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ABSTRACT: Optimal levodopa (L-Dopa) dosing for the personal
management of Parkinson’s disease represents a major clinical
challenge due to L-Dopa’s narrow therapeutic window and inter-
and intra-patient absorption variability. Current methods for mea-
suring L-Dopa, relying on repeated blood draws for centralized
laboratory measurements, fall short of capturing dynamic L-Dopa
fluctuations that are relevant for timely interventions. Here, we pres-
ent a minimally invasive microneedle (MN)-based wearable biosen-
sor for continuous monitoring of L-Dopa (CDM) in human
subjects. The MN biosensor platform relies on a tyrosinase-
functionalized working electrode for detecting L-Dopa in interstitial
fluid (ISF) through enzymatic electrochemical detection. The
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device was evaluated in healthy volunteers and participants with Parkinson’s disease in clinical settings, illustrating its ability to provide
actionable temporal insights. Critical validation of the MN biosensor was carried out by comparing the ISF L-Dopa signals with plasma
L-Dopa concentrations measured by high-performance liquid chromatography (HPLC). Using subject-specific calibration and lag-
time correction, the ISF-derived drug profiles showed a close correlation with plasma L-Dopa pharmacokinetics, with a mean absolute
relative difference (MARD) of 9.64%. An inverse correlation between the L-Dopa pharmacokinetics and the corresponding motor per-
formance was observed. Such pioneering demonstration of the clinical feasibility of MN-based CDM in humans highlights its consid-
erable potential for supporting the management of Parkinson’s disease.

KEYWORDS: microneedles, continuous monitoring, wearable biosensor, Parkinson’s disease, enzymatic electrochemical detection, levodopa

P arkinson’s disease (PD) is a progressive neurodegenerative
condition that impairs motor function. It results from the
gradual deterioration of dopamine-producing neurons in the
substantia nigra. The loss of the neurotransmitter dopamine
leads to progressive motor symptoms, which include tremors,
bradykinesia (slowed movement), rigidity (muscular stiffness),
and postural instability, along with cognitive impairment, sleep
disturbances, and mood disorders.! PD is the second most com-
mon neurodegenerative disorder, affecting nearly 10 million
people worldwide.”® With increasing life expectancy, PD cases
are projected to double by 2040, imposing an enormous global
economic burden and highlighting the urgent need for more
effective therapeutic interventions.*”® Despite ~significant
research efforts, no cure for PD currently exists, so treatment
focuses on alleviating symptoms, primarily through dopamine
replacement therapies.” ™’

One major challenge of treating PD symptoms is that dopa-
mine cannot be administered directly because it cannot cross the
blood-brain barrier (BBB). Alternatively, levodopa (L-Dopa) - a
precursor to dopamine - can cross the BBB, where it is converted
to dopamine by the enzyme dopa decarboxylase.'~'* L-Dopa is
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usually co-administered orally with a dopa decarboxylase inhibitor
(e.g, carbidopa), which prevents peripheral conversion of L-Dopa
before it reaches the brain, enabling a greater concentration to
reach the central nervous system and reducing side effects such
as nausea and low blood pressure.*'* Although L-Dopa remains
the most effective pharmacological treatment for PD motor symp-
toms, there are several limitations to its use. Frequent L-Dopa
doses must be taken (at minimum 2—3 times daily) due to its
short half-life. Furthermore, several gastrointestinal factors may
impair L-Dopa’s absorption, including food intake, concurrent
medications, and constipation.'> Over time, with increasing dopa-
minergic deficiency, L-Dopa’s therapeutic window narrows, often
requiring more frequent and higher doses to maintain its
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beneficial effects. People with advanced PD may experience fluc-
tuating symptoms, with varying and often unpredictable
responses to L-Dopa doses and reemergence of parkinsonian
symptoms (“off” time) when L-Dopa levels are subtherapeutic,
and dyskinesias (excessive involuntary movements) when L-
Dopa levels are therapeutic or supratherapeutic.'”> While L-
Dopa is considered the “gold standard” for treating PD motor
symptoms,' routine clinical practice lacks reliable tools for real-
time L-Dopa monitoring, making timely personalized dosing
strategies difficult to achieve. Addressing this gap is critical for
maintaining optimal therapeutic drug levels, improving clinical
outcomes, and reducing the overall burden of PD.'718

Current methods for L-Dopa monitoring are time-
consuming and require invasive blood extraction, complex sam-
ple preparation, trained lab technicians, and specialized, bulky,
centralized instrumentation, ranging from high-performance
liquid chromatography (HPLC) to liquid chromatography-
mass spectrometry (LC-MS), making such L-Dopa assays
unsuitable for real-time monitoring or point-of-care (POC)
applications.'>'?*! These limitations underscore the need for
alternative, minimally invasive, and rapid L-Dopa decentralized
or wearable detection methods. Disposable L-Dopa electro-
chemical sensor strips have been developed for frequent POC
testing of the drug in blood and sweat biofluids.”>** However,
such disposable sensors cannot capture L-Dopa dynamics and
support optimal L-Dopa dosing.

In this study, we introduce and demonstrate for the first time
a wearable microneedle (MN)-based sensing platform for con-
tinuous L-Dopa monitoring (CDM) in both healthy volunteers
and participants with PD (Figure 1a). Wearable electrochemical
MN sensors have gained a tremendous recent interest towards
the reliable minimal-invasive monitoring of biomarkers in inter-
stitial fluid (ISF).**** An initial proof-of-concept electrochemi-
cal MN sensing platform for L-Dopa measurements was
demonstrated in-vitro using skin-mimicking phantom gels and
mice skin penetration.” More recently, a stainless-steel micro-
needle array patch was tested for L-Dopa monitoring in living
rats.'? Critically, no L-Dopa MN sensing devices have prog-
ressed to human clinical trials, leaving a major translational
gap. Key challenges remain in terms of assessing the on-body
performance of L-Dopa MN sensors in persons with PD,
patient comfort, safety, and tolerability, operational stability
over extended wear, long-term biocompatibility and correlation
with motor symptoms. Addressing these limitations and gaps is
essential for realizing highly reliable and stable MN L-Dopa
monitoring platforms and eventually towards enabling closed-
loop PD drug management systems that could minimize motor
fluctuations, improve quality of life, and reduce the healthcare
burden associated with PD.

The new MN wearable device is based on a two-electrode
electrochemical system consisting of a tyrosinase (TYR)-
modified working electrode and a platinum reference electrode,
enabling enzymatic conversion of L-Dopa to dopaquinone, which
is detected cathodically at a negative potential (Figure 1a). The
MN L-Dopa monitoring platform offers an attractive minimally
invasive, patient-friendly system for capturing real-time pharma-
cokinetic and pharmacodynamic profiles (Figure le—i). CDM
was performed in PD patients alongside motor symptom score
assessments and blood pressure monitoring. The L-Dopa mea-
surements from human subjects were validated against plasma
L-Dopa concentrations measured by the current “gold standard”
high-performance liquid chromatography (HPLC). Both ISF and

plasma L-Dopa levels showed an inverse correlation with motor
scores, where higher motor scores (indicating worse symptoms)
were associated with lower L-Dopa concentrations. This relation-
ship is consistent with the pharmacodynamic role of L-Dopa in
symptom control and supports the utility of continuous monitor-
ing for real-time therapeutic assessment.

