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Abstract

Wearable technologies have emerged as powerful tools for non-invasive health care monitoring, 

enabling continuous detection of biomarkers to support personalized medicine and disease 

management. However, most biological biomarkers stay inside tissue and cannot be accessed 

on the skin surface through simple contact. Microneedle (MN) technology provides a solution 

for the wearable technologies to sample biofluid, detect biomarkers, and convert the 

concentrations of biomarkers to electronic signals. This article provides a comprehensive 

overview of latest development in this field, highlighting MN design principles, functional 

integration with microfluidics, microelectronics, and artificial intelligence, as well as the 

practical applications. We conclude by discussing the challenges in clinical translation and 

future prospects for smart, multi-functional, and autonomous health care monitoring.

Keywords:

Microneedle, wearable device, point of care, body fluid, sustainable healthcare

1. Introduction

Continuous health care monitoring facilitates personalized management of chronic conditions 

and improves overall wellbeing1. Conventional practices require patients to be physically 

present at the clinics for sampling and diagnosis, which is inconvenient, time consuming and 

offers only intermittent assessment of the patient’s health status. The emergence of wearable 

biomedical devices has opened a new area of personalized health monitoring by accurately 

measuring physical states and biochemical signals without the need of presence at clinics2, 3. 
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Signals monitored by wearable devices can be classified into physical signals and 

chemical signals. Physical signals refer to pressures and motions, such as touch and heart pulse. 

They can be detected through electromechanical sensors attached on the skin4-7. Chemical 

signals refer to ion/molecules that transmit information between cells or organisms (e.g. 

glucose, sodium ion, urid acid, antibody or hormone) 8. They exist inside body fluid or biofluid 

including blood, sweat, saliva, and tear. The sensors must reach the fluid before converting 

them to useful signal for detection and quantification9-13. Some biofluid like sweat, saliva, tear 

can be accessible noninvasively, but their use is limited by challenges such as low biomarker 

concentrations, environmental contamination, and high variability. Originating from blood 

plasma that diffuses through capillaries14, skin interstitial fluid (ISF) appear as a reliable 

biofluid with high biomarker concentration, minimal environmental contamination, and low 

variability. Many studies have shown that ISF contains biomarkers that are similar in both 

concentrations and compositions to that of blood samples, making it a prime candidate for 

wearable biofluid sensors15-17. The only problem is that skin ISF cannot be accessed non-

invasively18.

Fortunately, the development of microneedle (MN) technology provides a solution. MN 

devices contain one or an array of needles with height from 25-2000 m. MNs have been 

categorized into solid MNs, coated MNs, hollow MNs, porous MNs and swellable MNs19, with 

morphological variants including bevelled-tip, cylindrical, pyramidal, and conical profiles20 

(Figure 1).  The MN tips can pierce the stratum corneum and reach the dermis where the ISF 

stays21, which permits a minimally invasive and reliable access to skin ISF. We can either 

extract ISF by MNs for subsequent analysis or detect the biomarkers in situ by converting them 

to readable signals through the biosensors integrated on the MN tips. These MN devices can 

be further combined with microfluidics, wearable electronics, and artificial intelligence (AI), 

enabling sampling, purification, sensing, and data processing in one wearable system. 
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Therefore, we can provide a real-time and minimally invasive approach for disease prevention, 

early diagnosis, and therapy optimization.

The great potentials of MN technology have driven numerous researchers and other 

professionals to dedicate their time and resources into the MN development. Since 2012, there 

are 700 articles by searching on PubMed with the keywords of “microneedle” and “monitoring”. 

The number of publications per year increases with an average annual growth rate of around 

58% from 2021 to 2024 (Figure 2). There are also more than 9 companies in the field of MN 

sensing (Table 1). In the ClinicalTrials.gov, there are 9 registered clinical trials related to MN 

sensing and sampling technologies (Table 2).

This article overviews the latest development of MN-based wearable devices across 

three major application domains, including biofluid sampling, biomarker monitoring, and 

electrophysiological signal acquisition. For each category, we discuss the representative MN 

designs, integration strategies, and commercialized products, followed by a critical analysis of 

the key challenges and perspectives for future clinical translation. We realize there are similar 

articles published recently. For example, Kim et al. presented a comprehensive overview of 

MN-based sensing for dermal ISF analysis, encompassing skin physiology, MN design, 

sensing mechanisms, monitoring electronics, and practical applications22. Li et al. also 

reviewed MN sensing technology for ISF analysis, covering the fundamental aspects of MNs, 

including materials, fabrication methods, and structural designs, as well as the range of 

detectable biomarkers23. Vora et al. highlighted the diverse types of MNs for biosensing, their 

integration with biosensors, and the clinical applications of wearable MN sensing devices 

aimed at advancing point-of-care testing24. Similarly, Hu et al. introduced different classes of 

MN sensors based on material types, such as metals, inorganics, polymers, and hydrogels, and 

underscored the importance of commercialization and clinical trials in translating MN 

technologies into practice25. Distinct from these articles, this review presents MN design 
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strategies tailored to specific applications, providing a more focused perspective rather than a 

generalized overview of all MN sensor designs. In addition, it highlights the critical role of 

microfluidics in MN-based wearable devices, such as efficient fluid sample handling and 

transportation, emphasizing that these systems represent more than a simple combination of 

MNs and microelectronics. To bridge research and application, we also present commercially 

available products in each category, thereby providing a market-oriented view that underscores 

the translational potential of MN technologies. 
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Figure 1. Integrated wearable MN devices for health care monitoring. Abbreviations: MN, 

microneedle; ISF, interstitial fluid; ECG, electrocardiogram; EMG, electromyography; EEG, 

electroencephalography; ENoG, electroneurography. Created with BioRender.com.
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Figure 2. Number of publications in PubMed from 2012 to 2025 retrieved using the 
keywords “microneedle” and “monitoring”.

