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Abstract

Kidney disease is a growing global health concern, with acute kidney injury (AKI)

posing a significant risk due to its rapid onset and potential for irreversible damage.

Current diagnostics rely on intermittent blood testing, which cannot capture rapid

fluctuations in kidney function. This work presents the development of a wearable

biosensor for continuous, non-invasivemonitoringof creatinine levels in interstitial fluid

as an early indicator of AKI. The device integrates microneedle-based sampling with

aptamer-functionalized electrodes and electrochemical sensing to achieve real-time

measurements. Laboratory tests demonstrate the sensor’s sensitivity and stability in

detecting clinically relevant creatinine concentrations. The compact, portable design

enables continuousmonitoring, offering a pathway toward earlier intervention and im-

proved patient outcomes in kidney care.
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1 List of Abbreviations

• ABS – Acrylonitrile Butadiene Styrene

• AKI – Acute Kidney Injury

• BSA - Bovine Serum Albumin

• CE – Counter Electrode

• EDC – 1-ethyl-3-(-3-dimethylaminopropyl)

carbodiimide hydrochloride

• EHR – Electronic Health Records

• FN – False Negative

• GDPR – General Data Protection Regula-

tion

• GPIO - General Purpose Input/Output

• HDU – High Dependency Unit

• ICU – Intense Care Unit

• ISF – Interstitial fluid

• KDIGO – Kidney Disease: Improving

Global Outcomes

• MCH – 6-mercaptohexan-1-ol

• MHA – 6-Mercaptohexanoic acid

• NaCl – Sodium Chloride

• NGAL – Neutrophil Gelatinase-Associated

Lipocalin

• NHS – N-Hydroxysuccinimide

• PC – Personal Computer

• PCB – Printed Circuit Board

• PDMS – Polydimethylsiloxane

• PEG – Polyethylene Glycol

• PMCS – Post-Major Cardiac Surgery

• RE – Reference Electrode

• RRT – Renal Replacement Therapy

• SAM – Self-assembled monolayer

• SCR – Serum Creatinine

• SUS – System Usability Scale

• SWV – Square Wave Voltammetry

• TP – True Positive

• WE – Working Electrode

• UART – Universal Asynchronous Re-

ceiver/Transmitter

• ESP-IDF – Espressif IoT Development

Framework
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2 Analytical Performance award

The biosensor integrates an aptamer-based molecular recognition system with electrochemical

transduction, implemented on a microfluidic chip and controlled via a compact PCB-powered

reader device with a user-friendly web interface.

2.1 Molecular Recognition

The molecular recognition layer is designed to selectively detect creatinine, a key biomarker for

monitoring kidney function. The recognition element of the biosensor is a 5’-amine, 3’-methylene

blue aptamer (see Appendix 7.1), which was selected for its high specificity and high binding

affinity to creatinine (Ganguly, Paul, & Prasad, 2023; Das, Raveendran, Bayry, & Rasheed, 2024).

Aptamers offer a more robust alternative to antibodies due to their stability, modifiability and re-

generation abilities (Idili, Gerson, Parolo, Kippin, & Plaxco, 2019), making them a good choice for

continuous and wearable sensing. The functionalized gold surface (Figure 1) consists of a self-

assembled monolayer (SAM) of 6-mercaptohexanoic acid (MHA) bound to a gold surface via S-

Au bond formation, to which the aptamers and polyethylene glycol (48PEG or PEG) polymers are

attached via amide bonds.

Figure 1: Functionalization of electrode surface

A MHA SAM was devised as an im-

provement on the thiolatedaptamerwith

a 6-mercaptohexan-1-ol (MCH) backfill-

ing system, which is typical for multi-

ple aptamer-based biosensors (Lubin &

Plaxco, 2010). This modification was in-

spired by reports that showed an in-

crease in performance due to signal en-

hancement when carboxylate-terminal

molecules were present on the surface

(Bakestani et al., 2025). For this step, the

packing density of the MHA on the sur-

face was varied by adjusting the concen-

tration (ionic strength) during the SAM formation.

Then, and the aptamer were simultaneously attached to the carboxylic acid terminal groups of

the MHA through their amine terminal groups. For this purpose, / was used as a binding agent

(Fischer, 2010). The PEG on the surface is implemented as an antifouling layer to prevent non-

specific adsorptionof biomolecules that couldbepresent in the interstitial fluid (ISF) complexme-

dia (Song, Han, Yu, Li, & Luo, 2024). ISF is formed through blood transcapillary filtration and shares

79% common components with blood and has similar concentration and dynamics (Zheng, Zhu,

Xiao, Zheng, & Chen, 2023). This makes an attractive alternative source for biomarker detection.
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2.2 Physical Transduction

The transduction relies on anelectrochemical signal generatedby the redox activity of themethy-

lene blue tag covalently attached to the aptamer, typically measured using square wave voltam-

metry (SWV). The binding of creatinine to the aptamer induces a conformational change of the

DNA strand that shifts the relative position of the methylene blue from the surface (Z. Hu et al.,

2023; G.Wang et al., 2017; Wu et al., 2022). This affects the electron transfer between the electrode

and the methylene blue, diminishing the current for the creatinine-bound state. The transduc-

tion method consists of the use of SWV (Z. Hu et al., 2023; Wu et al., 2022) and detection of the

peak current at the methylene blue redox potential, which is correlated to a concentration with

a calibration curve. To allow for the SWV measurements, a three-electrode set-up was imple-

mented in the chip, with a functionalized gold WE, a gold CE, and a silver-silver chloride RE.