These initial human clinical trials highlight the potential of
CDM to capture dynamic L-Dopa fluctuations that are inacces-
sible through common intermittent blood sampling. The
MN-based CDM device accurately reflects the L-Dopa pharma-
cokinetic changes following oral L-Dopa administration in
patients with PD. Such capability is particularly relevant for
managing motor complications, including wearing-off phenom-
ena and dyskinesias, which are closely linked to fluctuations in
L-Dopa levels”° (Figure 1d). Subject-specific lag times
between L-Dopa concentrations in ISF and blood were identi-
fied, and individualized calibration was applied to account for
these delays (Figure 1b,c). Correlation analyses using Pearson
statistics, Bland-Altman plots, and mean absolute relative differ-
ence (MARD) confirmed the reliable performance of the MN
L-Dopa biosensor (MARD of 9.64% in participants with PD).
By enabling continuous individualized tracking of L-Dopa, this
approach provides actionable temporal insights and supports
data-driven, timely, optimized dosing in PD, paralleling the
transformative impact of continuous glucose monitoring
(CGM) in diabetes care, and addressing a critical translational
gap in the management of PD.

B METHODS
Materials

All reagents and solvents were used as received without further purifi-
cation. Acetaminophen (CgHyO,N, >98.0%), L-ascorbic acid
(C¢HgOy 99%), bovine serum albumin from lyophilized powder
(BSA, pH 7, >98%), carbidopa (C,,H,,N,0,H,0, C-Dopa)34-
dihydroxy-l-phenylalanine ~ (L-Dopa), dopamine hydrochloride
(>98%), D-(+)-glucose anhydrous (C,H,,04, >99.5%), glutaraldehyde
solution (C{HgO,, SO wt % in H,0), L-(+)-actic acid (C,H4O,,
>98%), Nafion (S wt % in a mixture of lower aliphatic alcohols and
water), phosphate buffer solution (1.0 M, pH 7.4), poly(vinylchloride),
sodium lactate (C;HNaO,, USP), tyrosinase (from mushroom, EC
1.14.18.1, lyophilized powder, >1000 unit mg' solid), L-tyrosine
hydrochloride (98%), and uric acid (C;H,N,O;, >99%) were purchased
from Sigma-Aldrich. Artificial ISF was prepared according to our earlier
report.®’ Fava beans were obtained from a local store.

Microneedles Fabrication and Device Assembly

All parts (MN, cover, and bracket) were designed and adapted using
SolidWorks software (Figure le). Microneedles: The microneedle array
has a total of 20 microneedles, with 10 serving as the working electrode
(WE) while the other 10 as the reference electrode (RE). These arrays
were fabricated via 3D printed using Digital Light Processing (DLP)
printing (Kudo3D model: microlS) (Supporting Information
Figure 1a(i)), as we reported earlier.”** After printing, the parts were
cleaned in an isopropanol ultrasonic bath for 60 min and then were
UV-cured (405 nm, Kudo3D) for 30 min. Subsequently, the micronee-
dles were outgassed at 80 °C overnight. Subsequently, the microneedles
were masked and prepared for the metal deposition step, where a layer of
chromium, followed by a platinum layer, were sputtered onto the micro-
needle (with a Cr adhesion layer for 6 min at 300 W and a Pt layer for
15 min at 100 W) using 65% rotation and 2.41 mTorr Ar gas pressure
in a Denton Discovery 635 machine (Figure lg and Supporting

fabricated via stereolithography (SLA) 3D printing using a Form3 printer
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Figure 1. Concept of real-time continuous monitoring of L-Dopa in interstitial fluid (ISF) in participants with Parkinson’s disease (PD). (a) The
wearable microneedle (MN) patch is applied on the skin of the person with PD for continuous L-Dopa monitoring of L-Dopa in ISF. The MN sur-
face is functionalized with the enzyme tyrosinase (TYR) to catalyze the oxidation reaction of L-Dopaquinone for electrochemical detection.
(b) Personal identification of the lag-time between ISF and plasma L-Dopa were established, proceeding to (c) time delay adjustment for concen-
tration translation. (d) These types of profiles can inform in real time L-Dopa dose adjustments and improve symptom management.
(e) Exploded schematic representation of the wearable MN device, which consists of a top cover for electrode isolation, and the mounting bracket
for adaptability to the commercial wearable potentiostat for signal acquisition and transmission via Bluetooth. The fully assembled device is shown on
the upper arm. (f) Photograph of the wearable MN sensing device. (g) Photographs of the MN array after metal deposition. (h, i) SEM images of the

MN:ss after sputtering.

(White resin, Formlabs). After printing, the parts were cleaned in an iso-
propanol ultrasonic bath for 30 min and then UV-cured (405 nm,
FormCure) for 15 min (Supporting Information Figure 1b(iiv)).
Device assembly: First, the microneedle array was attached to the bracket.
The base of the microneedles has 6 semi-holes on the outer diameter that
served as guides to fit to the bogo pins of the wearable potentiostat
(Sensit Wearable, PalmSens). Second, we added a thin layer of photocur-
able resin at the base of the microneedles and bracket to attach the cover
piece. This piece facilitated electrical insulation and the desired micronee-
dle height. The resin was cured using a UV-lamp (SUNUV 365 nm UV
and 405 nm LED light) for 200 s on the double power setting. Lastly,
the bracket integrated with the microneedles was mounted onto the

wearable potentiostat (Supporting Information Figure 1b(jiii) ). This fab-
rication resulted in microneedles with approximately 25 pm in tip size,
300 pm in diameter and 700 pm in height, as illustrated in the SEM image
of Supporting Information Figure 2. SEM images were taken using a FEI
Quanta 250 SEM.

Development of the L-Dopa Microneedle Sensor

The modification of the microneedle working electrode relied on a drop
cast technique. The enzyme solution, tyrosine oxidase (4 mg ml '), was
prepared in BSA (10mgml™" in 0.1M PBS). Four layers (5pl) of
enzyme solution were drop casted on top of the microneedles, followed

https://doi.org/10.1021/acssensors.6c02083
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by the addition of 2v/v % glutaraldehyde in distilled water (S pl),
followed by casting S pl of a 2% Nafion solution (in DI water).
Finally, on all working microneedles, a protective layer consisting in a
solution of 2 wt % polyvinyl chloride (in tetrahydrofuran with 1 mM
Triton X-100) was cast to avoid leaching and biofouling problems
(Figure 2a). After modification, the patches were stored overnight in
the fridge (4 °C) for further in vitro and on-body testing (Figure 3).

Skin Insertion Evaluation

Following the modification of the MNs, the sensing interface was
examined before and after skin insertion to evaluate potential detach-
ment or damage of the reagent’s coatings. As shown in the SEM images
(Supporting Information Figure 2), the MNs exhibited no evident
delamination or geometry deformation after skin insertion, indicating
that both the coating and the overall microneedle geometry were well
preserved after insertion.