Table 1. Representative companies in the field of MN sensing

Company Region MN Type Technology Focus Target Analytes
Biolinq USA Coated MNs Intradermal electrochemical MN array for CGM 

and metabolic biomarkers
Glucose

Dexcom USA Retractable hollow 
MNs 

CGM systems employing introducer MN and 
subcutaneous filament-based electrochemical 
sensors

Glucose

Abbott USA Retractable hollow 
MNs

CGM platform using introducer MN and 
filament-based electrochemical sensors

Glucose

CARI Health USA Not disclosed Combining MNs for sensing with remote 
monitoring, potentially delivering medication 
on-demand 

Methadone, 
buprenorphine and opioid

SIBIONICS China Retractable hollow 
MNs

CGM system using MN and filament-based 
electrochemical sensors

Glucose

PKvitality France Coated MNs Smartwatch with disposable MN patch coated 
with glucose sensing layer

Glucose

WearOptimo Australia Solid MNs MN electrode patch for hydration assessment Electrolytes

Nutromics Australia Coated MNs DNA-based electrochemical aptamer MN 
biosensors for multi-analyte detection

Multiple proteins, drugs, 
metabolites and hormones

Sava UK Coated MNs MN biosensor platform for multi-biomarker 
monitoring

Glucose

Zimmer & 
Peacock

UK/EU Solid/coated MNs MN arrays and wearable MN sensor prototypes 
for translational research

Glucose, lactate, ketones, 
pH, etc.
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Table 2. Registered clinical trials related with MN sensing and sampling from 2016 to 2025

Year Clinical trial Study title Sponsor Application(s) Status MN device

MN sensing
2016 NCT02682056 Glucose Measurement Using 

Microneedle Patches (GUMP)
Emory University ISF glucose monitoring Completed MN patch for ISF glucose

2019 NCT03847610 Minimally Invasive Sensing of 
Beta-lactam Antibiotics

Imperial College 
London

Antibiotic therapeutic 
drug monitoring

Completed MN biosensor 
(electrochemical)

2019 NCT04053140 Closed-loop Control of Penicillin 
Delivery (CLCPD)

Imperial College 
London

Closed-loop β-lactam 
monitoring & control

Recruiting MN biosensor integrated 
with control algorithm

2022 NCT05546229 Assessment of Methadone and 
Buprenorphine in Interstitial Fluid

CARI Health, Inc. Opioid drug level 
monitoring

Recruiting MN ISF sensing 
(electrochemical)

2023 NCT05998876 Assessing Dose Taken in Opioid 
Use Disorder With an 
Electrochemical Sensor

CARI Health, Inc. Opioid dose adherence 
monitoring

Recruiting MN electrode array

2025 NCT06977633 Feasibility Study of a Hydrogel 
Microneedle Patch for Continuous 
Glucose-Ketone Monitoring

University of Waterloo Metabolic monitoring 
(glucose, ketone)

Not yet 
recruiting

Hydrogel MN patch sensor

MN sampling
2019 NCT03795402 Microneedle Sampling in Psoriasis 

and Healthy Skin
Janssen Research & 
Development, LLC

Biomarker/transcriptomics 
sampling from skin

Completed MN patch for skin sampling

2025 NCT06934980 Microneedle-based Collection of 
Dermal Interstitial Skin Fluid in 
Healthy and AD Participants

Incyte Corporation ISF sampling and 
biomarker collection

Recruiting MN patch for ISF collection

2025 NCT06994988 ARPA-H Smart Band-Aid to 
Measure Chronic Pain in Women

Northwestern 
University

ISF sampling from the 
skin

Recruiting A-Band wearable MN patch

2. MN-integrated devices for biofluid sampling 

MNs can act as a sampling tool to construct a bridge between the biofluids and the reservoir, 

allowing biofluid like skin ISF and blood to be extracted with the assistance of negative 

pressure, capillary force, swelling force, or electroosmosis.

2.1 Design strategies of MNs

Solid MNs, hollow MNs, porous MNs, and swellable MNs have been studied for biofluid 

sampling. There are three strategies to use MNs for sampling biofluids from both tissue layers 

(e.g. ISF and blood) and body surfaces (e.g. sweat and tears) 26-29. The first is to collect biofluids 

through microchannels created in the skin by solid MNs. These MNs are typically fabricated 

from materials with high mechanical strength, such as stainless steel28, 30, 31 and hard resin32. 

For example, Samant et al. developed a stainless-steel MN array with 5 MNs and the length of 

250 µm. After creating micropores in the skin layer, a vacuum pump and the gauze were 

employed to sample microliter volumes of ISF29. The solid stainless-steel MNs have also been 

affixed with absorbent strips that utilized capillary force to collect and store ISF28, 30, 31. 
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Similarly, this methodology can be applied to extract capillary blood. Zoratto et al. developed 

a cost-effective MN device integrating a hidden circular array of 20-30 stainless-steel MN tips 

(2 mm length, 13.4° tip angle) within a silicone suction cup and a heart-shaped storage 

compartment containing K₂-EDTA (Figure 3A) 33. The device collected roughly 195 μL of 

blood from piglets within 10 min by generating a negative pressure (~-68 to -73.8 kPa) through 

silicone’s elastic recovery post-compression.

The second strategy utilizes the swelling properties of solid MNs made from hydrogel-

forming polymers such as methyl hyaluronate (MeHA) 34-38, gelatin methacryloyl (GelMA) 39, 

40, PVA41-43. For instance, photo-crosslinked MeHA hydrogel MNs with ~100 MN tips 

successfully extracted ~1 mg of ISF from mouse skin within 1 min37. The incorporation of 

maltose as the osmolytes in MeHA MNs further improved their swelling capacity 1.5-folds and 

ISF extraction volume rose to ~2 µL (mouse skin) in 1 min (Figure 3B i & ii) 36. 

