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Hormones and metabolites jointly regulate physiology yet their dynamic
interplay remains difficult to resolve due to the lack of technologies

for continuous, multiplexed monitoring. Microneedle biosensors that
access dermal interstitial fluid offer a minimally invasive approach to
molecular profiling, but deployment s limited by trade-offs between
fabrication scalability and precision, and by mechanical instability

under skin deformation. Here we present a strain-isolated microneedle
platform fabricated by combining two-photon polymerization with
ultrasound-assisted moulding, enabling scalable replication of
submicrometre-sharp microneedles (~430-nm apex width) bearing
hierarchical, high-surface-area microstructures. Nanostructured gold and
platinum electrodes enable high-fidelity sensing at the single-needle level,
providing a4.7-fold higher peak current and a 9-fold larger electrochemical
surface area, respectively. Mechanical decoupling of the sensing interface
from tissue deformation preserves stable molecular access during motion.

Whenintegrated with battery-free wireless electronics and multiplexed
aptameric and enzymatic sensors, the system enables continuous in vivo
monitoring of serotonin and glucose for 12 h. In freely moving rats, the
platform captures biomolecular dynamics associated with stress, feeding
and circadian rhythms. This work establishes a mechanically robust,
scalable microneedle biointerface for ambulatory molecular monitoring
and context-aware assessment of physiological state.

Human physiology is governed by dynamic interactions between hor-
monal signalling and metabolic regulation. Hormones serve as primary
messengers that coordinate metabolic behaviour, while metabolites
are functional outputs that feed back to modulate hormonal activ-
ity'. Suchinteractions ensure that physiological processes including
digestion, immune regulation and energy utilization are precisely
adjusted to fluctuating environments>’. Because these pathways are
tightly coupled and change over time, a single biomarker at a sin-
gle time point provides only a fragmented view of the physiological
state*. Consequently, decoding complex regulatory mechanisms
and enabling personalized interventions requires technologies

capable of simultaneous, continuous monitoring of both hormones
and metabolites.

Wearable bioelectronics offer a promising route to such
monitoring’ . Dermal interstitial fluid (ISF) is a particularly attrac-
tive medium because its molecular composition closely reflects that of
blood", the clinical gold standard. ISF is continuously accessible within
theskinandis thus well suited for uninterrupted long-term molecular
profiling (Fig.1a). To interface with this biological reservoir, micronee-
dlesensors have emerged asa minimally invasive platform®. Leveraging
diverse transduction mechanisms, microneedle-based systems detecta
widearray of biomarkers, including ions'* ¢, metabolites” %, drugs®* %,
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Fig.1|Strain-isolated microneedle biointerface for stable ambulatory
monitoring of hormones and metabolites inISF. a, Schematic illustration of
the submicrometre-sharp, strain-isolated microneedle biointerface designed
to monitor the dynamicinterplay between hormonal signalling and metabolic
regulation. The system integrates a multimodal microneedle array for ISF
analysis, astrain-isolating holder for tissue interfacing and a battery-free NFC
module for wireless data transmission. b, Conceptual comparison between
aconventional microneedle interface (left) and the proposed strain-isolated
interface (right), highlighting the use of high-surface-area, submicrometre-
sharp microneedles and mechanical decoupling from skin deformation to
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enable stable, minimally invasive monitoring. c-f, SEM images of the fabricated
microneedles, showing overview of the microneedle array layout (c), an
individual microneedle (d), submicrometre tip sharpness (e) and nanotextured
surface features (f). g, h, Photographs of the microneedle sensor patch (g) and
the fully assembled wireless device integrating the microneedle array, strain-
isolating holder and flexible printed circuit board (PCB) (h).i, Schematic of the in
vivo experimental set-up for the real-time wireless monitoring of physiological
responses during feeding and stress. Scale bars, 300 pum (c), 50 pm (d), 3 um (e, f),
Smm (g)and1cm (h).

hormones®, nucleic acids”** and proteins® .. Integrated with minia-

turized wireless electronics, these platforms enable real-time physi-
ological tracking during daily activities, bridging the gap between
episodic clinical testing and continuous health monitoring®*.
Despite these advances, ambulatory, long-term microneedle sens-
ing remains limited by several fundamental challenges (Fig. 1b). First,

many existing systems rely on dense microneedle arrays to achieve
sufficient sensitivity, which increases invasiveness and pain while
hindering penetration®?°, Second, fabrication imposes a trade-off
between resolution and scalability”: high-throughput methods such
as moulding or conventional three-dimensional (3D) printing often
lack the precision to produce sufficiently sharp tips, causing shallow,
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inconsistent penetration®®. Third, their small dimensions limit mechan-
ical retention in viscoelastic skin®****°, so that routine motion can
loosen or detach them and disrupt sensor-biofluid contact. Together,
these limitationsindicate that mechanical instability at the skin-sensor
interface, rather than sensing chemistry alone, is a primary barrier to
continuous ambulatory monitoring.

In this paper, we introduce a strain-isolated, submicrometre-
precision microneedle platformintegrated with battery-free near-field
communication (NFC) electronics for consistent, minimally inva-
sive biomolecular profiling. The platform combines two synergistic
advances. First, a hybrid strategy pairing two-photon polymerization
(TPP) with ultrasound-assisted moulding overcomes the conven-
tional trade-off between resolution and scalability, enabling scal-
able production of microneedles with high-surface-areageometries
and submicrometre-sharp tips (Fig. 1c-f). These features, together
with nanostructured electrodes, support high-fidelity sensing at
the single-needle level (Fig. 1g). Second, a strain-isolating biointer-
face mechanically decouples the local sensing microenvironment
from macroscopic skin deformation, maintaining stable sensor-
tissue coupling during movement and providing the founda-
tion for continuous wireless monitoring under ambulatory
conditions (Fig. 1h). By integrating multiplexed aptameric and
enzymatic sensors, we continuously monitor serotonin (5-HT) and
glucose, two biomarkers coupled through energy homeostasis
and implicated in metabolic dysregulation®. In freely moving rats,
continuous monitoring resolved distinct biomolecular dynamics
associated with acute stress, feeding behaviour and circadian varia-
tion (Fig. 1i). Beyond this demonstration, the combination of scalable
submicrometre fabrication and strainisolation provides ageneraliz-
able framework for decoding the dynamicinterplay of hormonal and
metabolic networks.

Scalable fabrication of submicrometre-sharp
microneedles

To achieve precise and scalable microneedle fabrication, we inte-
grated TPP 3D printing with an ultrasound-assisted moulding pro-
cess (Fig. 2a,b). TPP provides submicrometre resolution and design
freedom’>*>*3, However, TPP alone is limited in speed and printable
area, restricting scalable production. Although TPP masters canin
principle be replicated via moulding, conventional approaches are
hindered by incomplete cavity filling due to high viscosity, low wet-
tability and entrapped air, which limits needle height, aspect ratio
and tip fidelity*".