In Vitro Evaluation

The sensing performance of the developed L-Dopa microneedle sen-
sors were evaluated by amperometric measurements in 0.1 M PBS

(pH 7.4) spiked with standard L-Dopa solutions, using an applied
potential of —0.3 V vs Pt for 60 s. A handheld wireless potentiostat
(Sensit BT, PalmSens), operated via PSTrace software (version 5.10)
was employed for data acquisition, and the results were plotted using
Origin software. L-Dopa stock solutions were prepared in 0.1 M PBS
(pH 7.4) for all experiments (Figure 2 and Supporting Information
Figure 3)

In Vitro Cytotoxicity Assessment

To evaluate cytocompatibility, the microneedles were incubated with
THP-1 cells cultured in RPMI-1640 medium (Thermo Fisher
Scientific, Waltham, MA) at a concentration of 1 X 10° cells/mL.
Prior to exposure, all microneedles were sterilized using UVC irradiation
for 1 h. As the present pilot study was designed to evaluate the short-
term continuous L-Dopa monitoring, with device wear durations of less
than 4 h in both healthy participants and patients with PD, a 24 h in vitro
cytotoxicity assessment was performed to evaluate the biocompatibility
of the device within the intended operating timeframe. The
samples were co-incubated with the cell suspension for 24 h at 37 °C
under standard cell culture conditions. Following incubation, 50 pL of
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Figure 2. In vitro evaluation of the L-Dopa MN sensor. (a) Schematic of the reagent configuration on the MN working electrode, with a Pt-sputtered
surface modified with tyrosinase (Tyr) in BSA, followed by Nafion and PVC layers. Alongside the enzymatic reaction and electrochemical detection
mechanism of the dopaquinone product. (b) Effect of applied potentials (0 to 0.4 V vs Pt MNs) on the response of the L-Dopa MN sensor to 1 mM
L-Dopa in artificial ISF. (c) Chronoamperograms of the L-Dopa MN sensor upon successive S pM L-Dopa additions (up to SO pM) at —0.3 V vs Pt
MNs (Inset: calibration plot). (d) Selectivity study: corresponding current percentage responses to 10 pM L-Dopa vs potential interferents, including
10 uM ascorbic acid (AA), 100 pM acetaminophen (APAP), 2.5 pM carbidopa (C-Dopa), 1 pM dopamine (DA), 1 mM glucose (Glu), 1 mM lactic
acid, 10 pM tyrosine (Ty), and 100 pM uric acid (UA). (e) Stability: chronoamperometric responses to 10 pM L-Dopa at S-min intervals over
580 min (~9.67 h). (f) Shelf life: responses to 10 pM L-Dopa over 10 days. (g) Reproducibility: responses to 10 pM L-Dopa across five MNs devices
(n=5). (h) Skin insertion and (i) pH effects on responses to 10 pM L-Dopa.
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Figure 3. Data processing workflow for converting the MN current sig-
nals to ISF L-Dopa concentrations and adjusting for temporal alignment:
() Identification of the maximum concentration peak in plasma and the
corresponding maximum current response in ISF, (b) Calculation of the
slope by dividing the change in ISF current (Ai) by the change in plasma
L-Dopa concentration (A[L-Dopa]), (c) Computation of the ISF L-
Dopa concentration by subtracting the baseline ISF current and dividing
by the slope. (d) Generation of the converted ISF L-Dopa concentration
profile. Temporal alignment of MN response to account for delay:
(e) Identification of peak times in plasma and ISF profiles, (f)
Determination of the time difference between peaks, (g) temporal shift-
ing of the ISF profile based on the delay, and (h) Plotting of the aligned
profiles to define the overlap window for subsequent statistical analysis.

3-(4,5-dimethylthiazol-2-yl)—5-(3-carboxymethoxyphenyl ) —2-(4-sulfo-
phenyl)-2H-tetrazolium (MTS) reagent (colorimetric assay, ab197010)
was added to S00 pL of each well’s cell suspension and the mixture
was further incubated for 30 min at 37 °C. Such MTS assay was selected
because, while it is based on the same tetrazolium reduction mechanism
as the traditional MTT assay (3-(4,5-dimethylthiazol-2-yl)—2,5-diphenyl-
2H-tetrazolium bromide), it produces a water-soluble formazan prod-
uct that eliminates the need for an additional crystal-dissolution step,
thereby simplifying the assay protocol while reducing the experimen-
tal variability. The absorbance at 490 nm was measured using a
BioTek Synergy Mx microplate reader to determine cell viability
(Supporting Information Figure 4).

Battery Life Optimization

The Sensit wearable software was initially set to continuous monitoring
mode, where the device continuously recorded signal data and trans-
mitted it via Bluetooth. This resulted in rapid battery consumption,
limiting the battery life to approximately one hour. In this study, we
rewrote the device’s code to optimize power consumption by applying
sleep mode during the S-minute waiting period. During this interval,
the Sensit wearable device stops recording signals and disables
Bluetooth transmission to conserve energy. After 5 min, the device
automatically wakes up and restarts data recording for 30 s. To monitor
baseline fluctuations, the updated code records a new baseline before
each S-minute measurement interval. Moreover, since the device
includes two operational channels, the updated code enables only
one, keeping the second channel disabled to minimize energy usage.

This reduced power consumption significantly extends the device’s bat-
tery life up to 6 h.

Eligibility Criteria for L-Dopa Monitoring

Healthy Participants for Fava Bean Consumption. Eligible
healthy participants had no active medical problems and were at least
18 years old, able to provide informed consent, and willing to consume
fava beans during the study and abstain from caffeine on the day of the
study. Exclusion criteria were current pregnancy or active nursing,
allergy or intolerance to fava beans; and inability to comply with study
dietary restrictions.

Healthy Participants for Ingestion of the Oral Carbidopa/L-
Dopa Immediate-Release Tablet. Eligible participants were at least
18 years of age, had no active medical problems (e.g., diabetes mellitus,
heart failure, cardiac arrhythmia, or cancer), were able to provide
informed consent, and were willing to abstain from caffeine and high-
protein foods on the day of the study visit. Exclusion criteria were current
pregnancy or actively nursing; hypotension, use of non-selective mono-
amine oxidase inhibitors within the previous two weeks; a history of glau-
coma, psychosis, peptic ulcer disease, malignant melanoma, myocardial
infarction, or cardiac arrhythmias; and any other condition that, in the
opinion of the investigators, would place the participant at increased risk.

PD Patients for Ingestion of the Oral Carbidopa/L-Dopa
Immediate-Release Tablet. All potential participants met the
Movement Disorder Society (MDS) diagnostic criteria for clinically
established PD, which are highly sensitive and specific.”*** General
inclusion criteria included age between 40 and 85 years, the ability to
provide signed informed consent in English or Spanish, and a diagnosis
of mild, moderate, or severe PD corresponding to Hoehn and Yahr
stages [=IV (able to walk).*® Participants were required to be receiving
immediate-release oral carbidopa/L-Dopa therapy and either not tak-
ing or taking stable doses of other antiparkinsonian medications,
including dopamine agonists, monoamine oxidase B (MAO-B) inhibi-
tors, or catechol-O-methyltransferase (COMT) inhibitors. General
exclusion criteria were other neurological conditions, including, but
not limited to stroke, dementia, including PD dementia,”” and trau-
matic brain injury; uncontrolled active medical conditions such as heart
or liver failure or uncontrolled diabetes; prior deep brain stimulation
device placement; use of nonselective monoamine oxidase inhibitors
within the previous two weeks; hypotension; a history of glaucoma,
peptic ulcer disease, malignant melanoma, myocardial infarction, car-
diac arrhythmias, or psychosis; current pregnancy or breastfeeding;
and any other condition that, in the opinion of the investigators, would
place the participant at increased risk.

