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Abstract

Parkinson’s disease treatment with levodopa (L-DOPA) is complicated by motor fluctuations,

wearing-off periods, and substantial variability in medication response. Treatment decisions still

rely heavily on patient recall, symptom diaries, and short clinical visits, while symptoms are also in-

fluenced by factors such as medication timing, protein intake, activity, and stress. In this project,

we developed a wearable L-DOPA monitoring concept aimed at providing objective information

between consultations and supporting more personalized treatment decisions.

L-DOPA detection was based on a differential electrochemical sensing strategy using a tyrosinase-

functionalized electrode and an enzyme-free reference electrode. The fully functionalized biosen-

sor showed a linear response between 5 and 40 µM, with a sensitivity of 11.2 nA/µM and R2 = 0.9987.

For translation toward wearable sensing, a disposable patch was developed in which hollow mi-

croneedles are used for interstitial-fluid extraction while sensing occurs on a separate two-sided

flexible PCB. The PCB integrates the electrochemical electrodes on one side and the pogo-pin in-

terface to the reusable electronics on the other. A magnetically guided docking mechanism was

designed to enable repeatable attachment of the reusable readout device. SEM imaging showed

open hollow channels in the fabricated microneedles, and agarose experiments demonstrated

penetration and liquid transport.

Finally, stakeholder interviews with patients, caregivers, and healthcare professionals were con-

ducted to define the clinical use case and guide the development of the patient and clinician in-

terfaces. Together, these results establish the technical foundation and translation strategy for a

wearable system that links longitudinal L-DOPA measurements with symptoms and contextual

factors to support more objective and personalized Parkinson’s disease management.

3



1 AP Award: Biosensor Developed for the Eindhoven Testing Event

1.1 Molecular Recognition

Sensing L-DOPA inhuman serum is challengingdue to thepresence of electroactive interferents,

such as ascorbic acid and uric acid, which can undergo oxidation at potentials similar to those of

L-DOPA (Fang et al., 2022). Their contribution to themeasured electrochemical signal can there-

fore interfere with L-DOPA detection and lead to inaccurate concentration estimates. To address

this challenge, selective L-DOPA detection was achieved using a differential enzyme-based

strategy with two separate three-electrode chips: a tyrosinase-modified sensing chip and an

enzyme-free reference chip. Both chips contained agoldworking electrode, gold counter elec-

trode, and Ag/AgCl reference electrode, differing only in the presence of tyrosinase in the outer

protein layer. This sensingmechanismwas inspired in the work of Fang et al., 2022 and Cembalo

et al., 2023.

The functionalized working electrode consisted of a gold surface modified with Nafion, polyani-

line (PANI), and a crosslinked protein layer containing bovine serum albumin (BSA), glutaralde-

hyde, and tyrosinase. Nafion acts as a permselective membrane to reduce the contribution of

charged interferents and to separate the enzyme layer from the conductive gold surface. PANI

was used as an enzyme immobilization support, as its porous conducting structure can increase

the available surface area for protein attachment. BSA provided a stabilizing proteinmatrix, while

glutaraldehydewas used as a crosslinker to immobilize the protein layer on the electrode surface.

Figure 1: Schematic of the biosensor functionalization lay-

ers. (a) Tyrosinase-modified chip. (b) Reference chip.

The working electrodes were pre-

pared through sequential surface

functionalization. After cleaning, the

gold electrode surface was coated

with Nafion and subsequently mod-

ified with a PANI layer. A ty-

rosinase/BSA mixture was drop-cast

onto the enzyme-containing chip,

while a BSA-only solution was drop-

cast onto the reference chip. Both

protein layers were then crosslinked using glutaraldehyde, producing a stabilized protein matrix

on top of the PANI-modified electrode. Figure 1 shows the final layer configuration. The full sur-

face functionalization protocol, including concentrations, deposition conditions, and crosslinking

conditions, is provided in Appendix A.

1.2 Physical Transduction

The recognition of L-DOPA is transduced into an electrical signal using square-wave voltamme-

try (SWV). Duringmeasurement, the potentiostat controls the potential of the goldworking elec-

trode versus the Ag/AgCl reference electrode and records the resulting faradaic current.

The two-chip configuration enables differential detection. On the enzyme-free reference chip, L-

DOPA reaches the electrode surface and undergoes direct electrochemical oxidation, producing
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a current peak. In contrast, on the tyrosinase-modified chip, L-DOPA is enzymatically converted

to dopaquinone before reaching the electrode, reducing its contribution to the oxidation peak.

The L-DOPA-dependent response is therefore obtained by subtracting the response of the

tyrosinase-containing chip from that of the enzyme-free chip:

∆Ip = Ip,enzyme−free − Ip,tyrosinase. (1)

This subtraction reduces background contributions that are present on both chips. After calibra-

tion with known L-DOPA concentrations, the differential peak current is related to analyte con-

centration. SWV measurements were performed from −0.20 to +0.60 V with a 5 mV step, 25 mV

amplitude, 25Hz frequency, and 8 s equilibration time. The analysed oxidation peakwas generally

observed at approximately +0.10 V.

1.3 Cartridge Technology

Figure 2: Microfluidic sensing chamber. (a) Fabricated de-

vice. (b) CADmodel with dimensions in mm.

The microfluidic chamber (Fig. 2a)

consists of twopoly(methylmethacry-

late) (PMMA) sections fastened to-

gether with screws. As shown in

Fig. 2b, the bottom section contains

two recesses for the electrochemi-

cal chips, while the top section has

protrusions that secure the chips in

place. Eachprotrusion includes a cir-

cular groove that houses a rubberO-ring, sealing the chamber andpreventing leakage. The sens-

ing chambers have a diameter of 7.5 mm and a volume of 8 µL.

Since the sensing strategy uses two electrochemical chips, each 100 µL sample is split into two

50 µL aliquots. The 8 µL chamber volume allows 42 µL to flush the previous sample while leaving

sufficient volume for accurate measurements. Each chamber has an inlet and an outlet con-

nected by tubing. The inlet is immersed in the sample, while the outlet is connected to a peri-

staltic pump. During operation, the pump draws the sample through the chamber and into a

waste reservoir. By immersing the inlet tube in different samples, the chamber contents are

seamlessly replaced, resulting in continuous sensing.

1.4 Reader Instrument and User Interaction

Electrochemicalmeasurementswere performedusing an EmStat Pico potentiostatmounted on

its development board and controlled froma laptop runningPSTrace software. The electrochem-

ical chips were connected to the board through a PalmSens screen-printed electrode connector

using banana-plug leads for the working, counter, and reference electrodes. The reader was in-

tegrated into a compact benchtop prototype together with the microfluidic flow cell and peri-

staltic pump. Before each measurement, the functionalized chips were placed in the flow cell,

the PMMA housing was assembled, the electrode leads and tubing were connected, and the in-
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let tube was immersed in the sample. The pump filled and flushed the sensing chambers and

was stopped during voltammogram acquisition. SWV measurements were initiated in PSTrace,

which displayed and stored the current–potential curves. Since the two chips had independent

counter and referenceelectrodes, their responseswere acquired sequentially. Thedatawere then

exported to a MATLAB script, which extracted the peak currents and calculated the differential

response by subtracting the tyrosinase-containing signal from the enzyme-free signal. The lap-

top interface enabled visualization of the voltammograms and repetition ofmeasurementswhen

required. Future work will focus on translating this benchtop measurement approach into the

wearable system described in the next section.

Figure 3: Reader instrument and measurement interface used for electrochemical testing. (a)

Benchtop setup including the peristaltic pump, sample tubes, microfluidic flow cell, outlet, and

EmStat Pico potentiostat. (b) EmStat Pico development board used as the potentiostat during

prototype measurements. (c) PSTrace software interface used to configure SWVmeasurements

and record the current–potential response from the two chips. Around +0.10 V, the enzyme-free

chip produces the higher L-DOPA oxidation peak, while the tyrosinase-functionalized chip shows

a lower peak.
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2 IN Award: Biosensor Innovation

2.1 Wearable Sensor

Proposed concept: Our wearable sensor consists of a disposable microneedle patch and

a reusable readout device. The patch extracts ISF using hollow microneedles and inte-

grates a two-sided flexible PCB that functions as both the electrochemical sensing chip

and the device interface. The reusable device docks magnetically onto the patch, per-

forms the electrochemical readout, stores data on an SDcard, transmits the data via Blue-

tooth, and can be reused with a new patch.

2.1.1 Technological Novelty of Wearable Sensor

Disposable Patch: For the disposable patch (Fig. 4), we decided not to use the microneedles

themselves as the direct sensing electrodes similar to glucose monitoring patches. The surface-

modification layers required for L-DOPA sensing (see Section 1.1), including the enzyme layer, are

not suitable to be inserted directly into the skin. Therefore, the hollowmicroneedles are used only

for ISF extraction from the skin and bring it to a separate electrochemical chip embedded in the

patch.

Figure 4: Disposable patch. (a) Ex-

ploded view. (b) Top view of the as-

sembled patch showing the electro-

chemical chip, pogo-pin contact pads,

andalignment inserts. (c) Bottomview

showing the hollowmicroneedle array.

During our literature research, we found a recent paper

using a similar idea with 3D-printed hollow micronee-

dles coupled to an electrochemical sensing system (Par-

rilla et al., 2024). The authors kindly provided us with

their microneedle 3D design, which we used as part of

our patch. The detailed microneedle dimensions and

fabrication steps are described in Appendix B.

On top of the hollow microneedle array, a filter-paper

layer (Whatman qualitative filter paper, Grade 597) and

a spacer are added to transfer the extracted ISF toward

the electrochemical chip. The filter paper acts as a pas-

sive wicking layer; it helps pull fluid out of themicronee-

dle channels by capillary action and spreads it across the

working, reference, and counter electrodes. This allows

the electrodes to bewettedwith a small sample volume

and keeps the liquid in stable contact with the sensing

surface during measurement. The spacer is made from

a double-sided adhesive layer and holds the filter paper

in the correct position between the microneedles and

the electrochemical chip.

The electrochemical chip itself is implemented as a

two-layer flexible PCB, which is a key novelty of the dis-

posable patch. The sensing side contains the electrode

layout (two working electrodes, one reference electrode, and one counter electrode) that is wet-
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ted by the filter paper, while the opposite side contains contact pads for pogo-pin connection to

the reusable readout device (Fig. 5). Traces and vias connect the two sides of the flex PCB, allow-

ing the samedisposable layer to function both as the electrochemical chip and as the connection

interface to the reusable electronics.

Figure 5: Two-sided flexible PCB used as the electro-

chemical chip anddevice interface. (a) Electrode side.

(b) Pogo-pin side. (c) Fabricated PCB. (d) Flexibility

demonstration.

On top of the flexible PCB, two small fer-

romagnetic alignment inserts are added

(Fig. 4b) at positions matching the re-

cesses on the reusable device (Fig. 6b).

These inserts are attracted by the mag-

nets inside the device and seat into

the recesses, improving repeatable align-

ment and helping ensure that the pogo

pins contact the correct pads on the flexi-

blePCB. The completepatch stack is then

coveredandheld togetherbyanadhesive

dressing layer, as shown in Fig. 4b,c.