2.3 Cartridge Technology

Figure 2: Design of the Chip

with its the different compo-

nents

To obtain the SWV signal, it is necessary to design a sensing chip

with a microfluidic channel, for the sample to flow through the

chip; the RE positioned at the inlet and the outlet of the chip; the

WE located at the sitewhere aptamers are functionalized for sens-

ing; and CE. The design of the chip was done using Clewin Soft-

ware, with the objective of minimizing the chip size while having

the largest WE surface possible. To achieve this, a serpentine-

shaped microfluidic channel was adopted, with a WE width of

400 µm, CE width of 100 µm, and a constant separation between

both of 100 µm. This design ensures a reliable signal across the en-

tire channel length. The final calculated areas for each electrode

and the specific dimensions of each element of the chip are pre-

sented in Table 4 and Figure 8. Each chip was designed with final

dimensions of 1.13 cm × 1.00 cm, allowing us to fit 116 chips per

wafer as seen in Figure 9. The concept design of the chip is seen

in Figure 2.

2.4 Reader Instrument and User Interaction

This section describes the hardware, software, and user interactions of the reader instrument,

with a focus on practical handling and ease of use.

The device’s hardware is organized on a PCB we designed ourselves. The final goal is to make

the sensor wearable; consequently, the design of the PCB should be small, power-efficient, easy

to configure, and able to operate completely wirelessly. This PCB contains everything needed to

interface with the electrochemical cell, set measurement modes (SWV), and transmit data wire-

lessly or through a cable to an external device which performs the necessary computations for

diagnostics. The PCB potentiostat used is an EmStat Pico (PalmSens, n.d.-a), while themicrocon-

troller is an ESP32 C3Mini 1 (Systems, n.d.-a), equipped with an integrated wirelessmodule. A key

feature of the hardware is its ability to operate independently, powered by a LiPo battery. When
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connected with a USB-C cable, it charges the battery and supplies power to the entire circuit si-

multaneously. The board measures 71 mm by 35.5 mm, with the antenna extending the length

to 76 mm. The schematics of the PCB are provided in Section 7.4 and Figure 12, while the layout

is shown in Figure 13. Note that in future developments, the dimensions could be significantly

reduced, as further explained in Section 3.2.1.

The software is divided between the PC and the em-

bedded system. The ESP32 acts as a UART bridge be-

tween the PC and the EmStat Pico, which performs

measurements using PalmSens’s MethodSCRIPT lan-

guage (PalmSens, n.d.-b). The ESP32 is programmed

in C using the ESP-IDF toolchain (Systems, n.d.-b) and

only forwards data, keeping power consumption low.

Python scripts on the PC handle sending commands,

parsing responses, and displaying results. A web in-

terface hosted on the ESP32 allows users to start SWV

measurements, view live plots and monitor peak cur-

rents, thus monitoring creatinine levels in real-time

(Figure 3). Once themeasurement is stopped, the data

can be downloaded in CSV format.

Figure 3: UI with Start/Stop for SWV

measurement, Clear data, Download

CSV; real-time creatinine vs. time plot.

The device is composed of two main parts: the measurement unit and the computer interface.

To provide a clearer picture, Figure 11 in Section 7.4 shows an overall schematic of the working

system. The measurement unit includes all the hardware components (pump, electronics, elec-

trochemical sensor), while the computer interface provides real-time visualization and control

via a web-based platform. From the user’s perspective, the operation is minimal and straightfor-

ward, involving just two main steps. First, the sample must be deposited into a funnel-shaped

inlet designed to minimize dead volume and ensure smooth fluid flow. This inlet connects di-

rectly to the input of the pump, which is powered via a standard power plug. Then, the user

activates the Reglo-Z Digital pump (Ismatec) to drive the sample through the device. Once acti-

vated, the pumpdelivers the sample to themicrofluidic chip, which has been functionalizedwith

aptamers. This chip is connected to the PC, where all signal processing is performed. After anal-

ysis, the sample is directed into a waste reservoir. The user interface is minimal and designed for

accessibility, requiring no installation. It can be accessed from any device on the same network,

offering real-time visualization of the measurements and control over the device.
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3 Innovation Award

3.1 Wearable Sensor

Our team has developed a wearable biosensor designed to continuously measure creatinine lev-

els in ISF. This innovative device integrates modular hardware design, optimized surface chem-

istry, and custom low-power electronics, ensuring a compact, user-friendly, and reliable solution.

The biosensor consists of twomainmodules: a disposable sensing patch which rests in the lower

casing and a reusable electronics module which rests inside the upper casing as seen in the

exploded view. The design emphasizes usability, robustness, and biomedical compatibility to de-

liver accurate, real-time data without compromising patient comfort or safety.

Figure 4: Exploded view of the wearable sensor and overall casing

3.1.1 Technological Novelty of Wearable Sensor

The wearable sensor introduces several novel technological aspects. The lower, disposable mod-

ule features amicroneedle-based sensor chip designed for stable electrochemical signal acquisi-

tion, as detailed in Section 2.3. It is designed withmicroneedle geometry (Figure 10), resting on a

with a surface area of 6mm2, to painlessly penetrate the stratumcorneumand access ISF directly.

Although this microneedle structure has not yet been fabricated, its design is supported by ex-

isting literature and will be pursued in future work (Zheng et al., 2023). A removable protective

filmmaintains sterility before use, ensuring safety and aptamer longevity (Figure 5 (a)).

The reusableuppermodule integrates critical electronics, includingacustom , LiPobattery, power

management, and signal processing module (Figure 5 (b)). Connection to the sensor chip is

achieved via four centrally positioned magnetic pogo pins, ensuring stable alignment and re-

ducing signal loss due tomechanical stress or misalignment. This detachable interface (Figure 5

(c)) allows in reducing electronic waste and cost per cycle.