Microneedle Sensor Testing in Healthy Subjects after Fava
Bean Consumption

Healthy volunteers used the MN device for approximately 2—3 h under
an approved University of California San Diego (UCSD) IRB protocol
(Project #171927). The MN sensor was placed on each participant
using 3M double-sided medical tape. Current signals were recorded
by chronoamperometry under optimized experimental conditions.
After one hour of baseline stabilization, subjects consumed 450 g of
fully cooked fava beans within a five-minute period. For validation,
finger-pricked capillary blood samples were collected every 10 min
and analyzed for L-Dopa concentration using biosensor strips previ-
ously reported by our laboratory”* (Supporting Information Figure 5).

Testing in Healthy Subjects after Ingestion of an Oral
Carbidopa/L-Dopa Immediate-Release Tablet

All study visits were conducted in a private room at the UCSD Altman
Clinical and Translational Research Institute (ACTRI) clinic space
under an IRB-approved protocol (Project # 201535). All participants
provided written informed consent. Participants’ eligibility for the
study was confirmed through a review of medical history and a physical
examination by a neurologist. The MN sensor was placed on each par-
ticipant using 3M double side medical tape for approximately 3 h, and
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current signals were recorded by chronoamperometry under optimized
experimental conditions. After baseline stabilization for approximately
90 min, each subject received one immediate-release oral tablet con-
taining A3B2 25 mg carbidopa/100 mg L-Dopa. For sensor validation,
blood draws samples were collected every 10 min by a nurse, processed
after collection, and sent to the HPLC Bioanalytical Core, Emory
University School of Medicine for plasma L-Dopa concentration anal-
ysis via HPLC. To ensure participant safety, nursing staff measured
vital signs, including heart rate and blood pressure every 10 min
(Figure 4 and Supporting Information Figure 6).

Testing in Participants with PD after Ingestion of Oral
Carbidopa/L-Dopa Immediate-Release Tablets

All study visits were conducted in a private room at the UCSD ACTRI
clinic space under the same IRB-approved protocol (Project #201535).
All participants provided written informed consent. Participants’ eligi-
bility for the study was confirmed through review of their medical his-
tories and physical examination by a movement disorders neurologist.
All participants with PD attended two visits: one screening visit and
one study visit. If participants met all eligibility criteria at the screening
visit, they returned for a study visit, before which they held antiparkin-
sonian medication for at least 10 h. On the morning of the study, they
were also asked to abstain from consuming caffeine, which may inter-
fere with HPLC analysis,*® and from foods containing high amounts
of protein (e.g, protein shakes, animal products), which may alter L-
Dopa’s bioavailability.>® On the day of the study, the MN sensor was
placed on each participant using 3M double-sided medical tape and
worn for approximately three hours in total. Current signals were
recorded via chronoamperometry at —0.3 V. After baseline stabilization

for approximately 70 min, each subject ingested oral immediate-release
carbidopa/L-Dopa, with the dose determined by each participant’s
their home regimen. More detailed information about the participants
can be found in Supporting Information Table 1.

For sensor validation, an intravenous catheter was placed in an ante-
cubital vein. Blood samples were drawn every 10 min by a nurse for
approximately 2 h, processed after collection, and sent to the HPLC
Bioanalytical Core, Emory University School of Medicine for L-Dopa
concentration analysis via HPLC. In parallel, motor performance was
evaluated every 10 min based on a modified Movement Disorder
Society-Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) Part
ML The standardized evaluation included ratings of rest tremor,
action tremor (postural and kinetic), rigidity, and bradykinesia/hypoki-
nesia (finger taps, hand grips, pronation/supination, toe taps, and heel
stomps), with each item scored on an ordinal 0—4 scale (0 = normal,
4 = severe impairment) (Supporting Information Figure 7). The total
score was recorded for each time point to capture changes in motor per-
formance following L-Dopa administration. To verify that patient move-
ment (tremor or dyskinesia) did not influence the sensor performance,
additional control tests were conducted, confirming that motion had a
negligible effect on the current response or the overall sensing perfor-
mance (Supporting Information Figure 8). Lastly, to ensure safety, nurs-
ing staff measured heart rate and blood pressure every 10 min (Figure S
and Supporting Information Figure 9).

Plasma Sample Handling Process after Collection, Storage
Conditions, and Shipping

The EDTA Vacutainers (lavender top) were placed on wet ice 15 min
before the blood draws by the study coordinator. Immediately after
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Figure 4. On-body monitoring of L-Dopa dynamics using a wearable MN device in healthy human subjects. (a) Experiment workflow followed to eval-
uate the wearable microneedle sensor in healthy participants. L-Dopa;g;: monitoring begins with a stabilization period to ensure a steady baseline signal.
In parallel, L-Dopay,,,,, monitoring is performed through venous blood draws collected every 10 min. After baseline stabilization, subjects took one oral
tablet of immediate-release 25 mg carbidopa/100 mg L-Dopa. Throughout the study, blood pressure (BP) was measured every 10 min. (b—d) Real time
profiles of L-Dopa concentrations measured in ISF using the MN device (blue) and in plasma using HPLC (red) from three healthy volunteers. Oral
administration of the carbidopa/L-Dopa tablet was performed following the stabilization period, indicated by the grey-shaded region. (e) Correlation
between ISF L-Dopa concentrations obtained via the MN device and the corresponding L-Dopa plasma concentrations measured by HPLC across
all subjects. A strong linear relationship (R* = 0.83) was observed, calculated while applying delay-time correction. (f) Bland—Altman analysis comparing
L-Dopa concentrations measured in ISF and plasma. The plot shows the mean difference (dashed line) and the +1.96 SD limits of agreement (solid red
lines), indicating good agreement between the two measurement methods across the observed concentration range.
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each blood draw, the coordinator collected the EDTA vacutainer polypropylene tubes labeled with the corresponding collection time

tube containing blood and placed the tube in a wet ice bath for point and immediately placed on dry ice. Once all blood samples

transportation to the laboratory for processing. The EDTA tubes had been collected from the participant, the plasma samples were

were centrifuged for 10 min at 3000 revolutions per minute (rpm) placed into the —80-degree Celsius freezer for subsequent shipment

