example, Voelcker et al.101 proposed a wearable bio-
sensor based on a high-density polymer microneedle array
(PMNA) for real-time transcutaneous potentiometric monitoring
of pH in ISF. As shown in Fig. 4C, the PMNA was prepared by
injecting the OrmoComp® photocurable polymer and performing
UV curing via soft lithography. This PMNA-based wearable bio-
sensor employed a polyaniline (PA)-coated PMNA as the WE, and
the microneedle substrate was modified with an insulating layer
to exclude interference from other body fluids such as sweat. The
PMNA-based electrochemical biosensor exhibited high sensitivity
of 62.9 mV per pH unit and high accuracy of ±0.036 pH units
within the pH range of 4.0–8.6, and possessed excellent anti-inter-
ference ability, reproducibility, and long-term stability. Wearing
testing experiments on mouse skin further verified that this bio-
sensor can monitor transcutaneous ISF pH changes in real-time
and accurately.

4.4. Monitoring of nucleic acids

Nucleic acids, as key molecular biomarkers present in blood
and interstitial fluid, hold significant value in early cancer
screening, diagnosis of infectious diseases, monitoring of
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transplant rejection, and management of critically ill
patients.138,139 Compared with traditional tissue biopsy, the
structural basis of wearable MN-based sensors for in vivo
nucleic acid detection possesses the unique advantages of
being minimally invasive and dynamically reflecting the
disease status. Recently, MN-based electrochemical biosensors
combined with functional nucleic acid recognition elements

[e.g., framework nucleic acid and clustered regularly inter-
spaced short palindromic repeats (CRISPR)] and highly sensi-
tive electrochemical transduction interfaces have achieved the
integration of extraction, recognition, and signal output for
ultratrace nucleic acids.

Taking cell-free DNA (cfDNA) as an example, the detection
of Epstein–Barr virus cell-free DNA (EBV cfDNA) in ISF poses a

Fig. 4 MN-based electrochemical biosensors for monitoring electrolytes. (A) Schematic diagram of the wearable all-solid-state potential micronee-
dle patch for intradermal potassium monitoring.99 Reproduced with permission from ref. 99. Copyright 2018, American Chemical Society. (B)
Schematic diagram of a 3D-assembled laser-microfabricated MN-based ion-sensing array for multiplexed monitoring of Ca2+, K+, and Na+ in ISF.100

Reproduced with permission from ref. 100. Copyright 2023, Springer Nature. (C) Schematic diagram of a polyaniline-modified functionalized MN
array for in vivo pH sensing.101 Reproduced with permission from ref. 101. Copyright 2022, Elsevier.
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huge challenge in molecular diagnostics. While conventional
techniques such as the polymerase chain reaction (PCR) and
genotyping can identify its presence, they often fall short in
enabling rapid, specific isolation of target nucleic acids and
long-term real-time monitoring, thereby limiting dynamic
disease surveillance. To address this limitation, Yang et al.140

developed a HMN-based biosensing patch (Fig. 5A) for the
rapid in situ capture of EBV cfDNA from ISF within approxi-
mately 15 minutes, achieving a maximum capture efficiency of
93.6%. Crucially, this system integrated a wearable flexible
microfluidic device with electrochemical recombinase poly-
merase amplification (eRPA), enabling the quantitative ana-
lysis of the captured EBV cfDNA with a detection limit of 3.7 ×
102 copies per μL. In vivo experiments convincingly validated
the patch’s capture and analytical performance for EBV cfDNA.
To further expand the capabilities for cfDNA extraction and
real-time monitoring, Yang et al.104 subsequently constructed
a wearable MN patch leveraging the synergistic effect of a gra-
phene bio-interface and the CRISPR-Cas9 system (Fig. 5B). For
real-time cfDNA monitoring, they integrated a spray-on func-
tional flexible PDMS patch and a three-electrode conductive
MN array into a wearable platform. The process involved
depositing carbon nanotubes (CNTs) onto a hydrophilic-modi-
fied PDMS membrane, where the patterned CNTs functioned
as a reverse iontophoresis (RI) chamber to separate negatively
charged molecules such as nucleic acids. A conductive
CRISPR-functionalized MN array, serving as the working elec-
trode, was then connected to the anode side of the CNT
pattern. During real-time detection, the MNs penetrate the epi-

dermis to isolate and enrich the target DNA, which is specifi-
cally recognized by the Cas9/sgRNA complex immobilized on
the MN surface. The resulting CRISPR-mediated cleavage event
is transduced into a quantifiable signal change via an inte-
grated three-electrode system. This wearable MN platform
demonstrated the capability for real-time monitoring of cfDNA
from EBV, sepsis, and kidney transplant rejection.103