Finally, we can make use of the MNs’ microstructure to extract biofluids. The voids 

and channels within the hollow or porous MN tips act as conduits, enabling the passive flow 

of liquid through capillary force44. The hollow MNs are currently most popular due to the large 

lumen45-47. For example, an array of 5 syringe needles (32 G, 1500 µm in length), with each 

needle combined with a glass capillary, achieving an extraction volume of up to 16 µL of ISF 

from human skin over a 1~2 h period, in contrast to 1.51 µL of ISF collected using a single 

needle45. Silva et al. developed a 3D-printed device with 18 polymer hollow MNs via two-

photon polymerization. Each MN are 1 mm in length with an inner diameter of 50 μm and 30 

μm side openings. The 3D-printed MNs extracted approximately 1 μL of ISF through hollow 

channels to microfluidic chambers under 30 kPa pressure, and performed consistently in more 

than 10 insertions (Figure 3C) 46. Porous MNs can achieve the same goal through the 

interconnected pores inside the needles48-50. For instance, Takeuchi et al fabricated a porous 

PDMS MN array by the combination of mold casting and salt leaching techniques, creating 
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pores with diameters ranging from 30 to 60 µm. The MN array, consisting of 169 pyramidal 

tips each 1200 µm in length, achieved continuous extraction at 0.08 µL/min (demonstrated 

with PBS as an ISF substitute) when integrated with microfluidic channels49. The aligned 

porous channels can improve the bioliquid extraction performance. Inspired by the wood xylem 

structure, we developed MNs with an anisotropic porous architecture that could be used to 

collect over 5 µL tears from rat eyes within 3 min (Figure 3D i & ii) 26. Additionally, grooved 

MNs have been reported for ISF extraction, with the grooves on the needle surface serving as 

the primary liquid extraction pathway51, 52. 

  

Figure 3. Representative examples for three types of MNs in biofluid sampling: (A) Solid 

stainless-steel MN array creating micropores in the skin for capillary blood sampling. 

Reproduced from ref. 33. Under the CC-BY 4.0 license. (B) (i) Osmolyte-containing swellable 

MN array for ISF extraction through the swelling of the hydrogel-forming polymer; (ii) the 

comparison of extracted skin ISF between MeHA MNs and osmosis incorporated MeHA MNs 

at a range of time points. Reproduced with permission from ref. 36. Copyright 2020, Wiley. (C) 
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Hollow MN array for ISF extraction via capillary force. Reproduced from ref. 46. Copyright 

2025, Elsevier. (D) (i) Anisotropic porous MNs for tear sampling through the capillary force 

driven by the aligned channels; (ii) the volume of extracted tears by using anisotropic porous 

MNs and tear strips from rats with dry-eye disease. Reproduced with permission from ref. 26. 

Copyright 2025, Elsevier . 

2.2 The integration of MNs with microfluidics

The conventional role of sampling MNs is to extract biofluid such as blood, skin ISF, and tears. 

However, there are several limitations if MNs are used alone for biofluid extraction. Solid MNs 

act primarily as penetration tools and therefore typically require an additional component to 

collect and store the extracted fluid. Although swellable, porous, and hollow MNs can retain 

ISF within their tips and thereby function as self-contained sampling devices, their tip geometry 

inherently limits the volume of liquid that can be extracted. Consequently, the integration of a 

biofluid collection component is often necessary to enhance sampling efficiency and capacity, 

quantify the bioliquid, and ensure sufficient volume for downstream analysis.

Microfluidic technology enables the manipulation of liquids at the microscale, 

providing precise control over fluid flow, distribution, mixing, and storage. Two main types of 

microfluidic platforms, paper-based and chip-based ones, have been integrated with MN 

devices. When paper-based microfluidics is integrated with MNs, biofluids are drawn into the 

paper strip by capillary forces generated from its fiber structure, thereby enhancing sampling 

efficiency. The absorbed liquid can be stored within predefined regions of the strip, enabling 

quantification of the extracted volume. Captured biomarkers can subsequently be recovered 

using buffer solutions for downstream laboratory analyses53, 54. For example, Ribet et al. 

developed a device combining a single stainless-steel hollow MN (1 mm length) with a 

microfluidic chip (Figure 4A). The MN penetrated into the skin to access ISF, which was 

Page 11 of 40 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/1

5/
20

26
 2

:2
2:

48
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5LC00993F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00993f


12

guided by microchannels to the defined piece of analytical-grade paper in the chip, enabling 

the collection of approximately 1.1 μL ISF in ~5 min. The integrated paper reservoir, together 

with a color indicator, provided built-in volume metering, ensuring the reliable volume 

metering (± 3.5% variability) for accurate quantification. They further analyzed analytes 

including caffeine, SARS-CoV-2 antibodies, and hundreds of soluble proteins by liquid 

chromatography–tandem mass spectrometry (LC–MS/MS) and enzyme-linked 

immunosorbent assay (ELISA) after recover the analytes into buffer54.  

When MNs are integrated with chip-based microfluidics, a vacuum force is typically 

applied to the microfluidic chip to drive biofluid to flow through the microchannels into a 

reservoir. This configuration enables precise quantification of the extracted fluid through well-

designed microchannels and reservoirs, while the continuous pressure facilitates the sampling 

of larger volumes. 46, 55-57. For instance, Xie et al. developed a 3D-printed hollow MN array 

integrated with a vacuum tube, merging MN-based sampling with microfluidic chip-based 

transport (Figure 4B i & ii). This setup enhanced biofluid sampling capacity, enabling the 

extraction of ~18 μL ISF from rabbit ears within 5 min56. This integrated design of MNs and 

chip-based microfluidics has also been applied to sample blood in a painless manner. Blicharz 

et al. designed a touch-activated phlebotomy (TAP) device that combined a 30-needle stainless-

steel MN array (1000 µm length, 350 µm width, 50 µm thickness) with a microfluidic system. 

It has a snap-dome insertion mechanism, stored vacuum, and microchannels with staggered 

herringbone mixers to blend blood with lithium heparin. The device collected 100 µL capillary 

blood painlessly in ~3 minutes for diagnostics like HbA1c testing58.
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Figure 4. Integrated wearable MN devices for biofluid sampling. (A) Stainless-steel MN 

array with silicone suction cup for capillary blood collection. Reproduced with permission from 

ref. 54. Copyright 2023, Wiley. (B) (i) 3D-printed hollow MN array patch integrated with 

microfluids for ISF sampling driven by a connected vacuum tube (~18 μL in 5 min); (ii) The 

cross-section structure of the integrated hollow MN device. Reproduced from ref. 56. Under the 

CC-BY 4.0 license. 