at 4 degrees Celsius. The plasma was then pipetted into in batches for batch shipments, the polypropylene tubes containing
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Figure S. On-body monitoring of L-Dopa dynamics using a wearable MN device in participants with PD. (a) Experiment workflow used for eval-
uating the wearable MN sensor in participants with PD. L-Dopa;¢; monitoring begins with a stabilization period to ensure a steady baseline signal.
In parallel, L-Dopap,,,,, monitoring is performed through venous blood draw performed every 10 min along with motor score evaluation. After base-
line stabilization, subjects take a dose of oral carbidopa/L-Dopa immediate release in a 1:4 ratio. Throughout the study, blood pressure (BP) was
measured every 10 min. (b—f) Real time profiles of L-Dopa concentrations measured in ISF using the MN device (blue) and in plasma using
HPLC (red), and the motor scores from five PD patients. Oral administration of carbidopa/L-Dopa was performed following a stabilized period,
indicated by the grey-shaded region. (g) MARD % values comparison between NBE CDM vs commercial CGMs. (h) Representative of MARD per-
centages and corresponding plasma L-Dopa concentrations during the study from all PD patients. MARD % values are shown as individual data
points (black circles, left axis), plasma L-Dopa concentrations (HM) are overlaid (red squares, right axis), the behavior trend between both is
observed. Most MARD % values remain below 10% (gray area), with occasional higher deviations, indicating overall good agreement between the
MNs measurements and reference plasma levels across all subjects. (i) Correlation between ISF L-Dopa concentrations obtained via the MN device
and corresponding plasma concentrations measured by HPLC across all subjects. A strong linear relationship (R* = 0.94) was observed, calculated
upon applying delay-time correction. (j) Bland—Altman analysis comparing L-Dopa concentrations measured in ISF and plasma. The plot shows the
mean difference (dashed line) and the +1.96 SD limits of agreement (solid red lines), indicating good agreement between the two measurement
methods across the observed concentration range.
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plasma were placed into a 9SkPa biohazard bag with absorbent
pouches. Four Ibs. of dry ice was placed at the bottom of the insu-
lated container in a medium-sized insulated frozen shipping box.
The sealed 95 kPa biohazard bag was placed on top of the dry ice,
and an additional 10 lbs. of dry ice was placed on top of the sealed
samples before sealing the box for shipment.

Plasma L-Dopa Concentration Analysis

Plasma samples were analyzed at the HPLC Bioanalytical Core at the
Emory University School of Medicine, and prepared and analyzed as
described below.

Sample Preparation. The plasma samples were thawed and son-
icated with cup horn with pulse 2 s on 10 s off, an amplitude 50% for
S min at 4 °C (QSONIC QS00A, Newtown CT). 450 pL of the plasma
was mixed with 50 pl of 4 N percholoric acid and rested on ice for
1S min. The samples were centrifuged at 13,000 X g for 15 min at
4 °C to remove the precipitated proteins. The supernatants were trans-
ferred into fresh 0.22 pM PVDF microcentrifuge filter tubes. Any
remaining particulate matter was eliminated by filtration through the
spin filter at 5000 X g for 5 min at 4 °C. L-Dopa was measured in
the supernatant.

HPLC Method. Monoamine were measured by ACQUITY ARC
system equipped with a 3465 electrochemical detector (Waters).
Separations were performed at 37 °C using an Xbridge BEH CI8,
2.5 pm, 3 X 150 mm column (Waters). The mobile phase consisted
of 100 mM citric acid, 100 mM phosphoric acid, pH 3.1, 0.1 mM
EDTA, 950 mg/L 1-octanesulfonic acid, 5% acetonitrile. The detection
flow cell was SenCell with 2 mm GC WE and the cell potential were
set at 650 mV with salt bridge reference electrode. AST position was
set at 1. ADF was 0.5 Hz. The needle was washed with water. Pump
piston was washed with 15% isopropanol. A 10 pL of sample was
injected. The samples were eluted isocratically at 0.6 mL/min.
The analytes were identified by the matching criteria of retention
time measures to known standards (Sigma Chemical Co., St. Louis
MO). Compounds were quantified by comparing peak areas to those
of standards.

Data Processing — Current to Concentration

Profiles of ISF L-Dopa current signals obtained from the wearable
microneedle sensor and plasma L-Dopa concentrations measured by
HPLC in healthy participants and those with PD were used for individ-
ualized calibration and translation of ISF signals to concentrations. For
each participant, the maximum ISF L-Dopa current signal and maxi-
mum plasma L-Dopa concentration after pill administration were iden-
tified. Baseline-subtracted changes were calculated according to egs 1
and 2:

Alisg = Imax — I (1)

A[L — Dopalpy,,. = [L —Dopa .. — [L —Dopal, 2)
where baseline values (0) represent the stabilized signal or concentra-
tion prior to L-Dopa administration. Also, Al represents the differ-
ence current value obtained from the MN device, which is the
subtraction of the current value at time zero (I,) from the maximum
current value (I ) (Figure 3a). For the L-Dopa concentration differ-
ence (A[L-Dopaly,.,q), [L-Dopa] ., represents the highest L-Dopa
concentration in plasma and [L-Dopa], indicates the L-Dopa concen-
tration at time zero.

The ratio (a) between Al and A[L-Dopa]
mined by (eq 3):

Plasma Was then deter-

AI ISF

— =g (uAuM! 3
A[L — Dopa] Plasma a (A uM ) ®)

where a is the subject-specific calibration ratio factor, accounting for

inter-individual variability in skin permeability, tissue diffusion, and
sensor response (Figure 3b). Using a, ISF current responses were
translated into concentrations according to eq 4:

i ISF — i ISF baseline

L~ Dopalgp = o)

where Iy is the real time current and Ijgp ,ceine 1S the baseline current
(Figure 3c,d).

A temporal lag between the ISF and plasma L-Dopa pharmacokinet-
ics is expected due to diffusion from the vascular to the interstitial com-
partment.*" A lag time (At) correction was thus applied. The lag time
was calculated using eq S:

At (min) = tpiggma = tisr (8)

where tig;; and ), - represent the times of maximum ISF and plasma con-
centrations, respectively. Each ISF profile was shifted backward by the cal-
culated lag time before correlation analysis (Figure 3e—g). After this shift,
only the overlapping portions of the ISF and plasma profiles were retained
for analysis (Figure 3h). L-Dopa plasma concentration points without
corresponding ISF current values (i.e., data falling outside the overlap
window after shifting) were excluded (Supporting Information
Figures 10 and 11). The correlation between ISF-derived concentrations
and plasma HPLC concentrations was then evaluated using Pearson cor-
relation, Bland—Altman analysis and mean absolute relative difference
(MARD). All calculations were processed using a custom Python script.

Mean Absolute Relative Difference (MARD) Calculation

The mean absolute relative difference (MARD) is a standard analytical
metric used to evaluate the accuracy of continuous glucose monitoring
(CGM) systems.”~* In this work, we adopted the same principle to
assess the performance of our CDM microneedle sensor. A MARD
value below 10% is typically considered acceptable for CGM systems.
The MARD value of the present CDM device was calculated from
paired measurements obtained in PD patients, where L-Dopa concen-
trations measured by the CDM sensor were compared with reference
values obtained by HPLC, according to the following equation:

CDM — HPLC

1
MARD=-5%
n HPLC

’ x 100 (6)

Where CDM are the L-Dopa values obtained from our microneedle
device paired to L-Dopa HPLC values from plasma samples. The cal-
culated MARD for our device was 9.68%, demonstrating reasonable
accuracy and stability for a first-generation CDM device deployed in
a clinical study (Figure Sgh).

