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Wearable microneedle biosensors promise real-time molecular monitoring for precision medicine but are limited 
by low sensitivity and tissue abrasion. Overcoming these challenges, we recast electrode functionality not merely 
as a sensing substrate but as a mechanism for resilient, high signal-to-noise ratio (SNR) measurements in tissue. 
Our microneedle-based resilient nanostructured bioelectrode (RNB) is fabricated using a bilayer process that 
strengthens the electrode with a micrometer-thick gold adhesion layer and reduces fabrication-induced stress 
through controlled dealloying. The resulting RNBs are corrosion resistant, stable over a wide potential window, 
and have an artifact-free, nanocavity-textured interface. They integrate receptor-based electrochemical biosen-
sors with enhanced SNR through increased active area, diffusion, and antifouling while remaining abrasion im-
mune in megapascal-stiff tissues. The RNB extended in vivo biosensor lifetime for pharmacokinetics monitoring 
to 6 days in a freely moving rat. Paired with a blood–interstitial fluid equilibrium–based bioanalytical framework, 
the RNB accurately derived blood-equivalent pharmacokinetic parameters, enabling not only precision dosing of 
narrow therapeutic index drugs but also the direct assessment of hepatic and renal clearance. In hepatic studies, 
the RNB revealed delayed clearance of a chemotherapeutic (irinotecan) in liver-damaged models. In renal studies, 
RNB recordings correlated with blood antibiotic pharmacokinetics across chronic kidney disease severities. The 
RNB detected renal impairment earlier than conventional biomarker thresholds through drug clearance quanti-
fication and captured recovery under therapeutic intervention. These results establish the RNB as a viable mi-
croneedle platform for high-fidelity in vivo deployment of electrochemical biosensors, enabling minimally invasive, 
longitudinal monitoring of low-concentration analytes and real-time assessment of organ function.

INTRODUCTION
Tailoring treatment strategies to an individual’s dynamic biochem-
istry and the physiological and metabolic responses of organs 
like the kidney and liver is the cornerstone of personalized and 
precision medicine (1). This approach is essential for mitigating life-
threatening complications associated with dosing of drugs with nar-
row therapeutic indices (NTIs) (2, 3), where underdosing reduces 

efficacy and overdosing causes toxicity and organ dysfunction (4, 5). 
Current clinical dosing practices rely on nonspecific patient charac-
teristics (age, height, and weight) and sporadic blood tests, which 
only provide delayed snapshots of drug concentration and organ 
function. Statistical models that aim to relate static blood measure-
ments to dynamic drug clearance and organ function often face 
challenges in accounting for individual lifestyle, demographic, and 
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genetic variations (6), leading to poor outcomes for underrepre-
sented populations (7). Moreover, surrogate biomarkers used to 
assess clearance and organ function, such as creatinine for kid-
ney health, do not account for drug-specific metabolic patterns, 
limiting their predictive value in tailoring personalized therapeutic 
interventions (8).

Wearable microneedle sensors offer a viable solution to these 
limitations by enabling monitoring of molecular processes in the 
interstitial fluid (ISF) of skin tissue (9). Nonetheless, microneedle 
sensors with established clinical utility are largely limited to enzy-
matic detection of abundant metabolites, such as glucose, using 
oxidase-based electrochemical conversion, which is not directly 
applicable to therapeutic drug monitoring (TDM) (10). Incorpo-
rating monolayer electrochemistry, such as redox reporter–coupled 
aptamers, provides a promising path toward real-time, continuous 
monitoring of low-concentration analytes, including pharmaceu-
ticals that lack enzymatic-detection pathways (11). These sensing 
interfaces have shown promise for TDM in surgically implanted 
probes deployed in veins (12). However, adapting them for the envi-
sioned minimally invasive applications, requiring robust integration 
into self-deployable microneedles, remains constrained by challeng-
es in device functionality and data interpretation related to in-tissue 
operation, which imposes additional complexities beyond those en-
countered in blood-based sensing (13).

From a device engineering perspective, miniaturizing micronee-
dle tips, a necessity for minimal invasiveness, inevitably reduc-
es signal intensity (14), with friction in deformable, viscoelastic 
tissue further challenging the biosensor’s fidelity. Attempts to 
address these issues by decoupling microneedles from sensing 
electrodes (sampling-then-sensing) incur substantial analyte dilu-
tion and diffusion delays comparable to drug clearance timescales 
(for example, a 1-mm distance causes a 30-min delay for vanco-
mycin) (15). Nanostructuring microneedle electrodes can enhance 
signal without such trade-offs (16); however, current implementa-
tions are vulnerable to device failures caused by mechanical stress 
during fabrication, insertion, or operation. For example, extrud-
ed interfaces like nanodendrite fractal structures, commonly ad-
opted for their ease of fabrication, are prone to breakage at the 
stress-concentrated dendrite base. Meanwhile, embedded nano-
structures with nanocavity features, which could offer added pro-
tection to the sensing layer (17–19), are susceptible to film cracking 
and decohesion caused by the large stress introduced when adapt-
ing conventional top-down fabrication methods to irregular mi-
croneedle surfaces (20). Consequently, the lack of suitable tools 
for high–temporal resolution ISF data acquisition has led to the 
absence of interpretability frameworks. This has left correla-
tions between peripheral ISF and blood-based pharmacokinetic 
(PK) parameters largely phenomenological, with the link between 
ISF readings and metabolic organ clearance still unexplored (16, 
21, 22).

Here, we overcome these limitations by recasting electrode func-
tionality not merely as a substrate for the sensing interface but also 
as a mechanism to achieve resilience and enhance signal-to-noise 
ratio (SNR) in tissue. Accordingly, we developed a microneedle-
based resilient nanostructured bioelectrode (RNB) hosting electro-
chemical monolayer receptor–based sensing interfaces for reliable 
in-tissue ISF analysis. Configured for prolonged therapeutic moni-
toring in the dermal space and paired with an ISF–blood diffusion–
based bioanalytical framework, the RNB enables minimally invasive 

derivation of blood-equivalent PK parameters and assessment of pre-
clinical renal and hepatic drug clearance.

RESULTS
Overview of RNB development and performance
To overcome limitations of traditional TDM, we designed the RNB 
microneedle platform that directly measures ISF pharmacokinetics 
and assesses renal and hepatic clearance (fig. S1, A and B). To ensure 
robust in-tissue operation, RNB features an embedded nanoporous 
interface, which helps to protect the sensing layer from tissue abra-
sion and support biosensing in stiff tissues. The nanostructured 
interface is expected to enhance signal quality by increasing electro-
chemically active surface area and facilitating mass transport in the 
porous network while limiting access of larger biofouling species 
through size-based exclusion (Fig. 1A). Our nanoporous interface 
fabrication strategy aims to simultaneously (i) enhance film stretch 
strength through the use of a micrometer-thick homogeneous gold 
adhesion layer and (ii) minimize fabrication stress by reducing the 
dealloying speed through a controlled electrochemical etching pro-
cess during gold nanoporous layer formation (Fig. 1B and fig. S2). 
This approach provides a substantial margin for bridging the film 
strength–versus–fabrication stress gap encountered in traditional 
methods using Ti as an adhesion material (fig. S3, A to C).