Reusable Device: The reusable readout

device is designedas a compactwearable

module with a curved housing for im-

proved ergonomics and comfort on the

body (Fig. 6). The current device has a size

of 4.3×3.6×1.7 cm and contains a customPCB (Fig. 7) with an XIAO ESP32-C3microcontroller, an

SD-card slot, an EmStat Pico potentiostat, and a rechargeable LiPo battery charged through the

USB-C connector on themicrocontrollermodule (Fig. 6a). During operation, the EmStat Pico per-

forms the electrochemical readout, while the microcontroller stores the measured data on the

SD card and periodically transmits them to the patient’s phone via Bluetooth where the L-DOPA

data will be combined with other inputs such as food intake. For further details, see Section 3.2.2

and Appendix H. After data transfer, the SD card is cleared for the next measurement cycle. The

full schematic of the custom PCB is provided in Appendix C.

For further miniaturization, the EmStat Pico could be replaced by a low-power potentiostat ana-

log front-end such as the LMP91000. This would reduce the size and power consumption of the

PCB and could allow the LiPo battery to be replaced by a smaller coin-cell battery. However, Em-

Stat Pico was used because it is a ready-to-integrate potentiostat module that already handles

the electrochemicalmeasurement control and data acquisition, whichmakes prototyping faster.

The novelty of the reusable device is the magnetically guided docking interface to the dispos-

able patch. The backside of the device contains four openings for the pogo pins and two shallow

cylindrical recesses with a depth of 1 mm and a diameter of 3 mm (Fig. 6b). Small magnets em-

bedded behind the recesses attract the ferromagnetic alignment inserts on the patch during

docking (Fig. 4b), while the recesses guide the inserts into position. This helps align the pogo

pins with the contact pads without requiring a twist-lock or mechanical attachment mecha-

nism, whichmay be difficult for our users with Parkinsonianmotor symptoms such as tremor.
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Figure 6: Reusable device. (a) Exploded view.

(b) Backside render showing pogo-pin and

magnetic docking interface. (c) Render of the

assembled reusable readout device. (d)Device

docked onto the disposable patch.

Figure 7: Custom PCB of the reusable device.

(a) Top-side render. (b) Bottom-side render. (c)

Fabricated PCB prototype shown next to a 50-

cent coin for scale.

2.1.2 Technical Feasibility of Wearable Sensor

To verify that the microneedle arrays were fabricated correctly, we first performed SEM imaging

of the needle tips. Fig. 8a shows a representative example. The microneedle contains a visible

hollow opening, confirming that the internal channels were successfully formed. Some debris

and surface roughness can be observed, due to the micro-drilling step used during fabrication

(Appendix B). These were not fully removed by an ethanol bath, however, this did not block the

channels or prevent the microneedles from functioning.

Figure 8: SEM images of representative fabri-

cated hollow microneedles, taken at the Uni-

versity of Twente. (a) Microneedle tip before

testing, showing a visible hollow opening. (b)

Microneedle tip after the dye-transfer experi-

ment, showing that the channel remained vis-

ible although the tip geometry became less

sharp.

Figure 9: Dye experiment used to evaluate liq-

uid transport through the hollowmicroneedle

array. (a) Gradual appearance of dye on the fil-

ter paper. (b) Microneedle array and filter pa-

per after the experiment. (c) Puncture pattern

left in the agarose.
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To evaluate whether the hollowmicroneedles could transfer liquid to the filter-paper layer, a sim-

ple dye experiment using 2% agarose containing food dye was performed. A filter-paper was

placed on the back side of the microneedle array, and the microneedles were pressed into the

dyed agarose. Over time, the dye appeared on the filter paper (Fig. 9a and Fig. 9b), indicating

that liquid was transported from the agarose into the paper layer. After removing the micronee-

dle array, a pattern of puncture marks was visible in the agarose (Fig. 9c). Post-experiment SEM

imaging showed that the hollowopeningwas still visible, although the tip appeared less sharp af-

ter testing (Fig. 8b). Although this agarosemodel does not fully represent human skin or real ISF

extraction, the experiment demonstrates the basic feasibility of the proposed sampling principle:

hollow microneedles can create contact with a hydrated substrate and transfer liquid toward an

absorbent layer inside the patch.

However, themagnetic docking interface still needs tobe validatedunder realistic use conditions.

The attachment force must be strong enough to keep the reusable device connected during

movement, but low enough to allow easy removal. The impact force during docking should also

be evaluated to ensure that snapping the device onto the patch does not break themicroneedles

or cause discomfort. While this is a general challenge for any device-to-patch attachmentmech-

anism, including establishedmechanical or twist-lock designs, themagnetic approachmay im-

prove usability because the alignment and attachment force are mainly defined by the device

design, reducing the risk that the user applies unnecessary additional force by pressing or

twisting the device.

2.2 Reliability of Sensor Output

2.2.1 Technological Novelty of Reliability Concept

Reliable electrochemical detection of L-DOPA in a wearable platform is challenged by biologi-

cal variability, electrode-to-electrode differences, biofouling, gradual degradation of the enzyme

layer, andnon-specificbackgroundcurrents fromcomplexbiologicalmatrices. In serum, proteins

and other electroactive species can adsorb onto the electrode surface or contribute additional ox-

idation currents, leading to signal drift during repeatedmeasurements. Fabrication-related vari-

ations, such as differences in electroactive surface area and enzyme loading, may further affect

the measured current.

The novelty of the proposed reliability concept lies in combining amultilayer enzyme-based sens-

ing interface with a differential electrochemical measurement strategy. While enzyme-based

L-DOPA biosensors have previously been reported (Tesoro et al., 2023), our proposed design

uses two independently functionalized electrodes that differ only in the presence of tyrosi-

nase. Since both electrodes are exposed to the same electrolyte composition, temperature, in-

strumental noise, and non-specific electrochemical background, common-mode disturbances

can be largely reduced by subtracting their responses. In this way, the differential signal is ex-

pected to represent the L-DOPA-dependent contribution more selectively than the response of

a single sensing electrode.

The multilayer functionalization further contributes to measurement stability:
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• The gold nanostructures increase the electrochemically active surface area, improving sig-

nal intensity and sensitivity.

• Nafion acts as a permselective membrane that reduces the contribution of charged inter-

ferents.

• The PANI layer provides a conductive platform for enzyme immobilization;

• The BSA/glutaraldehyde network stabilizes the immobilized enzyme and reduces enzyme

leaching, improving reproducibility between measurements.

Together, these layers are designed to improve sensitivity, selectivity, and stability rather than act-

ing as independent modifications. The sequential surface modification was qualitatively verified

using SEM, which showed clearmorphological changes after each functionalization step (Fig 10),

providing evidence of successful layer deposition prior to electrochemical characterization. As

an additional future improvement, a polyurethane protective coating could be incorporated to

reduce biofouling and provide mechanical protection during continuous operation.

Although previous tyrosinase-based L-DOPA biosensors have demonstrated operational stability

over one to two weeks (Moon et al., 2021 and Fang et al., 2022), and in some cases retained per-

formance over longer periods of 17–28 days or more (Cembalo et al., 2023 and Pinho et al., 2012),

the stability of our own sensor still needs to be experimentally evaluated.

Figure 10: SEM images showing the morphological evolution of the gold working electrode dur-

ing sequential surface functionalization, taken at the University of Twente. (a). Cleaned bare gold

electrode after electrochemical treatment. (b) Gold electrode after Nafion deposition. (c) Fully

functionalized electrode after Nafion, PANI, and enzyme.

2.2.2 Technical Feasibility of Reliability Concept

A representative SWVmeasurement comparing the enzyme-free and tyrosinase-functionalized

electrodes is shown in Fig. 11. For each tested L-DOPA concentration, the two electrodes pro-

duced different peak-current responses around +0.1 V, with the enzyme-free electrode showing

the higher peak current. This demonstrates that the two electrode responses can be experimen-

tally distinguished, making it feasible to calculate a differential signal for calibration.

Calibration measurements were then performed on the fully functionalized biosensor using L-

DOPA standards from 0 to 50 µM in PBS containing human serum, corresponding to the con-
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centration range defined by the competition. SWVwas used, and the peak current around the L-

DOPA oxidation potential, approximately +0.10 V, was extracted for each concentration. The ana-

lytical signalwas calculatedas thedifferential peak currentbetween the tyrosinase-functionalized

and enzyme-free electrodes and plotted against L-DOPA concentration.

Although the full 0–50 µM rangewas tested, the responsewas linear only between 5 and 40 µM.

Within this range, the sensor showed a differential sensitivity of 0.0112 µA/µM with R2 = 0.9987
(Fig. 12). Therefore, 5–40 µM is considered the linear detection range of the sensor.

Figure 11: Representative SWV response of the

enzyme-free and tyrosinase-functionalized

electrodes at the same L-DOPA concentra-

tion. The enzyme-free electrode shows a

higher peak-current response around +0.1 V,

demonstrating the feasibility of calculating a

differential signal for calibration.

Figure 12: Calibration curve of the fully func-

tionalized biosensor in PBS containing human

serum. The differential peak current was plot-

ted against L-DOPA concentration in the lin-

ear range of 5–40 µM, showing a sensitivity of

11.2 nA/µM and R2 = 0.9987.

Additionally, the reliability of the wearable interface still needs to be validated under realistic use

conditions:

• The current flexible PCB is relatively small (3.5 × 2.5 cm) and is therefore not expected to

undergo severe bending during wear. Still, it may affect signal stability. Previous work has

shown that flexible screen-printed electrochemical sensors can maintain their response at

bending radii below8mm(Cai et al., 2009); however, this should be validated experimentally

for our own patch under controlled bending conditions. Future versions could make the

PCB smaller and reduce the bending effect by redesigning the docking geometry.

• Calibration of the complete wearable device still needs to be addressed, since the signal

may be affected by the patch and ISF transport. One possible approach is batch-level cal-

ibration during manufacturing, where representative patches from each batch are tested

using known L-DOPA standards. The resulting calibration parameters could be linked to

the batch through a calibration ID, QR code, or NFC tag and automatically applied by the

device or app.
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2.3 Original Contributions

2.3.1 Team Captains

Our teamconceived anddeveloped thewearable L-DOPAmonitoring concept and its initial prototypes, consisting

of a disposable microneedle patch, reusable readout device, and clinician platform. The novelty of the wearable

solution lies in its integrated replaceable patch–device architecture, in which a two-sided flexible PCB functions

as both the electrochemical sensing substrate and the pogo-pin interface, while magnetic alignment enables

repeatable connection to the reusable electronics. The concept was refined through literature research and tech-

nical feedback, and its feasibility was evaluated using SEM imaging, agarose penetration tests, and dye-transfer

experiments.

For reliability of sensor output, the teamdevelopedand testedadifferential electrochemical sensing strategyusing

a tyrosinase-functionalized electrode and an enzyme-free reference electrode. The team selected and adjusted

themultilayer functionalization strategy, prepared the electrodes, performed SWVmeasurements, processed the

data, calculated the differential response, and evaluated the calibration performance in PBS containing human

serum.

External contributions consisted of supervisory guidance, technical feedback, access to laboratory facilities, sup-

port with SEM imaging and flow-cell fabrication, and the hollowmicroneedle CAD design provided by an external

researcher. These contributions supported the project, while the final concept, design decisions, experimental

execution, troubleshooting, data analysis, and integration were carried out by the team.

By combining scientific innovation with a clinically informed implementation strategy, shaped through extensive

stakeholder interviews, our team developed an integrated L-DOPA monitoring system with the potential to sup-

port more objective and personalized Parkinson’s disease management.