Ultrasound-assisted moulding overcomes these barriers through
two synergistic mechanismes. First, during ultrasonic agitation, the
polydimethylsiloxane (PDMS) mould absorbs toluene, enhancing
its surface wettability toward the polystyrene (PS)-toluene prepoly-
mer (Supplementary Fig. 1). Second, ultrasonic cavitation collapses
entrapped air bubbles and actively drives the viscous PS-toluene
solution into deep and narrow mould cavities (Fig. 2c,d). This com-
bined effect enables void-free filling of high-aspect-ratio cavities and
intricate microstructures that areinaccessible using vacuum-, plasma-
or centrifugation-based approaches. In contrast to the complete cav-
ity filling observed for the toluene-conditioned mould (Fig. 2d), a
control experiment performed without prior toluene conditioning
revealed that a trapped air pocket remained within the deep cavity
even after ultrasonic agitation, preventing complete cavity filling and
successful microneedle replication (Supplementary Fig. 2). These
results demonstrate that the toluene-induced wettability enhancement
facilitates the completefilling of the high-aspect-ratio structures under
ultrasound-assisted moulding.

The needle body was designed as a tapered cone (180-um base
diameter, 850-pm bare protruding height) decorated with continuous
helicalgrooves alongits axis (Fig. 2b). The recessed helical architecture
increases the effective electrochemical surface areathrough 3D surface

texturing while preserving a smooth macroscopic profile for reliable
skininsertion and withdrawal.

We assessed the replication fidelity of this strategy by compar-
ing it with conventional vacuum, plasma-treated and centrifugal
casting techniques (Fig. 2e and Supplementary Table 1). Scanning
electron microscopy (SEM) revealed that while alternative methods
failed to produce the geometry of the high-aspect-ratio TPP mas-
ter, ultrasound-assisted moulding achieved near-perfect replication.
Notably, the submicrometre-sharp tip of the replicated microneedles
(~430 nm) is important because tip sharpness directly influences
insertionmechanics (Fig. 1e). The generality of this technique was fur-
ther validated using conical moulds spanning a range of aspect ratios
(Fig. 2f). Across all tested geometries, ultrasound-assisted moulding
preserved tip sharpness and overall structure with minor height shrink-
age (Fig.2g and Extended Data Fig.1), whereas conventional methods
exhibited pronounced tip bluntingand incomplete feature replication
(Fig.2h). Thereplication fidelity was further confirmed across five inde-
pendent fabrication batches, with needle height and base width repro-
duced within ~1% variationand submicrometre tip sharpness preserved
across all batches (Supplementary Fig. 3 and Supplementary Table 2).
Importantly, the reusable PDMS mould and parallel needle formation
during each sonication cycle enable scalable and low-cost production
without repeated TPP fabrication (Supplementary Table 3).

Toassess the functionalimplications of submicrometre tip sharp-
ness, we evaluated microneedle insertion mechanics using multilayered
skin phantoms composed of PDMS and agarose gel*** (Supplementary
Note1). Compared with round microneedles (Supplementary Fig. 4),
the submicrometre-sharp microneedles required approximately half
oftheinsertion force and achieved nearly six-fold greater penetration
depth (Fig. 2i-k). Crucially, while round needles failed to penetrate
thicker PDMS layers, sharp microneedles consistently achieved deep
and reproducible insertion across all tested thicknesses (Fig. 2l and
Supplementary Figs.5and 6).

Finally, electrochemical characterization via cyclic voltammetry
confirmed that the microstructured geometry increased the effective
electrochemical surface area by 1.65-fold compared with plain needles
(Fig.2m). Notably, even plain TPP-fabricated microneedles exceeded
geometricsurfaceareapredictions, probably due tointrinsic nanoscale
textures introduced during TPP printing (Fig. 1f). These results indi-
cate that the hierarchical integration of engineered microstructures
with inherent nanoscale roughness maximizes the available sensing
interface, enabling high-performance electrochemical sensing at
the single-needle level (Fig. 2m, inset). In parallel, submicrometre tip
sharpness reduces insertion force and tissue disruption, supporting
stable penetration and sustained molecular access with a minimal
number of microneedles.

Nanostructured sensors for hormonal and
metabolic monitoring

To enable simultaneous monitoring of hormonal and metabolic sig-
nals, weintegrated aptamer- and enzyme-based electrochemical sen-
sors onto the microneedle array (Fig.3a,b). For minimal invasiveness,
each sensing channel is assigned to a single microneedle, in contrast
to conventional dense microneedle arrays. Despite the reduced geo-
metric footprint, high sensitivity is maintained by harnessing the
submicrometre-precision microneedle fabrication that enables deep
skin penetration and complex high-surface-areashape, together with
nanostructured electrode interfaces formed by electrodeposited gold
and nanoporous platinum (Fig. 3c).

Following integration with a polyethylene terephthalate (PET)
substrate and metallization (Supplementary Figs. 7 and 8), the
microneedles were functionalized with a 5-HT-specific aptamer*®*
on electrodeposited gold. Binding of 5-HT induces a conformational
change in the aptamer, modulating the electron transfer kinetics
measured via square-wave voltammetry (SWV). Electrodeposition
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Fig. 2| Design, scalable fabrication and functional characterization of
submicrometre-sharp microneedles. a, Fabrication workflow combining TPP
3D printing of amaster structure with ultrasound-assisted moulding for scalable
high-fidelity replication. b, Microneedle design and strategies. ¢, Working
principle of ultrasound-assisted moulding. d, Optical microscopy images
comparing mould filling before (0 s) and after (20 s) ultrasound treatment.

e, SEM comparison of microneedles replicated using different moulding
methods. f, Conical microneedle geometries used to evaluate replication
fidelity across moulding techniques. g, Replication height (Hgepiicared) fOT conical
microneedles with varying base diameters and for the proposed microstructured
microneedle fabricated using ambient (A), centrifuging (C), plasma (P), vacuum (V)
and ultrasound (U) methods. Error bars represent the s.d. of the mean (n =3,
independently fabricated microneedles). h, SEM images comparing tip