The device features an ergonomic, user-focused design with visual indicators that provide real-

time feedback on attachment status and battery levels, making application straightforward. Its

biosensormechanism, inspired by a cantilever snap-fit, uses two L-shaped clamp arms that slide
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along the X-axis and are pushed outward by compression springs. Pressing the arms inward

compresses the springs, disengaging the snap-fit between the upper and lower casings so the

bottom casing can be removed or replaced. For secure wear, a fabric belt straps the biosen-

sor to the user’s arm, while an adhesive layer on the bottom of the lower casing ensures stable

positioning. Together, these elements enable continuous monitoring through consistent skin

contact, reliable signal capture, andmodular reusability. The novelty lies in integratingmolecular

recognition, physical transduction, and intuitive user interaction into a flexible, wearable platform.

Figure 5: (a) Microneedle surface and film. (b) Reusable upper module. (c)Spring activated can-

tilever snap fit mechanism.

3.1.2 Technical Feasibility of Wearable Sensor

To ensure safety, reliability, and comfort in a hospital environment, the devicemustmeet specific

material requirements for use over 48 hours in settings like s, s, and recoverywards. Thematerials

must offer high impact resistance, dimensional stability, and flexibility to endure bending with-

out cracking. Thermal properties are critical, with low thermal conductivity to protect the skin

from internal heating and stability undermoderate temperature increases. The casing should be

ergonomic, with smooth edges and a neutral medical colour palette. The skin-contacting area

remains within 10 × 10· cm to preserve comfort. All contact materials are theoretically chosen

to comply with ISO 10993 standards for biocompatibility and hypoallergenicity (Biological eval-

uation of medical devices – Part 23: Tests for irritation, 2021). According to MDR Annex VIII Rule

10, the device, an active instrument intended for continuous diagnosis and monitoring of creati-

nine levels, would be classified as a Class IIa medical device (Medical Device Coordination Group

(MDCG), 2021).

For the microneedle patch, we propose 3M Medical Tape 4576 (Solventum / 3M Company, 2025)

due to its extended-wear acrylate adhesive and soft spunlace polyester backing, providing strong

skin adhesion with low moisture exchange. For the housing, Acrylonitrile Butadiene Styrene ()

was selected based on its impact resistance, light weight, and suitability for injection molding

(SpecialChem, 2025). Although the microneedles have not been physically produced, the func-

tionalization strategy was verified in vitro on gold wafers using the same chemistry. The assem-

bly of a SAM via the Au-S bond formation has been reported in literature for mixed MCH (Lubin

& Plaxco, 2010; Idili et al., 2019) and MCH/MHA (Bakestani et al., 2025) with thiolated aptamers.

Furthermore, the formation of the amide bond between the carboxylic acid and amine func-

tional groups using the / chemistry is a process commonly employed in biological applications
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(Fischer, 2010). A functionalization of a gold surface described in the Section 2.1 was monitored

using Quartz Crystal Microbalance (QCM) measurements (Figure 23 and 22), showing the suc-

cessful attachment of each layer to the chip, with each reagent being continuously supplied via

microfluidic channels.

A custom PCB has been developed for analog signal conditioning, digital processing, and real-

time wireless communication. The compact design is energy-efficient and supports seamless

integration with hospital systems and Electronic Health Records (EHRs), enabling timely clinical

responses (Section 4.2).

3.2 Reliability of Sensor Output

3.2.1 Technological Novelty of Reliability Concept

The reliability of the sensor output is ensured through the integration of multiple design ele-

ments spanning molecular chemistry, hardware, and signal acquisition. The molecular recogni-

tion strategy follows the structure detailed in Section 2.1, but incorporates innovations to improve

long-term stability and specificity. The use of a mixed PEG-aptamer layer covalently bonded via /

chemistry enhances antifoulingproperties, limitingnonspecific adsorption fromothermolecules

in (Song et al., 2024). The incorporation of MHA further improves electrochemical signal intensity

due to its carboxylate terminations (Bakestani et al., 2025). Electrochemical sensing is performed

using (SWV),whichoffers high sensitivity and is compatiblewith surface-confined redox reporters

like methylene blue (PalmSens, 2022).

From a hardware perspective, the custom integrates analog front-end electronics, digital pro-

cessing, and wireless transmission, ensuring low noise and fast signal acquisition. The system

currently uses an ESP32 C3 Mini 1 microcontroller for its ease of integration and low-power ca-

pabilities. It is important to note that this board was developed as a prototype, so several extra

features have been included for flexibility during testing. A GND pin and 3V3 pin, as well as many

of the ESP32’s general purpose input/output () pins, are accessible from outside the board, to

power and control eventual additional external devices. Additionally, multiple switches are pro-

vided to isolate specific parts of the circuit tomakedebugging easier. These added featuresmake

the prototype larger than what a final, industry-ready product would require. With further opti-

mization andby removing the extra debug andprototyping components, the size could bemade

smaller.

Although the ESP32 C3 Mini 1 is a solid choice, there are more advanced solutions available for

industry applications. For example, microcontrollers from Nordic Semiconductor, such as the

nRF52 or nRF53 series, are widely used for their ultra-low power consumption and highly efficient

wireless modules. These alternatives can offer longer battery life, stronger wireless performance,

and a smaller footprint, making them ideal for products intended for large-scale manufacturing

and commercial deployment.

In terms of the software, the novelty lies in combining low-power hardware with PC-based data

processing and a simple web interface. The ESP32 only forwards data, which ensures that the

raw measurements from the potentiostat are transmitted without modification. This setup im-
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proves reliability compared to fully embedded systems, while the web interface allows real-time

monitoring and CSV export for further clinical analysis.

3.2.2 Technical Feasibility of Reliability Concept

Aptamers have been shown to generally bind reversibly to the target (Dief, Tang, Carroll, Breton, &

Gooding, 2025), and the used sequence to bind specifically to creatinine(Ganguly et al., 2023; Das

et al., 2024), and the methylene blue reporter is common for electrochemical aptasensing appli-

cations (Lubin & Plaxco, 2010). The verification of the presence of the methylene blue reporter

was done via SWV after functionalization of gold wafers with dip coating procedures for different

aptamer-PEG ratios (Figure 24).