Bl RESULTS AND DISCUSSION
In Vitro Evaluation of the L-Dopa Microneedle Sensor

In this section, we evaluate the developed L-Dopa MN sensing
platform; (Figure 2a) shows the reagent layer configuration on
the Pt MN working electrode. A platinum nanoparticle (Pt NP)
layer was electrodeposited to enhance electrical conductivity,
biocompatibility, and electroactive surface area.*> This layer
supported the immobilization of tyrosinase (Tyr), followed by
protective Nafion and PVC films. The enzymatic reaction
between Tyr and L-Dopa produces L-Dopaquinone, which is
electrochemically detected at a negative potential. To optimize
the amperometric setup, the influence of the applied potential
was evaluated over the 0.0 to —0.4 V range vs Ag/AgCl
(Figure 2b and Supporting Information Figure 3a). Although
higher negative potentials increased the L-Dopa signal, simulta-
neous O, reduction at —0.4 V compromised reliability.
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Therefore, —0.3 V was selected as the optimal potential, provid-
ing sufficient sensitivity while minimizing background interfer-
ence. L-Dopa calibration, carried out at —0.3 V and in PBS
containing 10—80 pM L-Dopa (10 pM intervals) produced a lin-
ear response (y = 0.0026x — 0.0019, R* = 0.9979) (Supporting
Information Figure 3b,c). Similarly, calibration in artificial inter-
stitial fluid (ISF) with 5—S0 pM L-Dopa (5 pM intervals)
showed a linear range (y = 0.0094x-0.019, R* = 0.998) and
LOD of 0.58 puM (at 3 Sy/m) (Figure 2c). These results confirm
that the sensor sensitivity and linearity are suitable for detecting
L-Dopa within the therapeutic range in ISF. The selectivity was
assessed in artificial ISF spiked with 10 pM L-Dopa against phys-
iologically relevant interferents, including ascorbic acid, acetamin-
ophen, dopamine, glucose, lactic acid, tyrosine, and uric acid.
Carbidopa typically co-administered with L-Dopa at a 1:4 ratio
(2.5 pM Carbidopa: 10 pM L-Dopa), was also tested
(Figure 2d and Supporting Information Figure 3d). The MN
sensor showed high selectivity for L-Dopa, reflecting the specific-
ity of TYR and the permselective properties of the Nafion and
PVC films. Operational stability was evaluated in artificial ISF
containing 10 pM L-Dopa at S-min intervals over 580 min
(~9.7 h). The current remained highly stable within 8.03% varia-
tion over the entire stability test period (Figure 2e and
Supporting Information Figure 2e), owing to the protective
anti-biofouling PVC film and effective crosslinking of TYR on
the Pt NP-modified surface.*>*® The storage stability was evalu-
ated over a 10-day period at 4 °C. As shown in Figure 2f, the nor-
malized current responses remained relatively stable, with
fluctuations ranging from —7.47% to +16.66% compared to the
baseline (day 0). These data demonstrate that the MN sensor
maintained its functional integrity during the study period.
These findings highlight that the MNs preserve reliable perfor-
mance for at least 10 days, a relevant timeframe for laboratory
testing, shipping, or short-term clinical use. To evaluate the
reproducibility of the fabrication and modification processes,
electrochemical signals were recorded from eight independently
prepared MN sensors (Figure 2g). The sensors yielded highly
reproducible current signals with minimal variations across differ-
ent MNs devices, consistency between batch-to-batch modified
MNs. The calculated relative standard deviation (RSD) of
5.99% confirms the robustness of the surface modification
method. To verify robustness for wearable applications, the sen-
sor performance was tested before and after skin insertion
(Figure 2h). Ten insertions resulted in only a 4.76% signal
decrease, confirming durability for single-use applications. While
the performance declined slightly after 20 insertions, this is not
a practical limitation since wearable sensors are intended for
one-time use. The effect of physiological pH variability was also
examined. The sensor was tested in artificial ISF at pH 6.5, 7.0,
and 74 (Figure 2i). Signals increased slightly at acidic pH
(10.64% at 6.5 and 4.04% at 7.0), reflecting protonation-
dependent changes in L-Dopa. Overall, the in vitro characteriza-
tion of the MN L-Dopa biosensor demonstrates that these sensor
strips offer high sensitivity, selectivity, stability, and robustness.
Notice that the in-vitro performance metrics fall within clinically
relevant ranges, suggesting feasibility for patient monitoring.

Data Processing: Translating ISF L-Dopa Current Signals
into Plasma L-Dopa Concentrations via Correlation with
Plasma HPLC Measurements

A single-point calibration approach was used in the present
work to account for inter-individual variability while enabling

quantitative translation of ISF electrochemical current signals
into equivalent plasma L-Dopa concentrations. To establish this
calibration, the wearable MN sensor outputs were correlated
with the plasma L-Dopa levels measured by HPLC in both
healthy subjects and PD patients. For each participant, the peak
ISF current response and the corresponding maximum plasma
L-Dopa concentration following oral drug administration were
identified. Baseline values were subtracted to obtain net peak
responses (Figure 3a). The ratio between these corrected peak
values defined the subject-specific calibration coefficient (a), as
shown in Figure 3b. This coeflicient accounts for inter-
individual variability in skin permeability and tissue diffusion.
Using this coefficient, ISF current values were converted to
L-Dopa concentration in real time according to eq 3, described
in the Methods section (Figure 3c,d). Considering the inherent
pharmacokinetic delay between systemic circulation and ISF, a
temporal correction factor (At) was computed as the time dif-
ference between the plasma and ISF L-Dopa peak occurrences.
This delay was subsequently applied to temporally align both
datasets (Figure 3e—g). Only the overlapping time segments
of ISF and plasma concentration profiles were used for statisti-
cal analysis (Figure 3h). Importantly, although the peak ISF
current response and peak plasma L-Dopa concentration were
used to derive the subject-specific calibration coeflicient, valida-
tion of the MN sensor did not rely on a single blood measure-
ment. After application of the calibration coeflicient and
lag-time correction, all available HPLC plasma L-Dopa concen-
tration points within the overlapping time window were used
for comparison with the corresponding ISF L-Dopa profile. This
approach enabled evaluation of the complete concentration-time
profile rather than an agreement at a single calibration point.

Prior to correction, the ISF signals (blue) displayed a consis-
tent delay relative to plasma L-Dopa concentrations (red).
Following the application of the subject-specific At adjustment,
calculated from the time-to-maximum concentration difference,
the ISF profiles were shifted to align with their corresponding
plasma L-Dopa profiles. After the profiles alignment, ISF and
plasma L-Dopa trajectories displayed a rise and decay kinetics
in both healthy and PD participants. This temporal and quanti-
tative calibration demonstrates the feasibility of real-time mon-
itoring of plasma L-Dopa dynamics through the MN ISF
electrochemical sensing, towards capturing individual pharma-
cokinetic variations with high fidelity. Lag time corrections
across all subjects are provided in Supporting Information
Figures 10 and 11.

On-Body Monitoring of L-Dopa via a Wearable MN Device
in Healthy Subjects

Before testing the device in participants with PD, the MN-based
CDM device was evaluated in healthy subjects after ingestion of
fava beans (Supporting Information Table 2), which provide a
natural  dietary source of L-Dopa.*”*® This non
pharmaceutical model provides a safe and physiologically rele-
vant means to validate the device’s capability to detect dynamic
changes in L-Dopa concentrations. In this preliminary study,
healthy volunteers wore the CDM device for approximately
2-3 h (following the UCSD IRB Project #171927), according
to the process described in the Methods section: Microneedle
Sensor Testing in Healthy Subjects after Fava Bean
Consumption. The ISF current signal was continuously recorded
using chronoamperometry at —0.3 V. As shown in Supporting
Information Figure 5, the CDM device successfully tracked
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temporal fluctuations in L-Dopa following fava bean ingestion in
the six participants, with an average ISF delay of approximately
20 min relative to the changing capillary blood levels. Peak
L-Dopa concentrations varied among individuals, reflecting phys-
iological differences in gastrointestinal absorption, metabolic rate,
as well as other dietary factors. Overall, these results demonstrate
that the CDM device can reliably detect dynamic changes in L-
Dopa in human participants, supporting its readiness for further
validation under standardized pharmaceutical conditions.