Validation experiments in an immunodeficient mouse model
confirmed the feasibility and practicality of this approach,
highlighting its potential for in vivo monitoring of cfDNA for
early disease screening and prognostic evaluation.

Pushing the boundaries of long-term stability even further,
Yang and his colleagues also fabricated a wearable device
based on Natronobacterium gregoryi Argonaute (NgAgo, an
endonuclease) and tetrahedral DNA nanostructures (TDNs) for
the continuous monitoring of ultra-trace nucleic acids
in vivo.105 This wearable system initiates the detection pro-
cedure by using a functional thermoplastic polyurethane (TPU)
film to enrich nucleic acids from ISF via reverse iontophoresis
(Fig. 5C). The collected analytes are then detected at the inter-
face of a three-electrode MN patch. Specifically, the graphene
surface on the MN patch is engineered with rigid tetrahedral
DNA nanostructures (TDNs), which serve as precisely oriented
nano-scaffolds to optimize the probe orientation and enhance
the sensing signal. The NgAgo/guide DNA (NgAgo-gDNA) com-
posite immobilized on these TDN-17 performs the molecular
recognition by specifically binding to target nucleic acids
through Watson–Crick base pairing. Finally, the binding event
is transduced into an electrical signal, which is managed and

Fig. 5 MN-based electrochemical biosensors for in vivo nucleic acid monitoring. (A) Schematic illustration of an HMN-based biosensing platform
for rapid capture and detection of EBV cfDNA.140 Reproduced with permission from ref. 140. Copyright 2019, American Chemical Society. (B)
Scheme of a CRISPR-Cas9-integrated microneedle patch for cfDNA detection.104 Reproduced with permission from ref. 104. Copyright 2022,
Springer Nature. (C) Scheme of a reverse iontophoresis-based microneedle patch for cfDNA capture and detection.105 Reproduced with permission
from ref. 105. Copyright 2024, Springer Nature.
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wirelessly transmitted by the integrated flexible circuit board
for real-time, continuous monitoring. Integrating with the
engineered NgAgo biorecognition interface, the device could
stably monitor intracellular cfDNA and RNA in real-time for up
to 14 days, with a detection limit of 0.3 fM. This wearable
device provides a valuable framework for real-time and long-
term in vivo nucleic acid monitoring.

4.5. Monitoring of proteins

Proteins found in serum, tissue, or body fluids are critical bio-
markers for disease diagnosis, therapeutic response evalu-
ation, and health monitoring. Over 1500 clinically validated
protein biomarkers (e.g., human epidermal growth factor
receptor 2, beta-amyloid, inflammatory cytokines, and cancer
antigen 125) have been identified so far, enabling dynamic
tracking of pathophysiological changes involved in oncology,
cardiology, and immunology. Detecting these protein bio-
markers in ISF is a promising alternative to blood-based detec-
tion, but it faces huge challenges. First, protein concentrations
in ISF are far lower than in serum. Second, the dense extra-
cellular matrix in ISF can hinder molecular interactions.
Third, conventional ISF sampling and analysis methods lack
real-time continuity. MN-based electrochemical sensors offer
distinct advantages for addressing these challenges. They
enable minimal invasiveness and in situ extraction integrated
with biosensing of ISF. They also provide high sensitivity and
real-time readout, as well as compatibility with continuous
monitoring. Moreover, these biosensors will overcome the
invasiveness, long processing times and discontinuous nature

of traditional serological assays such as enzyme-linked
immunosorbent assays (ELISA) and mass spectrometry.