Leveraging the RNB’s high-SNR in vivo performance and built-
in tissue-specific kinetic differential measurement (tKDM), we 
established a bioanalytical framework to quantify central-compartment 
PK parameters, including half-life, total drug exposure, and clear-
ance for NTI therapeutics (Fig. 1C and fig. S4). These parameters 
provide the quantitative basis for personalized and precision med-
icine. Beyond aiding dosing adjustments, we demonstrated the 
platform’s ability to provide early, actionable insights into organ dys-
function by capturing kinetic data on drug clearance by the liver or 
kidney (Fig. 1D). By elucidating the complex biochemical relation-
ships between peripheral tissue dynamics and organ function, this 
platform enables patient-centric strategies in precision dosing and 
drug-specific organ health monitoring.

RNB fabrication and characterization
To fabricate the RNB, we first performed electrochemical plating of 
a micrometer-thick gold layer (thickness ~20 μm) onto a clinical-
grade electrically conductive needle (Fig. 2, A and B), forming a 
chemically inert, homogeneous, and robust adhesion layer to sup-
port the nanostructured interfacial layer. The electrochemical plat-
ing promotes passive nucleation, improving gold coverage over the 
microneedle’s native surface irregularities, such as steps or defects, 
effectively isolating the substrate from the electrolyte and suppress-
ing undesirable reactions. The micrometer-thick adhesion layer 
enhanced its lateral stretch strength and protected electrodes from 
subsequent electrode modification steps such as dealloying, unlike 
traditional nanometer-thin layers that are prone to surface cracking 
(Fig. 1B and fig. S3) (23). In addition, electrochemical plating of-
fered high material utilization, contributing to the device’s low fab-
rication cost (table S1).

To assess electrochemical stability, we characterized the operat-
ing potential window of the RNB electrodes using cyclic voltammetry 
(CV) in phosphate-buffered saline (PBS) (24). The micrometer-thick 
homogeneous gold adhesion layer allowed the RNB to remain stable 
up to +1 V (versus Ag/AgCl), whereas conventional electrodes with 
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a sputtered heterogeneous Ti adhesion layer were limited to +0.3 V 
because of cracking and substrate exposure, as evidenced by the 
surge in current at higher-voltage conditions (fig. S5). The expanded 
potential window of the RNB supports a broader range of electro-
chemical detection modalities, as illustrated by the overlay of the re-
dox potentials of common biosensing reporters (Fig. 2C) (25).

To assess electrodes’ electrochemical durability and corrosion re-
sistance, we subjected gold nanoporous electrodes to prolonged inter-
rogation at +0.5 V (versus Ag/AgCl) in PBS, comparing three adhesion 
layer conditions: homogeneous gold adhesion (micrometer-thick 
gold used in RNB), conventional thin heterogeneous adhesion (50 nm 
sputtered), and bare nanoporous gold without an adhesion layer. 

Electrochemical surface area (ECSA) measurements were obtained 
through intermittent CV scans at varying rates (Fig. 2D) (26). Elec-
trodes with heterogeneous adhesion exhibited larger corrosion cur-
rents because of undesirable reactions from the exposed underlying 
materials (fig. S6). These electrodes showed rapid ECSA increases, in-
dicative of etching and delamination, leading to complete dissolution 
at about 30 min (Fig. 2E, top, and movie S1). In contrast, RNB elec-
trodes demonstrated minimal ECSA changes, maintaining their struc-
tural integrity during 42 hours of continuous interrogation (Fig. 2, D 
and E, bottom), confirming their superior corrosion resistance.

To create an embedded gold nanostructure interface, we devised 
a top-down fabrication approach augmenting Au/Ag cosputtering 

A

DC

B

Fig. 1. Wearable therapeutic drug and metabolic function monitoring through RNB. (A) Schematic illustrating wearable monitoring of therapeutic drug and meta-
bolic functions through minimally invasive in-tissue sensing by the RNB. Created in part with BioRender.com. (B) Bilayer structure of the RNB. Top left: SEM image of the 
cross section of the bilayer structure. Scale bar, 400 nm. Top right: The high-quality nanoporous layer fabricated from stress-mitigated dealloy with minimized surface 
stress; thick homogeneous gold adhesion layer ensures film strength and minimizes surface cracking. Bottom left: SEM image of a nanoporous structure fabricated using 
conventional methods, involving a thin Ti adhesion layer and rushed electrochemical etching. Bottom right: SEM image of a nanoporous structure fabricated using our 
method. The associated plots illustrate the relative relationship of film strength and fabrication-induced stress in both cases. (C) Bioanalytical framework for device calibra-
tion and inference of the blood-equivalent PK parameters including half-life (t1/2), total drug exposure [area under the curve (AUC)], and drug clearance (CL). (D) Direct 
organ function assessment through real-time PK measurements. Left: Changes in pharmacokinetics, with reduced drug clearance indicating the onset of organ dysfunc-
tion. Right: Quantified PK parameters (drug clearance) facilitate early detection of organ dysfunction and enable timely intervention.
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Fig. 2. Fabrication and functionalization of RNB for electrochemical sensors. (A) Schematic of the homogeneous gold adhesion layer. (B) Cross-sectional optical mi-
croscopy images of RNB, showing the gold adhesion layer (golden) and the metal needle substrate (silvery). (C) Potential window of nanoporous electrodes with various 
adhesion layers. Top symbols represent characteristic redox voltages for common redox reporters: AQ, anthraquinone; NB, Nile blue; MB, methylene blue; Os(ii/iii), Os(ii/
iii) organometallic complex; Fc, ferrocene. (D) ECSA changes after interrogated at +0.5 V (versus Ag/AgCl) in PBS. (E) Microscopy images comparing postetching morphol-
ogy between heterogeneous adhesion (top) and homogeneous adhesion (bottom). (F) Schematic of nanoporous structure formation by silver dealloying and dynamic 
monitoring by EQCM. Top left: Traditional rushed dealloying leads to surface cracking and decohesion; top right: SMD controls dealloying speed, minimizing surface 
stress; bottom: EQCM measurement of weight change during dealloying. RE, reference electrode; CE, counter electrode; WE, working electrode. (G to J) Dealloying profiles 
(G), SEM images (H), gold ORR CV curve (I), and quality factors from the ORR peak (J) for different dealloying methods: SMD, EC-IT (constant voltage), EC-CV, and HNO3@65°C 
(immersing electrode in 70–wt % HNO3 at 65°C). ***P < 0.001, two-tailed, two-sample t tests with the RNB group. (K) Sensing mechanism of MB-aptamer sensor. ET rep-
resents electron transfer. (L and M) Sensor response of vancomycin (L) and irinotecan (M) using RNB. Insets show raw SWV with arrows indicating increasing concentration. 
(N) Comparison of vancomycin sensor signal from electrodes fabricated by different dealloying methods (SWV at 60 Hz). (O) CV peak current of MB versus scan rate for 
RNB and disc electrodes. Inset illustrates enhanced multiple electrode-analyte interactions (top) for RNB and single interaction (bottom) for disc electrodes. (P) b-values 
derived from (O). (Q) SWV signal decay in fetal bovine serum for vancomycin sensors. The inset illustrates size-based protein blocking for RNB and fouling for disc elec-
trodes. Shaded areas or error bars represent SD (n = 3).
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with stress-mitigated dealloying (SMD). Traditional dealloying 
techniques rely on strong acid etching and lack precise control 
over reaction kinetics, making the resulting nanoporous structures 
susceptible to abrupt volume contraction, cracking, and decohesion 
(Fig. 2F, top left) (27, 28). SMD overcomes these limitations by using 
a controlled electrochemical dealloying process with a slow voltage 
ramp-up rate of 5 mV/s. This approach allows gold atoms to diffuse 
and reorganize with low surface stress, forming a highly ordered 
nanoporous structure (Fig. 2F, top right) (29). The reduced deal-
loying rate was reflected in dealloy currents observed with vari-
ous dealloying methods, including CV, constant voltage [denoted 
as current-time (I-T)], and nitric acid (HNO3)–based methods 
(fig. S7). We further confirmed the SMD’s reduced dealloying rate 
by recording and comparing electrode mass changes across different 
dealloy methods using an electrochemical quartz crystal microbal-
ance (EQCM; Fig. 2F, bottom) (30). The SMD took more than 60 s 
to complete 95% of the dealloy process, whereas the other methods 
reach the same extent of dealloying in less than 33 s (Fig. 2G). Scan-
ning electron microscopy (SEM) images revealed smoother ligaments 
and smaller feature sizes in nanoporous structures produced by SMD 
compared with rushed dealloying techniques (Fig. 2H).