2.3 Commercially available MN-based devices for blood sampling 

There are several devices that have been commercialized for capillary blood sampling59, 

belonging to Class II medical device under the FDA regulation. One example is the TAP from 

YourBio Health Inc. (formerly Seventh Sense Biosystems). Powered by HALOTM technology, 

the device uses solid MN array (1 mm in length) to penetrate skin. It is significantly less 

invasive than traditional lancets (2 mm skin penetration depth) or venipuncture (3–10 mm skin 

penetration depth), avoiding nerve-rich tissue and minimizing pain. The evolution of TAP 

device began with the TAP20, which is a one-step, nearly painless device for collecting 20 µL 
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of blood for point-of-care testing released in 2013. It was followed by TAP100, the first-

generation model with a 100 µL capacity, which received FDA 510(k) clearance and CE 

marking. To overcome limitations such as manual pipetting and manufacturing challenges, the 

second-generation TAP II device introduced detachable tubes for 200–300+ µL blood 

collection and streamlined processing. The latest model, TAP Micro Select, features modular 

compatibility with standard collection tubes and enables home-based capillary whole blood 

collection of up to 900 µL, with CE marking and FDA 510(k) clearance (Figure 5A). 

Similarly, Tasso Inc. developed the capillary blood collection product, Tasso Mini 

(Figure 5B). With a 1.8 mm lancet length and 1.6 mm penetration depth, it is smaller than their 

other product, Tasso+, which is 3.8 mm in length and 1.8 mm in depth. Its fully integrated 

lancet and vacuum design enables simple, nearly painless capillary blood collection. Upon 

activation, the device punctures the skin and gently draws blood into a connected tube. Tasso 

Mini is compatible with standard 13 × 75 mm microtainer tubes and Tasso’s own dried blood 

spot cartridges, offering flexibility for both liquid and dried sample workflows. 

Other similar products include Nanodrop and OneDraw from Drawbridge Health Inc. 

Nanodrop incorporates two stainless-steel needles that penetrate the skin to a depth of 1.9-2.0 

mm. Its design includes a plastic housing with a hydrogel adhesive rim, a bow-shaped cavity 

for vacuum-assisted sampling, activation buttons for vacuum and blade deployment, a yellow 

lock, and auto-retracting blades after use. The OneDraw blood collection device integrates 

lancets and a vacuum system to draw blood onto matrix strips within a cartridge. The cartridge, 

which can maintain its integrity for up to 21 days at room temperature, is then placed into a 

transport sleeve for secure mailing to a laboratory. Compared to Nanodrop, it is a more 

streamlined system for sample collection, transport, and analysis.
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Figure 5. Representative commercially available MN devices for capillary blood 

sampling: (A) TAP Micro Select (YourBio Health). Reproduced with permission from 

YourBio Health Inc (Copyright 2024; https://yourbiohealth.com/). (B) Tasso Mini (Tasso). 

Reproduced with permission from Tasso Inc (Copyright 2025; https://www.tassoinc.com/).

3. MN-integrated wearable devices for biomarker monitoring

Last section has listed the criteria and showcased a few examples using MN device for biofluid 

sampling. However, to quantitively analyze the biomarkers in the extracted biofluid, sensing 

components must be integrated.

3.1 Design strategy for MN-based biosensors

MN-based biosensors have been designed as off-tip and on-tip biosensors. In the MN devices 

with off-tip recognition, MNs act as the sampling component while the backing layer of the 

device contains the sensing element like optical or electrochemical sensors. Hollow MNs, 

porous MNs, and hydrogel MNs have been used for off-tip MN biosensor development. The 

extracted biofluid flows from the MN tip to biosensors on the backing layer. The devices with 

the on-tip sensors carry the recognition assay on the MN tips. Biomarkers are analyzed on the 

surface of coated MN tips60, within the internal physical spaces (lumens or micropores) of 

hollow and porous MN tips61-63, or within the polymer network of hydrogel MN tips64-66. 

Notably, electrochemical on-tip biosensors require materials with excellent conductivity for 

electrical signal transmission. Conductive materials with high stability and inertness like gold 

Page 15 of 40 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/1

5/
20

26
 2

:2
2:

48
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5LC00993F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00993f


16

and carbon materials are popular choices in the fabrication, coating, or the filling of these MN 

based devices60, 67, 68. 

The common sensing strategies of both off-tip or on-tip MN-based biosensors convert 

ISF biological signals into detectable optical or electrical signals. Optical sensing strategies 

include fluorescence, colorimetry, and surface-enhanced Raman spectroscopy (SERS) assays 

on- or off- MN tips, recognizing analytes by surface-immobilized fluorophore-conjugated 

recognition elements66, 69, 70, target-induced chromogenic reagents color changes51, 71-73, and 

Raman signals from noble metal nanostructures74, 75, respectively. On the other hand, electrical 

biosensors rely on electrochemical signal transduction through amperometric, potentiometric, 

and voltammetric mechanisms22. Amperometric MN sensors measure current from enzymatic 

redox reactions of ISF metabolites (e.g., glucose76, lactate77, ketone78, etc.). Potentiometric MN 

sensors use ion-selective membranes to detect ions (e.g., Na⁺, K⁺, Ca²⁺) via potential 

differences79, 80. Voltammetric MN sensors monitor current responses to varying potentials, 

with analyte binding altering electron transfer kinetics of immobilized aptamers/antibodies81-

85. Notably, aptamer-functionalized MN biosensors achieve ultra-sensitive detection limit of 

drugs (tobramycin: 1.41 pM; vancomycin: 0.187 nM) 86, 87 and metabolites (phenylalanine: fM-

level; cortisol: 0.22 nM) 88, 89.

3.2 MN wearable devices with off-tip sensors: from independent to integrated use

Off-tip sensors can function independently as wearable devices, enabling biomarker analysis 

in the biofluids with the biosensing component located at the backing of MNs, such as 

colorimetric test paper52, 72, 90, 91 and lateral flow test strips92-94. For example, a wax-patterned 

test paper was combined with swellable MeHA/HA MNs as colorimetric MN sensors. Four 

specific enzymes and dyes have been incorporated into the test paper to detect glucose, lactate, 

cholesterol, and pH in the ISF extracted by MNs, enabling visual inspection via color changes90. 

Nevertheless, such detection approaches are limited to qualitative “yes or no” outputs, as the 
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volume of the analyzed liquid cannot be quantified. Inadequate contact between the sample 

and the sensing interface may result in unreliable responses, and the precise concentration of 

target biomarkers cannot be determined.  