Amirhossein Zaboli Jada Heemskerk

2.3.2 Team Supervisors

The team carried out the project with a high level of independence, taking responsibility for the project strat-

egy, planning, technical decisions, implementation, and experimental work. Mohammad provided introductory

training on biosensor development and offered periodic scientific and technical feedback throughout the project.

Bahar introduced the team to the electrochemistry laboratory and advised them on practical aspects of electrode

cleaning, measurement reproducibility, and the use of appropriate controls for data interpretation, without direct-

ing the experimentalwork. Both supervisors acted asmentors, providing scientific guidance, feedback, and access

to laboratory facilities while leaving the project’s direction and technical decisions to the students. Throughout the

competition, the team retained ownership of the project’s execution, troubleshooting, and optimization.

Moreover, Pepprovided supervision for the translationpotential part, helping the team in structuring their thoughts

and to align them into thebusiness side of their clinical translation efforts. They scouted, arranged and executed all

the interviews on their own, obtaining valuable insights from the use case that they funneled into their biosens-

ing design efforts, structuring a credible minimal viable proposition. He minimally sign-posted the team into

regulatory issues, as some teammembers had taken specialized courses from their study programmes, and were

familiar with such issues. As the team coordinator, Pep structured the coursework and the procedure for claiming

academic credit, and coached the captains into leadership of teams.

Pep Canyelles Pericas Mohammad Saghafi Bahar Atik
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2.4 Bonus Criteria: Packaging Strategy for the Disposable Patch

Thedisposable patch contains bothmechanically delicate hollowmicroneedles and abiologically

active tyrosinase layer. Its primary packaging must therefore preserve enzyme activity, protect

themicroneedles fromphysical damage, and prevent contamination, evaporation, and exposure

to light. Packaging should consequently be considered part of the sensing system rather than

only a protective outer layer.

Because the functionalized electrodes were stored in PBS during development, a logical initial

strategy based on the current storage procedure is wet storage in an individually sealed high-

barrier pouch. The sensing region could be maintained in contact with a small PBS-saturated

absorbent insert fixed within a rigid or semi-rigid tray. This would confine the hydration source to

the sensing region while protecting themicroneedles, skin adhesive, and electrical contact pads

from direct exposure. The pouch would then be heat-sealed to limit evaporation, contamination,

and light exposure.

The tray would include a recessed cavity in which the microneedles can be positioned without

contacting the packaging, reducing the risk of bending, fracture, or channel blockage during

storage and transport. The skin adhesive would remain covered by a removable release liner.

Immediately before use, the patient would open the pouch and lift the patch from the tray, while

the PBS-saturated insert remains fixed in the tray. The release liner would then be removed, the

patch applied to the skin, and the reusable readout device attached magnetically.

Dry storage with desiccant remains a relevant alternative. Souza et al., 2026 showed that lactate

oxidase-modified screen-printed electrodes stored in heat-sealed aluminiumpouches with silica

desiccant maintained stable electrochemical responses for up to six months, while unpackaged

sensors exposed to ambient humidity degraded substantially. However, these results cannot be

directly transferred to our tyrosinase-based sensor, which was developed and stored under hy-

drated conditions. Dry storage should therefore be considered an alternative packaging strategy

that requires experimental validation for the current functionalization.

The importance of selecting a high-barrier primary package is further supported by McAlister

et al., 2021, who compared different packagingmaterials for microneedle patches under acceler-

ated storage conditions. High-barrier foil provided better protection against moisture and tem-

perature than polyester packaging and better preserved microneedle functionality. Their study

also used double heat seals and dye-immersion testing to evaluate seal integrity, which could be

adapted as a simple quality-control method for our packaging prototypes.

A future packaging study should therefore compare wet storage, dry storage with desiccant, and

unpackaged controls under room-temperature and accelerated storage conditions. Evaluation

criteria should include calibration response, tyrosinase activity, microneedle integrity and chan-

nel openness, adhesive performance, electrical contact reliability, and pouch-seal integrity. This

would determine which storage strategy provides the best balance between enzyme preserva-

tion, mechanical protection, usability, and shelf life for the disposable patch.
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3 TP Award: Translation Potential

This section evaluates the developed device’s value proposition to reduce uncertainty in mid-

stage Parkinson’s care by linking daily levodopa levels, symptoms, and contextual factors, and its

clinical, business, and implementation potential.

This value proposition is based on 29 stakeholder interviews: 8 neurologists, 3 other healthcare

specialists, 16 Parkinson’s patients/caregivers, 1 investor, and 1 entrepreneurship specialist. These

interviews shaped both the proposed system and its translation pathway.

3.1 Customer Interviews

Stakeholder interviews included three groups:

1. Patients and caregivers: to capture lived experience of symptom burden and daily chal-

lenges.

2. Healthcare professionals: to assess clinical validity and current practice gaps.

3. Implementation experts: to evaluate real-world feasibility and adoption barriers.

The interviews revealed three recurring needs: treatment decisions often rely on patient recall

during short clinical visits, patients experience fluctuating symptoms and uncertain medica-

tion effects between consultations, and clinicians need objective data that connects levodopa

response to symptoms and daily context. These insights shaped the whole system and are dis-

cussed inmoredetail inAppendixD. These findings alsodemonstrated theneed for a companion

app to collect contextual information alongside continuous levodopa measurements.

3.1.1 Identification of Potential Stakeholders

To explore the clinical need and practical context for the proposed biosensor, stakeholders were

identified based on their involvement in Parkinson’s diseasemanagement and potential interac-

tion with our proposed system. Their relevance is summarized in Table 1.

3.1.2 Interview Approach and Execution

Semi-structured interviews were conducted between January and May 2026. Interview guides

were developed separately for patients, caregivers, healthcare professionals, and entrepreneur-

ship experts to tailor questions to each stakeholder group while still allowing comparison across

interviews. The interview guides and their iterative versions are provided in Appendices E–G.

Interview focus: current Parkinson’s disease management, levodopa treatment experi-

ences, symptom fluctuations, medication adherence, existing monitoring methods, un-

met needs, and views on continuous levodopa monitoring.

Most clinician interviewswere conductedonline, while patient andcaregiver interviewswere con-

ducted in person through collaboration with Punt voor Parkinson, a Dutch specialized medical

center that brings together all expert care, treatment, and research for people with Parkinson’s

15



Table 1: Stakeholder groups included in the customer interviews and their relevance

Stakeholder group Reason for inclusion Key input

Parkinson’s patients Directly experience medication

timing, symptom fluctuations,

treatment burden, and quality-

of-life impacts.

Daily challenges, uncertainty

around medication effect, us-

ability needs, anddesiredpatient

support.

Caregivers Often support patients with

medication management,

symptom recognition, and daily

care.

Adherence challenges, observed

symptoms, and differences be-

tween patient perception and

caregiver observation.

Healthcare profes-

sionals

Neurologists, Parkinson nurse

specialists, DBS nurses, and

Technical Medicine profession-

als are involved in diagnosis,

treatment adjustment, and

follow-up.

Clinical workflows, current mon-

itoring limitations, treatment

decision-making, and the value

of objective levodopa monitor-

ing.

Implementation ex-

perts

Relevant for real-world imple-

mentation and regulatory ap-

proval.

Implementation barriers, regu-

latory requirements, and clinical

adoption.

Healthcare financing

experts

Relevant for assessing reim-

bursement and financial feasi-

bility.

Reimbursement pathways and

financing.

disease. Interviews lasted approximately 10 to 25 minutes. Participants were informed about the

project and the use of their information, and audio was recorded only with their permission.

When recording consent was granted, interviews were recorded and transcribed. If not, detailed

notes were taken instead. Patient identities were anonymized using coded identifiers (e.g., Pa-

tient 1, Patient 2).

After transcription, findings were organized in a shared analysis matrix and categorized into re-

curring themes, including current treatment methods, pain points, necessities, implementation

barriers, desired features, and validation requirements. Regular team discussions were used to

compare findings, identify patterns, and refine questions when new themes emerged. Regular

team discussions identified patterns and refined questions as new themes emerged. Detailed

stakeholder interview summaries supporting the thematic analysis are provided in Appendix D.

3.1.3 Interview Results and Conclusions

Key Findings from Stakeholder Interviews:

1. Current treatment relies heavily on subjective information. Treatmentdecisions areguided

by patient recollection, symptom diaries, etc. Neurologists reported that patients often

struggle to accurately describe symptom fluctuations, making treatment optimization dif-

ficult.

2. Motor fluctuations and wearing-off periods are major challenges identified by patients

and healthcare professionals. As the disease progresses, levodopa response becomes in-

creasingly unpredictable. Patients are forced to plan their daily activities around their med-

16



ication schedules. Also, the patients indicated uncertainty on whether the cause of their

symptoms is due to insufficient medication, excessive medication, disease progression, or

other external factors.

3. Objectivemonitoring is amajor unmet clinical need. Currentmonitoringmethods provide

limited insight into medication effectiveness and timing. Clinicians indicates that objective

measurements could improve treatmentpersonalization, reduce trial-and-error dosing, and

support earlier identification of patients who may benefit from advanced therapies.

4. Factors influencing the symptoms of Parkinson’s Patients

• Protein intake: Protein reduces levodopa absorption.

• Activity level: Physical activity can temporarily improve motor symptoms.

• Emotional state: Stress and anxiety worsen motor and non-motor symptoms.

• Medication timing: Delayed or missed doses increase off periods.

5. Contextual information is essential for the interpretation of sensor data. Patients reported

that symptom severity and perceived medication effectiveness varied depending on said

contextual information such as daily activities, protein intake, and emotional state.

6. The system should be low-burden and easy to use. Patients prefer passive monitoring so-

lutions rather than extensive symptom diaries. Neurologists also emphasized that a mon-

itoring system should be suitable for patients experiencing tremor or reduced fine motor

control. Suggested features include: large buttons, voice-based input, automated data col-

lection, and integration with wearable devices.

7. Implementation feasibility is crucial for translation.

Successful healthcare adoption depends on technical performance, reimbursement, regulatory

approval, clinical workflow integration, and acceptance by healthcare professionals. The system

should support patient care without increasing workload, requiring clear clinical value and low

implementation risk.

Key takeaway from interviews: Current Parkinson’s treatment lacks objective and contin-

uous data about levodopa response during daily life. Treatment decisions rely on patient

recall, symptom diaries, and short clinic visits, while medication effects are influenced by

symptoms, meals, activity, and stress. This gap highlighted the need for objective moni-

toring.

These findings shaped the device concept as an integrated monitoring system consisting of

a wearable biosensor, a patient app, and a clinical platform. The biosensor continuously mea-

sures levodopa concentrations in interstitial fluid, while the app collects contextual information

such as symptoms, medication intake, meals, and activity. These data are combined in the clini-

cal platformandpresented in a structured report, providing patients and clinicianswith objective

insights to support personalized treatment decisions and improve long-term disease manage-

ment (See Appendix H).
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3.2 Validation Study

3.2.1 Selection of the Problem

Stakeholder interviews revealed themain limitations in the current treatment evaluation process:

it is largely based on patient self-reporting and periodic consultations, so the assessment might

be incomplete and subjective. Having continuous insight into levodopa response and its relation-

shipwith factors such as symptoms,medication and protein intake, could supportmore accurate

treatment adjustments and avoid the ”trial and error” phase. Patients also indicated difficulties

in accurately remembering symptoms, medication effects and other relevant daily-life factors.