Currently, C-reactive protein (CRP) has been identified as a
key biomarker of inflammation and bacterial infections, with
significant implications for their early diagnosis and disease
monitoring.141–144 For instance, Yuan et al.106 integrated an
ultra-swelling microneedle aptamer-recognition tester
(uSMART) for detecting CRP toward point-of-care monitoring
of bacterial infections and treatment. As shown in Fig. 6A, this
MN-based aptasensing platform consists of two functionally
complementary modules. Among them, the ultra-swelling MN
sampling module based on methacrylated hyaluronic acid/
sodium hyaluronate (HAMA/SH) enables minimally invasive
and efficient extraction of ISF. The synergistic biosensing
module containing a hierarchical flower-like gold nano-
structure-decorated screen-printed carbon electrode
(HFGN-SPCE) immobilized with aptamers can carry out
reagentless, highly selective detection of CRP. Through a
target-induced aptamer recognition mechanism, this uSMART
system exhibits a wide linear range (1 ng mL−1 to 100 μg
mL−1), a detection limit as low as 0.85 ng mL−1, excellent
selectivity, repeatability, and long-term stability for CRP detec-
tion. Integrated with a microelectrochemical workstation con-
taining a Bluetooth wireless transmission unit and a smart-
phone APP, the uSMART platform has been successfully
applied in vivo for continuous monitoring of CRP throughout
the entire process of methicillin-resistant Staphylococcus
aureus infection and vancomycin treatment. In addition, moni-
toring dynamic changes of cytokines is an important window

Fig. 6 MN-based electrochemical biosensors for protein monitoring. (A) Schematic illustration of an integrated superswelling microneedle aptasen-
sing platform for C-reactive protein monitoring.106 Reproduced with permission from ref. 106. Copyright 2025, American Chemical Society. (B)
Schematic illustration of a carbon nanotube biointerface-based microneedle patch for cytokine monitoring.107 Reproduced with permission from
ref. 107. Copyright 2023, John Wiley & Sons, Inc. (C) Schematic illustration of a chemically responsive probe-modified epidermal microneedle bio-
sensing patch for Tyr monitoring.108 Reproduced with permission from ref. 108. Copyright 2024, John Wiley & Sons, Inc. (D) Schematic illustration of
a gold-coated silicon microneedle electrochemical immunosensing patch for ErbB2 monitoring.110 Reproduced with permission from ref. 110.
Copyright 2021, Elsevier.
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for assessing pathological states such as sepsis and auto-
immune diseases. As shown in Fig. 6B, Fang’s group developed
a conductive SMN-based immunosensing patch by sputtering
an Au layer and dropping a chitosan-aminated carbon nano-
tube (CNT) film on an SU-8 photoresist MN array.107 This wear-
able MN immunosensor employed CNT-functionalized con-
ductive microneedles for minimally invasive penetration of the
epidermal layer to access the ISF in the dermal layer. Once the
SMN-based immunosensing patch is deployed, interleukin-6
(IL-6) antibodies immobilized on the microneedle surface
specifically capture target cytokine IL-6 in ISF. The specific
binding of antigens to antibodies alters charge transfer and
increases steric hindrance at the electrode interface. This bio-
chemical interaction is effectively converted into a quantifiable
electrical signal. The system monitors these current changes
in real-time, enabling the in situ quantification of cytokine bio-
markers directly within the body. Through in situ electro-
chemical analysis, ultra-high sensitivity detection was achieved
(detection limit 0.54 pg mL−1) by the SMN-based immunosen-
sor, and provided successful early warning of rising IL-6 con-
centrations within 1–4 hours in a rat sepsis model. Similarly,
Beker’s, Wen’s, and Kelley’s groups have also presented a
series of MN-based electrochemical biosensors for monitoring
vascular endothelial growth factor (VEGF),145 immunoglobulin
G (IgG),146 and tumor necrosis factor-α (TNF-α),147 respectively.