To evaluate the quality of the resulting nanoporous electrodes, 
we analyzed the surface gold oxide reduction reaction (ORR) using 
CV in acid solution (Fig. 2I). The broadening of the reduction peaks, 
as indicated by an increased full width at half maximum (FWHM), 
suggests greater heterogeneity in gold crystal domains or the pres-
ence of undesired reactions, both of which can hinder the effective 
immobilization of sensing monolayers. In addition, the large ORR 
peak for RNB corresponds to a large ECSA, indicating a high den-
sity of available surface sites for molecular interactions (31). To cap-
ture this relationship quantitatively, we define a quality factor (Q) as

where the Ipeak is the reduction peak current. The RNB demonstrates 
a sharper ORR peak and high electrochemical quality (Fig. 2J).

Monolayer-based electrochemical sensing on RNB
To demonstrate the utility of the RNB for sensing molecules like 
therapeutic drugs, electrodes were functionalized with a methylene 
blue–tagged aptamer monolayer through covalent thiol bonding 
(31). This mechanism transduces target binding–induced aptamer 
conformational changes into electrochemical signals [retrievable 
using square wave voltammetry (SWV)], with methylene blue serv-
ing as a redox reporter (Fig. 2K). The reduction peak of methylene 
blue was used to construct calibration curves for sensor perfor-
mance evaluation.

To illustrate the versatility of RNB-based aptamer sensors, four 
distinct aptamers, each with a dissociation constant (Kd) within phys-
iologically relevant ranges, were used to target diverse molecules: 
vancomycin, irinotecan, and doxorubicin (antibiotics/chemothera-
peutics with NTI) as well as phenylalanine (a biomarker for meta-
bolic disorders like phenylketonuria) (Fig. 2, L and M, and fig. S8, A 
and B). The RNB sensor exhibited rapid and reversible response 
kinetics, stabilizing within two SWV scans (about 15 s) upon expo-
sure to varying analyte concentrations (fig. S9).

Monolayer aptamer on the RNB surface was further quantified 
through chronocoulometry using hexaammineruthenium(III) chlo-
ride (RuHex) (fig. S10), yielding 2.6 × 1012 ± 0.8 × 1012 receptor 

molecules/cm2, consistent with reported well-packed monolayers 
on high-quality gold surfaces (32). Monolayer stability was further 
assessed using 10,000 consecutive SWV scans, during which RNB’s 
signal performance matched that of standard planar gold-disc elec-
trodes and outperformed nanoporous electrodes fabricated by con-
ventional rushed dealloying (fig. S11).

RNB is also adaptable to various other reagent-free sensing mech-
anisms such as molecular pendulum and enzymatic and ion-selective 
sensing. We demonstrated this potential by fabricating RNB into 
the following: (i) a molecular-pendulum B-type natriuretic pep-
tide (BNP) sensor operating at +0.5 V (versus Ag/AgCl) using a 
chronoamperometry technique (fig. S12, A to C), which produced 
concentration-dependent faraday current and a corresponding cali-
bration response across a physiology-relevant BNP range; (ii) an 
electroenzymatic lactate sensor operating at +0.5 V (versus Ag/AgCl) 
using an amperometry technique (fig. S13, A and B), which showed 
a linear lactate-current calibration curve; and (iii) an ion-selective 
pH sensor under open-circuit potential conditions (fig. S13, C and 
D), which exhibited a linear pH-potential calibration curve over 
pH 5 to 9.

The RNB design enhanced the sensor SNR through multiple 
mechanisms. First, the RNB’s ECSA was ~43 mm2, which is 77 times 
the physical needle area, as measured by the surface gold oxide 
reduction peak height (fig. S14), providing a proportional increase 
in available recognition sites for enhanced signals. Comparison of 
vancomycin aptamer sensors with different electrodes further con-
firmed the RNB’s superior SNR (Fig. 2N), consistent with its higher 
Q factor and effective monolayer immobilization.

Moreover, the RNB’s nanocavity-textured surface enhanced ana-
lyte retention through Knudsen diffusion–like behavior while also 
shortening the Debye length for the redox reporter (33). We specifi-
cally confirmed Knudsen diffusion behavior by b-value analysis of 
freely moving methylene blue voltammograms (Fig. 2O) (34), where 
a b-value close to 1 for RNB indicates reaction-limited behavior 
due to strong surface confinement, in contrast with diffusion-limited 
systems like the disc electrode (b-value about 0.5; Fig. 2P). In addi-
tion, the surface produced by the SMD process improved methylene 
blue electron transfer kinetics (fig. S15A), as reflected in the reduced 
charge-transfer resistance (RCT) derived from electrochemical im-
pedance spectroscopy (fig. S15, B to D). These enhancements trans-
lated into improved sensitivity for RNB sensors (fig. S16).