Integrating off-tip biosensors with microfluidic chips can improve biosensing 

performance by providing accurate fluidic control, improving analyte-sensor interactions, as 

well as enabling reliable and quantitative assessment of biomarkers. Here, MNs function as the 

sampling interface, while the microfluidic chip takes roles in fluid guidance, quantification, 

and storage. The off-tip biosensing components are present in the chamber for converting the 

biomarker concentrations into readable signals 95, 96. For instance, Chen et al. developed a MN 

wearable device combining a 6 × 6 hollow MN array with microfluidics and a colorimetric 

biosensing component. MNs extracted ISF through negative pressure, which was then guided 

by microchannels to a reaction chamber. The biosensor component used double-antibody 

sandwich based on ELISA for C-peptide detection, with regeneration for 10 assays. The mobile 

app detected the color change and then provided the related C-peptide concentration value95. 

SERS has also been used to analysis the biomarker in the collected skin ISF. Xiao et al. 

integrated hollow MNs (4 × 4) for skin ISF extraction with a microfluid chip for fluid transport 

and storage under a negative pressure from a suction cup (Figure 6A-C). A 3D gold nanoarray 

SERS substrate embedded within the microfluidic chamber enabled label-free Raman detection 

of uric acid (Figure 6D). When coupled with a handheld Raman spectrometer, the device 

achieved rapid, portable, and ultrasensitive uric acid monitoring with a detection limit of 0.51 

µM96. Electrochemical biosensors are also frequently used as the off-tip sensing component, 

which can be part of circuit board (PCB) containing wireless communication components97. 

For example, Abbasiasl et al. developed a wearable touch-activated device integrating 

polycarbonate hollow MNs, a microfluidic chip, and wireless communication elements98. The 

microfluidic chip collected the ISF from MNs with the assistance of vacuum and guided the 
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liquid to the sensing components. The wireless communication component enabled real-time 

data transmission to a mobile app, supporting continuous glucose and pH monitoring98.

Figure 6. MN wearable devices with off-tip sensors for uric acid monitoring: (A) the design 

of the wearable MN sensor integrating hollow MNs, a microfluidic chip, and SERS substrate. 

(B) Skin ISF sampling and sensing of the wearable off-tip MN sensor. (C) The image of the 

integrated wearable MN device. (D) The uric acid-sensing on the SERS substrate. Reproduced 

with permission from ref. 96. Copyright 2023, Elsevier.

3.3 MN wearable devices with on-tip sensors

On-tip biosensing works through the on-tip incorporated recognition assay which generates 

colorimetric, fluorescent, and SERS signals. Detection can be achieved through simple visual 

inspection or portable devices. For example, He et al. designed colorimetric HA MN tattoo 

with segmented areas for multiplexed detection. Each area had specific reagents loaded, 

forming dermal tattoos upon skin insertion through tip dissolution. The design ensured >85% 

pattern fidelity for the simultaneous detection of pH, glucose, uric acid, and temperature 

through distinct color changes, readable by the naked eye or a camera99. Researchers also 

developed a wearable fluorescence-based MN sensor array for continuous glucose monitoring 
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100. The array was consisted of silk fibroin MNs that had glucose-responsive fluorescent 

monomers with diboronic acid (glucose-binding) and anthracene (fluorescence) moieties. 

Anthracene fluorescence was quenched at low glucose levels, while the binding of glucose 

restored the fluorescence. The fluorescence output was conveniently detected using a 

smartphone app, facilitating tether-free glucose monitoring with enhanced patient mobility100. 

On-tip biosensors can also be electrochemical and generate continuous readout of 

electrical signals101, 102. In these devices, the MN array serves as the working, reference, and/or 

counter electrodes in a two or three-electrode system. Zhang et al. designed a wearable MN 

sensor device where each electrode (working, reference,  and counter) was an individual  MN 

array patch (10×10) 103. MNs were designed in a core-shell structure with a silver paste core 

and an enzyme-incorporated hydrogel layer. The three-MN-patch sensor was then incorporated 

with PCB to allow real-time ISF glucose monitoring from mobile phone through wireless 

communication103. To minimize the size of wearable devices, fewer needles could be used to 

for each individual electrode. For example, two 3-electrode systems (each with 6 working MN 

electrodes, 8 counter MN electrodes, and 1 reference MN electrode) for multiplexed sensing 

achieved a high degree of miniaturization and were fully integrated with a compact 5.3 cm² 

PCB104. This multiplexed sensing can be extended for sensing more analytes by using a single 

MN as the working electrode for single-analyte sensing. For example, Li et al. developed a 

self-calibrating multiplexed MN electrode array, where each electrode was a single MN (Figure 

7A). It could detect 9 analytes (glucose, cholesterol, uric acid, lactate, ROSs, Na⁺, K⁺, Ca²⁺, 

pH) in ISF with self-calibration105. If a further miniaturization is required, different electrodes 

can be placed on one single MN tip 106. Yang et al. developed a wearable device with one MN 

tip containing four electrodes (two working, one reference, one counter) (Figure 7B). This 

device simultaneously monitored glucose and metformin in ISF through differential pulse 

voltammetry (DPV), with a smartphone app for real-time analysis. This would enable 
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personalized diabetes treatment through PK/PD evaluation106. Finally, different 

electrochemical and physical sensors can be integrated into the same device. Chang et al. 

developed a hybrid flexible wristband with an MN sensor to analyze the ISF biomarkers, an 

ultrasonic transducer for blood pressure monitoring, and a biopotential electrode for ECG 

monitoring. The combination of these systems provided a comprehensive mapping of the 

metabolic and cardiovascular functions simultaneously107. 

Figure 7. MN wearable devices with on-tip sensors: (A) Self-calibrating multiplexed MN 

electrode array, in which each electrode is a single MN, enabling detection of nine analytes in 

ISF (glucose, cholesterol, uric acid, lactate, ROSs, Na⁺, K⁺, Ca²⁺, and pH). Reproduced with 

permission from ref. 105. Copyright 2025, Elsevier. (B) Wearable device with one single MN 

containing four electrodes (two working, one reference, one counter) Reproduced from ref. 106. 