To further assess performance, three additional healthy sub-
jects (Supporting Information Table 3) were recruited to mon-
itor L-Dopa kinetics following administration of oral carbidopa/
L-Dopa pills. All visits followed the process described in the
Methods section: Testing in Healthy Subjects after Ingestion
of the Oral Carbidopa/L-Dopa Immediate-Release Tablet.
The ISF currents were continuously measured at —0.3 V.
After baseline stabilization for approximately 90 min, each sub-
ject ingested one oral tablet containing immediate-release carbi-
dopa/L-Dopa 25 mg/100 mg. Venous blood samples were
collected every 10 min by nursing staff (Figure 4a), processed,
and sent for HPLC-based L-Dopa concentration analysis, fol-
lowing the process described in the Methods section: Plasma
L-Dopa Concentration Analysis. Vital signs, including heart rate
and blood pressure, were recorded at the same intervals
(Supporting Information Figure 6). Both ISF and plasma
L-Dopa trends exhibited the expected pharmacokinetic
increases following medication ingestion, confirming the
device’s ability to capture dynamic L-Dopa profiles. The partic-
ipants displayed ISF responses with subject-specific lag times of
20, 65, and 30 min, consistent with expected interstitial-blood
diffusion delays (Figure 4b—d). Correlation analysis between
ISF and plasma L-Dopa concentrations revealed a positive linear
relationship with a R* = 0.83, r = 0.91 (Figure 4e), and confirmed
that this relationship was highly significant between both methods
(p < 0.001) after correcting for time delays. Additionally, Bland-
Altman analysis demonstrated an acceptable agreement between
the two methods, with an average concentration difference of
1.29 and a standard deviation (SD) of 3.74, falling within the
limits of agreement from —6.04 to 8.62 (+1.96 SD), indicating
consistency across the concentration range (Figure 4f). After
the device was removed from the body, transient MN marks were
visible on the skin but disappeared completely within 30 min
(Supporting Information Figure 12a—c). Collectively, these
findings confirm that the wearable MN-based CDM device accu-
rately reflects pharmacokinetic changes following both dietary
and pharmaceutical L-Dopa administration in healthy partici-
pants. The close correlation with HPLC L-Dopa measurements
and the continuous detection of concentration dynamics sup-
port the potential utility of the MN CDM strategy for personal-
ized therapeutic monitoring in PD management.

On-Body Monitoring of L-Dopa Using the Wearable MN
Device in Participants with Parkinson’s Disease

The developed MN sensors were subsequently critically evalu-
ated in clinical settings through testing in participants with
PD along with simultaneous motor score assessment and
blood pressure measurements. This study aimed to evaluate
the capability of the MN sensor to continuously and accurately
monitor ISF L-Dopa levels and to assess their relationship with
blood L-Dopa concentrations and motor symptom responses.
Seven patients with PD were recruited for this pilot study; how-
ever, data from only five participants are presented, as the testing

was terminated early for two participants due to events unrelated to
device performance (Supporting Information Figure 13). All study
visits followed the process described in the Methods section:
Testing in Participants with PD after Ingestion of Oral
Carbidopa/L-Dopa Immediate-Release Tablets (Figure Sa and
Supporting Information Figure 14). Figure Sb—f illustrates the rela-
tionship between L-Dopa concentration in ISF and plasma, along
with the motor score response among the five PD patients. In all
cases, we observed the expected rising plasma and ISF L-Dopa con-
centrations after medication administration, with varying individual
delay times in the L-Dopa ISF profiles compared to plasma L-Dopa
levels in each participant. Similar time delays are commonly
observed using commercial CGM systems for the management
of diabetes.* As expected, the temporal L-Dopa ISF profiles corre-
lated closely with the motor responses, with rising L-Dopa levels
corresponding to lower motor scores, reflecting improvements in
motor symptoms.

Among all five participants, PD Patient 1 (Figure Sb) pre-
sented the lowest L-Dopa levels in both plasma and ISF pro-
files. Despite of these relatively low levels, the MN sensor
reliably measured L-Dopa ISF concentrations in close agree-
ment with HPLC plasma measurement, with an approximate
10-minute lag and a closely matching temporal profile. In con-
trast, while the L-Dopa levels of PD Patient 2 started to increase
~30 min after the pill intake, a shorter delay time (~10 min)
was observed between the plasma and ISF L-Dopa measure-
ments. Similarly, motor score improvements began 10 min after
taking the pill. (Figure Sc). Such reduced delay indicates faster
peripheral distribution or increased tissue permeability, leading
to a quicker pharmacodynamic response. For both PD
Patients 3 and 4, the plasma L-Dopa concentration began to
rise rapidly within 10 min after the pill intake, reaching highest
levels at 20 min (Figure Sd,e). The corresponding ISF signals
increased more slowly, reaching their maximum values at 35
and 40 min, respectively. The ISF profiles of PD Patients 3
and 4 correlated closely with the corresponding trends in the
motor score response (Figure Sd,e). In PD Patient S, plasma
L-Dopa concentration increased slowly after the pill intake,
followed by a slow rise of ISF levels (measured by the MN sen-
sor), with a 40 min delay time between blood and ISF
(Figure Sf).

In addition to the strong agreement between plasma and ISF
L-Dopa levels, the MN sensor successfully captured fluctuations
in the ISF profile that mirrored the dynamic changes observed
in plasma L-Dopa concentrations, demonstrating its capability
to track real-time pharmacokinetic variability, all with an average
delay time of 15 min to reach L-Dopa ISF maximum concentra-
tion across subjects. Additionally, motor scores followed the
expected inverse trend, aligning with both plasma and ISF pro-
files, whereby the patient’s motor function improved as L-Dopa
concentrations increased. These findings from PD patients col-
lectively provide pilot data supporting the performance of the
developed MN sensor, highlighting its sensitivity, temporal reso-
lution, and capability to accurately reflect both pharmacokinetic
and pharmacodynamic responses, even at low analyte concentra-
tions, along with correlation to corresponding motor scores.