Biofouling experiments in undiluted fetal bovine serum showed 
that traditional disc or nanodendritic electrodes suffered from 
signal degradation (Fig. 2Q and fig. S17). In contrast, RNB sensors 
displayed only a 20% signal reduction after 9 days of continuous op-
eration, with no apparent sensitivity loss (P > 0.05) (fig. S18). The 
RNB’s sub–50-nm nanoconcave geometry likely acts as a molecular 
sieve, blocking larger biomatrix species such as proteins while al-
lowing small molecules to access the surface. This antifouling prop-
erty reduces nonspecific binding to monolayer defect sites (18, 35). 
The high SNR from a single RNB could enable reliable signal read-
out without multineedle arrays. Combined with our fabrication ap-
proach for individual sensor functionalization and monolithic patch 
integration, this architecture could enable multiplexing in a com-
pact footprint (fig. S19).

RNB shows resilient in-tissue deployment
To evaluate the RNB’s resilience in ISF in different tissues, we 
compared its ex vivo and in vivo performance with nanodendritic 

Q =
Ipeak

FWHM
(1)
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electrodes (as a model nanostructured design) with matched sur-
face area. Hydrogel-based artificial tissue (AT) models mimick-
ing skin stiffness (Young’s modulus E = 180 kPa) were used for 
ex vivo nanostructure mechanical characterization (Fig. 3A and 
fig. S20). Postinsertion optical microscopy revealed substantial 
debris from nanodendritic electrodes, indicating surface break-
age, whereas the RNB left a clean, spotless pore (Fig. 3A, inset). 
Gold-debris quantification by inductively coupled plasma mass 
spectrometry showed more than 30 μg of gold debris shed from 
nanodendritic electrodes, compared with an undetectable amount 
for the RNB.

To provide a mechanistic understanding of these observations, 
we conducted finite element analysis, simulating stress distribu-
tion in embedded and extruded nanostructures under tissue contact 
(Fig. 3B, left) (36). Extruded structures experience sharp stress con-
centration at the base (quantified as ratio of maximum stress, σmax, 
to average loading stress, σload), which increases with the height-to-
diameter aspect ratio, compromising device mechanical integrity. In 
contrast, the RNB’s embedded design minimizes stress concentra-
tion, even at higher depth-to-diameter aspect ratios used for surface 
area enhancement, ensuring structural integrity for reliable tissue 
deployment (Fig. 3, B and C).

To evaluate abrasion resistance, we repeatedly inserted aptamer 
sensors into AT models spanning a wide range of stiffnesses that cov-
ered the mechanical properties of soft biological tissues from 1 kPa 
to 1 MPa (Fig. 3, D to F). SEM analysis showed negligible morpho-
logical changes in the RNB after insertion in the ATs, and the RNB 
surface maintained its micrometer-scale smoothness (Fig. 3D). The 
RNB maintained functionality with minor detection signal loss 
(<5% after one insertion, 14% after 10 insertions at 930-kPa AT), 
whereas nanodendritic electrodes experienced 63% signal loss after 
a single insertion at 930-kPa AT (Fig. 3E). SEM showed that the 
nanodendritic electrodes had damage and detachment of their 
fractal structures, compromising their functionality (Fig. 3F). To 
evaluate long-term mechanical robustness, we conducted a 10,000 
porcine-skin insertion cycle test for RNB. Posttesting character-
ization revealed no observable changes in electrode morphology or 
significant alteration (P > 0.05) in electrochemically active surface 
area (fig. S21, A to C), suggesting that the signal loss in Fig. 3E is 
primarily from partial monolayer detachment rather than electrode 
degradation. In addition, we assessed the sensor under dynamic 
motion by mounting RNB sensors on porcine skin and subjecting 
them to oscillatory movement simulating 1 week of human activity 
(>47,000 steps; peak acceleration, 10 m/s2). The RNB exhibited 
minimal motion-induced artifacts (<2.5% signal drop) (fig. S22, 
A and B).

Next, we deployed the RNB sensors to measure vancomycin con-
centrations in excised tissues of varying stiffness (Fig. 3G) (37, 38). 
The RNB sensor reliably detected increasing analyte concentra-
tions, even in high-stiffness tissues like tendons (1 MPa), demon-
strating RNB’s resilience and broad applicability for monitoring 
analytes across diverse tissue environments (Fig. 3H). We compared 
the RNB microneedle sensor with a nanodendritic sensor targeting 
vancomycin in a rat with a single injection. The RNB sensor exhib-
ited a 10-fold increase in faradaic current (P < 0.001) and effectively 
suppressed nonfaradaic contributions (fig. S23, A to C). These find-
ings demonstrated the RNB’s ability to protect monolayer-based 
sensing elements, thereby enabling high-SNR electrochemical mon-
itoring in vivo.

Peripheral monitoring and data interpretation for drug 
clearance and organ function assessment
To evaluate the RNB’s potential for reliable, minimally invasive 
TDM through in-skin analysis, we integrated the RNB sensor into a 
microneedle-based three-electrode system (aptamer-on-RNB work-
ing, Ag/AgCl reference, and gold counter electrodes), which can 
operate wirelessly through a Bluetooth-enabled potentiostat on a 
custom flexible printed circuit board (Fig. 4A and fig. S24, A to I). 
The wireless system’s signal fidelity was validated by comparison 
with a commercial potentiostat (fig. S25), confirming in vivo signal 
acquisition capability.

To enhance data fidelity, we adapted the kinetic differential mea-
surement (KDM) technique, which minimizes drift caused by bio-
fouling, thermal desorption, and electrochemical instabilities (39). 
Traditional KDM based on fixed frequency pairs derived from 
in vitro studies does not accurately represent in vivo conditions. To 
address this, we developed a tKDM approach, selecting optimal fre-
quency pairs through in vivo studies directly on the skin (Fig. 4B 
and fig. S26, A to F). These frequencies effectively cancel drift and 
were then used in subsequent in vivo PK studies. To further evaluate 
the generalizability of tKDM in different tissues, we implanted the 
RNB sensor into subcutaneous MC-38 tumors in mice (fig. S27, A to 
E). tKDM processing of RNB recordings at the in vivo preselected 
frequency pair accurately captured local drug kinetics [coefficient of 
determination (R2) > 0.997], despite the distinct tissue characteris-
tics of elevated interstitial pressure and a dense extracellular matrix.