Under the CC-BY-NC-ND license.
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3.3 Commercialized MN wearable devices

The most known products are devices for continuous glucose monitoring (CGM). They are 

Class II medical device under the FDA regulation section of integrated continuous glucose 

monitoring system (21 CFR 862.1355) or glucose test system (21 CFR 862.1345). CGM 

systems, such as the Abbott FreeStyle Libre 3 Plus and Dexcom G7, comprise two main 

components: a sensor module and a sensor applicator. Within the applicator, retractable hollow 

stainless-steel MNs are pre-loaded and serve to insert the sensor filament beneath the skin. 

After insertion, the needle automatically retracts, leaving the thin and flexible sensing filament 

in the interstitial space to access ISF. The sensing filament differs slightly between systems: 

the FreeStyle Libre 3 Plus employs a polymer-based filament, whereas the Dexcom G7 utilizes 

a platinum and tantalum core wire. In both designs, the filament tip lies an enzyme-based 

electrochemical sensor, where glucose oxidase catalyzes the oxidation of glucose, generating 

hydrogen peroxide that is subsequently oxidized at the working electrode. The resulting current 

is proportional to local glucose concentration, enabling continuous, real-time glucose 

monitoring. Data are then transmitted via near-field communication and Bluetooth, enabling 

real-time display of glucose readings, trends, and customizable alerts. 

The Biolinq Shine Autonomous Time-in-Range Microsensor has been recently granted 

as a prescription Class II medical device by the FDA under the regulation of glucose range 

monitoring system (21 CFR 862.1359). Unlike the Abbott FreeStyle Libre 3 Plus and Dexcom 

G7 using filament sensing strategy, it integrates an array of MN sensors that reside in the 

intradermal layer to access interstitial fluid glucose, eliminating the need for retractable 

subcutaneous introducer needles. Its MN sensor array works in conjunction with an 

accelerometer and ambient light sensor to measure and record physiological data. Different 

from quantitative CGMs, it features a qualitative color-changing indicator light that output 
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glucose level trends continuously, while a paired mobile app provides more granular glucose 

information and correlates it with meals, rest, and activity levels. This device is designed for 

adults aged 22 and older who do not use insulin. It supports lifestyle and behavioral 

modifications for glycemic control but cannot make acute medical decisions such as insulin 

dosing or medication adjustments.

4. MN wearable devices for monitoring electrophysiological signals 

4.1 Design of MN electrodes

As electrodes for electrophysiological signal transduction, including EEG, ECG, EMG, and 

ENoG, MNs rely on their conductive properties. In contrast to conventional wet electrodes and 

flat dry electrodes, MN-based electrophysiological monitoring electrodes increase the skin 

contact area, reducing signal noises and improving the quality of the acquired signals. Solid 

MNs and multilayer coated MNs are popular choices with innovations in improving the skin 

adhesion, MN conductivity, and MN patch flexibility108. One example is a titanium-coated 

barbed MN array electrodes using photolithography and PDMS thermal expansion. These MN 

electrodes could record high-quality ECG in static/dynamic states with lower impedance and 

higher amplitude than Ag/AgCl electrodes. The barbed structure also enhanced skin adhesion, 

with 3.3 times higher pull-out force than barbless ones (Figure 8A) 108. 

Metallic materials like stainless steel109, gold, and silver110, 111 are commonly used as 

the conductive substrate or layer of MN electrodes. Krieger et al. fabricated dry MN electrodes 

using medical-grade stainless steel through direct metal laser sintering. Compared to needle-

free electrodes, electrode-skin contact impedance was reduced by approximately 63% 109. Gold 

or silver is typically deposited onto solid MNs made from material substrate like silicon112, 

polyimide100, 113, epoxy114,  etc., to enable electrical signal conduction, which can enhance the 

mechanical strength to facilitate efficient skin penetration. Conductive polymers, such as 
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poly(3,4-ethylenedioxythiophene) (PEDOT) and PPy113, 115, 116 were also used for the coating 

of solid MNs. For instance, Zhou et al. introduced modulus-adjustable and mechanically 

adaptive dry MN electrodes from PEDOT: PSS. The MN electrodes enabled high-quality EMG, 

ECG, EEG, and ECoG recording, with better long-term stability than Ag/AgCl electrodes 

(Figure 8B) 115. MN electrodes could also be coated with conductive 2D materials, such as 

MXene117, 118. Chen et al. developed MXene-based MN electrodes for brain-computer interface 

with low impedance and high-quality EEG recording117.

The use of flexible substrate materials together with structural designs would allow MN 

electrodes to conform to different surface curvatures. Conductive fabrics, in particular, are 

commonly used as the base for MN electrodes due to their electrical conductivity. Singh et al. 

developed flexible conductive fabric-backed MN electrodes that acquired high-quality ECG 

and EMG signal without the need of wet gel or skin shaving. The conductive fabric was a nylon 

ripstop fabric covered by nickel, copper, silver, and a waterproof layer, providing flexibility to 

conform to body curves114. Another choice is polymer, such as the hybrid of silk fibro and 

polyurethane110. The incorporation of metal serpentine interconnection configuration on 

polymer substrate allows the metal traces to stretch and bend without fracturing. For example, 

a highly flexible and stretchable MN electrode array has been developed by combining gold 

serpentine interconnects and elastomeric silicone substrate. This material allowed the MN array 

to conform to soft tissues while providing a stable interface119, thus achieving high-quality 

intramuscular EMG recording and better localized sensing than planar electrodes. Moreover, 

the flexibility of the MN electrode substrate is adjustable through surface structure 

modifications, such as mesh patterns120 and Miura-ori121. Hou et al. developed a Miura-ori-

structured MN array electrode with two-directional in-plane bendability (Figure 8C i & ii). 

This unique structure not only enhanced mechanical flexibility but also mitigated metal layer 

peeling (Figure 8C iii) 121. 
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Figure 8. MN electrodes for electrophysiological signal monitoring. (A) Barbed MN array 

electrode enhancing skin adhesion for ECG monitoring. Reproduced with permission from ref. 
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108. Copyright 2024, Elsevier. (B) Conductive MNs made from PEDOT: PSS for EMG, ECG, 

EEG, and ECoG recording. Reproduced from ref. 115. Under the CC-BY-NC-ND 4.0 license. 

(C) (i) Illustration of the Miura-ori structured MN array electrode; (ii) SEM structure of Miura-

ori structured MN array; (iii) Flexibility of the MN electrode. Reproduced from ref. 121. Under 

the CC-BY 4.0 license.