Thickness of PDMS film (um) Potential (V)

sharpness of microneedles fabricated by vacuum, plasma and ultrasound-
assisted moulding. i, Force-displacement curves comparing insertion mechanics
of submicrometre-sharp microneedles and round-tipped microneedles (tip
radius r =20 pm). Inset: schematic of the insertion test using a multilayered skin
phantom.j,k, Optical microscopy images showing penetration depths of round-
tipped (j) and sharp-tipped (k) microneedles ina skin phantom. I, Quantitative
comparison of penetration depths as a function of PDMS film thickness for
sharp-and round-tipped microneedles. Error bars represent s.d. of the mean
(n=3,independentinsertion tests, each using a separate microneedle). m, Cyclic
voltammetry curves recorded in 0.05 M H,SO, showing the gold redox features
used to estimate the ECSA. Inset, ECSA comparison for geometric (G), plain (P)
and microstructured (M) microneedles derived from the gold reduction peak
charge. Scale bars, 200 um (d,e), 100 pm (h) and 300 pum (j,k).

conditions were optimized to maximize surface area while suppress-
ing dendriticgrowth, thereby preventing the release of metallic debris
withinthe skin (Supplementary Fig. 9). Evaluation of the electrochemi-
cally active surface area (ECSA) before and after in vivo insertion con-
firmed that the nanostructured gold electrodes remained unchanged,
with negligible variation in the ECSA (Supplementary Fig.10a-d). The
combination of microstructured geometry and nanostructured gold
yielded a 4.7-fold increase in SWV peak current compared with plain
gold microneedles (Fig. 3d).

The 5-HT sensor exhibited a concentration-dependent decrease
in SWV peak current (Fig. 3e). To compensate for baseline drift and
environmental fluctuations, we used a kinetic differential measure-
ment (KDM)*® derived from SWV responses at 10 Hz (off-signal) and
30 Hz (on-signal) (Supplementary Figs. 11 and 12). This optimized
approachyielded amonotonic calibration curve across the physiologi-
cal concentrationrange (Fig. 3f). Repeated regeneration experiments
demonstrated stable 5-HT sensing over 20 cycles, confirming the

reversibility of the aptamer-functionalized interface under repeated
electrochemical interrogation (Fig. 3g).

For glucose sensing, a nanoporous platinum electrode provided
a 9-fold increase in effective electrochemical surface area compared
with non-porous platinum (Fig. 3h and Supplementary Fig. 13).
Depth-resolved energy-dispersive X-ray spectroscopy (EDS) analy-
sis confirmed effective surface dealloying, with residual aluminium
detected only within the bulk platinum matrix (Supplementary Fig. 14).
Thesensor operates through direct electrochemical oxidation of enzy-
matically generated H,0, on the nanoporous platinum surface without
the use of aredox mediator. After functionalization with glucose oxidase
embeddedinachitosan matrix and protected by aNafionlayer, the sen-
sor demonstrated a concentration-dependent amperometric response
(Fig. 3i). The Nafion overcoat further enhances selectivity by acting as
apermselective barrier* that suppresses transport of anionic interfer-
ents such as ascorbate and urate while allowing H,0, generated by the
enzymatic reaction to reach the platinum surface for electrochemical
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Fig. 3 | Design and electrochemical characterization of serotonin (5-HT) and
glucose microneedle sensors. a, Architecture of the multiplexed microneedle
sensing array, comprising a 5-HT working electrode (WE1), aglucose working
electrode (WE2), areference electrode (RE) and a counter-electrode (CE).

b, Schematicillustration of the sensing principles of the aptameric 5-HT sensor
and the enzymatic glucose sensor. ¢, SEM images of the microneedle electrode.
Insets: nanostructured electrode surface formed by electrodeposited Au

(top) and nanoporous Pt (bottom). Scale bars, 200 um (microneedles) and
500 nm (insets).d, SWV responsesin PBS (pH 7.4) at 10 Hz, comparing plain
(P), microstructured (M) and microstructured plus electrodeposited (M + ED)
microneedle electrodes. e, SWV responses of the 5-HT sensor measured at
increasing 5-HT concentrations (0-100 uM). f, Calibration of the KDM, derived
from SWV responses at 10 and 30 Hz, as a function of 5-HT concentration.

The shaded region denotes the physiologically relevant concentration

range (10 nM-30 pM) considered in this study. Error bars represent the s.d. of
the mean (n =3, independently fabricated sensors). Dotted line represents the

linear fit of the calibration data points. g, Regeneration stability of the 5-HT
sensor during repeated cycling between 0 and 5 pM 5-HT solutions in PBS (pH 7.4)
following 1 h pre-equilibration in PBS. Regeneration efficiency was normalized

to the KDM response of the first regeneration cycle (KDM/KDM,). h, Capacitive
currentas a function of scan rate for nanoporous platinum and non-porous
platinumelectrodes. Cy, electrochemical double-layer capacitance derived from
thelinear slope. Error bars represent the s.d. of the mean (n = 3,independently
prepared electrodes). i, Chronoamperometric responses of the glucose sensor to
increasing glucose concentrations (0-20 mM) in PBS (pH 7.4). Inset: calibration
plot of steady-state current measured at 60 s. Error bars represent the s.d. of the
mean (n =3, independently fabricated sensors).j, Long-term signal stability of
the 5-HT and glucose sensors measured over 12 hin solution containing 5 puM 5-HT
and 5 mM glucose. k, Selectivity of the 5-HT and glucose sensors measured against
common potential interferents in ISF, including uric acid (UA, 100 uM), ascorbic
acid (AA,100 pM), tryptophan (Trp, 100 pM), dopamine (DA, 500 pM), KCI (1 mM)
and NaCl (1 mM), relative to target 5-HT (1 uM) and glucose (Glu, 5 mM).

oxidation. Similar to the gold electrodes, the porous platinum elec-
trodes exhibited negligible changes in electrochemical double-layer
capacitance following in vivo insertion, indicating preservation of
the nanostructured surface architecture (Supplementary Fig. 10e-h).

Thefeasibility for continuous multiplexed monitoring was evalu-
ated by assessing long-term sensor stability over a12-h period (Fig. 3j).
Selectivity testing confirmed minimal interference from common
ISF constituents, including uric acid, ascorbic acid and electrolytes
(Fig. 3k). Furthermore, sequential spiking experiments demonstrated
that each sensing channel responded selectively to its target analyte
while exhibiting negligible response to changes in the other analyte
(Supplementary Fig.15).