To derive clinical insights from peripheral therapeutic data, we 
formulated an analytical framework that calculates PK parameters 
equivalent to blood-based TDM values. In short, following the two-
compartment model (fig. S3), the peripherally recorded RNB sen-
sor’s response at time t postinjection is given by

where Z, α, and β can be determined by regression fitting of the re-
corded signal. Extending the monitoring duration improves param-
eter extraction accuracy; with the RNB sensor’s high SNR, less than 
5% regression error can be achieved in just twice the time to peak 
(fig. S28).

The framework exploits a unified calibration factor U*, combin-
ing device-concentration calibration with blood-to-ISF analyte con-
version (k12/k21). U* can be precharacterized with minimal blood 
sampling, for example, by measuring the ISF-to-blood drug concen-
tration ratio at peak peripheral concentration (eq.  S9). Using the 
precalibrated factor U* and the real-time fitted parameters Z, α, and 
β, key PK parameters, such as half-life, total drug exposure, and 
clearance, can be derived from peripheral measurements (Fig. 4C).

Before in vivo application, the biocompatibility of the RNB sen-
sor was confirmed using human dermal fibroblasts (HDFs), where 
cells maintained normal morphology and activity after 48 hours, 
showing no cytotoxicity (fig. S29A). Long-term testing over 7 days 
showed no significant changes (P > 0.05) in cell viability (fig. S29B), 
supporting suitability for extended biological contact.

The in vivo durability of the RNB microneedle was demonstrated 
by continuously tracking the daily vancomycin PK profile in a rat 
over 6 consecutive days (R2 = 0.93 on day 6; Fig. 4D), with no ob-
servable electrode degradation upon explantation (fig.  S30). The 
decrease of R2 primarily originated from the elevated nonfaradaic 
background current in SWV, with a mild reduction in the aptamer 
peak, indicating a major loss of the passivation layer. These multiday 

R=Z ⋅

(

e−βt −e−αt
)

(2)
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results demonstrated the sustained high-SNR performance of the 
platform under prolonged implantation compared with previous re-
search (table S2) (10, 16, 18, 21, 22, 40–44).

The clinical utility of our solution was first validated for hepatic 
drug metabolism using irinotecan, a liver-metabolized chemother-
apy drug with NTI, in both healthy and CCl4-induced acute liver 
damage rats. Irinotecan is enzymatically hydrolyzed in the liver to 
produce its active metabolite, SN-38, which plays a central role in 
both its therapeutic effects and toxicity (45). Impaired liver function 
disrupts this process, delaying SN-38 formation and prolonging 

systemic exposure to both irinotecan and SN-38, potentially exacer-
bating side effects (Fig. 4E) (3, 46). Histopathological analysis con-
firmed liver steatosis including fat vacuoles in centrilobular areas 
(Fig. 4F), and biochemical assays showed elevated serum alanine 
transaminase concentration in CCl4-treated rats (fig. S31).

Peripheral irinotecan recordings from the RNB sensor (post–tail 
vein injection, 40 mg/kg) exhibited the characteristic drug distribu-
tion and redistribution/elimination phases in a healthy rat (Fig. 4G). 
Analysis of the peripherally fitted parameters indicated a prolonged 
half-life and impaired clearance of irinotecan in liver-damaged rats 

H

G

B CA

E FD

Young′s modulus (kPa)

Fig. 3. Mechanical and electrochemical characterization of RNB’s resilience for in-tissue deployment. (A) Illustration of the experimental setup used to test the nano-
structured needles (left). Mass of gold debris (black) left inside the AT after a single insertion of three needles (right). Insets show optical images of the insertion sites. Scale 
bar, 1 mm. n.s., not significant. (B) Simulation results showing surface stress distribution in three-dimensional (3D) (left) and 2D along the center line (right). “a“, “b“, “c“, and 
“d“ indicate the labeled corners in (left). Inset schematic shows the protective effect of the nanoporous structure. (C) Stress concentration ratios for different geometric fac-
tors. (D to F) Characterization of sensors with different nanostructured surface designs. SEM morphology characterization of the RNB (D) and nanodendritic (F) electrodes 
preinsertion (top row) and postinsertion (bottom row) into the AT. Electrochemical characterization of signal retention after repeated insertions into the AT (E) (n = 3). 
(G) Spectrum of stiffness across various organs/tissues. The arrow at the bottom indicates the stiffness range in which the sensor retains 80% of its electrochemical signals 
after insertion. (H) Sensor response in different tissues with varying vancomycin concentrations. ***P < 0.001, **P < 0.01, and *P < 0.05; two-tailed, two-sample t tests.
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(Fig. 4, H and I, and fig. S32). These findings validate the RNB sen-
sor’s capability for real-time, minimally invasive monitoring of liver 
drug metabolism.

RNB performs drug-specific renal clearance monitoring and 
dysfunction detection in rats
Building on the potential of the RNB device and analytical frame-
work, we investigated its utility for assessing renal clearance by de-
riving blood-equivalent PK parameters. Specifically, we conducted 
animal studies using vancomycin, a widely used renal metabolite NTI 
antibiotic that requires dose adjustment in patients with renal dys-
function (47). For benchmarking and calibration, we compared RNB-
based peripheral recordings with two independent renal-function 
assessments: blood vancomycin concentration and key renal bio-
markers [creatinine and blood urea nitrogen (BUN)], measured using 
established gold-standard blood test methods (48).

To evaluate the utility of our solution, we conducted two studies: 
one with healthy rats and varying dosing (study 1) and another with 
chronic kidney disease (CKD) models involving progression and 
recovery (study 2) (Fig. 5A). Both studies aimed to assess the reli-
ability of the RNB sensor’s peripheral recordings and the correlation 
between ISF- and blood-derived PK data. To examine the robust-
ness of the bioanalytical framework across widely varied renal-
function states, we applied the averaged calibration factor (U*) from 
peak ISF equilibrium in study 1 to derive area under the curve (AUC) 
and clearance in both studies and compared these values with cor-
responding blood-derived parameters.