In the field of monitoring tumor-related protein bio-
markers, tyrosinase (Tyr) is one of the key biomarkers, and its
activity level is closely related to the occurrence and pro-
gression of melanoma.148–150 Hence, achieving rapid and sen-
sitive detection of Tyr is of great significance for the early
screening of melanoma, assessment of mole transformation
risk. Parlak et al.108 constructed an electrochemical biosensing
patch based on PEDOT:PSS composite conductive micronee-
dles (Fig. 6C) for monitoring Tyr. To fabricate the electro-
chemical biosensing patch, the composite microneedle arrays
composed of polyurethane (PU) and PEDOT:PSS were inte-
grated with a surface-bound chemo-responsive smart probe to
enable target-specific electrochemical detection of Tyr directly
from skin tissue. In the novel design, a Tyr-responsive biointer-
face was constructed through successive modification of silani-
zation and cross-coupling of l-3,4-dihydroxyphenylalanine
(L-dopa) as the probe. Tyr can catalyze the oxidation of L-dopa
to dopaquinone, which is transduced into a representative
SWV signal with the “signal on” principle detected by the inte-
grated epidermal sensor device. This conductive MN-based
electrochemical biosensor exhibited a linear range of
0.3–0.7 mg mL−1, with a detection limit of 0.06 mg mL−1, good
specificity, stability, and reproducibility (RSD < 5%). The com-
pleted continuous monitoring for 3 days on an ex vivo healthy
human skin tissue injected with different Tyr concentrations
indicates its potential as an alternative for fast and reliable
diagnosis of melanoma and the evaluation of skin moles.

Expanding their application beyond chemical probes, MN-
based electrochemical biosensors have been adapted for
immunoassays by conjugating with antibodies. This capability
is crucial for detecting protein biomarkers like human epider-

mal growth factor receptor 2 (ErbB2), which is vital for the
early detection, subtype classification, and therapy evaluation
of breast cancer.151,152 To this end, Voelcker et al.110 developed
an electrochemical immunosensor based on a high-density
silicon MN array for ErbB2 detection. They utilized ultraviolet
lithography and deep reactive ion etching technology to fabri-
cate a gold-coated silicon MN array, which serves as both an
extraction platform for biomarkers and an electrochemical
signal transduction interface (Fig. 6D). By covalently immobi-
lizing ErbB2-specific antibodies via a self-assembled mono-
layer, the biosensor achieved highly selective immune reco-
gnition and quantitative analysis of the target ErbB2. Based on
this, the electrochemical immunosensor exhibited a low detec-
tion limit (4.8 ng mL−1) for ErbB2 in artificial ISF, which is
lower than the expected ErbB2 level in breast cancer patients
(65.38 ng mL−1), indicating its great potential for detecting
ErbB2 in clinical samples. Besides growth factor biomarkers,
vascular endothelial growth factor (VEGF),145 phosphorylated
tau proteins (P-tau 181 and P-tau 217),153 monkeypox virus A29
protein,154 both CRP and IL-6155 have also been monitored
using MN-based electrochemical immunosensors.

4.6. Monitoring of multiple types of biomarkers

Synchronous monitoring of multiple biomarkers is essential
for the comprehensive management of disease and its compli-
cations, yet significant challenges persist in developing
effective MN-based electrochemical biosensors. The complex
composition of ISF demands sensing units that guarantee
both high specificity and sensitivity for simultaneous detec-
tion. A fundamental limitation lies in the instability of enzyme
or antibody-based sensing interfaces, whose performance
inevitably degrades due to denaturation and susceptibility to
biofouling in vivo. Furthermore, the integration of multi-dis-
crete sensing units onto a single miniaturized microneedle
platform without signal crosstalk presents a major engineering
hurdle. Overcoming these obstacles is critical for realizing
reliable, long-term monitoring that can reveal a patient’s
health status.

Inspired by the needle-like spikes’s structure and function
on the barbed tongue of felines, Xie’s group developed a self-
calibrating multiplexed MN electrode array (SC-MMNEA)
capable of real-time, continuous, and synchronous POC moni-
toring of multiple biomarkers including glucose, cholesterol,
uric acid, lactate, ROS, Na+, K+, Ca2+, and pH in ISF.156 As
shown in Fig. 7A, comprising a multi-analyte MN array sensor,
a self-calibration module, and an electronic circuit module,
the SC-MMNEA system features single-analyte-specific detec-
tion per MN. This design effectively solved the crosstalk
problem associated with direct chemical modification of the
MN patch. The self-calibration module uses hMNs to deliver a
known-concentration solution into ISF; meanwhile, adjacent
MN electrochemical electrodes rapidly measure the target ana-
lyte’s local ISF concentration. This MN-delivery-mediated self-
calibration technique could address the inherent problem of
decreased accuracy of implantable electrodes caused by long-
term tissue variation and enzyme degradation, enhancing the
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reliability of the MN sensors. In vivo experiments applied in
both healthy and diabetic rat models indicated that
SC-MMNEA could provide real-time POC monitoring of multi-
plexed analyte concentrations with good accuracy, especially
after self-calibration. The proposed SC-MMNEA has the advan-

tages of in situ and minimally invasive monitoring of health
states and the potential to facilitate wearable diagnostic
devices for long-term monitoring of multiple types of bio-
markers in vivo. To advance the development of effective dia-
betes management, comprehensive glycemic control usually