Additionally, the signal appears to be sensitive to the creatinine concentration, as shown in Figure

6. The core sensing chemistry has been validated by research for biocompatibility (J. Wang et al.,

2024; Ludovica Parisi, 2017), ensuring safe skin contact. Our chemical components are all individ-

ually stable under physiological conditions (Song et al., 2024) for our use case, and our chemistry

is adaptable to microneedle-based contact (Wu et al., 2022; Zheng et al., 2023), ensuring contin-

uous diffusion of ISF to the sensor. Preliminary lab results indicate sensitivity and selectivity for

creatinine (Figure 6).

Figure 6: SWV results for the sensing signal at different creatinine concentrations for different

wafers functionalized with different PEG concentrations. The SWV plots were measured at a fre-

quency of 10 Hz.

The operation of the sensor is based on microneedle-enabled electrochemical detection using

aptamers specific to creatinine. The critical elements of the system include: the stability and

responsiveness of the aptamers, the reliability and quality of the materials used for better signal

to noise ratio and signal quality, the geometry and layout of themicroneedle electrodes for signal

capture, the precision of the SWV readout method, and the mechanical-electrical interface that

ensures signal fidelity between the detachable sensing patch and the reusable electronics.

A prototype chip was fabricated with a three-electrode configuration and tested in vitro using

standard creatinine solutions. Preliminary results showed a correlation between peak current

and creatinine concentration (Figure 25).
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In summary, while some elements—such as long-term in vivo stability—require further testing,

the combination of aptamer-based recognition, stable chip signal capture, and robust circuit in-

tegration presents a strong basis for a wearable sensor capable of delivering clinically reliable cre-

atinine concentrations. Our simulation and early experimental data suggest that the proposed

concept is technically feasible and scalable with further refinement.

3.3 Original Contributions

3.3.1 Team Piece

Our teambegan thebiosensordevelopmentprocesswithan in-depth literature reviewonmicroneedle-

based sensing, antifouling chemistries, and electrochemical detectionmethods. Aptamer-based

electrochemical sensing was identified as themost promising approach for reliable AKImonitor-

ing, and optimized it with a novel PEG–aptamer mixed layer to enhance antifouling properties

and signal stability, which was suggested by the supervisors and then tested and integrated by

the team..

The concept of integrating this chemistry into amodularwearable device, with a disposable sens-

ing patch and a reusable electronicsmodule, was conceived, selected, and refined entirely by the

team. We designed the chip layout, developed the custom , and determined material choices

based on both biomedical compatibility and mechanical requirements. The electrochemical

SWVmethodwas selected for its compatibility with the antifouling layer and surface-based sens-

ing, directly influencing chipdesign. The serpentinemicrofluidic layoutwasdeveloped to support

stable signal output, with technical input fromMohammad Saghafi.

All surface functionalization, QCMverification, andSWVsensing testswereplannedandexecuted

by the team, ensuring that the device design, molecular recognition strategy, and electronics in-

tegration were validated in-house. The wearable and modular design of the system, along with

the integration of the chip, pump, and EmStat Pico, were completed independently, with super-

visors providing targeted technical guidance rather than direct design control.

Queralt Piferrer & Timur Djalilov

3.3.2 Supervisor Piece

General information on type of coatings, and type of sensors/sensing techniques has been pro-

vided by the supervisors in the form of papers. The students have gathered additional informa-

tion to assure a complete overviewof thedifferent optionsbeforemakingadecision. Practicalities

with some sensing techniques and/or coating strategies have been provided if the supervisors

were familiar (for example, pricing, easiness of handling, complexity). The students have decided

independently on the best strategy for type of sensing technique and coating based on the pro-

vided information.

The starting point for protocols for surface functionalization were provided if available, but these

were adjusted accordingly by the students. Protocols for the QCM-D were a combined effort of

the supervisors (on speeds, volumes etc.) and the students (concentrations, specific chemicals,

12



order of steps). Regarding the Translation Potential section, the team was proactive in research-

ing and selectingmarket segments in linewith their envisioned competitive edge. The role of the

supervisor was limited to help them to structure and communicate their thought and strategical

choices.
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4 Translation Potential Award

AKI is a sudden loss of kidney function that can progress rapidly to failure if not detected and

treated early. Over 50% of ICU patients develop stage 1 , with fewer progressing to stages 2–3,

and about 10% requiring (Hoste & Kellum, 2018). Detection is often delayed because , the stan-

dard biomarker, rises only 24–72 hours after injury, and current protocols rely on intermittent

blood draws. Surgical patients undergo an average of 116 blood tests per stay (Society of Tho-

racic Surgeons, 2015), increasing discomfort, infection risk, and costs. Postoperative adds an av-

erage $15,800 per patient, with severe cases exceeding $40,000 (Hobson et al., 2015a; Silver, Long,

Zheng, & Chertow, 2017). Late detection is associated with in-hospital mortality of 10.7%, long-

termmortality up to 30% (Corredor, Thomson, & Al-Subaie, 2016; Chen, Wang, Liu, et al., 2018), and

prolonged ICU/hospital stays that further strain resources.

4.1 Customer Interviews

In order to gather design requirements for the device, we conducted interviews with stakehold-

ers such as nephrologists, nurses, and experts who are involved with , cardiac surgery, or kidney

specialists. Messages were sent to these stakeholders found through LinkedIn, the University

connections, etc. An interview was set, and questions that were deemed relevant to their exper-

tise were asked during the interview. A full list of the professionals interviewed can be found in

Appendix 4.1.

4.1.1 Summary of Insights

Expert consultations and literature review identified patients as the optimal group for device

testing. While is common in sepsis, pre-existing kidney impairment often limits early detection

benefits. In contrast, patients typically develop postoperatively, providing a clearer intervention

window. Cardiac surgery compromises renal perfusion via artery clamping or cardiopulmonary

bypass, raising risk, with incidence ranging from 19% in coronary bypass to 29% in aortic surgeries

(Vandenberghe, Gevaert, Kellum, et al., 2016; J. Hu, Chen, Liu, et al., 2016), and overall rates up to

30% (Vives et al., 2019). This high postoperative incidence and defined onset make patients ideal

for early detection.