Specific problem to address: The lack of objective and continuous information on lev-

odopa response in daily life and factors that influence it, which limits the ability of neurol-

ogists to optimize treatment for PD patients.

3.2.2 Conceptual Design and Use Case

Proposed concept: A wearable microneedle-based sensor that continuously measures

levodopa in ISF, coupled with a digital software that combines thesemeasurements with

symptoms, medication and protein intake data.

The software is divided into the patient app and the clinician platform:

• Patient app: collects information about symptoms, medication and protein intake via quick

pop-ups throughout the day. It also sends reminders to take medication as stipulated by

the neurologist.

• Clinician platform: patient information is organized and visualized in a dashboard, showing

relevant variables, discovered trends and potential correlations, as shown in Figure 13.

Use case: routine monitoring of mid-stage PD patients treated with levodopa. Between

outpatient visits, patients wear the device and interact with the application during daily

life. Then, neurologists use the dashboard during follow-up consultations to evaluate

treatment effectiveness and adjust medication when necessary.

Figure 13: Example of patient report showing L-dopa

fluctuations and PKGmetrics

This solution provides objective and con-

tinuousmonitoringof levodopa response,

which will help neurologists make per-

sonalized treatment decisions. Patients

may benefit frombetter treatment which

reduces OFF periods and also removes

symptom recall burden thanks to the

app. Finally, earlier treatment opti-

mization may reduce unnecessary out-

patient visits and inefficient treatment

cost. This represents an innovative alter-

native to the current standard procedure

to PD treatment evaluation and adjust-

ment.
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3.2.3 Validation Study Design

Objective: to demonstrate the clinical value of continuous levodopa monitoring com-

bined with symptom, medication and nutritional data for supporting treatment deci-

sions. In addition, the usability, comfort and acceptance of the wearable device and pa-

tient application, aswell as theusability andworkflow integration of the clinicianplatform,

will be assessed.

This observational study will be carried out at specialized PD care centers, including Medisch

Spectrum Twente and Punt voor Parkinson. The study will be conducted in accordance with

the principles of Good Clinical Practice, the Declaration of Helsinki and the GDPR. Participants

will consist of 25 PD patients and 10 neurologists meeting the inclusion and exclusion criteria

described in Appendix I. This sample size is appropriate for pilot and usability studies and will

provide enough quantitative and qualitative data, so a hypothesis-testing power calculation was

not needed. Future validation studies assessing sensor accuracy and reliability will require other

sample size calculations based on those endpoints.

Patientswill use the systemduring a 30-day evaluation period in daily life. Neurologists will evalu-

ate anonymized simulated patient cases using the clinician dashboard. The activities performed

by each participant group are summarized in Table 2.

Table 2: Activities performed by each participant group during the validation study.

Participant Tasks

Patients Wear the mock-up device according to instructions (charge it every 2 days and re-

place the patch every week), report symptoms, medication intake and protein con-

sumption through the app, complete usability and acceptance questionnaires, and

participate in a semi-structured interview.

Neurologists Review anonymized simulated patient cases using the clinician dashboard, identify

clinically relevant correlations, propose treatment adjustments, evaluate platform

usefulness and workflow integration, complete questionnaires and an interview.

The outcome measures and corresponding assessment methods are summarized in Table 3.

Questionnaires (quantitative data) will be analyzed using descriptive statistics and interviews

(qualitative data) will be analyzed thematically to identify common perceptions regarding us-

ability, clinical value and workflow integration. The findings will be used for further refinement.

Table 3: Outcomemeasures used in the validation study.

Aspect Measurement Method

Clinical value Perceived usefulness TAM questionnaire

Patient usability SUS score SUS questionnaire

Patient experience UEQ score UEQ questionnaire

Comfort Comfort/burden rating Likert-scale questionnaire

Clinician usability SUS score SUS questionnaire

Workflow integration Integration rating Likert-scale questionnaire

To sum up, this study will assess whether continuous levodopa monitoring combined with pa-

tient data can support treatment decisions and be integrated into routine PD care. If validated,

the system could provide what is currentlymissing in standard care, thereby, enablingmore per-

sonalized treatment for a large population of PD patients.
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3.3 Bonus Criteria: Market Entry and Clinical Implementation Strategy

Here, we examine four aspects of the market-entry strategy: market sizing, reimbursement feasibility,

stakeholder adoption, and integration into clinical workflows.

Our team used a top-down TAM-SAM-SOM approach applied to the Dutch market to size the initial cus-

tomer market. The first target population was defined as Dutch mid-stage Parkinson’s patients, Hoehn

and Yahr stages 2–3, who actively use levodopa, as this group is clinically relevant for treatment adjustment

and motor fluctuations (Skorvanek et al., 2017). The Total Addressable Market (TAM) was estimated at ap-

proximately 41,300 patients. The Serviceable Available Market (SAM), narrowed to patients experiencing

wearing-off, was estimated at 22,800 patients (Wan et al., 2020). For early implementation, a hospital-based

rollout through selected Parkinson’s treatment centers was considered most realistic, giving a projected

Serviceable Obtainable Market (SOM) of about 1,500 to 2,800 patients within the first 3–5 years. These es-

timates define the clinically relevant first-use population and achievable early adoption pathway; the full

assumptions and unrounded values are provided in Appendix J.

We explored reimbursement feasibility within the Dutch healthcare ecosystem as we considered it to be

the first entry market for the biosensor. Since the device supports treatment decisions through remote

monitoring linked to hospital care, themost realistic earlymodel is hospital-led implementation rather than

direct-to-consumer use. Specialized treatment centers would prescribe the biosensor during monitoring

periods beforemedication-adjustment consultations, aligning itwith existingmonitoring infrastructure and

reimbursement structures (Bruinsma et al., 2025; VGZ, n.d.). An accelerometer for tremor detectionwas also

considered. The most feasible routes are integration with patient-owned wearable devices, such as smart-

watches, hospital-provided devices, or dedicated clinical devices covered by insurance if accelerometer data

is shown to be essential for clinical interpretation.

We additionally performed a stakeholder adoption barrier analysis to assess implementation difficulties.

For patients, themain risks were discomfort, excessive daily effort, and unclear perceived benefit; therefore,

the system should rely on simple interaction prompts and minimal required input. For clinicians, the main

risks were lack of trust, poor interpretability, and increased workload; therefore, the platform should convert

raw readings into clinically meaningful and concise reports. For healthcare organizations and insurers, key

barriers are infrastructure integration, data safety, training requirements, reimbursement uncertainty, and

proof of cost-effectiveness. The stakeholder categories, barriers, and mitigation strategies are summarized

in Appendix K.

Finally, we identified clinical workflow integration as critical for adoption; thus, the accompanying platform

should combine levodopa trends with food or protein intake and movement data, and provide actionable

insights rather than generic levodopa-level alerts. Examples include wearing off patterns, delayed medica-

tion response, and correlations between food intake and symptom fluctuations, as indicated by clinicians.

Ideally, these insights would be summarized before or during consultations and integrated into existing

systems, supporting clinical decision-making without adding data burden. A mapping of different system

functions to clinical workflow roles is given in Appendix L.

Together, these different aspects of themarket-entry strategy were analyzed to evaluate how the proposed

biosensor could move from a technical prototype toward clinical implementation. To conclude, the thor-

ough analyses we conducted further validate the business proposition outlined previously.
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4 Team and support

4.1 Contributions of the Team Members

AmirhosseinZaboli (Teamcaptain): Conceptualizationof thewearable sensing system; developmentof themicroneedle-
based patch and its electrical interface with the reusable device.

JadaHeemskerk (Teamcaptain): Stakeholder interviews; outreach throughevent organization andpromotional content.

Ilaria Vonella: Wearable concept development; fabrication of hollow microneedles; creation of outreach materials; com-
munication support for collaborations and awareness campaigns.

Jasmine Ahmed: Coordination of laboratory activities and tasks; development of functionalization, experimental, and
safety protocols; electrochemical biosensor testing.

Francisco Lopes: Design of the flow cell system used for analytical measurements; selection of the sensing method and
design of the wearable device.

Ane Gutierrez Martinez: Stakeholder interviews; validation study design; investigation of regulatory aspects; wearable
device conceptualization.

Júlia Ribot Calvet: Stakeholder interviews; development of patient and neurologist apps; integration of the device into
the clinical workflow; wearable device conceptualization.

Danai Spyridakou: Coordination of laboratory activities and tasks; development of functionalization, experimental, and
safety protocols; electrochemical biosensor testing.

Nour Hasnaoui: Surface detection of levodopa; stakeholder interviews; team promotion through event organization and
promotional content.

Yilin Chen: Team promotion through social media; creation of outreach materials and promotional content; business
interviews with stakeholders.

Mohamed Daher: PCB design assistance; stakeholder recruitment for interviews; interview data processing; entry-to-
market analysis.

Isaac Aguirre: Research and laboratory experimentation of the electrochemical chip; PCB design assistance.

Rodrigo Gonzalez: PCB design; 3Dmodelling of the wearable device; wearable device conceptualization.

4.2 People Who Have Given Support
Dr. Ir. Pep Canyelles Pericas: Supervisor of translation potential award and team coordinator.

Dr. Mohammad Saghafi: Introduction to biosensing concepts; guidance on wearable device design, disposable patch
architecture, and practical implementation of the proposed system.

Bahar Atik: Guidance on biosensor chemistry, surface functionalization strategy, and laboratory work.

Dr. Jannis Schlicke: Guidance on biosensor chemistry, surface functionalization strategy, and laboratory work.

Daniël Wijnperle: Flow-cell fabrication and SEM imaging.

Dr. Ir. Jorien Berendsen: Introduction to the flow-cell design that was adapted for our dual-chip setup.

Dr. Marc Parrilla: Provided the STL file for the microneedle design described in his published work.

Vinaya Tennakoon: In charge of managing the team and the board.

Fernando Rodriguez: Guidance on internal team organization.

Andrea D’Silva: Communications and external affairs; Coordination of outreach strategy and sponsor relations.

Deikshi Kumari SN: Secretary and communications.

Matteo Pozzato: Supporting the team’s technical systems; assistance with electronics; communication with Benchmark.

Paulo Palomo: Treasure; managing team finances, purchases, bookings, and expenses.

4.3 Sponsors and Partners
TechMed Center andMESA+ (University of Twente): University outreach and event visibility.

Benchmark: Workshops on device and PCB design.

Bronkhorst: Technical knowledge on pumps.
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5 Final remarks

Biosensing Team Twente brings together BSc andMSc students from awide range of disciplines,

including Electrical Engineering, Biomedical Engineering, Chemical Engineering, Industrial De-

sign, and Technical Medicine, united by a shared goal of developing technology that can con-

tribute to better healthcare. This multidisciplinary structure allowed us to approach the project

from complementary technical, clinical, and translational perspectives.

Beyond the technical project itself, the team is supported by a student board that ensures con-

tinuity of the organization from year to year. Its responsibilities extend beyond project manage-

ment and include recruiting newmembers, managing the team’s finances and logistics, coordi-

nating external relations, outreach and sponsorships, and maintaining the broader structure of

Biosensing Team Twente. This allows each new team to build on the experience, network, and

infrastructure developed by previous generations.