Sensor performance was further validated in a physiologi-
cally relevant matrix using serum (Supplementary Fig. 16). Direct

comparison of the calibration curves in buffer (Fig. 3f,i) and serum
(Supplementary Fig.16a,b) showed that both sensors preserved their
characteristic concentration-dependent responses in the physio-
logical matrix, albeit with somewhat reduced apparent sensitivities.
These differences are consistent with matrix effects associated
with the physiological serum environment, including endogenous
analytes and non-specific interfacial interactions. Long-term
monitoring in serum over 12 h revealed sensor-specific stabiliza-
tion behaviours (Supplementary Fig. 17). The 5-HT sensor exhibited
an initial equilibration phase followed by a quasi-stable operating
regime, whereas the glucose sensor showed minimal signal variation
throughout the incubation period. These differences are consistent
with the distinct sensing mechanisms and interfacial architectures of
the two sensors.
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Fig. 4| Strain-isolating biointerface and wireless system for stable ambulatory
microneedle sensing. a, Exploded view of the strain-isolating assembly, showing
integration of the microneedle array with the anchor ring, compression cap and
battery-free NFC module. b, Cross-sectional schematics illustrating the two-

step attachment process: (1) fixation of surrounding skin to define alocalized
strain-buffering zone and facilitate microneedle insertion, and (2) application of
sustained compressive loading to maintain stable microneedle-tissue contact.

¢, FEA showing the distribution of maximum principal strain on the skin surface
with the strain-isolating holder in place. d, Cross-sectional strain profiles along
the stretching direction (¢,,) at rest (top) and under 25% macroscopic skin
stretching (bottom). Insets: magnified views of the local strain environment

near the microneedles. e, Cross-sectional schematics comparing conventional
medical tape and the proposed strain-isolating holder configurations. f, In vivo
assessment of contact stability on rat dorsal skin, comparing relative impedance
changes (100 Hz) for microneedles with and without the strain-isolating holder

Length (cm)

under 25% applied tensile strain (n = 5, repeated measurements). g, Relative
impedance changes during repeated 90° bending cycles for tape and holder
attachments. h, Continuous impedance monitoring over 12 hin a freely moving
rat. i, H&E-stained cross-section of rat skinimmediately after device removal
following 24 h of continuous applicationin a freely moving animal. Scale bar,
200 pm. j, Block diagram of the wireless electronic system, including power
management, processor, analogue front-end and sensor interface units.

ADC, analogue-to-digital converter; DAC, digital-to-analogue converter; TIA,
transimpedance amplifier; MCU, microcontroller unit; SPI, serial peripheral
interface. k, Photograph of the in vivo experimental set-up showing a freely
moving rat within a cage surrounded by a transmitting antenna. Scale bar, 5 cm.
1, Spatial distribution of harvested power within the cage at different heights,
measured at a radiofrequency (RF) transmission power of 8 W. m, Power
consumption and off-field operating times enabled by a 0.5-F supercapacitor for
different operation modes, including standby, SWV and amperometry (i-t).

Strain-isolating biointerface and wireless system
for ambulatory stability
Toenablereliable long-term sensingin freely moving subjects, we devel-
opedastrain-isolating biointerface integrated with a battery-free NFC
electronic system (Fig.4aand Extended DataFig.2). The holder estab-
lishes amechanically decoupled sensing zone through two coordinated
elements: ananchor ring and acompression cap (Fig. 4b). Theanchor
ringtautens and fixes the surrounding skin, creating alocalized buffer
zone thatisolates the sensing region from external strain. Concurrently,
the compression cap applies aconstant downward load, ensuring deep
and stable microneedle insertion and sustained tissue contact.
Finite element analysis (FEA) corroborated this strain-isolating
mechanism. Simulations showed that the holder maintains a

compressive load at the sensing site (Fig. 4c) while decoupling the
microneedle-tissue interface from externally applied stretching
(Fig.4d and Supplementary Fig.18). As aresult, the local strainenviron-
ment experienced by the microneedles remained mostly unchanged
even under 25% macroscopic skin stretching, thereby minimizing
motion-induced artefacts (Fig. 4d, insets).

The mechanical effectiveness of this interfaceis further enhanced
by minimizing the number of microneedles within the compressed
region (Extended Data Fig. 3a). Under a rigid indenter, compressive
force concentrates near the edges of the contact area. In dense arrays
with large contact area, central needles experience insufficient verti-
cal strain for stable engagement. In a sparse array with narrow con-
tact area (for example, 2 x 2), all needles sit near the periphery of the
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compression cap, where compressive strain is maximized. FEA con-
firmed that this geometry generates substantially larger vertical strain
(¢,,) beneath each microneedle (Extended Data Fig. 3b,c), providing
a mechanical basis for the single-needle-per-function design, which
simultaneously enhances stability and minimizes invasiveness.

The strain-isolating biointerface was validated in vivo on rat
dorsal skin (Fig. 4e,f and Extended Data Fig. 4a-c). Under applied
tensile and compressive strains, tape-secured sensors exhibited
impedance fluctuations up to 20%, indicating unstable contact. In
contrast, holder-integrated sensors showed negligible variation,
confirming mechanical decoupling from skin deformation. Further-
more, while both tolerated a single 90° static bend (~2% change,
Extended DataFig.4b), under cyclicbending (90°,0.5 Hz, post-mortem
rat), tape-secured sensors failed rapidly, whereas the holder maintained
stable contact (Fig. 4g). Under high-frequency vibration (1,000 r.p.m.,
post-mortemrat), both remained connected, but the tape-secured sen-
sor showed agradualimpedance increase whereas the holder remained
stable (Extended DataFig.4d,e). Long-termreliability was then evalu-
ated in freely moving rats over 12 h (Fig. 4h). Whereas tape-secured
microneedles lost contact within ~25 min, as evidenced by continu-
ously rising impedance (Supplementary Fig. 19a), the microneedles
secured with the strain-isolating biointerface maintained stable electri-
cal contact throughout the entire monitoring duration. Notably, the
impedance gradually decreased and stabilized over time, consistent
with progressive interface settling (Supplementary Fig.19b).

To confirm sustained insertion depth during ambulatory opera-
tion, we performed histological and macroscopic analyses after
24 h of continuous application in freely moving rats (Fig. 4i and
Extended Data Fig. 5). Cross-sectional haematoxylin and eosin (H&E)
images confirmed that the microneedles remained embedded withinthe
dermis throughout the 24-h monitoring period (Extended DataFig. 5b).
After microneedle removal, adistinct needle-shaped microchannel was
observed (Fig. 4i). No apparent signs of severe acute inflammation,
haemorrhage or tissue disruption were observed around the inser-
tion site. Unlike the immediate viscoelastic closure after transient
punctures (Extended Data Fig. 5a,c), the post-24-h sites showed sub-
stantially delayed recovery, requiring ~12 h for macroscopic closure
(Extended Data Fig. 5d). These observations are consistent with pro-
longed and stable tissue engagement under ambulatory conditions.