4.2 The integration of MN electrodes into wearable devices

MN electrodes can be integrated with flexible electronics into wearable devices to monitor 

electrophysiological signals112, 122-124. For example, Li et al created a wearable wireless system 

by adding polyimide-based flexible MN array electrodes to flexible printed circuits113. The 

system connected MN electrodes to front-end amplifiers, microcontrollers with Bluetooth, and 

power modules. Simultaneous recording of multiple physiological signals like ECG, EMG, 

EOG, and EEG was accomplished with low motion artifacts113. Another example is a wireless 

facial biosensing system with flexible MN electrodes in a soft and wearable electronic mask 

(Biomask) (Figure 9A i). This system provided facial EMG monitoring with real-time data 

transmission by a PCB module (Figure 9A ii), supporting facial palsy assessment, 

intraoperative nerve monitoring, and long-term follow-up122. 

The wearable devices with MN electrodes can also serve as human-machine interface 

or brain-computer interface for seamless interactions between the human body and external 

devices115, 117, 120, 125. For instance, Kim et al. developed a wearable wireless system combining 

a stretchable MN adhesive patch with a flexible circuit for adaptability to skin deformation125. 

It had a closed-loop control of exoskeleton robots, where the MN patch on lower limb muscles 

transmitted EMG signals wirelessly, and triggered assistance when signals exceeded the 

thresholds. The system reduced back muscle activation by 18.1% during lifting, showing robust 

performance in both pretreated and perspiring skin conditions, advancing human-machine 
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interfaces. Additionally, these MN devices can function as a brain-computer interface115, 117, 120 

for facilitating direct communication between the brain and computers. Detecting and 

interpreting neural signals through MN electrodes is promising for bridging the gap between 

human neural activity and digital systems. For example, a brain-computer interface framework 

has been integrated with MXene MN electrodes into wearable EEG cap devices (Figure 9B i 

& ii). The 1 mm² dry MN electrodes penetrated the epidermis, delivering stable performance 

in vibrational and motion scenarios117. 

To enhance the interpretation of bioelectrical signals, the MN wearable devices can 

incorporate with artificial neural networks. Lee et al. presented a stretchable array of bipolar 

sEMG electrodes with a self-attention-based graph neural network for gesture recognition 

(Figure 9C i) 126. A sticky, hole-patterned patch provided skin-like stretchability and water 

vapor permeability for stable signal delivery (Figure 9C ii). It aimed to spatially cover skeletal 

muscles and acquire regional EMG activity data from 18 static and dynamic gestures, achieving 

~97% accuracy with one trial per gesture (Figure 9C iii). Notably, it retained ~95% accuracy 

over 72 h of long-term testing and after 10 reuses, showing promise for applications in 

prosthetic control and smart device interaction126. Finally, MN wearable devices can integrate 

with virtual reality (VR) technology. Mahmood et al. developed a wireless soft scalp electronic 

system with flexible EEG MN electrodes and a wireless electronic circuit as the brain-computer 

interface127. Convolutional neural network was used to preprocess and classify the motor 

imagery brain signals delivered by the scalp device. The wearable scalp device was 

subsequently integrated with VR which provides visual cues in the form of animated limbs and 

instant feedback. This setup allows users to control a VR game using imagined movements 

through the brain-computer interface, while the VR component enhances task visualization and 

improves classification accuracy127.
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Figure 9. MN wearable devices for electrophysiological signal monitoring. (A) Integration 

of MN electrodes with flexible electronics for facial biosensing: (i) illustration of a soft 

wearable electronic mask for facial EMG monitoring; (ii) design of the electrode component 

and PCB module. Reproduced from ref. 122. Under the CC-BY 4.0 license. (B) Integration of 

MN electrodes as brain-computer interfaces with EEG scalp cap: (i) Mxene MN electrode as 

brain-computer interfaces; (ii) the wearable EEG cap. Reproduced with permission from ref. 
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117. Copyright 2025, American Chemical Society. (C) Integration of MN electrode devices with 

artificial neural networks for enhanced bioelectrical signal interpretation: (i) wearable EMG 

sensor for real-time monitoring of EMG signals; (ii) original and stretched wearable EMG 

sensor; (iii) gesture recognition by a graph neural network using transmitted data from the 

EMG sensor. Reproduced from ref. 126. Under the CC-BY 4.0 license.

5. Challenges and future perspectives for MN-based wearable devices

5.1 Technical challenges

Reliable and consistent biofluid sampling 

Reliable and consistent sampling of biofluids, particularly skin ISF, remains a significant 

technical hurdle128. Specifically, skin hydration dynamically modulates the mechanical 

properties (e.g., stiffness, elasticity) of the stratum corneum, leading to interindividual and 

intraindividual variations in MN penetration and sampling depth. Skin hydration status also 

affects the passive flow of ISF into MNs: dehydrated skin results in insufficient ISF volume, 

while over-hydration induces ISF dilution, both undermining the consistency of target 

biomarker quantification. Notably, the accurate quantification of extracted biofluids volume 

remains a critical challenge, often leading to unreliable biomarker concentration calculations. 

To address the problems, recent strategies have focused on developing MN applicators for 

standard deployment and incorporating compact microfluidic chips integrated with 

micropumps or vacuum-driven modules on MN patches for active biofluid sampling58, 129. 

Despite these advances, a smart integrated deployment system is needed that synergizes skin 

hydration sensors to real-time assess skin water content, adaptive adjustments of MN 

penetration depth control, and a biofluid microfluidic reservoir for quantitative collection. 

Sensor efficiency, stability, and durability
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The efficiency and stability of MN-based biosensors directly affect long-term 

performance. Although bioreceptor (e.g., enzymes, antibodies, and aptamers) immobilized MN 

biosensors perform sensitive and selective biosensing, they often suffer from limited shelf life 

due to bioreceptor degradation/denaturation and biofouling during extended wear130. These 

factors critically undermine biosensor efficiency and stability, thereby compromising 

durability and repeatability. For physical sensors, interface mismatch between rigid modules 

and flexible MN arrays reduces signal fidelity over time. Additionally, sensor durability is a 

key factor for cost-effectiveness in filed deployment. Disposable devices avoid durability 

issues but increase long-term costs. Proposed improving strategies include hydrophilic/anti-

biofouling coatings (e.g., chitosan and Nafion) to prolong bioreceptor activity, self-healing 

conductive hydrogels for mechanical fatigue resistance,  and semi-disposable designs (reusable 

modules and replaceable MN patches) to balance durability and cost130.