The team is further supported by a supervisory board that provides scientific, technical, organi-

zational, and translational guidance while preserving the students’ ownership of the project. The

supervisors act primarily asmentors: introducing relevantmethods and available university facil-

ities, providing feedback on biosensor development and experimental practice, supporting the

translation of technical ideas toward clinical and business applications, and coaching the team

captains in leadership and organization. The project strategy, design decisions, experimental ex-

ecution, troubleshooting, and integration, however, remain in the hands of the students.

Throughout this project, we aimed to move beyond developing a biosensor in isolation and in-

stead explore how continuous L-DOPA monitoring could fit into the daily lives of people with

Parkinson’s disease and support more informed treatment decisions. By combining perspec-

tives from patients, clinicians, researchers, and professionals across healthcare and innovation,

we tried to shape our solution around both the clinical need and the realities of everyday use.

Several steps remain before our solution can be translated into clinical use, and further validation

and refinement will be required to establish its long-term performance, reliability, and suitabil-

ity for real-world use. Nevertheless, we believe we have built a strong basis for further progress.

Our device therefore represents not only the outcome of this year’s SensUs challenge, but also

a starting point for continued work toward more objective and personalized management of

Parkinson’s disease.

Wewould like to thank everyone who contributed to the development of our wearable biosensor

over the past months for their time, insights, expertise, and encouragement. Hearing the per-

sonal stories of people living with Parkinson’s disease was one of the most meaningful parts of

this project and constantly reminded us of the people behind the problemwe were trying to ad-

dress. We are proud to present a concept that aims to address the unmet need formore objective

and continuous monitoring of L-DOPA response in daily life.

With gratitude,

Biosensing Team Twente 2026
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Appendices

A Surface Functionalization Protocol

This appendix describes the surface functionalization procedure used to prepare the differen-

tial L-DOPA biosensor chips. The sensing strategy required two separately functionalized three-

electrode chips. Both chips contained a gold working electrode (WE), a gold counter electrode

(CE), and an Ag/AgCl reference electrode (RE). The first chip was functionalized with tyrosinase

and used as the enzyme-containing electrode, while the second chip was prepared without ty-

rosinase and used as the enzyme-free reference electrode. The difference between the two SWV

responses was used as the L-DOPA-dependent signal.

Materials

The main materials used for the surface functionalization are listed in Table 5. All aqueous solu-

tions were prepared using Milli-Q water unless stated otherwise.

Table 5: Main materials used for surface functionalization of the L-DOPA biosensor chips.

Material Purpose

Gold electrode chip Electrochemical sensing platform containing goldWE, gold

CE, and Ag/AgCl RE

Nafion Permselective membrane for reducing charged interferent

contributions

Polyaniline / aniline precur-

sor

Conductive polymer layer and enzyme immobilization sup-

port

Tyrosinase Enzyme for catalytic oxidation of L-DOPA to dopaquinone

Bovine serum albumin

(BSA)

Protein matrix for enzyme stabilization and reference-layer

preparation

Glutaraldehyde, 25% in wa-

ter

Crosslinker for protein immobilization

Polyurethane (PU) Intended protective and diffusion-control coating

Phosphate-buffered saline

(PBS)

Electrochemical testing medium

L-DOPA Target analyte for calibration and sensor testing

Human serum Biological matrix component for interference and matrix-

effect testing

Overview of Functionalization Procedure

The complete functionalization procedure consisted of the following steps:

1. Electrochemical cleaning of the gold chip.

2. Electrodeposition of Au nanostructures on the working electrode.

3. Nafion coating.

4. PANI layer deposition.
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5. Protein-layer preparation, with tyrosinase/BSA on the sensing chip and BSA only on the ref-

erence chip.

6. Glutaraldehyde vapour crosslinking.

7. Electrochemical testing using square wave voltammetry.

A PUprotective layer was also investigated as a final coating step. However, this layer was not suc-

cessfully implemented in the final Eindhoven Testing Event prototype and is therefore described

as an attempted protective coating rather than as part of the final functionalized chip.

Chip Pre-cleaning

The chips were pre-cleaned by electrochemical treatment using a cleaning solution containing

H2O2 and HClO4. For a total volume of 10 mL, the cleaning solution was prepared with a target

concentration of 0.1 M HClO4 and 3% (v/v) H2O2. Based on a commercial HClO4 concentration of

70%, corresponding to approximately 11.6 M HClO4, 86 µL of HClO4 was added. For H2O2, 0.1 mL

of 30% commercial H2O2 was added to obtain a final concentration of 3% (v/v). The solution was

prepared by first adding 9 mL DI water, followed by 86 µL HClO4 and 0.1 mL H2O2, and mixed

gently.

For cleaning, 100 µL of the cleaning solutionwas pipetted onto the SPE. Electrochemical cleaning

wasperformedusingcyclic voltammetry from0V to +1.1 V versusAg/AgCl at a scan rate of 100mV/s

for 10 cycles. After cleaning, the chip was rinsed well with Milli-Q water and dried under nitrogen.

Electrodeposition of Au Nanostructures

The Au nanostructure deposition solution was prepared with 10 mM HAuCl4·3H2O and 0.1 M HCl

in a total volume of 10 mL. For the gold precursor, 39.4 mg HAuCl4·3H2O was dissolved in 10 mL

DI water. For the acid, commercial HCl was assumed to be 37% (w/w), corresponding to approx-

imately 12 M HCl. Therefore, 83.3 µL HCl was added to obtain a final concentration of 0.1 M HCl,

and the solution was mixed gently.

The deposition solution was applied to the SPE so that the working, reference, and counter elec-

trodes were fully covered. Electrodeposition was performed using chronoamperometry at 0 V

versus Ag/AgCl for 300 s. After deposition, the chip was rinsed with DI water 3–5 times, quickly

rinsed with ethanol, and dried using a nitrogen gun.

The gold precursor solution was prepared fresh for each lab session, and bubbles were avoided

during deposition.

Nafion Coating

A 1wt%Nafion solutionwas prepared froma 5wt%Nafion stock solution. A total volume of 200 µL

was prepared, which wasmore than required for one chip. First, 160 µL ethanol was pipetted into

a tube, followed by 40 µL of 5 wt% Nafion stock solution. The tube was closed and mixed briefly

using a vortex. If bubbles formed, the solution was left to sit for a fewminutes.

26



The Nafion solution was then pipetted onto the electrode area of the chip, while avoiding the

electrical contact pads as much as possible. The chip was placed in a covered Petri dish and left

to dry at room temperature for 90 min.

For other Nafion stock concentrations, the stock volume was calculated using:

Vstock = CfinalVfinal

Cstock

For a final volume of 200 µL and a final concentration of 1 wt%, the following volumes were used:

Stock concentration Stock volume Ethanol volume

5 wt% 40 µL 160 µL

2.5 wt% 80 µL 120 µL

10 wt% 20 µL 180 µL

PANI Layer Deposition

For the differential sensing strategy, WE1 was functionalized with tyrosinase, whileWE2 was kept

enzyme-free. First, 1 mL of 0.4 M PANI in 1 M HCl was prepared using 0.92 mL DI water, 0.083 mL

HCl, and 0.0365 g PANI. The solution was sonicated for 15 min.

A 100 µL droplet of the PANI solution was applied onto WE1 and WE2. PANI was deposited by

applying a galvanostatic current of 0.0031 mA for 300 s. After deposition, both electrodes were

immersed in Milli-Q water for 30 min and dried at room temperature.

Protein Layer Preparation

A BSA stock solution was prepared by dissolving 100 mg BSA in 1 mL Milli-Q water, giving a

concentration of 100 mg/mL. For WE1, a protein solution containing 2.5 mg/mL tyrosinase and

40 mg/mL BSA was prepared using 100 µL tyrosinase solution, 80 µL BSA solution, and 20 µL

Milli-Q water. ForWE2, an enzyme-free BSA solution was prepared using 90 µL BSA solution and

110 µL Milli-Q water.

WE1 was immersed in the tyrosinase/BSA solution, while WE2 was immersed in the BSA-only

solution. Both electrodes were stored at 4 ◦C for 24 h. After storage, the electrodes were rinsed

with deionized water.

Glutaraldehyde Crosslinking

After protein immobilization, both electrodeswere placed in a sealed bottlewith 20µL of 25%glu-

taraldehyde solution. The sealed bottle was then placed in an oven at 37 ◦C for 30min to crosslink

the protein layer. After crosslinking, the electrodes were lightly washed with Milli-Q water.

Attempted PU Protective Coating

A 3% (w/w) polyurethane (PU) solution was prepared by dissolving PU in a solvent mixture of 2%

dimethylformamide (DMF) and 98% tetrahydrofuran (THF). For a total volume of 50 mL, 1.5 g PU,
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0.98 mL DMF, and 47.5 mL THF were used. The solution was mixed using a stirring bar at 60 ◦C.

The biosensor chip was placed horizontally on a clean, level surface. Using a micropipette, 1–5 µL

of the PU solutionwas dispensed onto theworking electrode, ensuring complete coverage of the

enzyme/PANI-modified sensing area while avoiding the electrical contact pads. The PU coating

was then left to dry under ambient conditions for approximately 2 h.

The intended storage condition for the PU-coated biosensor chips was 0.1 M PBS at 4 ◦C until

electrochemical measurement.

Storage

After functionalization, the biosensor chips were stored at 4 ◦C until electrochemical testing. If

the PU protective coating was applied, the intended storage condition was 0.1 M PBS at 4 ◦C.

L-DOPA standard solutions were stored at +4 ◦C for no longer than two days.

B Microneedles

Figure 14a shows the main dimensions of the hollowmicroneedle array used in this project. The

design is based on the microneedle geometry described by Parrilla et al., 2024, consisting of a

5 × 5 hollow microneedle array on a 12 mm × 12 mm baseplate, with 2 mm spacing between

neighbouring microneedles. Each microneedle has a conical geometry with a hollow channel

and a small side opening near the tip, allowing fluid transport while maintaining a sharp tip for

insertion. Figure 14b shows the corresponding CADmodel of the hollowmicroneedle array.

Fabrication Process

The hollow microneedle arrays were fabricated using vat photopolymerization (VP) on a Unifor-

mation GKtwo printer with Siraya Tech Fast resin (Fig. 14c). Automatic support structures were

generated using the ChiTuBox Pro slicer.

To evaluate print quality, arrayswere printedbothwith andwithout supports. Unsupportedprints

resulted in clogged microneedle lumens, whereas supported prints maintained open channels

and were therefore selected for subsequent testing. After printing, the support structures were

carefully removed manually, using pliers, to minimize damage to the needles.

Theprinted arrayswere then cleaned in two isopropyl alcohol (IPA) baths, includingoneultrasonic

cleaning step to remove residual uncured resin and debris. Finally, the arrays were UV post-cured

for approximately 5 minutes before experimental testing.

28



Figure 14: Hollowmicroneedle arrayused for ISF extraction. (a)Dimensional drawingof thehollow

microneedle array, adapted from the design described by Parrilla et al., 2024. (b) CADmodel used

to verify the microneedle layout and hollow-channel geometry before fabrication. (c) Fabricated

microneedle arrays after vat photopolymerization (VP).
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C PCB Schematic

Figure 15: Schematic of the custom PCB used in the reusable readout device.

D Interview Summaries

Name Stakeholder

Type/ Role

Interview

date

Main insights/hypothesis

Rick Helmich Medical Special-

ist/ Neurologist

April 2nd

2026

Sensor usefulness likely depends strongly on disease stage.