For untethered operation, the sensors were integrated with a
battery-free NFC wireless system for power delivery and data transmis-
sion (Fig. 4j and Supplementary Fig. 20). The system comprises an NFC
reader, a transmitting antenna and miniaturized NFC electrochemical
modules (Fig. 4k and Supplementary Fig. 21). Both the antenna and
the NFC module were tuned to 13.56 MHz to maximize power transfer
efficiency (Supplementary Fig.22). The cage configuration provided har-
vested power exceeding 20 mW throughout the monitoring area (Fig. 41).

To ensure operation during transient power interruptions,
a supercapacitor was incorporated as an auxiliary energy buffer
(Supplementary Fig. 23). This design enables stable off-field opera-
tion while maintaining active sensing modes (Fig. 4m). To preserve

dataintegrity in awake animals, weimplemented a hardware-software
signal processing and restoration workflow to mitigate artefacts from
abrupt motion, shivering or mechanical interference with the NFC
module (Supplementary Note 2 and Supplementary Figs. 24 and 25).
Together, this integrated mechanical, electronic and computational
architecture ensures continuous biochemical monitoring in freely
moving subjects (Supplementary Fig. 26 and Supplementary Video1).

Wireless multiplexed monitoring of hormonal and
metabolic dynamicsin vivo

To demonstrate the practical utility of the wireless microneedle plat-
form, we monitored real-time dynamics of 5-HT and glucose under
multiple physiological conditions. 5-HT acts as an endocrine regula-
tor of glucose homeostasis by modulating hepatic glucose produc-
tion and uptake, while also facilitating glucose-stimulated insulin
secretion*’. Dysregulation of this metabolic axis is implicated in meta-
bolic disorders, including type 2 diabetes*® and obesity’'. Meanwhile,
5-HT levels are susceptible to stress through mechanisms involv-
ing platelet-mediated release™*, altered tryptophan metabolism**
and gut microbiota®. Similarly, glucose is influenced by stress-
induced hyperglycaemia®. These interdependencies motivate simul-
taneous time-resolved monitoring to deconvolve the biomarker
dynamics’ (Fig. 5a).

We first characterized the in vivo stabilization behaviour of the
sensors. Followinginsertioninto ratdorsal skin, both 5-HT and glucose
sensors exhibited a gradual decay in signal intensity, approaching a
quasi-stable state after ~120 min®*>**" (Supplementary Figs. 27 and 28).
This drift is consistent with sensor-tissue equilibration, potentially
including wound healing, biofouling and biointerface adaptation at the
insertionsite’ *° (Supplementary Fig. 29). Although the decay kinetics
varied between animals, all sensors converged toward a quasi-stable
operating regime.

To verify that prolonged wear does not compromise sensing per-
formance, rats were allowed unrestricted movement for 24 h with
the sensors in place, followed by a 5-HT injection challenge (Fig. 5b).
After 24 h, although the absolute SWV peak current of the 5-HT sensor
decreased, the characteristic peak features remained well defined,
while the glucose sensor maintained a stable amperometric response
(Supplementary Fig.30). Uponinjection, the microneedle sensors cap-
tured arapidriseininterstitial 5-HT levels accompanied by adecreasein
glucose concentration, consistent with 5-HT-induced hypoglycaemia®
(Fig. 5¢). The profiles matched reference measurements obtained
using enzyme-linked immunosorbent assay (ELISA) and a commer-
cial glucometer. These results were comparable to those obtained
ininjection tests conducted without the preceding free-movement
period (Supplementary Fig. 31), indicating that the strain-isolating
biointerface preserves sensor functionality and stable tissue contact
after extended ambulatory use.

All in vivo experiments followed a standardized workflow
(Fig. 5d). A 4-h prestabilization period allowed the animal to recover
from anaesthesia and bypassed the rapid initial equilibration phase

Fig. 5|Invivo validation and wireless multiplexed monitoring of 5-HT

and glucose dynamics in freely moving rats. a, Schematic illustration of
physiological pathways involving 5-HT (blue) and glucose (red) engaged
during acute stress and food intake. Gl, gastrointestinal; EC, enterochromaffin.
b, Experimental workflow for in vivo sensor stability, including a 24-h free-
movement period followed by a 5-HT injection challenge. ¢, Representative
real-time sensor response to 5-HT injection after 24 h of unrestricted movement.
Coloured circles and solid lines represent raw signals and smoothed traces,
respectively. Black dots and dashed lines indicate reference concentrations
measured by ELISA (serum 5-HT) and a glucometer (blood glucose). d, Timeline
of invivo experimental procedures. e,f, Correlation between microneedle
sensor outputs and reference measurements for serum 5-HT (ELISA, log-log
scale) (e) and blood glucose (glucometer, linear scale) (f). Dashed lines indicate

regression fits (e, logy=0.81 x logx + 0.09; f, y = 0.78 x x + 2.40). Validation was
performed on n = 64 paired measurements obtained from 11 rats (9 physiological
monitoring experiments and 2 5-HT injection studies). R and mean absolute
relative difference (MARD) values are displayed on the plot. g, Schematic of the
acute stress protocol induced by cage tapping noise. h, Simultaneous real-time
monitoring of interstitial 5-HT and glucose dynamics during acute stress in

three animals (rats 1-3). Red shaded areas indicate the stress stimulus period.

i, Schematic of the feeding experiment following 24-h fasting. j, Simultaneous
real-time monitoring of interstitial 5-HT and glucose dynamics during food
intake in three animals (rats 4-6). Arrows indicate the feeding event. k, Schematic
ofthe 12-h diurnal monitoring experiment. I, Representative 12-h wireless
monitoring of interstitial 5>-HT and glucose dynamics during unrestricted
behaviour (rat7).
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of the sensors (Supplementary Figs. 27 and 28). As shown in the
postinsertion sensitivity test (Supplementary Fig. 32), the residual
sensitivity variation over the subsequent 12-h measurement window
(4-16 h postinsertion) remains within ~6% and ~15% for the 5-HT
and glucose sensors, respectively. For extended recordings such as
the feeding and 12-h experiments, the gradual baseline current drift

of the glucose sensor was further corrected by linear subtraction
(Supplementary Fig. 33). For the 5-HT sensor, the KDM method effec-

tively

compensates for long-term SWV peak drift and non-specific

baseline variations (Supplementary Fig. 34). Based on the postinsertion
sensitivity analysis (Supplementary Fig. 32), the practical operating
lifetime of the current platformis approximately 1 day.
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In the final step, blood samples were collected and used to cor-
relate sensor outputs with reference concentrations (Supplementary
Fig. 35). Although exact insertion depth may vary across animals,
the combination of post-in vivo calibration and mechanically stabi-
lized insertion minimizes the influence of this variability on sensor
readout, supporting reliable translation of sensor signals into bio-
molecular dynamics under ambulatory conditions. The validation
plots demonstrated agreement between sensor signals and refer-
ence measurements (Fig. 5e,f). The estimated 5-HT levels fall within
the range previously reported for peripheral 5-HT measurements
inrodents>>*¢%¢,

We first evaluated the platform’s ability to resolve acute stress
responses using cage tapping as a stressor (Fig. 5g). Both biomark-
ers exhibited synchronized increases following stimulation but with
distinct temporal profiles (Fig. 5h). Interstitial 5-HT displayed a rapid
and transient spike, potentially reflecting platelet-mediated release
triggered by sympatheticactivation®***.In contrast, glucose levels rose
more gradually and persisted longer, consistent with stress-induced
hepatic glycogenolysis and gluconeogenesis*™.