Stakeholders Needs Concerns

Patients Continuous, non-invasive kidney monitoring to reduce blood

draws, especially for chronic or post-transplant patients. Early de-

tection can improve quality of life and prevent complications.

Reliability and comfort of

wearables, psychological

impact of continuousmon-

itoring, and risk of false

alarms.

Nephrologists Target groups include post-cardiac surgery and sepsis patients,

withmany septic cases presenting in emergency or ward settings.

All three groups note that

serum creatinine is a late,

unreliable

biomarker—levels often

rise only after significant

kidney damage has

occurred.

Nurses Minimize or eliminate blood draws to reduce clot risk and enable

use in dialysis patients. Device should be easy to change and not

interfere with other treatments.

Experts (AKI

specialists, en-

docrinologists,

cardiac sur-

geons, etc.)

Best suited for patients at high AKI risk: post-cardiac surgery, kid-

ney transplant recipients, those on nephrotoxic drugs, or recover-

ing from infection. Placement should avoid joints (e.g., arm, thigh,

abdomen).

Table 1: Insights from stakeholder interviews.
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Moreover, it became clear that relying solely on creatinine is a limitation because it is a delayed

biomarker of kidney injury. To address this, we explored the inclusion of neutrophil gelatinase-

associated lipocalin (NGAL), which rises within hours after renal tubular injury and allows earlier

AKI detection compared to creatinine (Hoste & Kellum, 2018). (Yang, Gan, Song, Yuan, & Xiang,

2022) have demonstrated sensitive aptamer-based electrochemical biosensors for NGAL detec-

tion. Since our device already employs aptamer chemistry, NGAL detection could be integrated

by modifying the chip surface, allowing multiplexed detection without altering the overall sens-

ing platform design.

In addition to clinical needs, stakeholders highlighted potential risks and usability concerns re-

lated to the device. Table 2 below summarizes themost critical hazardsmentioned by stakehold-

ers, while the full hazard matrix is presented in Appendix 7.8.

Hazard Description O S D RPN

Detachability Patchmaydetach fromskin due to sweating

or movement.

4 6 8 192

Alarmmissed Nurse fails to hear the alarm after creatinine

rise, delaying intervention, hence the device

is useless.

6 10 9 540

Data Transfer Wireless transmission to EHR may fail or be

delayed.

5 7 5 175

Device Malfunction Internal component failure (e.g., sensor, bat-

tery) halts operation.

4 9 8 288

Sensitivity (False Neg-

atives)

Alarm is not triggered even though the pa-

tient is in danger.

6 9 8 432

Table 2: Hazard traceabilitymatrix with color-coded (values form 1-10) Occurrence (O), Severity (S),

and Detection (D) levels, based on defined risk ranges.

Moreover, a critical point which was gathered for introducing a new device to a hospital is to

keep the adaptation cost minimal, and the device must not disrupt the current workflow of the

hospital, shortly found in the Patient Journey of Figure 21 in the Appendix. As a result, the data

will be sent wirelessly directly to the Electronic Hospital Record immediately.

4.2 Design of Validation Study

Amock-up simulating key device functions will be used to test integration and usability in a clin-

ical setting without requiring a fully developed prototype. We hypothesize that continuous real-

time sCr monitoring with a minimally invasive biosensor will enable earlier AKI detection than

intermittent lab testing, leading to faster intervention, fewer undiagnosed cases, and improved

outcomes. PMCS patients, who have high AKI incidence and unmet need for early detection as

explained in 4.1, are selected as the primary validation group.

The validation study will assess both the clinical benefit of earlier AKI detection and the usability

of the device in real workflows, focusing on workflow compatibility, ease of use for healthcare

providers, and patient comfort. The key questions are:

15



1. Does real-time sCrmonitoring allow for earlier detection of AKI compared to standard inter-

mittent blood testing?

2. Is the device comfortable for patients, easy for healthcare providers to use, and compatible

with current clinical workflows?

This pilot multi-center observational study will be conducted at UMC Utrecht, Erasmus MC Rot-

terdam, and Amsterdam UMC, selected for their high cardiac surgery volume and expertise in

research and device innovation. The study will adhere to Good Clinical Practice (), the General

Data Protection Regulation (), and theDeclaration of Helsinki (EuropeanMedicines Agency, 2023;

World Medical Association, n.d.; General Data Protection Regulation, 2016).

Participants

Patients over 18 years admitted for cardiac surgery between September 2025 and February 2026,

with an expected hospital stay of at least one week, are invited to participate. Approximately

94 patients will be recruited across three hospitals, based on the sample size calculation in Ap-

pendix 7.10.

ICUnurses, nephrologists, andcardiothoracic surgeonswith at least 2 years of experienceandcur-

rently employed at participating hospitals will also be included for usability andworkflow testing.

Aminimumof 30 practitioners (10 per hospital) will ensure diverse clinical perspectives. Detailed

inclusion and exclusion criteria for patients and practitioners are provided in Appendix 7.11.

Protocol

The biosensor will be applied preoperatively to establish a baseline value andwill remain in place

throughout surgery and the postoperative period, as illustrated in Figure (to be designed). The

device is not expected to interfere with surgical or postoperative care. Suspected events, identi-

fiedusingKDIGO-aligned thresholds (KidneyDisease: ImprovingGlobalOutcomes (KDIGO), n.d.),

will trigger confirmatory blood tests via the hospital’s standard lab method, harmonized across

all study sites. Detailed protocols for data processing and storage are outlined in Appendix 7.12.