In study 1, vancomycin was administered in escalating doses (20 
to 60 mg/kg, bolus injection) over 3 weeks to healthy rats (Fig. 5B). 
For each session, a new RNB sensor was applied and started mea-
suring 30 min before drug administration in each rat. PK profiles 
from both ISF and blood followed the kinetic patterns predicted by 

F GE H I

B CA

D

Low High

-
Low

High

Fig. 4. Integrated wearable TDM device and hepatic clearance. (A) Integrated system for in vivo drug monitoring. Top: Photo of a rat carrying the circuit. Bottom: 
Photo of wireless flexible potentiostat circuit and microneedle-based three-electrode system (right). PCB, printed circuit board. (B) Signal acquisition and processing dia-
gram blocks. The data retrieved by circuit are processed using tKDM for drift cancellation. DAC, digital to analog converter; MCU, microcontroller unit; BT, Bluetooth; TIA, 
transimpedance amplifier; ADC, analog to digital converter. (C) Analytical framework for sensor response interpretation, including data fitting and derivation of precalibra-
tion factor (U*) from blood data. (D) Sensor response to daily vancomycin administration over 6 consecutive days (30 mg/kg per dose). The dashed line represents the 
fitted PK profile based on a two-compartment model (Eq. 2). (E) Experimental design for acute–liver damage induction and in vivo device validation. (F) H&E-stained im-
ages of rat liver without (top) and with (bottom) CCl4 injection. (G and H) PK curve recordings of irinotecan in a healthy rat (G) and a rat with acute liver damage (H). Arrow 
indicates tail vein drug administration. The dashed line represents the fitted PK profile. (I) Sensor-derived PK parameter clearance for healthy and acute liver-damaged rats. 
n = 4, **P < 0.01; two-tailed, two-sample t tests.
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the two-compartment model and showed a dose-dependent increase 
in drug exposure (Fig. 5C and fig. S33). Total drug exposure derived 
from peripheral recordings, using the averaged calibration factor, 
demonstrated a strong linear correlation (R2 = 0.94; fig. S34) and 
concordance across all dosages. The Bland-Altman analysis showed 
a minimal mean bias of −10.6 μM/hour, with all data points within 
the 95% limits of agreement (−66.9 to +45.6 μM/hour; Fig. 5D). 
These results supported the bioanalytic-RNB sensor’s accuracy in 
capturing drug exposure trends and validated the precalibration 
strategy for the subsequent study.

Study 2 aimed to model two CKD-oriented scenarios: one in-
volving progressive glomerular filtration rate (GFR) decline, char-
acteristic of clinical renal dysfunction requiring close monitoring 
(49), and the other incorporating recovery, mimicking dynamic 
GFR fluctuations in response to therapeutic interventions like 
dialysis (50).

For the first scenario, the CKD model was induced by a high-
adenine diet (Fig.  5E). The bioanalytic-RNB sensor detected a 
change in drug clearance after CKD induction, dropping from 3.67 
to 0.35 ml/min by week 7, signaling progressive renal dysfunction 
(Fig. 5, F and G). This trend mirrored the blood-derived data and 
was corroborated by additional regression-based estimated GFR 
(eGFR) analysis (48). The corresponding renal biomarkers cre-
atinine and BUN showed a consistent increase that agreed with 
ISF-derived clearance data (Fig. 5H), and histopathology showed 
progressive kidney damage, including cystic enlargement of kidney 
tubules and hematoxylin and eosin (H&E) staining (Fig. 5I). These 
results support the sensor’s capability to monitor drug clearance in 
real time during renal dysfunction.

In the second scenario, rats were initially exposed to high-
adenine diet for 2 weeks, followed by a normal diet supplemented 
with daily anti–uric acid therapy for 2 weeks (Fig. 5J). The clear-
ance derived from the bioanalytic-RNB sensor showed a distinct 
decrease-then-increase during the high-adenine diet and subse-
quent intervention phase (Fig.  5, K and L). These changes mir-
rored the blood-derived trend and aligned with eGFR analyses, 
demonstrating the potential of the RNB sensor to inform real-
time treatment decisions and provide insight into renal function 
and therapeutic outcomes.

Further analysis of our results revealed the sensor’s potential for 
detecting early-stage kidney damage, a critical feature for timely 
intervention during antibiotic therapy (47). Specifically, during the 
first week after dietary changes, blood creatinine concentration re-
mained below diagnostic thresholds and, together with peak blood 
vancomycin concentrations, showed no significant change (Fig. 5M 
and fig. S35; P > 0.05). However, bioanalytic-RNB measurements 
indicated a marked reduction in drug clearance (Fig. 5N), highlight-
ing its greater sensitivity to early renal dysfunction compared with 
creatinine-based diagnostics. This difference can be attributed 
to creatinine’s nonlinear clearance and its lag behind GFR changes 
(51, 52), which make traditional assays less effective in detecting 
subtle alterations in the early stages of kidney impairment.

The collective results demonstrate the bioanalytic-RNB sensor’s 
ability to accurately derive PK parameters, even amid major fluctua-
tions in kidney function. This confirms the robustness of both the 
sensor and the bioanalytical framework, with the precalibration fac-
tor effectively translating from healthy rats to rats with varying CKD 
severities (R2 = 0.84; Fig. 5O). These findings support the generaliz-
ability of the bioanalytic-RNB sensor for continuous, real-time drug 

clearance monitoring and supplemental organ function assessment 
across diverse physiologic states in preclinical models.

DISCUSSION
The wearable bioanalytic RNB minimal-invasively monitored circu-
lating therapeutic drugs, derived PK parameters, and detected organ 
dysfunction on the basis of drug-specific clearance capacities earlier 
than standard assays. The nanocavity-textured design of the RNB 
ensures high SNR and mechanical and electrochemical resilience. 
These attributes are critical for reliable in-tissue analysis of low-
concentration analytes, such as therapeutics, yet remain unad-
dressed by conventional microneedle devices. Integration into RNB 
can lower the translational barrier for the rich library of monolayer 
electrochemical biosensors, enhancing their in vivo potential, par-
ticularly those already proven effective for extended analyte moni-
toring in blood-based and other invasive methods (53). The RNB’s 
expanded potential window, covering both negative and positive 
excitation voltages, broadens its versatility for electrochemical sens-
ing, including molecular-pendulum sensing (54). Combined with 
the RNB’s ability to achieve high SNR from a single needle (unlike 
microneedle use arrays for a single analyte) (10, 21), this enables 
highly multiplexed analysis in a compact device. The RNB’s mechan-
ical robustness across a wide range of stiffnesses further extends its 
applicability for sensing in diverse body locations, including inter-
nal organs and lesions (55).

Beyond the device’s robust in-tissue performance, the bioanalyti-
cal framework also plays a crucial role in interpreting peripheral 
measurements. A major advantage of this framework is the precali-
bration strategy using a unified, ratiometric-based calibration fac-
tor, which is generalizable to other drug administration routes. This 
strategy simplifies intercompartmental diffusion modeling and re-
duces common-mode confounding effects.

Despite these advances, several limitations remain before the 
RNB platform can be translated to clinical adoption. First, our in vivo 
validation relied on small-animal models with limited sample size. 
Second, we focused on vancomycin and irinotecan as representative 
NTI drug targets, which may not reflect blood-ISF partitioning and 
sensor performance characteristics for other therapeutics and bio-
markers. Last, device miniaturization and integration have thus far 
relied on low-volume prototyping protocols. These limitations can be 
addressed through a staged, multifaceted strategy, encompassing en-
gineering optimization, phased clinical studies, and alignment with 
regulatory and health care delivery frameworks.