Next, weinvestigated postprandial dynamics following a 24-h fast
(Fig. 5i). Prior to feeding, baseline 5-HT levels were elevated, consistent
with the upregulation of gut-derived 5-HT during deprivation®2. Upon
food intake, glucose levels increased rapidly, while 5-HT exhibited
transient fluctuations followed by a gradual decline (Fig. 5j). These
fluctuations may reflect mechanical stimulation of enterochromaffin
cellsduring food passage?, whereas the overalldownward trend aligns
with restored energy homeostasis as fasting-associated serotonergic
signalling returns toward basal levels.

Finally, continuous monitoring over a 12-h period cap-
tured diurnal variation during unrestricted activity (Fig. 5k, and
Extended Data Fig. 6). Interstitial 5-HT levels followed a pronounced
circadian pattern, characterized by elevated levels in the early morn-
ing, a midday trough and a subsequent evening rise, consistent with
previous reports®. This trend was observed across all three animals,
although the precise timing and magnitude varied between individu-
als. In contrast, glucose dynamics were more influenced by feeding
behaviour. While glucose levels spiked following food consumption,
5-HT levels did not show a consistent meal-dependent response. Small
meals (for example, 1/5 pellet) produced negligible changes in 5-HT.
Although larger meals (for example, 1 pellet) were associated with
fluctuations and a gradual decrease over several hours, these trends
remained aligned with the underlying circadiantrajectory toward the
midday trough®*®,

Collectively, our platformresolves distinct biomolecular dynam-
ics associated with stress, fasting and circadian regulation by captur-
ing the kinetic interplay between 5-HT and glucose. We emphasize
that these findings represent a pilot-scale demonstration of platform
capability rather than definitive physiological mapping.

Conclusion

We developed submicrometre-precise, strain-isolated microneedles
that establish mechanical decoupling, enabling minimally invasive
interstitial fluid access at the single-needle level under free movement.
Important challenges nevertheless remain. First, while micronee-
dle fabrication is scalable and precise, functionalizing the sensing
layers still requires multiple time-consuming processes such as
metallization and incubation. Facile on-microneedle functionali-
zation or efficient off-needle sensing architectures would offer a
solution. Second, the operating lifetime is currently limited to
~1day by interfacial biofouling and biorecognition-molecule deg-
radation, which will require more efficient antifouling interfaces
and biorecognition molecules withimproved stability. Third, stand-
ardized ISF calibration protocols and ultimately calibration-free
sensing strategies will be essential for fully quantitative, subject-
independent monitoring.
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Methods

Materials and reagents

PS (M,, =280,000), Nafion117, glucose oxidase (GOx), D-glucose (dex-
trose), 6-mercapto-1-hexanol, tris(hydroxymethyl)aminomethane
hydrochloride (Tris—HCI), tris(2-carboxyethyl)phosphine hydro-
chloride (TCEP), ethylenediaminetetraacetic acid (EDTA) and anhy-
drous toluene were purchased from Sigma-Aldrich. Polyethylene
terephthalate (PET) films were obtained from McMaster-Carr. PDMS
(SYLGARD 184) was purchased from Dow Corning. Photocurable
ultraviolet (UV) resin (Standard Resin) was obtained from ELEGOO.
Tetrachloroauric(lll) acid trihydrate (HAuCl,3H,0) and iron(llI) chlo-
ride (FeCl,) were purchased from Thermo Fisher Scientific. Hydro-
chloric acid (HCI), acetic acid and phosphate-buffered saline (PBS)
were obtained from Fisher Scientific. The 5-HT-sensing aptamer
(5’-HS-CGACTGGTAGGCAGATAGGGGAAGCTGATTCGATGCGTGG
GTCG-MB-3")*** was obtained from Integrated DNA Technologies.
Serotonin creatinine sulfate monohydrate was obtained from Thermo
Fisher Scientific. The 5-HT ELISA kit was purchased from DLD Diag-
nostika. Fetal bovine serum (FBS) was obtained from VWR. Medical
tape (3M Tegaderm 1624W), acommercial glucometer (AUVON Blood
Glucose Monitor Kit) and standard rat diet (PicoLab Rodent Diet 5053)
were used for in vivo studies.

Fabrication of the microneedle array

The overall fabrication process is illustrated in Supplementary Fig. 7.
A master needle array was generated via TPP 3D printing. This master
was used to create a PDMS (10:1ratio) mould, whichwas degassed and
curedat 60 °C.

Toformthestructural microneedle plate, PS dissolved in toluene
(40% w/v; viscosity, 500 cP; Supplementary Fig.36) was utilized. For the
ultrasound-assisted method, the PDMS mould wasimmersedinaglass
vial containing the solution and left for 30 minto ensure solvent satura-
tion. Theentire vial was then subjected to abrief ultrasound treatment
(1 min, 110 W at 40 kHz) to ensure complete filling of the cavities. For
comparison, three alternative filling methods were employed: for the
vacuummethod, the solution was dropped onto the mould followed by
vacuumtreatment for 10 min; for the plasma method, the PDMS mould
was treated with O, plasma (Plasma Etch PE-25,100 W) for 10 min prior
to casting the solution; and for the centrifugation method, the mould
filled with the solution was spunat3,005g (4,000 r.p.m.) for 5 min. All
microneedle samples were dried at room temperature overnight and
then baked at 50 °C ona hot plate for2 h.

To create the flexible interface, a 75-um-thick PET substrate was
prepared withlaser-cut via-holes and patterned electrode lines defined
by masking tape. The resulting PS microneedle plate was then inte-
grated onto the backside of the patterned PET substrate using a PS—
toluene solution (1g:10 ml ratio) as astructural adhesive.