Figure 7: Flowchart of the study protocol and monitoring process

Data Collection and Event Classification

Upon a biosensor alarm, a nurse will draw blood within 30minutes to measure serum creatinine

(reference method). Sensor and lab results, along with timestamps and alarmmetadata, will be
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logged in the EHR. A nephrologist will then review the paired data to confirm or rule out . If con-

firmed, treatment follows the Dutch hospital protocol. Independent of alarms, routine morning

lab draws are performed to capture any missed events. This workflow enables classification of

events as true positives (), false positives (FP), false negatives (FN), or true negatives (TN), allowing

calculation of sensitivity, specificity, PPV, and NPV. The goals for these performance metrics are

discussed in the Appendix 7.15.

The device will record creatinine every 30 minutes, with all data stored in the EHR and later ex-

ported to a secure research database in accordance with institutional policy. Collected variables

include:

• Biosensor: hourly sCr readings, alarm status, timestamps, error logs.

• Lab reference: sCr from EHR (routine standard draw for lab diagnosis and triggered draws).

• Clinical outcomes: AKI stage, ICU/hospital LOS, requirement, and mortality.

• Operational and Usability: response time, missed alarms, protocol adherence, nurse and

patient System Usability Scale (SUS) scores through surveys.

For each event, the detection time advantage is calculated as:

∆T = Tlab diagnosis − Tbiosensor alarm

where Tlab diagnosis is the time of blood draw or EHR entry, depending on institutional standards.

The mean ∆T represents the average time gained in AKI detection, a key metric for quantifying

the device’s clinical and economic value.

Usability evaluation via standardized questionnaires (SystemUsability Scale - SUS) completed by

nurses and patients.

4.3 Expected outcomes

If successful, the continuous creatinine-based biosensorwill enable earlier detection of AKI in car-

diac patients, preventing progression to severe stages in an estimated 20–30% of high-risk cases

(Hoste & Kellum, 2018). In the Netherlands, with approximately 15,000 adult patients undergo-

ing CABG or valve surgeries annually (van Straten et al., 2014), this could prevent severe AKI in

around 3,000–4,500 patients each year. Given that each prevented case can save €1,500–2,000

per ICU day (Alshaikh et al., 2018) and avoid 3–7 extra days in critical care (Hobson et al., 2015b),

the potential healthcare savings range from €13.5 million to €63 million annually. Clinically, early

detection could reduce in-hospital mortality by 3–5 percentage points (Corredor et al., 2016) and

long-termmortality by up to 10 percent (Chen et al., 2018), while also decreasing the incidence of

chronic kidney disease and the need for dialysis. The device adds further value by reducing re-

liance on frequent blood draws,minimizing infection risk, and improving ICUworkflow efficiency.

Expected performance metrics from the validation study are discussed in the Appendix 7.14.
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5 Team and support

5.1 Team Contributions

Name Contributions

Andrea Molecular recognition and transductiondesign; QCM, electrochemistry, and chip functionalization and

cleaning; created related protocols; social media and merchandising.

Fernando Molecular recognition and transductiondesign; QCM, electrochemistry, and chip functionalization and

cleaning; helped standardize protocols.

Vicent Molecular recognition and transductiondesign; QCM, electrochemistry, and chip functionalization and

cleaning; data processing and analysis.

Jan Device design; pump selection and tuning; team website.

Marc Microfluidic chip design; CleWin layout; team website.

Timur Chip design and experiments; data analysis; team captain setting weekly team meetings, and over-

seeing various subteams.

Matteo Designed custom PCB; integrated electronic components.

Aakriti EmStat Pico-chip connection to the chip; user-facing website development.

Sarah Customer interviews; stakeholder contact; device design.

Paulo Customer interviews; device design concepts and implementation; clinical validation study

Deikshi Customer interviews; wearable design concepts and 3Dmodel; social media and merchandising.

Sreya Social media and merchandising.

Queralt Customer interviews; clinical validation study; wearable design; teamcaptain liaisingwith boardmem-

bers and supervisors, setting weekly teammeetings, and overseeing various subteams.

Table 3: Overview of individual teammember contributions.

5.2 Supporters

Board Members

• Diana – External communication, lab access.

• Jan Pieter – EmStat Pico intro, chip manufacturing support.

• Danail – Sponsor outreach, business case support.

• Caterina – Social media and events.

• Vinaya – Event planning, budget management.

Supervisors

• Mohammad – Chip design, process flow.

• Jannis, Amarna, Hanna – Chemistry lab guidance.

• Pep – Business case and coordination support.

External Contributors

• Daniel Wijnperle – Chip manufacturing support at MESA+.

• Prof. Huskens from the MNF lab, and BIOS Prof. Segerink- Chemistry lab support and guid-

ance.

5.3 Sponsors and Partners

• Benchmark – Workshops on PCB design, EMI/EMC; project support.

18



• PalmSens – Guidance on potentiostat design, MethodSCRIPT, PCB feedback.

• MESA+ Institute – Fabrication of the final chip design.

• NovelT – Legal, financial, and startup support; networking.

• DeDesign – Stakeholder brainstorming and device design support.

• TechMed – Problem refinement and exposure at university events.

6 Final remarks

Wewould like to thankeveryonewhohas contributed to thedevelopmentof ourwearablebiosen-

sor over the past months for their valuable insights, time, and encouragement. This includes the

SensUs organization and Jury, whose feedback sessions have been an essential support frame-

work for our progress, aswell as all the healthcare professionalswhoparticipated in our interviews

and shared their expertise.

This journey has been both technically and personally transformative. As a team, we have navi-

gatedchallenges ranging fromdesignconsiderations to theoptimizationof our antifoulingchem-

istry, and in doing so, we have grown in teamwork, problem-solving, and resilience. Our diverse

academic and cultural backgrounds not only helped us tackle the multidisciplinary aspects of

the project, but also made the process rewarding and enjoyable.