Early-stage Parkinson’s patients may show poor corre-

lation between blood levodopa and symptoms because

dopamine is still buffered in remainingneurons. Later-stage

patients with fluctuationsmay benefit most. Fast measure-

ments (<5 min) are essential. A future closed-loop levodopa

delivery system may be clinically valuable. Dopamine ago-

nists are an important confounder because they influence

symptoms without being measured by the sensor.
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Name Stakeholder

Type/ Role

Interview

date

Main insights/hypothesis

Michel van

Putten

Medical Special-

ist/ Neurologist

Not stated Continuousmonitoringmay improve levodopa titration, es-

pecially when combined with movement data. However,

the relationship between interstitial levodopa concentra-

tion and clinical symptoms remains unclear and may in-

volve delays or conversion factors. Combining biosensor

data with movement metrics (e.g., gyroscope, gait analysis)

could provide more clinically useful insights than concen-

tration alone. Compliance and usability are critical: devices

must be minimally intrusive, automated, and require little

active input from patients. AI-assisted pattern recognition

may help personalize dosing schedules.

Martin Sien-

stra

Business Spe-

cialist /En-

trepreneurship

Expert

Not stated Need to validate value proposition early with patients. Im-

portant to test app concepts and user needs directly with

patients. Clinical proof and doctor support are essential be-

fore insurers will be interested. Simplicity and usability are

very important for Parkinson’s patients.

Mark Janssen Medical Special-

ist/ Neurologist

March 20th

2026

Continuous levodopamonitoring combined with symptom

logging could provide valuable insight for neurologists and

patients. Systemmay work best initially as temporary diag-

nostic optimization tool (e.g. 1 month use) rather than per-

manent wearable. Strong potential in combining levodopa

levels with non-motor symptoms such as sleep and auto-

nomic dysfunction.

Marjolein

Brusse-Keizer

Medical profes-

sional/ Epidemi-

ologist

April 8th

2026

Monitoring may be useful in both early and late Parkinson

stages, but for different reasons: early stage for medication

titration and insight, later stage for managing fluctuations.

Monitoring should probably come before automatic treat-

ment/pump coupling. Reliability and handling of missing

data are critical.

Martijn

Beudel

Medical Special-

ist/ Neurologist

March 20th

2026

Continuous monitoring + personalized microdosing may

work better than current generic tablet dosing. Physicians

would mainly benefit from linking how the patient feels to

levodopa values. Device safety is essential because of MDR

regulations.

Dr. Griens Medical Special-

ist/ Neurologist

January

30th 2026

A levodopa biosensor appears most clinically relevant for

more advanced Parkinson’s patients whose symptoms be-

come limiting and whose levodopa response is less pre-

dictable. The strongest use case is not early-stage treat-

ment, but detecting declining blood concentration pat-

terns, identifying suboptimal medication strategies, and

supporting earlier decisions about advanced therapies such

as DBS or pump therapy.

Rob de Bie Medical Special-

ist/ Neurologist

April 1st

2026

Main potential value of a levodopa biosensormay be predic-

tion of OFF periods and optimization of medication timing.

Relationship between levodopa blood levels and dopamine

in the brain is still uncertain and needs validation. Contin-

uous monitoring may be especially useful for patients with

unexplained lack ofmedication effect (e.g., gastroparesis) or

patients with severe fluctuations. Feedback-loop systems

with levodopa pumps could become interesting in the fu-

ture.
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Name Stakeholder

Type/ Role

Interview

date

Main insights/hypothesis

Anne van der

Plas

Medical Special-

ist/ Neurologist

25th March

2026

ISF levodopa/metabolite monitoring could provide major

clinical value, especially for detecting malabsorption, opti-

mizingmedication, understanding non-motor fluctuations,

and supporting diagnosis. Combining ISF measurements

with wearables and other biomarkers may provide a much

more complete picture than current approaches. Non-

motor symptomsmay correlate stronglywith levodopa fluc-

tuations but are currently very difficult to assess objectively.

Carli and Amy Medical Special-

ists/ Deep Brain

Stimulation

Nurse & Techni-

cal Medicine

March 30th

2026

Joy vanMeurs (AnnaHospital Geldrop), neurologists, Parkin-

son nurse specialists.

Mark Kuijf Medical Special-

ist/ Neurologist

April 1st

2026

Continuous levodopa monitoring could be especially valu-

able during fluctuating disease stages and advanced ther-

apies. Combining levodopa levels with movement sensors

and patient diaries may provide a much clearer clinical pic-

ture than current approaches. Clinical usefulness depends

on validating correlations between measurements and pa-

tient response.

Annemieke

Schipper

Medical Special-

ist/Nurse special-

ist

April 16th

2026

Continuous levodopa monitoring could strongly improve

personalized treatment, especially in later disease stages

with fluctuations. Measuring levodopa may be more real-

istic thanmeasuring dopamine directly because dopamine

cannot be directly measured in the brain due to the blood-

brain barrier. Device usefulness depends not only on

measurement, but also on providing actionable interpreta-

tion/advice.

WRP 1 End user/ Parkin-

son patient

Not stated Medication timing and memory problems create a large

daily burden for this patient. Continuous monitoring may

especially help patients with cognitive symptoms or med-

ication uncertainty. Real-time levodopa insight may im-

prove confidence, self-management, and treatment per-

sonalization.

WRP 2 End user/ Parkin-

son patient

Not stated Medication timing and variable levodopa effect create a

daily planning burden, even for a patient who feels rel-

atively in control. Continuous levodopa monitoring may

be more compelling if positioned as helping doctors tailor

treatment and helping patients understand variable medi-

cation effect, especially around food/protein timing. Patient

interest depends strongly on reliability, comfort, size, and

whether the device clearly adds value beyond current self-

management.

WRP 3 End user/ Parkin-

son patient

March 24th

2026

Strong validation that levodopa timing is clinically and per-

sonally important but difficult to optimize with current self-

reporting and movement-based tools alone. Continuous

biochemical levodopa monitoring combined with symp-

tom tracking could help distinguish underdosing, overdos-

ing, and disease progression. A longer-term dataset could

be more useful for clinicians than short consultations, es-

pecially for personalized dosing and quality-of-life improve-

ment.
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Name Stakeholder

Type/ Role

Interview

date

Main insights/hypothesis

WRP 4 End user/ Parkin-

son patient

March 30th

2026

Very short interview. It suggests that this patient still uses

levodopamultiple times per day after DBS and experiences

day-to-day symptom variability, but there is not enough in-

formation about medication timing burden, monitoring in-

terest, wearable preferences, or reimbursement.

WRP 5 End user/ Parkin-

son patient

March 30th

2026

This interview suggests that for this patient, fall risk and

mobility problems are more salient than levodopa-level cu-

riosity. Continuous monitoring may be more compelling if

connected to practical outcomes such as fall prediction or

understanding when symptoms worsen, rather than only

showing levodopa concentration.

WRP 6 End user/ Parkin-

son patient

March 30th

2026

Very short interview. It confirms that this patient uses lev-

odopa frequently and that levodopa is perceived as help-

ful, especially for tremor, but there is not enough evidence

aboutmonitoringneeds, timingburden, symptomtracking,

or wearable preferences.

WRP 7 End user/ Parkin-

son patient

March 30th

2026

This patient validates food/activity effects and the impor-

tance of continuous medication routines, but does not per-

sonally see strong value in a levodopa-monitoring device

while medication feels manageable. The value proposi-

tion may need to target patients with more uncertainty or

stronger fluctuations.

WRP 8 End user/ Parkin-

son patient

March 30th

2026

This interview suggests that pill burden and remaining

symptoms can be frustrating even when timing deviations

do not seem to affect the patientmuch. The patient did not

express a strongpersonal need for levodopamonitoring, but

openness may depend on whether the device clearly works

and reduces burden.

WRP 9 End user/ Parkin-

son patient

March 30th

2026

Very short interview. It strongly indicates high medication

burden and possible symptom fluctuation, but does not

provide enough information about timing problems, mon-

itoring interest, tracking, clinician follow-up, or wearable

preferences.

WRP 10 End user/ Parkin-

son patient

March 30th

2026

This interview shows that monitoring may be less rele-

vant after successful DBS but potentially valuable before

advanced interventions, when medication timing is strict,

tremor returns quickly, and higher doses are constrained by

side effects. It also supports the idea that late-stage or fluc-

tuating patients may benefit more than patients who are

stabilized after surgery.

WRP 11 End user/ Parkin-

son patient

Not stated This interview suggests that objectivemonitoringmayneed

to capture context such as exercise, anxiety/stress, and co-

morbid conditions, because symptoms may not be caused

only by levodopa level. The patient’s lack of symptom im-

provement despite increased medication raises the impor-

tance of distinguishingmedication-related symptoms from

other causes.
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Name Stakeholder

Type/ Role

Interview

date

Main insights/hypothesis

WRP 12 End user Not stated This interview does not validate levodopa-monitoring de-

mand directly, because the patient is not reported as taking

levodopa and does not experience daily fluctuations. How-

ever, it suggests that objectivedata andclearer explanations

could reduce uncertainty for newly diagnosed patients and

caregivers.

WRP 13 End user Not stated This interview supports the need for low-burden monitor-

ing because the patient experiences strong fluctuations but

is unwilling to manually log unless the benefit is very clear.

Mood, stress, and activitymay need to be considered along-

side medication data.

WRP 14 +

spouse/care-

giver

End user May 20th

2026

Patients experience uncertainty about levodopa effective-

ness and would value objective continuous monitoring.

Real-time alertsmaybemoreuseful than retrospective data

summaries. Users prefer numerical values with thresholds

rather than simple red/green indicators. Contextual factors

such as meals should be incorporated into interpretation of

sensor data.

WRP 15 +

spouse/care-

giver

End user + care-

giver

May 20th

2026

This patient has developed effective self-management

strategies andexperiences relatively little burden frommed-

ication management. Unlike other interviewees, he does

not perceive a strong personal need for continuous lev-

odopa monitoring. However, activity-dependent fluctua-

tions suggest objective monitoring could still provide clin-

ically useful information for treatment optimization.

WRP 16 +

spouse/care-

giver

End user + care-

giver

Not stated The patient can recognize when medication is wearing off

but relies entirely on subjective sensations. Caregiver does

not easily recognize these fluctuations. This suggests po-

tential value for objective monitoring, particularly because

symptoms are not always visible to others.

E Interview Questionnaires: Initial Version

1. What are themain limitations you observe in current levodopa therapy in daily clinical prac-

tice? Which of these limitations have the biggest impact on patient quality of life?

2. In your opinion, where could continuousmonitoringaddvalue compared to current symptom-

based management?

3. In which patient profiles would a wearable bemost useful (e.g. early-stage, advanced-stage,

fluctuating patients)?

4. Froma clinical or regulatory perspective, what do you think is currentlymissing for levodopa

biosensors to be adopted in practice? What data would practitioners benefit most from

receiving from the wearable?

5. What level of accuracy or reliability would you consider clinically useful?
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6. How can a wearable improve the daily life of a patient?

7. Do you think the main barriers are technical, clinical, regulatory, or economic?

8. How do you currently assess levodopa exposure or effectiveness in patients?

9. What are the limitations of these methods?

Patient Interview Questionnaire

Block 1: Medication and Follow-up

1. Do you take levodopa? How often do you take levodopa?

2. Are your symptoms predictable during the day?

3. How easy or difficult is it to know when your medication is working? Do you experience

on/off periods?