From an engineering standpoint, future work should focus on 
enhancing the long-term stability of the sensing interface by using 
nonimmunogenic surface coatings (56), strengthening receptor im-
mobilization through covalent bonding, and mitigating enzymatic 
degradation, such as through chemical modification of the recep-
tor. Complementarily, implementing algorithmic and data-driven 
drift correction could further enhance signal fidelity during extend-
ed use (57).

Clinically, early-phase human studies are needed to assess safety 
and PK fidelity, with an initial focus on short-term monitoring 
applications like infusion centers. These studies should bench-
mark ISF-derived pharmacokinetics against clinical gold stan-
dards and validate the platform’s ability to track systemic drug 
clearance and organ dysfunction under rigorous statistical mod-
eling and agreement testing. Trials should include diverse patient 
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Fig. 5. Renal clearance quantification and early prediction. (A) Experimental design for chronic kidney damage. Created in part with BioRender.com. (B) Experimental 
timeline for study 1, treatment with indicated concentrations of vancomycin. (C) PK curves for different doses of vancomycin in a rat. (D) Bland-Altman plots comparing 
the bioanalytic-RNB–based AUC with the blood AUC (micromolar per hour). (E) Experimental timeline for animals with induction of progressive CKD by high-adenine diet 
and daily vancomycin treatment at 20 mg/kg. (F) ISF vancomycin PK curves at prediet and weeks 2, 4, and 6 on diet. The dashed line represents the fitted PK profile (Eq. 2). 
Insets show blood PK curves. (G and H) Changes in vancomycin clearance and eGFR (G) and BUN and serum creatinine concentration (H) over the 7-week study. (I) Top: 
Photos of kidneys at prediet and weeks 2, 4, and 6 on diet; bottom: H&E-stained kidney images showing white blood cell casts (yellow arrows), glomerular sac atrophy 
(black arrows), and inflammation (red arrows). (J) Experiment timeline for renal damage by high-adenine diet and intervention. Lower arrows indicate timing of vancomy-
cin treatment and drug monitoring studies. (K) Changes in vancomycin clearance and eGFR for study 2.2. (L) Representative PK curve for a rat in the study 2.2. (M) Serum 
creatinine concentration after 1 week on a high-adenine diet (n = 6; n.s., nonstatistically significant with P > 0.05; two-tailed, paired t test). (N) Bioanalytic-RNB–based 
vancomycin clearance analysis shows a statistically significant reduction, indicating potential for early detection of renal impairment (n = 6, two-tailed, paired t tests). 
(O) Correlation of the drug clearances between the RNB bioanalytical method using the device and blood quantification in studies 2.1 and 2.2. CL, clearance.
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groups, spanning age, sex, renal and hepatic functions, and co-
morbidities, to assess the generalizability of U*, establish action-
able readout thresholds, and evaluate the clinical decision-making 
utility of the platform.

Upon successful validation, the platform can be deployed in set-
tings where real-time dose adjustment is critical, such as infectious 
disease and critical care. For example, for the model analyte targeted 
here, it could help prevent vancomycin-induced acute kidney injury 
[~35% of patients on combination antibiotic therapy (47, 49)] or 
irinotecan-induced neutropenia [about 30% of patients (58)]. Com-
pared with liquid chromatography–mass spectrometry (LC-MS), 
the RNB provides real-time, point-of-care insights without requir-
ing centralized labs, trained phlebotomists, or batch processing, 
substantially reducing turnaround time and access barriers, espe-
cially in decentralized or resource-limited settings (59, 60). In the 
near term, the device use could follow a postdeployment calibration 
model, using a single-point reference, similar to earlier commercial 
continuous glucose monitors (CGMs) (61). As more real-world data 
accumulate, specialized algorithms and patient-specific models may 
enable calibration-free sensing, as seen in next-generation CGMs. 
For manufacturing and regulatory readiness, the key fabrication 
steps are compatible with wafer-scale batch processing and stan-
dard biosensor manufacturing tools, enabling mass production 
at low material cost [<$1.50 per sensor, 1% of the cost of a typical 
vancomycin TDM panel (62); table S1]. The platform’s compatibil-
ity with wireless, flexible electronics integration and overall self-
deployability further support scalable deployment. Together, these 
advances establish the RNB as a versatile platform for generating 
real-time molecular insights into localized and systemic processes, 
opening avenues to unravel complex biology, accelerate therapeutic 
development, and deliver personalized precision care.

MATERIALS AND METHODS
Study design
The objective of this study was to develop and demonstrate a bio-
analytical device for minimally invasive TDM and associated drug-
specific organ function assessment. Our study consisted of two 
major parts: electrode and sensor fabrication and characterization 
(electrode failure mode, sensor functionality and performance, 
mechanical robustness, and biocompatibility) and in vivo animal 
pharmacokinetics and disease model validation. For in vitro charac-
terization, dynamic response of aptamer sensors (targeting vanco-
mycin and irinotecan) was validated in buffer using SWV, and 
mechanical stability was tested using agarose hydrogels (0.2 to 10 wt 
%), porcine skin, and finite element modeling of nanostructures. 
Device biocompatibility was evaluated by in vitro culture with HDFs. 
For in vivo validation, microneedle sensor was applied to Sprague-
Dawley rats for continuous TDM sessions [healthy animal, CCl4-
induced liver injury, and adenine diet–induced kidney failure, under 
University of California, Los Angeles (UCLA)–approved protocols 
ARC-2021-011 and ARC-2023-114]. For long-term in vivo sensor 
validation, integrated microneedle device without circuit was ap-
plied and fixed on the dorsal side of a rat, and vancomycin TDM was 
performed every day until no SWV peak was retrievable. For bio-
analytical TDM experiments in healthy and organ-impaired sub-
jects, the disease is induced by CCl4 injection or a high-adenine 
diet. CCl4 induces liver injury by centrilobular necrosis, oxidative 
stress, and impaired phase I/II metabolism, thereby closely modeling 

human drug-induced hepatotoxicity (63). Similarly, low-dose ade-
nine forms renal precipitates that trigger fibrosis, reduced filtra-
tion, and uremia, recapitulating human CKD pathology (64). For 
vancomycin-based TDM and renal-function assessment, sensor re-
sults were then correlated with LC–tandem MS serum analysis 
using serum samples collected concurrently during the TDM ses-
sions for analysis. In a separate experiment to validate tKDM in 
tumor tissue, the vancomycin microneedle sensor was implant-
ed into dorsal tumor tissue (murine colon adenocarcinoma cells 
MC-38) in a female C57BL/6 J mouse, under UCLA-approved 
protocol ARC-2017-072. No data were excluded from the analyses. 
The animal experiments were not blinded, and sample sizes are 
stated in the figure captions and determined on the basis of previous 
publication. Randomization was not applicable for this study.