Fig. 7 MN-based electrochemical biosensors for multiple types of biomarkers. (A) Schematic diagram of a self-calibration multiplex microneedle
array for subcutaneous multiple analyte monitoring.156 Reproduced with permission from ref. 156. Copyright 2025, Elsevier. (B) Schematic diagram
of an MN-based multiplex chemical–physical sensor for monitoring diabetic metabolites and cardiac signals.157 Reproduced with permission from
ref. 157. Copyright 2025, Springer Nature. (C) Schematic illustration of an MN-based integrated pharmacokinetics and pharmacodynamics evaluation
platform for simultaneous monitoring of diabetes biomarkers and drugs.158 Reproduced with permission from ref. 158. Copyright 2025, Springer
Nature.
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relies on chemical and physical inputs (affecting disease
pathophysiology and reflecting cardiovascular risks), rather
than a single glucose signal. To achieve this goal, Wang and
his colleagues created a hybrid flexible wristband integrating a
microneedle array for sensing multiplexed biomarkers (e.g.,
glucose, lactate, alcohol) and an ultrasonic array for monitor-
ing blood pressure, arterial stiffness and heart rate (Fig. 7B).157

This multimodal system enables continuous POC evaluation of
the metabolic and cardiovascular status, supporting glycemic
control and cardiovascular risk alerting. It captures the inter-
play between ISF biomarkers and physiological parameters
during daily activities, expanding diabetes monitoring beyond
tracking a single type of metabolic biomarker to address limit-
ations of existing systems and enhance the management of
diabetes and related cardiovascular risks.

To achieve precise and personalized disease management,
the simultaneous monitoring of drugs and disease-related bio-
markers is also crucial for tracking real-time pharmacody-
namic effects, guiding precise medication adjustments and
optimizing individualized treatment outcomes. Jiang and his
collaborators proposed a microneedle-based continuous bio-
marker/drug monitoring (MCBM) system that features a dual-
sensor MN with a layer-by-layer nanoenzyme immobilization
strategy (Fig. 7C).158 Leveraging 3D-printed MN channels and
differential pulse voltammetry (DPV), it accurately detects
glucose (biomarker) and metformin (drug) concentrations in
ISF. Validation experiments in vivo have demonstrated that the
MCBM system exhibits high sensitivity, specificity, and bio-
compatibility, enabling wireless real-time data analysis and
feedback via a smartphone app. Its dual POCT capability of
simultaneous drug/biomarker detection will provide great
potential for dynamic pharmacokinetic/pharmacodynamic
monitoring for diabetic patients, supporting personalized
medication adjustments. This advances precision medicine
with real-time dosage optimization depending on collaborative
monitoring of biomarkers, facilitating safe and effective indivi-
dualized diabetes treatment.

5. Prospects and challenges of MN-
based electrochemical biosensors

MN-based electrochemical biosensors have emerged as a more
transformative platform for minimally invasive biosensing
when compared with traditional biosensors and conventional
blood testing. By leveraging minimally invasive sampling of
interstitial fluid, user-friendly operation, and rapid analysis,
MN-based electrochemical biosensors enable effective long-
term monitoring, opening a promising platform for decentra-
lized diagnostics. Such attributes support their wide appli-
cation across diverse fields, ranging from chronic disease man-
agement to cancer and infection diagnosis, therapeutic drug
monitoring and sports physiology tracking.