4. How does taking levodopa too early or too late affect your day?

5. What happens when you take too much or too little levodopa? Have you ever taken a dose

“just in case” because you weren’t sure?

6. What’s the most frustrating part about managing your medication timing?

7. Do you track your symptoms or medication in any way (notes, apps, diaries)?

8. Have doctors ever taken blood or other samples to adjust your levodopa treatment?

9. How did you feel about that process (comfort, stress, inconvenience)?

10. How often do you see your neurologist or Parkinson’s specialist?

11. Do medication changes often happen during follow-ups? Do they help?

Block 2: Wearable Device

12. Would you be interested in a device that continuously monitors your levodopa levels? Why

or why not?

13. Would knowing your medication levels help you feel more in control?

14. Do you think it could help your doctor adjust your treatment better?

15. What would make a wearable device comfortable enough for you to use every day?

16. Where on the body would it feel acceptable to wear it?

17. How often would you be willing to charge it?

18. What would make you stop using it?

19. Would you expect something like this to be paid for by insurance, healthcare system, or

personally?

20. What price range would feel acceptable to you?

Closing Questions
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• Is there anything else you would like to add?

• Do you know anyone else whomay be interested in participating?

• May we contact you again if we have additional questions?

F Interview Questionnaires: First Iteration

Specialist Interview Questionnaire

1. What are themain limitations you observe in current levodopa therapy in daily clinical prac-

tice? Which of these limitations have the biggest impact on patient quality of life?

2. Does continuous monitoring add value?

3. Assuming continuous monitoring is used, where would this add the most benefit for:

• practitioners?

• patients?

4. What form of wearable solution would patients prefer? Should it be a dedicated wearable,

or integration into devices they already use, such as smartwatches?

5. Is a wearable even a solution we should consider?

6. What are the key UI/UX requirements from the patient perspective?

7. How should wearable data be integrated into clinical workflows and existing systems?

8. What data would practitioners benefit most from receiving from the wearable?

9. Froma clinical or regulatory perspective, what do you think is currentlymissing for levodopa

biosensors to be adopted in practice?

10. Whatminimumaccuracy threshold (%)would thiswearable need to achieve for itsmeasure-

ments to be clinically relevant and usable in practice?

11. Which current problems in the daily lives of Parkinson’s patients could be addressed by a

wearable solution?

12. Which current problems that practitioners face could a wearable for Parkinson’s patients

address?

13. How should the most important of these barriers be reflected in the design requirements

of a new device?

14. How do you currently assess levodopa exposure or effectiveness in patients?

15. What are the limitations of these methods?

Patient Interview Questionnaire

Block 1: Medication and Follow-up
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1. Do you take levodopa? How often do you take levodopa?

2. Are your symptoms predictable during the day?

3. How easy or difficult is it to know when your medication is working? Do you experience

on/off periods?

4. How does taking levodopa too early or too late affect your day?

5. What happens when you take too much or too little levodopa? Have you ever taken a dose

”just in case” because you were not sure?

6. What is the most frustrating part about managing your medication timing?

7. What are the biggest challenges you experience with your current medication routine and

symptommanagement?

8. Do you track your symptoms or medication in any way (e.g., notes, apps, diaries)?

9. Have doctors ever taken blood or other samples to adjust your levodopa treatment?

10. How did you experience that process (e.g., comfort, stress, inconvenience)?

11. How often do you see your neurologist or Parkinson’s specialist?

12. Do medication changes often happen during follow-up appointments? If so, do they help?

Block 2: Wearable Device

13. Would you be interested in a device that continuously monitors your levodopa levels? Why

or why not?

14. Would knowing your medication levels help you feel more in control?

15. Do you think it would help during consultations if your treatment data, such as medication

intake and symptoms, were presented in a graph?

16. What would make a wearable device comfortable enough for you to use every day?

17. Where on your body would it be acceptable to wear such a device?

18. When a prototype becomes available: what price range would you consider acceptable?

Closing Questions

• Is there anything else you would like to add?

• Do you know anyone else whomay be interested in participating?

• May we contact you again if we have additional questions?

G Interview Questionnaires: Second Iteration

Specialist Interview Questionnaire

1. Clinical Decision-Making
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1. In which clinical situations do you currently struggle to make treatment decisions due to a

lack of objective data?

2. Can you describe a recent patient case where you were uncertain about how to adjust lev-

odopa therapy? What information were you missing?

2. Value of Monitoring

3. At what stage of the disease would levodopa monitoring provide the most value?

4. What specific treatment decisions would change if you had access to continuous levodopa

concentration data?

3. Target Patient Group

5. For which type of patients would you actively prescribe or recommend such a sensor?

6. For which patients would this not be useful?

4. Data and Interpretation

7. What type of data would be most useful for you?

• Absolute values

• Trends

• Variability

• Correlations with symptoms

• Other

8. How would you ideally want this data to be presented?

• Dashboard

• Alerts

• Summary reports before consultation

• Other

9. What would be the ideal output from such a system?

• Raw data

• Treatment suggestions

• Other

5. Correlation and Trust

10. How important is it to link levodopa levels to:

• Symptoms

• Movement data

• Food intake
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11. In which situations would you not trust the sensor data?

6. Accuracy and Clinical Thresholds

12. What matters more: absolute accuracy or reliable trends over time?

13. What level of measurement error would still be acceptable for clinical use?

14. Which types ofmeasurement errorswould bemost problematic in clinical practice, andwhy

(e.g., underestimation versus overestimation of levodopa levels)?

15. Would it be more harmful if the device systematically underestimates or overestimates lev-

odopa levels? Why?

16. How critical is timing accuracy (e.g., detecting changes too early versus too late)?

17. What are the potential clinical consequences of incorrect readings (e.g., incorrect dosing,

worsening symptoms, unnecessary interventions)?

7. Workflow Integration

18. At what point in your workflow would you use this data?

• Before consultation

• During clinical decision-making

• Long-term follow-up

• Other

19. Howmuch time would you realistically be willing to spend interpreting these data?

8. Device Usage Model

20. Do you see this device primarily as:

• A continuous monitoring tool (similar to glucose sensors)

• A temporary diagnostic tool (e.g., 2–4 weeks to gain insight)

9. Adoption and Barriers

21. What would prevent you from using such a device in clinical practice?

22. What would need to be demonstrated before you would trust and adopt such a device?

10. Value and Reimbursement

23. Who do you think should pay for this type of device?

• Hospital

• Insurance

• Patient

• Other

24. In what way would this device create value in clinical practice?
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11. Current Apps

25. Do you currently use any applications to support Parkinson’s disease management?

26. If yes, which application(s) do you use?

Closing Questions

• Is there anything else you would like to add?

• Do you know anyone else whomay be interested in participating?

• May we contact you again if we have additional questions?

Patient Interview Questionnaire

1. Real-Life Challenges

1. Can you describe a recent moment when your medication did not work as expected?

2. What did you do in that situation?

2. Decision-Making and Uncertainty

3. Do you ever adjust your medication timing, or do you always take it at fixed times?

4. If you adjust your medication timing:

(a) How do you decide when to take your medication or adjust your timing?

(b) How confident do you feel in those decisions (0–10)?

(c) When do you feel most uncertain about your medication?

Note: If the participant always takes medication at fixed times, Questions 4–6 can be skipped.

3. Core Difficulties

7. What is currently the most difficult aspect of managing your Parkinson’s disease?

• Timing your medication

• Knowing whether your medication is working

• Adjusting your daily activities

• Other

4. Value of a Monitoring Device

8. In which situations would a device that measures your levodopa levels be most helpful to

you?

9. In which situations would such a device not be helpful?

5. Trade-Offs

10. What would be most important to you in such a device?

• Comfort
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• Accuracy

• Ease of use

• Other

11. What would be a dealbreaker for you?

6. Effort versus Benefit

12. Howmuch daily effort would you be willing to invest for better medication control?

• Charging the device

• Wearing the device

• Entering data

• Other

7. Trust and Acceptance

13. In which situations would you not trust the advice or data provided by such a device?

8. Control versus Automation

14. Which type of system would you prefer?

• A system that only shows your data

• A system that provides treatment advice

• A system that automatically adjusts treatment (potential future application)

9. Data Sharing

15. Who would you feel comfortable sharing your data with?

• Doctor

• Family

• No one

• Other

10. Adoption

16. What would convince you to start using such a device?

17. What would stop you from using it?

Closing Questions

• Is there anything else you would like to add?

• Do you know anyone else whomay be interested in participating?

• May we contact you again if we have additional questions?
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Caregiver Interview Questionnaire

This interviewguidewas used for both formal caregivers (e.g., nurses and nurse specialists) and in-

formal caregivers (e.g., familymembers). Questionsmarkedwith * were prioritizedwhen interview

timewas limited. Questionsmarked with ** were prioritized when very limited timewas available.

1. Role in Care

* Can you describe your role in caring for the Parkinson’s patient(s)? How involved are you in

managing their medication?

1. On a typical day, what does medication management look like for you?

2. Formal caregivers: HowmanyParkinson’s patients do you currently care for, and howmuch

of your time is spent on levodopa-related issues?

3. Informal caregivers: How has your daily routine changed since taking on this caregiving

role?

2. Medication Monitoring

** Can you describe a recent situation where you noticed that the patient’s medication was

not working as expected? What happened?

** How do you currently recognize when a patient’s medication is working well versus when

symptoms are breaking through? What signs do you usually look for?

* How difficult is it to distinguish medication side effects (e.g., dyskinesia) from symptoms

caused by under-dosing?

1. Informal caregivers: Has your ability to recognize these signs changed over time? When

and how did you learn what to look for?

3. Decision-Making

1. When something seems wrong, what do you do? Do you usually have the authority and/or

confidence to act?

* Have you ever felt unsure whether to contact the neurologist or wait? What made that

decision especially difficult?

* Informal caregivers: On a scale from 1–10, how confident do you feel in your own judgement

when something seems wrong?

4. Emotional Burden

* What is the most stressful aspect of managing the patient’s medication?

* Formal caregivers: How do you communicate a patient’s medication status to the patient?

How about to the doctor?

1. Informal caregivers: How does the unpredictability of good and difficult periods affect your

own daily life?

5. Value of a Sensor
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** In which situations would a device measuring levodopa levels be most useful to you?

1. Can you think of a specific situation in which having these data would have changed how

you acted?

* In which situations would such a device not be helpful or evenmake decision-makingmore

difficult?

6. Data and Interpretation

** What type of output would be most useful to you?

• Real-time alerts

• Daily summaries

• Trend graphs

• Other

** Would you prefer plain-language alerts over numerical data and graphs?

1. Would you prefer the system to suggest actions or automatically alert the doctor?

2. Do you think this device should integrate with existing healthcare systems, or would a stan-

dalone application be sufficient?

7. Trust and Control

* In which situations would you not use the device’s data?

1. What could make you lose trust in the device?

** If the device indicated a problem but the patient appeared to be doing well, what would

you do?

8. Effort and Adoption

1. Howmuch daily effort would be acceptable for:

• Charging the device

• Wearing the device

• Logging symptoms

* What would be a dealbreaker regarding the device or its accompanying application?

2. What would need to be demonstrated before you would feel confident using the device in

practice? What levels of accuracy and reliability would be “good enough”?

* Who do you think should be responsible for paying for the device?