Electrode metallization was performed via sequential sputtering.
A Ti/Au (10 nm/500 nm) layer was first deposited on all electrodes,
followed by an additional silver (300 nm) layer on the reference elec-
trode and a Pt/Pt-Al (50 nm/120-160 nm) stack onthe glucose-sensing
and counter-electrodes. To define the active sensing area, the entire
substrate was passivated by spin-coating a photocurable UV resin at
1,500 r.p.m. for 30 s twice. For the glucose sensor, a porous platinum
surface was generated by selective dealloying of aluminium from the
Pt-Allayer.A7.5 pldroplet of 1 M FeCl, was dispensed onto each Pt-Al
microneedle and allowed to react for 2 h in a sealed humid environ-
ment to minimize evaporation. The electrodes were thenrinsed twice
with deionized water and immersed in fresh deionized water for 2 h to
remove residual etchant. Thessilver electrode was chlorinated with1M
FeCl,for 3 mintoyield a Ag/AgCl reference electrode.

Biosensor functionalization
5-HT sensor. The gold microneedle surface wasfirst cleaned through
cyclic voltammetry in 0.5 MNaOH (-1.6 to -1.0 V versus Ag/AgCl; scan

rate, 1Vs™, 50 cycles) and 0.5 M H,SO, (0.2-1.6 V versus Ag/AgCl;
scanrate, 4 Vs, 100 cycles). A nanostructured gold layer was elec-
trodeposited from5 mMHAuCI,in 0.5 M HClusing pulse potentials of
-0.4V (1s)and 0V (1s) for180 cycles. For aptamer immobilization, a
100 pM aptamer stock in Tris-EDTA buffer was diluted to 10 uM, which
was then reduced by mixing with 1mM TCEP in a 1:1 volume ratio for
1hinthe dark. The reduced aptamer was diluted with PBS (pH 7.4) to
2.5 uM. Then 5 pl of the 2.5 uM aptamer solution was drop-cast onto
the electrode and incubated for 2 h at room temperature in the dark.
Unbound aptamers were rinsed with PBS (pH 7.4). The electrode was
passivated with 5 mM 6-mercapto-1-hexanolin PBS (pH 7.4) overnight
at4 °Cto cover the remaining electroactive surface.

Glucose sensor. The glucose sensor was fabricated on a dealloyed
porous platinum microneedle surface. A mixture consisting of
10 mg mI~ GOx in PBS (pH 7.4) and 1% (w/v) chitosan (in 2% w/v acetic
acid) was prepared in a 1:2 volume ratio. Then 3 pl of the mixture was
drop-cast onto the needle and dried for 2 h at room temperature.
Subsequently, 3 pl of 1wt% Nafion (diluted in a 1:4 mixture of H,O and
ethanol) was applied as an overcoat and dried overnight at 4 °C.

Characterization and measurements

Electrochemical characterization and measurements were performed
usinga CHI1430 electrochemical workstation (CH Instruments), except
for the wireless monitoring in freely moving animals. SWV was con-
ducted withina potential range of -0.5to O V (versus Ag/AgCl) withan
increment of 5mV and an amplitude of 20 mV. Amperometric meas-
urements were performed at a constant potential of 0.55 V (versus Ag/
AgCl). Calibration curves were established using three independently
fabricated sensors (n = 3), with data pointsrepresented as mean + s.d.

For signal quantification, the background current in SWV was
removed by linear regression of the data points outside the redox
peak region, typically excluding a £0.1-V window centred at the peak
potential. The resulting linear baseline was subtracted from the vol-
tammogramto determine the net peak current. For continuousin vivo
monitoring, the sensors were interrogated using asynchronized 120-s
measurement cycle. Within each cycle, 5-HT sensing was executed
first using SWYV, followed by a 30-s amperometric measurement for
glucose sensing. The current recorded at the end of the 30-s interval
was extracted as the analytical signal. The remainder of the cycle was
maintained as an electrical idle period to minimize continuous elec-
trochemical load of the sensor interface.

During long-term in vivo testing, gradual baseline drift of the glu-
cose sensor was corrected by subtracting a fitted linear baseline prior
to concentration conversion (Supplementary Fig. 33). To convert these
corrected electrochemical signals into real-time concentration profiles,
a post-in vivo calibration protocol was performed at the conclusion of
each animal experiment. With the sensor still stably in place, the ani-
mal was re-anaesthetized, and reference blood samples were collected
every 10 min. A linear regression was then established using six calibra-
tion data points for each sensor: the KDM signal was fitted against the
log-transformed serum 5-HT concentration (quantified via ELISA), and
thebaseline-corrected amperometric current was fitted against the blood
glucose concentration (quantified viaglucometer). These sensor-specific
calibration relationships were subsequently applied to the continuous
electrochemicalrecordings to generate dynamic concentration profiles.

Microneedle structure and surface morphology were character-
ized by SEM (Zeiss 1550VP FESEM). Microneedle insertion force-dis-
tance profiles were measured using a Mark-10 ESM303 tensile tester.
To evaluate contact stability, impedance-time traces were acquired
usinga CHI760E electrochemical workstation (CH Instruments). Meas-
urements were performed in a two-electrode configuration between
the electrodeposited gold microneedle (identical to the 5-HT sensing
microneedle) and the porous platinum microneedle (identical to the
counter microneedle) of the same microneedle array. The following
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parameters were applied: initial potential, 0 V; a.c. perturbation ampli-
tude, 0.1V; frequency, 100 Hz; sample interval, 1s.

Animal studies

All animal procedures were performed in accordance with protocols
approved by the California Institute of Technology Institutional Animal
Care and Use Committee (protocol number1A23-1800). Male Sprague—
Dawley rats (300-400 g, 11-13 weeks old, Crl:CD(SD), Charles River
Laboratories) were housed under standard conditions with a13/11-h
light/dark cycle (lights onat 06:00). For the rat studies, 20 animals were
tested (one contact stability test across different postures, one contact
stability test for cyclic motion, two long-term contact stability testsin
freely moving rats, two postinsertion sensitivity tests, two injection
tests, three in vivo sensor stabilization tests, three stress tests, three
feeding tests and three unrestricted behaviour tests). Animals were
provided with water and an irradiated rodent diet (PicoLab Rodent
Diet 5053, PMI Nutrition International) ad libitum. Prior to all experi-
ments, microneedle sensors were applied to the shaved and sterilized
(70% ethanol) dorsal skin under isoflurane anaesthesia (5% induction,
1.5-2.5% maintenance via nose cone).

In vivo contact stability assessment. Microneedle sensor arrays were
secured using medical tape, with or without a microneedle holder
depending onthe experimental group. Following recovery from anaes-
thesia, animals moved freely in their home cages for 12 h. To evaluate
interface stability,impedance-time traces were continuously recorded
at100 Hzbetweenthe gold-coated microneedle (5-HT electrode) and
the porous platinum microneedle (counter-electrode).