Electrode fabrication
The RNB was fabricated from gold-plated acupuncture needles, and 
all electrochemical measurements were performed using a CHI660E 
or CHI1040C workstation (CH Instruments). Needles were cleaned 
by sonication in acetone, ethanol, and high-performance liquid 
chromatography (HPLC)–grade water (5 min each). To form a thick, 
homogeneous adhesion layer, gold was electrodeposited from Ele-
vate Gold 7990 at 65°C by applying −0.75 V (versus Ag/AgCl) for 
10 s followed by −0.5 V for 20 min under stirring. After rinsing 
with HPLC water, a 30-nm Au layer and a 300-nm Ag:Au alloy layer 
(2:1) were deposited by sputtering. Conventional heterogeneous-
adhesion coating was prepared by plasma treatment followed by de-
position of 50-nm Ti, 30-nm Au, and 300-nm 2:1 Ag:Au alloy using 
the same sputtering system.

To generate nanoporous gold, Ag was dealloyed using a SMD 
process in 50 mM H2SO4 via linear sweep voltammetry from 0.3 to 
1.2 V at 5 mV s−1, followed by CV in the same electrolyte over 0.2 to 
1.35 V for 5 cycles at 100 mV s−1. Electrodes were then rinsed with 
deionized water before surface characterization or functionalization. 
The exposed needle length was defined by applying a polytetra-
fluoroethylene heat-shrink tube (0.018 in diameter; Zeus Industrial 
Products) or polydimethylsiloxane before dealloying.

Sensor fabrication
To construct the aptamer sensor, 5 μl of 100 μM thiolated methylene 
blue–DNA aptamer was reduced with 10 μl of tris(2-carboxyethyl)
phosphine hydrochloride (TCEP) for 1 hour in the dark. TCEP 
concentration was tuned by aptamer to optimize probe density, 
with higher TCEP generally yielding higher surface density: 10 mM 
TCEP was used for tobramycin, phenylalanine, and irinotecan ap-
tamers, whereas 100 mM TCEP was used for the vancomycin ap-
tamer. TCEP was prepared in buffer containing 100 mM tris-HCl, 
140 mM NaCl, 20 mM MgCl2, and 20 mM KCl (pH 7.4). The re-
duced aptamer solution was diluted with 500 μl of PBS, and the RNB 
was incubated in this solution for 2 hours at room temperature in 
the dark to immobilize DNA. After immobilization, sensors were 
passivated in 20 mM 6-mercapto-1-hexanol (in PBS) overnight at 
room temperature, rinsed with water, and used for testing. The DNA 
sequence used for the construction of the sensor is listed as follows: 
Vancomycin: 5′-/5ThioMC6-D/CGAGGGTACCGCAATAGTA
CTTATTGTTCGCCTATTGTGGGTCGG/3MeBlN/-3′, doxorubicin: 
5′-/5ThioMC6-D/ACCATCTGTGTAAGGGGTAAGGGGTGGT/
3MeBlN/-3′, phenylalanine: 5′-/5ThioMC6-D/CGACCGCGTTTCC
CAAGAAAGCAAGTATTGGTTGGTCG /3MeBlN/-3′, and irinotecan: 
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5′-/5ThioMC6-D/TCCGGACTTGGGTGGGTGGGTTGGGGTA
CGGT/3MeBlN/-3′.

In vivo rat test
All rat TDM studies were conducted under protocols approved by 
the UCLA Institutional Animal Care and Use Committee. Mixed-
sex Sprague-Dawley rats (200 to 670 g; Charles River Laboratories) 
were housed in climate-controlled facilities on a 12-hour light/
dark cycle with food and water provided ad libitum and were ac-
climated for at least 7 days before any experimental procedures. 
Sensors were removed after each TDM session except in multiday 
sensing experiments.

For continuous irinotecan monitoring, rats were anesthetized 
with inhaled isoflurane (3 to 5% induction, 1.5 to 2.5% mainte-
nance) and placed on a circulating water-heated pad to maintain 
body temperature. After shaving the lower back, an RNB device 
was applied and interrogated by SWV using preoptimized param-
eters to obtain real-time tKDM readouts (10 and 150 Hz). Once the 
tKDM signal stabilized, baseline blood was collected by tail prick; 
samples were allowed to rest for 15 min and centrifuged for 10 min 
at 10,000 rpm, and serum was collected and stored at −20°C for 
analysis. Irinotecan (40 mg kg−1) was then administered intrave-
nously via the tail vein. In a separate cohort, acute liver injury was 
induced by carbon tetrachloride, and the same TDM and predose 
blood collection procedures were performed before irinotecan 
administration.

For long-term in vivo TDM, rats were anesthetized as above, 
and a vancomycin microneedle sensing device (without the circuit 
board) was applied to the upper back and secured with Vetbond 
(3M). Daily TDM measurements were performed at a fixed vanco-
mycin dose (30 mg kg−1) using an SWV frequency pair of 25 and 
150 Hz. After each measurement, the sensor and attached flexible 
lead were covered with a small Tegaderm dressing. Measurements 
were repeated daily through day 7, when no discernible SWV peak 
could be recovered; no excessive stress or weight loss was observed 
during the study.

Statistical analyses
Statistical analyses were conducted using MATLAB (version 2023a). 
Data were assumed to be normally distributed but were not sta-
tistically tested for normality. Pearson correlation analyses were 
performed to assess the correlation between variables. Compari-
sons between two independent groups (for instance, RNB versus 
nanodendritic electrodes in fouling resistance) were analyzed us-
ing two-tailed unpaired Student’s t tests. Paired Student’s t tests 
were used to compare changes within the same electrode or sub-
ject. One-way analysis of variance (ANOVA) was used for analyz-
ing three or more groups. All tests assumed a two-tailed hypothesis, 
with a significance level of α = 0.05. Replication conditions for 
each experiment were defined and described in Results and figure 
captions, with all tests including at least three replicates unless 
noted in the text. All individual-level tabular data are included in 
data file S1.

Supplementary Materials
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Materials and Methods
Figs. S1 to S35
Tables S1 and S2
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Editor’s summary
Wearable biosensors show promise for real-time in-tissue monitoring of drug pharmacokinetics, yet further advances
are needed in sensitivity and mechanical resilience. Here, Zhu et al. present a resilient nanostructured bioelectrode
(RNB) microneedle with high-sensitivity aptamer-based analyte detection from interstitial fluid. Fabricated by stress-
mitigated dealloying, the strong nanostructured gold bioelectrode surface maintained better sensor response after
tissue insertion compared with a nanodendrite bioelectrode. In preclinical models, the RNB detected drug clearance
differences in interstitial fluid across hepatic and renal disease states, consistent with blood-based measures of drug
clearance and organ function. The study demonstrates preclinical promise for minimally invasive therapeutic drug
monitoring and functional assessment of hepatic and renal drug processing. —Molly Ogle
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