Based on these advantages, the prospects of MN-based
electrochemical biosensors include the following: (1)
enhanced analytical performance by integrating cutting-edge

technologies. For instance, nanomaterials such as gold nano-
flowers and graphene nanosheets can expand the sensing
surface area and enhance signal amplification, thereby improv-
ing the detection sensitivity for trace biomarkers.
Microfabrication techniques, including 3D printing and litho-
graphy, enable precise optimization of MN geometry and array
design, facilitating device miniaturization, integration, and
scalable production. CRISPR technology enhances the speci-
ficity of nucleic acid detection, allowing accurate identification
of viral nucleic acids or tumor-derived cell-free DNA for early
disease screening. (2) Broad monitoring scope in patient popu-
lations and multiplexed testing. MN-based electrochemical
biosensors enable real-time continuous monitoring over mul-
tiple days, replacing discrete measurements, and are particu-
larly well-suited for vulnerable populations, including chil-
dren, the elderly, and patients with needle phobia. Notably,
the integration of multiplex testing strategies (e.g., spatial
encoding, signal differentiation, multi-target recognition
elements) allows simultaneous quantification of multiple bio-
markers (e.g., metabolites, proteins, nucleic acids) in ISF. This
design directly broadens the analytical scope for biomarker
coverage while extending accessibility to diverse patient
groups, thereby enhancing the clinical utility for comprehen-
sive health assessment. (3) Diversified practical application
scenarios. MN-based electrochemical biosensors will be
further highlighted in critical scenarios (e.g., home healthcare
and emergency care). In home settings, miniaturized and
wearable devices can connect with smartphones or internet-of-
things (IoT) tools for real-time data transmission and remote
consultation, enabling self-monitoring of health indicators
(e.g., glucose, uric acid) without hospital visits. In emergency
care, their rapid response allows quick detection of cardiac
markers (e.g., troponin) or infection factors (e.g., procalcito-
nin), helping clinicians make timely treatment decisions.
Collectively, MN-based electrochemical biosensors hold great
promise for revolutionizing personalized diagnostics, decen-
tralized healthcare, and public health surveillance.

To achieve these goals, several challenges associated with
MN-based electrochemical biosensors should be addressed: (1)
the integration of electrochemical sensing components (e.g.,
working, reference, counter electrodes) into microneedle struc-
tures faces miniaturization and stability dilemmas.159,160

Reducing electrode size to fit microneedle dimensions often
leads to decreased electrochemically active area, resulting in
low current signals, poor signal-to-noise ratio, and limited sen-
sitivity for detecting low-abundance biomarkers in interstitial
fluid. (2) The interface compatibility between microneedle sub-
strates (e.g., polymers, metals, hydrogels) and sensing
materials (e.g., conductive nanomaterials, enzymes, anti-
bodies, aptamers) is insufficient.161–163 Microneedles may
bend, break, or deform during insertion, damaging the
sensing layer and causing irreversible performance loss.
Sensing layers are prone to delamination, degradation, or
activity loss during skin penetration and prolonged contact
with biological fluids, undermining sensing reproducibility
and long-term reliability. (3) Fluid dynamics (mass transfer)
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limitations within microneedle modules affect electrochemical
reaction efficiency.164 The confined space of microneedle
channels or porous structures restricts the diffusion of ana-
lytes, electrolytes, and reaction products, leading to slow
response kinetics and inaccurate quantification. (4)
Interference from complex ISF components (e.g., proteins,
small molecules, ions) is amplified in MN-based electro-
chemical detection.165,166 The lack of effective in situ anti-inter-
ference designs within microneedle modules leads to false
signals and reduced detection specificity. (5) Calibrating
sensor response for individual variations in skin physiology
and ISF composition remains challenging, as current MN-
based biosensing modules lack real-time self-calibration
capabilities.167,168 Furthermore, individual variations in skin
anatomy, dynamic changes in interstitial fluid pressure, and
local tissue responses pose substantial obstacles to obtaining
consistent and reproducible results across diverse populations,
necessitating the development of robust calibration strategies.
Overcoming the challenges of transforming continuous data
streams into clinically actionable insights and establishing
clear regulatory pathways for integrated medical devices rep-
resents crucial steps toward successful commercialization and
widespread adoption. To keep pace with monitoring issues of
global health promptly, MN-based electrochemical biosensors
should be gradually translated into clinical practice and
adapted to market demands. In particular, their integration
with IoT and artificial intelligence algorithms will fundamen-
tally transform healthcare delivery, enabling predictive and
personalized medicine through real-time data acquisition and
intelligent analysis.
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