Flexible electronic integration

Merging MN biosensors with on-board microelectronics poses its own challenges. A 

wearable wireless MN device should embed analog front-end electronics, analog-to-digital 

conversion, power sources, and wireless communication. Conventional rigid silicon chips and 

coin-cell batteries are stiff, bulky, and uncomfortable for prolonged wear, while flexible 

electronics (e.g., organic thin-film transistors and stretchable antennas) still face challenges in 

durability and integration density. It is still a complex procedure to seamlessly integrate 

batteries or energy harvesters, radio transmitters, and signal-conditioning circuits into a thin 

flexible device 131. Hybrid integration strategies (like layer-by-layer lamination and 3D printed 

interconnections) have shown promise for reducing bulk, but scalability remains limited132.

5.2 Clinical validation 

The clinical validation of MN-based measurements faces hurdles. In particular, the relationship 

between disease biomarkers in skin ISF and in blood has not been fully established133. Frequent 
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or large volumes of ISF sampling can disturb the local microenvironment and even trigger 

immune effects, making ISF concentrations diverge from blood levels15. As a result, there 

could be diagnostic inaccuracies when detecting a target analyte with a MN sensor. 

Comprehensive comparative studies are therefore necessary. Long-term in vivo trials in diverse 

groups of people, including different ages, skin types, and health conditions, are needed to link 

biomarker levels in ISF with those in blood, using standard laboratory methods such as LC-

MS/MS or ELISA. 

5.3 Industrialization and regulatory challenges

Scalable manufacturing and cost considerations 

The cost and large-scale production of MN biosensors depend not only on how the MNs 

themselves are made, but also on how easily they can be combined with electronic components. 

Currently, MN manufacturing technologies including micromolding, photolithography, 3D 

printing, and droplet-born air blowing134. Among these methods, micromolding using 

biocompatible polymers already enable low-cost, high-speed fabrication of MN arrays, making 

them suitable for mass production23. However, the main cost lies in the post-fabrication 

integration of sensing component and microelectronics, which requires multi-step assembly 

processes and micron-level alignment that are difficult to scale. As a result, fully integrated 

MN biosensors remain expensive. For context, commercially available CGMs, such as the 

Abbott FreeStyle Libre 3 Plus, achieve a price of around $100 per sensor for 15 days of use by 

using highly optimized, single-use designs with simplified electronics. To close this gap, 

emerging hybrid manufacturing strategies, such as combining inkjet or screen printing of 

conductive traces with insert molding of MN arrays132, could streamline device assembly, 

reduce alignment complexity, and ultimately lower production costs.

Regional regulatory 
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MN biosensing wearable devices, as minimally invasive medical devices, face distinct 

regulatory frameworks across regions. In the United States, FDA classifies most diagnostic 

MN wearables into Class II and follow the 510(k) premarket notification pathway. CGM, like 

Abbott’s FreeStyle Libre 3 and Dexcom G7, have secured FDA clearance under the regulation 

of integrated continuous glucose monitoring system (21 CFR 862.1355) or glucose test system 

(21 CFR 862.1345). By contrast, the novel MN sensing platform, the Biolinq Shine 

Autonomous Time-in-Range Microsensor, has been recently granted as a prescription Class II 

medical device by the FDA under the regulation of glucose range monitoring system (21 CFR 

862.1359). In China, CGM devices are classified as Class III medical devices by the National 

Medical Products Administration (NMPA), requiring rigorous premarket approval. The 

clinical evaluation for CGM cannot be exempted. Manufacturers are required to provide 

clinical performance data demonstrating safety and effectiveness in target populations (e.g., 

insulin-treated patients or those with gestational diabetes). However, China has not approved 

any MN-based monitoring device similar to Biolinq Shine yet. In the European Economic Area 

(EEA), MN wearables are governed by the Medical Device Regulation (MDR) and require CE 

marking for commercialization. Most diagnostic MN devices are classified as Class IIa or IIb, 

with approval contingent on compiling comprehensive technical documentation, risk 

assessments, and clinical evaluation reports. Such regional variations in marketing policies 

significantly affect time-to-market, reimbursement eligibility, and global scalability, 

necessitating early engagement with regulatory bodies during device development. 

5.4 Future outlook: intelligent MN platforms

An ideal MN wearable system would continuously monitor biomarkers or electrophysiological 

signals and provide alerts/suggestions for the timely intervention of health conditions (Figure 

10) 135. Progress toward this vision has already been demonstrated in prototype devices136, 137. 

For example, one recent study developed a wearable closed-loop system for diabetes in which 
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an MN-based glucose sensor was integrated with an iontophoretic insulin delivery module136. 

This device detected rising glucose levels in real time and immediately triggered a proportional 

insulin release, maintaining normoglycemia in diabetic rats. In principle, multi-analyte MN 

arrays (e.g. for lactate, electrolytes, stress hormones) could feed into a feedback controller that 

actuates a micro-reservoir or patch injector. This self-regulating architecture, combining 

sensing, electronics, and drug delivery in a single skin-conformal platform, could revolutionize 

chronic disease management by providing on-demand therapy without user intervention. The 

emergence of AI can further facilitate the realization of the ideal MN devices 135. AI and 

machine-learning algorithms can process the continuous streams of multi-modal data from a 

MN device to identify trends and forecast events131. For instance, subtle patterns in glucose 

and movement data could be recognized weeks in advance of a metabolic crisis, prompting 

pre-emptive dietary or insulin-dosing advice. Moreover, AI-driven platforms can translate raw 

sensor outputs into individualized recommendations. There could be an analogous to fitness 

wearables that suggest hydration and activity changes, or an AI-enhanced MN patch that could 

advise users when to eat, take medications, or seek care based on their unique physiology. In 

addition, data-driven algorithms can compensate for signal artefacts and inter-subject 

variability. By filtering motion noise or adaptively recalibrating sensor baselines, readouts 

could be stabilized over time.  
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Figure 10. The ideal MN wearable devices for personalized medicine. Created with 

BioRender.com.
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