The calculated MARD for our device was 9.68%, demonstrat-
ing good accuracy and stability for a first-generation CDM
device deployed in a clinical pilot study (Figure Sh). As illus-
trated in Figure Sg, such low MARD compares favorably to
those of commercial continuous glucose monitoring systems.*”
The correlation between the L-Dopa ISF and plasma
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concentrations was calculated across all subjects (after time-delay
corrections were applied), leading to a positive linear relationship
of R* = 0.94, r = 0.97 (Figure 5i). The linear regression analysis
confirmed that this relationship was highly significant (p <
0.001), with a slope close to unity, indicating good proportional
agreement, although a small systematic bias was observed.
Bland—Altman analysis revealed a mean difference of 0.12 with
95% limits of agreement ranging from —1.65 to 1.91, indicating
that most differences between the two methods fall within this
range. These findings suggest that ISF measurements have poten-
tial to monitor L-Dopa dynamics relative to plasma concentrations
(Figure 5j). In this context, the mean difference represents system-
atic bias between methods, while the +1.96 standard deviation
(SD) defines the limits within which 95% of the differences
between ISF and plasma L-Dopa measurements are expected to
lie, supporting method comparability. The observed variability
within the limits of agreement may partially arise from physiolog-
ical differences in L-Dopa transport between plasma and ISF. To
account for inter-subject variability, the temporal lag (Af)
between plasma and ISF profiles was not fixed across all partici-
pants. Instead, At was determined individually for each subject
based on the difference between the plasma and ISF peak times,
and the corresponding ISF profile was shifted prior to compari-
son (Figure 3e—h). Therefore, subject-specific lag effects were
incorporated into the analysis. No clear concentration-
dependent trend in the Bland—Altman residuals was observed
in the current dataset. However, the sample size was not suffi-
cient to systematically evaluate whether At varies with L-Dopa
concentration or other physiological factors. Future studies
involving larger cohorts and higher temporal resolution measure-
ments will be valuable for investigating potential concentration-
dependent or physiological influences on the lag time and
improving further the agreement between ISF and plasma mea-
surements. After the CDM device removal, we observed small
skin indentations from the microneedles on the subject’s arm,
which disappeared in less than 30 min (Supporting Information
Figure 12d—h). This observation confirms the minimally invasive
nature and favorable biocompatibility of the MN device.

Feedback from participants with PD on their perception of the
MN device was collected using a five-point Likert scale, with
responses coded numerically from 1 (strongly disagree) to S
(strongly agree), as summarized descriptively by item
(Supporting Information Figure 15), with an average acceptance
of 4.5 over § in the Likert scale. Post-use questionnaire data from
the PD participants supported the high acceptability of the MN
platform; 100% strongly agreed that they would use it at home
or in public, 100% agreed or strongly agreed that the device was
comfortable, did not irritate skin, and would not interfere with
activities, and 75% agreed or strongly agreed that the device was
discreet and easy to use (25% neutral). Overall, the results from
participants with PD demonstrate the capacity of the MN sensor
to reflect pharmacokinetic changes following oral L-Dopa inges-
tion and demonstrate its potential utility in clinical settings for
eventual personalized patient monitoring. This study thus sup-
ports the feasibility of MN-based ISF sensing as a reliable contin-
uous, real-time L-Dopa monitoring tool that would pave the way
for closed-loop systems for personalized PD management.

B CONCLUSIONS

Despite major efforts to develop L-Dopa detection technolo-
gies, no MN devices have yet progressed to human clinical

trials, representing a critical translational gap that limits practical
validation of MN platforms and the development of closed-loop
systems to improve PD management. To address this gap, we
introduce a MN-based sensing platform and demonstrate, for
the first time, its application for CDM in both healthy human
volunteers and participants with PD in a clinical setting. Such
a minimally invasive, wearable MN-based biosensor utilizes a
tyrosinase-functionalized working electrode to detect L-Dopa
in ISF via enzymatic electrochemical sensing. The device was
evaluated in healthy subjects and PD patients, with ISF signals
validated against plasma L-Dopa concentrations measured by
HPLC. Using subject-specific calibration and lag-time correc-
tion, ISF-derived profiles showed strong agreement with plasma
pharmacokinetics, and an inverse relationship was observed
between L-Dopa levels and motor scores. The estimated ISF
L-Dopa levels correlated with HPLC-based plasma measure-
ments and corresponding motor response profiles. These corre-
lations support the potential clinical relevance of continuous
monitoring for assessing therapeutic response, while demonstrat-
ing the safety and tolerability of the device in human subjects.

Overall, this pilot study presents the first human clinical valida-
tion of a MN-based system for continuous L-Dopa monitoring,
demonstrating its ability to capture subject-specific pharmacoki-
netic fluctuations in both PD patients and healthy participants.
The current reliance on subject-specific calibration and lag-time
correction represents a limitation of this pilot study. The relatively
small number of participants, particularly those with PD, limits
our ability to establish generalized calibration models and stan-
dardized lag-time correction approaches. Larger clinical studies
will be required to investigate the feasibility of multi-point calibra-
tion methods, better characterize inter-patient variability, evaluate
long-term reliability, and determine the clinical utility of continu-
ous L-Dopa monitoring for treatment optimization and clinical
decision-making. Such studies will also provide the datasets neces-
sary to develop population-based calibration strategies, automated
lag-time correction algorithms, and potentially develop artificial
intelligence (Al)-assisted predictive models that could further
improve calibration accuracy and eventually eliminate the need
for extensive subject-specific calibration while maintaining individ-
ualized accuracy.

While the present work was limited by a modest sample size,
a short monitoring duration due to device’s battery life, and the
need for subject-specific calibration, these findings demonstrate
the clinical feasibility of the MN CDM system and highlight the
tremendous potential of the wearable MN platform. In this pilot
study, the optimized wearable system provided approximately
6 h of continuous operation, which was sufficient to capture
the pharmacokinetic window following a single L-Dopa
administration. However, real-world clinical implementation
and routine PD management will require extended monitoring
over an entire day and across multiple dosing cycles to enable
continuous assessment of medication levels and support
personalized dose optimization by patients and healthcare
providers.

Another important consideration for real-world deployment
is the potential effect of co-administered PD medications and
other electroactive constituents on sensor performance. In the
present study, participants with PD received immediate-release
oral carbidopa/L-Dopa and were either no other antiparkinso-
nian medications or taking stable doses of such medications.
In addition, participants underwent a medication washout
period of at least 10 h before testing and were instructed to
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avoid caffeine and high-protein foods to minimize potential
effects on the HPLC analysis and L-Dopa bioavailability, respec-
tively. Although the sensor displayed good agreement with
HPLC measurements under these controlled conditions, fur-
ther investigations involving larger and more diverse patient
populations will be necessary to fully assess the sensor’s spec-
ificity, calibration robustness, long-term clinical performance,
and wearability. Particular attention should be given to poten-
tial sources of variability, including co-administered medica-
tions, additional electroactive metabolites, skin conditions,
change in enzyme activity during prolonged use, variations in
ISF turnover rates, inﬂammatory responses, tissue reactions,
and long-term signal drift. Future studies involving extended
wear durations should therefore incorporate comprehensive
assessments of device safety and performance, including anal-
yses of inflammatory biomarkers, and tissue histology, evalua-
tion of enzyme stability, and characterization of long-term
signal stability under real-world conditions.

Future work should focus on conducting larger and longer-
term clinical studies, improving device stability and battery life,
reducing the need for subject-specific calibration, expanding
interference assessments, and integrating additional physiologi-
cal sensors and motor symptom monitoring to provide a more
comprehensive assessment of each patient’s condition. In addi-
tion, incorporating Al and predictive modeling could enable
individualized interpretation of continuous L-Dopa data, sup-
port dose optimization, anticipate motor fluctuations, and ulti-
mately facilitate closed-loop therapeutic systems towards
personalized PD management, thereby minimizing motor fluc-
tuations, improving quality of life, and reducing healthcare
burden.
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