We are proud to present a concept that addresses the unmet need for continuous and reliable

monitoring of AKI in high-risk patients. While further refinement will be required before clinical

implementation, the device we have developed represents a strong foundation for future work,

with promising extensions such as multi-biomarker detection.

Finally, we are deeply grateful for the opportunity to take part in the SensUs competition and for

the unwavering support of our supervisors, as well as the board members, who have guided us

with expertise, encouragement, and trust in our independence from the very start.
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7 Appendix

7.1 Aptamer Sequence

5’ Amino Modifier C6 - CGA-CGG-TGG-CCT-ATT-AAA-TAG-CTT-TAG-TTT-AAG-AAA-AGT-AAT-AGG-

GGGTGT-CG - ATTO MB2 3’

23

https://www.wma.net/policies-post/wma-declaration-of-helsinki/
https://www.wma.net/policies-post/wma-declaration-of-helsinki/


7.2 Cartidage Technology Appendix

Table 4: Surface Areas of the Electrodes and Microfluidic Channel

Area (mm2) Working Electrode Counter Electrode Reference Electrode Microfluidic Channel

Small Circle / Inlet 0.06 0.00 1.77 3.14

First Straight Line 1.13 0.28 0.00 2.25

First Small Arc 0.57 0.27 0.00 1.38

Second Straight Line 0.79 0.20 0.00 1.57

Second Big Arc 0.82 0.16 0.00 1.38

Third Straight Line 0.79 0.20 0.00 1.57

Third Small Arc 0.57 0.27 0.00 1.38

Fourth Straight Line 0.93 0.23 0.00 1.85

Fourth Arc / Outlet 0.31 0.02 1.77 3.14

Total Area 5.95 1.62 3.53 17.68
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Figure 8: Figures of the three different layers of the Chip with its dimensions annotated

Figure 9: Picture of the Printed Chips that will be used during the Testing Event
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7.3 Microneedle Chip Concept

Figure 10: Schematic of the non-reusable sensing chip with microneedles and electrode layout.

7.4 Hardware

Figure 11: Overall schematic of the working system
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Figure 12: PCB schematics, developed with KiCad

Figure 13: PCB layout, developed with KiCad
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7.5 Wearable sensor design concepts

Figure 14: Wearable device concept 1

The first concept is awearable biosensorwith angled clamparms securedby a springmechanism

similar to a clothing clip, enabling quick attachment and detachment.
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Figure 15: Wearable device concept 2

The second concept uses a comparable spring-loaded clampdesign, where compression springs

push the arms outward until they are pressed inward to release the lock.

Figure 16: Wearable device concept 2

This concept uses two buttons on both sides and spring to lock the module in place. To detatch

the two modules, the upper module will be turned clockwise.
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Figure 17: Wearable device concept 2

This concept showcases our attempt to include a press to open and another press to closemech-

anism to attach and detatch the two modules.
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7.6 Wearable sensor design 3D models

0.45

(a) b

Figure 18: Top view

0.45

(a) b

Figure 19: Bottom view

Figure 20: First iteration of wearable device

7.7 Material Requirements for wearable biosensor

7.7.1 Conditions of Use

To determine the appropriate material for the device, we first analyzed the conditions of use to

understand the environmental, mechanical, and safety demands the material must meet. This

informed the selection criteria listed below.

32



Location:

Hospital environment — cardiac surgery ward, ICU, high-dependency unit (HDU), recovery ward.

Duration and Use:

Worn continuously for 48 hours, including during sleep. Device must remain functional during

patient movement, repositioning, and rest.

Patient-Related Incidents:

• Exposure to wet hands, bodily fluids (blood, urine, sweat).

• Spillage of water or disinfectant.

• Potential impact from sitting or lying on the device.

• Dropping the device on the floor.

• Slippage off the body (requires grippy or ergonomic surface texture).

Use-Related Incidents (Electronics):

• Risk of localized heating from internal components (sensors, battery, wireless transmission).

• Must remain thermally stable and non-conductive externally to ensure patient safety.

Conditions of Storage (Before Use):

• Devices typically stored in clean, dry, temperature-controlled cabinets or supply rooms (15–25°C,

low humidity).

• Packaging may be sterile or clean, depending on patient-contact requirements.

7.7.2 Required Properties of the Material

Mechanical:

• High impact resistance (for drops or compressive forces if sat on).

• Durable under continuous wear and bending.

• Minimum yield strength to prevent cracking or deformation during handling or use.

• Good dimensional stability to protect internal electronics.

Thermal:

• Withstand moderate temperature increaseswithout softening or releasing fumes.

• Low thermal conductivity to protect skin from internal heating.

• Tolerant to hospital-grade disinfectants (wipes, alcohol-based cleaners).

Costs:

• Low-to-moderate cost per unit to allow disposability or affordable re-use.

• Must be economical for mass production in injection molding.

Flexibility:

33



• Should offer some flexibility or resiliencewithout brittleness.

• Preferably semi-rigid casing with grippy surface.

Aesthetics:

• Neutral, medical color palette (e.g., white, grey, light blue).

• Smooth and cleanable surface, ergonomic and unobtrusive design.

• No sharp edges or uncomfortable surfaces.

• Not exceed 10 × 10 cm for the part that contacts the skin.

Sterilization:

• Ideally a cleaned but non-sterile device (not invasive).

Sustainability:

• Recyclable thermoplastic preferred.

• If disposable: evaluate eco-friendly plastics or biodegradable alternatives.

Biocompatibility:

• Compliant with ISO 10993 standards for skin contact (Biological evaluation of medical de-

vices – Part 23: Tests for irritation, 2021).