5-HT injection. Under isoflurane anaesthesia, 0.5 mg kg™ of serotonin
creatinine sulfate monohydrate (in saline) was administered via the
tail vein. Blood samples were collected every 20 min from the tail and
saphenous veinsto providereference levels of 5-HT (ELISA) and glucose
(glucometer), respectively.

Tapping-induced stress response. Rats were placed in a test cage
until astable physiological baseline was established. Acute stress was
induced by manually tapping the cage at randomintervals (0-2 taps s™)
for 10 min. Following the stress event and the monitoring session,
blood was collected every 10 min for 60 min from the tail and saphe-
nous veins for post-in vivo sensor validation and calibration under
isoflurane anaesthesia.

Feeding response monitoring. Rats were fasted for 24 h prior to the
feeding event. After establishing a stable baseline, a single pellet of
standard diet (PicoLab Rodent Diet 5053) was provided. Upon comple-
tion of thefeeding event and the monitoring session, blood was collected
every10 minfor 60 minfromthetailand saphenous veins for post-invivo
sensor validation and calibration under isoflurane anaesthesia.

Diurnal variation monitoring. Sensor-equipped rats were monitored
duringunrestricted activity with free access to standard pellets. Follow-
ing the monitoring period, blood was collected every 10 min for 60 min
fromthe tailand saphenous veins for post-in vivo sensor validation and
calibration under isoflurane anaesthesia.

FEA

Mechanical simulations were performed using Code_Aster 14.6 within
Salome-meca 2020 to evaluate the strain-isolating performance of the
microneedle biointerface. Thetissue was modelled as a trilayered linear
elasticstructure (30 mm total thickness) comprising the stratum cor-
neum (20 um, Young’s modulus, £ =100 MPa, Poisson’s ratio, v=0.4),
viable epidermis (100 pm, £=5MPa, v=0.499) and abulk dermallayer
(29.88 mm, £ =10 kPa, v=0.499). This substantial dermal thickness was
adopted toapproximate asemi-infinite medium, effectively eliminating

boundary effects fromunderlying rigid tissues (for example, muscle or
bone) and thereby focusing on the mechanicalinteractions at the skin—
microneedle interface. Corresponding properties were assigned to
the microneedle holder (E=1GPa,v=0.4), PSmicroneedles (=2 GPa,
v=0.4),and medical adhesive tape (£ =10 MPa, v = 0.499).

Statistics and reproducibility

No statistical methods were used to predetermine sample sizes but our
samplesizes aresimilar to those reported in previous publications®**¥,
Noanimals or data points were excluded from the analyses. The experi-
ments were not randomized. Physiological responses were monitored
withinindividual animals relative to their own baseline, and results are
presented as individual traces; therefore, animals were not assigned
to separate experimental groups, and randomization was not appli-
cable to this study design. Data collection and analysis were not per-
formed blind to the conditions of the experiments. Data distribution
was assumed to be normal but this was not formally tested. Statistical
values are presented as mean + s.d.,and sample sizes (n) for all quantita-
tive dataare defined in the corresponding figure legends.

The ultrasound-assisted moulding behaviour showninFig.2d was
independently repeated three times with similar results. The penetra-
tionexperiments showninFig. 2j,k wereindependently repeated three
times with similar results. For the H&E-stained cross-section shown
in Fig. 4i, similar insertion behaviour was observed in three separate
sections after 24 h of application.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are available in the main text or the Supplementary Informa-
tion. Source datafor the main and Extended Data figures are provided
with this paper.
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Extended Data Fig. 1| Replication fidelity of microneedles fabricated using different moulding methods. SEM images of microneedles fabricated by ambient
pressure, centrifugation, plasma treatment, vacuum, and ultrasound-assisted moulding (columns). Rows correspond to microneedles with varying base diameters
(D=750,500, and 250 pm). Scale bar, 300 pm.
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Extended DataFig. 2 | Assembly workflow for the strain-isolated wearable interface. Sequential photographs showing step-by-step integration of the microneedle
sensor with the strain-isolating components (anchor ring and compression cap) and the wireless NFC module.
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distribution for insertion stability. a, Mechanical design principleillustrating
how reducing microneedle density concentrates compressive stress near the
edges of the contact area, enhancing insertion stability. b, FEA results showing
vertical strain (¢,,) at adepth of 1 mm beneath the skin surface for compression
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Extended Data Fig. 4 | Contact stability of microneedle sensors under skin
deformation and vibration. a,b, Continuous impedance monitoring (at 100 Hz)
of microneedle sensors secured with the strain-isolating holder (blue) versus
medical tape (red) on alive rat during longitudinal skin compression (€ = -50%)
(a) and static 90° bending (b). c, Summary of relative impedance changes under

tensile (€ = 25%), compressive (¢ =-50%), and 90° bending strains on live rats
(n=5).Barsrepresent mean *s.d. d,e, Impedance variations of microneedles
secured using the strain-isolating holder (d) or medical tape (e) during
continuous vibration testing (1,000 r.p.m. for 10 min) on freshly euthanized
rat skin.
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Extended DataFig. 5| Histological and macroscopic evaluation of microneedle outline) stillembedded in the dermis. ¢, Time-lapse optical images of the skin

insertion after prolonged ambulatory application. a, Representative insertion site (white dashed boxes) taken at 0, 5,10, 20, and 30 min afterimmediate
haematoxylin and eosin (H&E)-stained cross-sectional image of rat skin microneedle removal. d, Time-lapse optical images of the skin insertion site at
immediately after microneedle insertion. b, H&E-stained cross-sectional image 0min,30 min,1h,3 h,and 12 h after microneedle removal following 24 h of device
of the skin 24 h after device application, showing the microneedle (white dashed application. Scale bars: 50 um (a),200 pm (b), and1cm (c, d).
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Laboratory animals Male Sprague—Dawley rats [Crl:CD(SD); Charles River Laboratories, Wilmington, MA, USA], 11-13 weeks old, 300-400 g, were used.
As these are outbred wild-type animals, no specific genetic background modification applies. A total of 20 animals were used across
all experiments (1 contact stability test across different postures, 1 contact stability test for cyclic motion, 2 long-term contact
stability tests in freely moving rats, 2 post-insertion sensitivity tests, 2 injection tests, 3 in vivo sensor stabilization tests, 3 stress tests,
3 feeding tests, and 3 unrestricted behavior tests).

Wild animals n/a

Reporting on sex Male rats were used for all experiments. Sex-based analysis was not performed as this study focuses on device validation and proof-
of-concept sensing performance rather than sex-dependent physiological differences.

Field-collected samples  n/a

Ethics oversight The animal study protocol was approved by the Institutional Animal Care and Use Committee (IACUC) at the California Institute of
Technology (protocol no. 1A23-1800).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks n/a

Novel plant genotypes  n/a

Authentication n/a
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