9. Data Sharing

* Who should have access to the monitoring data?

• Patient

• Doctor
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• Caregiver

• Family

• Other

1. Formal caregivers: Are there any privacy concerns that wouldmake you or the patient hes-

itant to use such a device?

* Informal caregivers: Would you prefer to see the same data as the patient, or a version

specifically tailored for caregivers?

Closing Questions

• Is there anything else you would like to add?

• Do you know anyone else whomay be interested in participating?

• May we contact you again if we have additional questions?

H Clinician Platform

The platform consists of four main pages: a dashboard, a patient overview page, a correlations

page, and a prescription-management page. The dashboard provides a cohort-level overview of

monitored patients, including synchronization status, alerts, recent symptoms, and quick access

to individual patient records (Fig. 16a). This allows clinicians to identify patients who may need

attention without manually checking each record.

The patient overview page provides a detailed view of an individual patient’s monitoring session

(Fig. 16b). It includes L-DOPA trend, medication events, PKG-derived motor summaries, sleep-

related information, dyskinesia and bradykinesia patterns, tremor, immobility, and predose pat-

terns. This page is intended to combine biochemical and movement-related information in one

clinical view.

The correlations page focuses on interpretation of L-DOPA response in relation to food intake and

motor symptoms (Fig. 16c). It includes an AI-generated summary, food/protein log and dose-

response scores. This page was designed to help clinicians identify patterns such as delayed

medication response, weaker response after high-protein meals, or worseningmotor symptoms

despite medication intake.

The prescription-management page allows the clinician to review the current levodopa protocol

and prepare an updated medication schedule (Fig. 16d). The interface includes dose frequency,

dose timing, dosage selection, notes, and a prescription preview. The intended workflow is that

medication adjustments can be reviewed by the clinician and then synchronized to the patient’s

mobile application, updating reminders and dose timing.

Together, these pages demonstrate how the biosensor output could be integrated into a clinical

decision-support workflow.
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Figure 16: Clinician platform prototype. (a) Physician dashboard with cohort-level patient sta-

tus and alerts. (b) Patient overview page with L-DOPA trends, medication events, and motor

summaries. (c) Correlations page linking L-DOPA response with food/protein intake andmotion-

derived motor burden. (d) Prescription-management page for reviewing and synchronizing lev-

odopa schedule updates.
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I Inclusion and exclusion criteria for Validation Study

This is the established inclusion and exclusion criteria for participants in the validation study,

which can be PD patients or neurologists. Each group follows a different criteria.

Patient criteria

Eligible patients must meet the following inclusion criteria:

• Diagnosed with Parkinson’s disease in mid-stage progression and currently treated with

levodopa

• Aged 18 years or older

• Able to understand the study procedures and provide written informed consent

• Able to wear the device and interact with the patient application

Patient participants will be excluded if:

• Are unable to provide informed consent due to cognitive impairment or other conditions

affecting decision-making capacity

• Have a known allergy or sensitivity to the adhesive materials used in the wearable patch

• Have a physical, cognitive or other medical condition that prevents the safe and/or effective

use of the wearable device and/or the application

• Are participating in another clinical study or receiving medication that may interfere with

the objectives of the study

Neurologists criteria

Neurologists participating in the study must:

• Have a minimum of 5 years of relevant experience in the diagnosis and treatment of PD

• Be currently practicing at one of the participating study centres

J Market Sizing Using TAM-SAM-SOM

The purpose of the used TAM-SAM-SOM model was to identify the first clinically relevant target

population for the proposed biosensor.

The TAM for this biosensor was defined as the Dutch Parkinson’s patient population for whom

levodopa monitoring could be clinically relevant. The estimate starts from approximately 63,000

people living with PD in the Netherlands (Simões et al., 2026). This number was further refined

by using the reported levodopa-use percentage of 85.9% (Tolosa et al., 2021) and the proportion

of patients in the second and third stages of the disease on the Hoehn and Yahr scale. These two

stages were considered to represent themid-stage population in whichmedication adjustment

and motor fluctuations are especially relevant (Skorvanek et al., 2017).
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Next, theSAMwasobtainedbynarrowing theTAMtopatientswho specifically experiencewearing-

off, as this is the subgroup that is expected to have the strongest initial need for continuous lev-

odopa monitoring. A reported wearing-off prevalence of 55.1% was used for this estimate (Wan

et al., 2020).

Finally, the SOM was estimated using a phased hospital-based implementation model. A net-

work of 57 Dutch Parkinson’s treatment sites was identified and used as a practical representa-

tion for the specialist center rollout (Frequin et al., 2024). Dividing the previously obtained SAM

over these sites gives an approximate 400 eligible patients per site. The 3-year and 5-year cases

represent realistic cases that are not too conservative or optimistic. These cases assume adoption

by a subset of treatment sites and use by 25% of all eligible patients at participating sites.

Table 7 shows a summary of the information provided above and Figure 17 shows a graphical

summary of the projected figures.

Table 7: Market sizing assumptions and calculations for the Dutch implementation pathway.

Market layer Definition Calculation Estimate

TAM Dutch Parkinson’s disease patients using

levodopa and belonging to the clinically

relevant mid-stage population.

63,000 PD patients ×
85.9% levodopa use ×
76.3% mid-stage PD

≈ 41,292 pa-

tients

SAM Narrowed to patients experiencing

wearing-off, since this group is expected

to benefit most from objective levodopa

trend monitoring.

41,292 × 55.1%

wearing-off preva-

lence

≈ 22,752 pa-

tients

SOM, 3-year Early hospital-based rollout through se-

lected Parkinson’s treatment sites in the

Netherlands.

15 sites × 400 eligible

patients/site × 25%

adoption

≈ 1,500 patients

SOM, 5-year Expanded hospital-based rollout

through a larger group of Parkinson’s

treatment sites.

28 sites × 400 eligi-

ble patients/site ×
25% adoption

≈ 2,800 patients

Theusedmodel should be interpreted as a strategic first-entrymarket estimate. The inputs come

from a vast set of sources andwere combined to approximate the clinically relevant Dutch target

population, and thus, commercialization would require that the model be refined using clinical

registry data and hospital-specific patient numbers. Additionally, it can be expanded through the

consideration of pricing assumptions and willingness-to-adopt data.

K Stakeholder Adoption Barriers

The considered stakeholders were grouped according to their role in the translational pathway

in order to support the implementation analysis in Section 3.3. This stakeholder map was then

used to identify adoption barriers and possible mitigation strategies for each group.
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TAM

SAM

SOM

41,300 Patients
TOTAL ADDRESSABLE MARKET

22,800 Patients
SERVICE ADDRESSABLE MARKET

1,500-2,800 Patients
SERVICE OBTAINABLE MARKET

Figure 17: TAM-SAM-SOMMarket Sizing Summary

Table 9: Stakeholder categories used for the implementation analysis.

Stakeholder cate-

gory

Stakeholder type Role in translation pathway

Direct stakeholders Patients Directly benefit from improved treatment monitor-

ing andmay use the device during daily life.

Direct stakeholders Doctors and caregivers Use the monitoring output to better understand

patient status, symptom fluctuations, and treat-

ment response.

Secondary stake-

holders

Healthcare organizations Need to implement the system into clinical infras-

tructure, workflows, and data-management proce-

dures.

Secondary stake-

holders

Insurance companies /

payers

Need to evaluate reimbursement, cost-

effectiveness, and payer responsibility.

Regulatory stake-

holders

Dutch government / reg-

ulatory bodies

Responsible for requirements related to patient

and device safety and data protection.

Development stake-

holders

Device manufacturers Responsible for scalable production, manufactura-

bility, cost control, and long-term supply.

Dutchhome-monitoring reimbursement examples suggest thatmonitoringequipment andapps

may be reimbursed when they are part of hospital treatment for chronic disease management

(VGZ, n.d.). Therefore, hospital-provided monitoring equipment appears more realistic than re-

quiringpatients topurchase thedevice themselves. For the smartwatchormovement-monitoring

component, reimbursement is less straightforward if the device can also be used for non-medical

purposes. A hospital-owned device, or a dedicated low-cost movement sensor justified as essen-

tial for clinical interpretation, may therefore be more feasible.
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Table 11: Stakeholder-specific adoption barriers and mitigation strategies.

Stakeholder Barrier Mitigation

Patients Discomfort, effort, low perceived bene-

fit, unclear role in treatment.

Passive monitoring, minimal input,

clear instructions, simple feedback on

treatment relevance.

Doctors and care-

givers

Irrelevant, unclear, or untrusted data;

increased review workload.

Trends, correlations, concise sum-

maries, confidence indicators, and

clear output interpretation.

Healthcare organi-

zations

Infrastructure integration, training

needs, data-management responsi-

bility, uncertain cost–benefit.

Workflow-compatible platform, staff

training, standardized reports, and

evidence on consultation quality and

treatment optimization.

Insurance compa-

nies

Unclear reimbursement responsibility,

uncertain cost-effectiveness, possible

increase in healthcare use.

Hospital-led remote monitoring for

selected patients, with evidence on

efficient consultations and reduced

trial-and-error treatment adjustment.

Regulatory bodies

/ government

Insufficient clinical evidence, device

risks, and patient-data protection con-

cerns.

Medical-device pathway, clinical valida-

tion, GDPR-compliant data handling,

device safety and cybersecurity docu-

mentation.

Device manufac-

turers

Scaling difficulty or unjustifiable pro-

duction cost.

Scalable production, replaceable com-

ponents, simplified assembly, early

manufacturability assessment.

This analysis shows that the translational potential of the sensor depends on more than its per-

formance alone. The device must be comfortable and understandable for patients while being

interpretable and trustworthy for clinicians. Additionally, it should be compatible with hospital

infrastructure, acceptable for insurers, compliant with regulatory requirements, and manufac-

turable at scale.

L Clinical Workflow Integration

The workflow analysis focused on how the system output could support treatment decisions

without creating additional burden for clinicians.
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Table 13: System functions for clinical workflow integration.

System function Clinical workflow role

Continuous levodopa

monitoring

Tracks levodopa dynamics between consultations.

Medication intake log-

ging

Links levodopa profiles to dosing times andmissed or delayed medication

effects.

Symptom and ON/OFF

reporting

Relates biochemical data to patient-experienced response, wearing-off,

and symptom fluctuations.

Food or protein intake

logging

Supports interpretation of reduced or delayed levodopa response.

Movement data integra-

tion

Adds objective context on motor symptoms and tremor.

Actionable alerts Flags clinically relevant patterns, such as wearing-off or delayed response,

instead of generic alerts.

Pre-consultation sum-

mary

Summarizes trends and correlations before outpatient visits.

Clinician dashboard Combines levodopa, medication, symptoms, food, and movement data for

treatment adjustment.

The workflow integration analysis shows that successful implementation depends on convert-

ing continuousmeasurements into concise and actionable clinical insights. The platform should

therefore combine levodopa values with external factors to allow clinicians to identify patterns

that are difficult to observe during periodic consultations, such as wearing-off, delayed medica-

tion response, or correlations between food intake and symptom fluctuations.

To reduce adoption friction, the system should be integrated into existing hospital workflows

where possible. Instead of requiring clinicians to review a separate stream of raw sensor data,

the platform should provide summarized reports before or during consultations that match the

structures and formats already in use. In this way, the biosensor can support personalized treat-

ment decisions while minimizing additional load on healthcare providers.
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