• Non-irritant, hypoallergenic, and safe for sweaty or sensitive skin.
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7.8 Customer interviews

Name Position Contribution Location

Jeroen Vollenbroek Researcher, Artificial Kid-

ney

Use case UMC Utrecth

Joos Hoenderop Physiologist – –

Jasper Boomker Dutch Kidney Founda-

tion

– –

Dick Thijssen CardiacCare@Home

Project

– –

Martin Bennink Professor, Applied Nan-

otechnology

– –

Hans Krabbe Researcher, AKI-Sepsis Use case MST

Tamar van der Aart PhD, AKI-Sepsis Use case Radboud

Wytze Vermeijden Intensivist – MST

Peter Oosterhoff MedTech Quality Assur-

ance & Regulatory Affairs

Expert

Clinical validation & regulations TechMed

Tugrul Researcher and professor Clinical validation & regulations University of

Twente and UMC

Utrecht

Marcel Zevenbergen Tech lead biochemical

sensors

Use case IMEC

Sandy Grishaverr-

Kalisingh

Member, Supervisory

Board of Dutch Kidney

Foundation; Sr. Program

Officer at NWO

Support in stakeholder engagement Nierstichting /

NWO

Wytze Vermeijden Cardiothoracic surgeon Clinical pathway and protocol MST

Fokko Pieter Wieringa PhD,Principal Scientist at

IMEC and professor

IMEC, UMC

Utrecth

Sanne Borremans Nurse Practitioner Dialy-

sis & Nephrology

Clinical vlaidation Bravis ziekenhuis

Table 5: Experts consulted and their contributions.

Table 6 below shows the risk description and incidence defined from the interviews with the

stakeholders, to come up with design requirements for the device.
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Hazard Description O S D RPN

Detachability Patchmaydetach fromskin due to sweating

or movement.

4 6 8 192

Alarmmissed Nurse fails to hear the alarm after creatinine

rise, delaying intervention, hence the device

is useless.

6 10 9 540

Spillage onto device Liquid is spilled onto the device. 9 2 1 18

Overheating Electronics may overheat during use, caus-

ing discomfort or burns.

2 8 6 96

Biological and chemi-

cal hazards

Microneedlesmay be contaminated by bac-

teria, fungi, toxins, etc., during handling or

application.

4 7 5 140

Material Allergy Patient may react to microneedle or adhe-

sive materials (e.g., rash).

3 6 5 90

Data Transfer Wireless transmission to EHR may fail or be

delayed.

5 7 5 175

Device Malfunction Internal component failure (e.g., sensor, bat-

tery) halts operation.

4 9 8 288

Inadequate Packag-

ing

Improper packaging leads to device degra-

dation or contamination pre-use.

3 9 5 135

Ambiguous Instruc-

tions

Instructions on the kit are unclear to nurses

due to language barriers or other reasons.

2 6 1 12

Reuse of single-use

component

Single-use microneedles are reused on an-

other patient.

3 8 8 192

Running out of Bat-

tery

Device battery is depleted. 2 1 1 2

Specificity (False Posi-

tives)

Alarm is triggered when no actual danger is

present.

5 2 8 80

Sensitivity (False Neg-

atives)

Alarm is not triggered even though the pa-

tient is in danger.

6 9 8 432

Table 6: Hazard traceabilitymatrix with color-coded (values form 1-10) Occurrence (O), Severity (S),

and Detection (D) levels, based on defined risk ranges.
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7.9 Patient Journey

Figure 21: Patient Journey derived from interviews.

7.10 Clinical validation sample size calculation

A multicentre prospective cohort study to evaluate the usability and integration of a wearable

biosensor in cardiac surgery patients and nursing staff, and its effectiveness in enabling earlier

detection of AKI, in comparison with standard blood-based diagnostic methods.

The sample size formula for a cohort study is the following:

n =
(Z α

2
+ Zβ)2 · 2 · σ2

d2

Where:

• n = sample size per group

• σ2 = Variance of the outcome (sqrt of the standard deviation)

• Z α
2
= Z-score for the significance level

• Zβ = Z-score for the power

• d = Clinically significant difference/effect size

We expect the biosensor to detect AKI ≈ 6 hours earlier than serum creatinine. Hence we can

determine a clinically significant difference of d ≈ 6 hours, with a standard deviation of σ = 8
hours. Since 5% is a standard threshold to minimize the risk of a false positive error, we get α
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(two-tailed) = 0.05, Z α
2
= 1.96. A high probability of detecting the study’s true effect is expected,

hence an 80% of probability is chosen (Beaubien‐Souligny et al., 2018).

After substituting the values in the equation, the calculated sample size is 28 patients. However,

according to (Vives et al., 2019) only 30% of the cardiac patients included in the study are expected

to develop AKI. Hence, 28 patients are needed to power the test, but in total 28
0.30 ≈ 94 patients are

needed to ensure a robust sample size to detect a clinically significant difference.

7.11 Inclusion and Exclusion Criteria

Patient Group:

• Inclusion Criteria: Patients scheduled for cardiac surgeries will receive an information letter

during pre-admission consultation and will be asked for informed consent during admis-

sion.

• Exclusion Criteria:Participants shall be excluded if they are mentally incapable of providing

informed consent or if the nature of their injury prevents them from wearing the sensors.

Patients with known allergies to adhesive materials used in the sensor patch or those par-

ticipating in other clinical trials that could interfere with this study will be excluded.

Practitioner Group:

• Inclusion Criteria:Practitioners currently employed at one of the three participating hospi-

tals.

• Exclusion Criteria:Practitioners with less than 2 years of experience in their current role or

those not directly involved in the care of cardiac surgery patients will be excluded.

This approach ensures that both the clinical performance and the practical usability of the device

are validated in diverse clinical settings, supporting broader applicability and regulatory readi-

ness.

7.12 Data Handling Procedures

This study will adhere to strict protocols for data handling to ensure the privacy and security of

participant information. The following procedures will be implemented:

1. InformedConsent: All participantswill receive detailed information about the study andwill

be required to provide written informed consent before any data is collected, in accordance

with the Declaration of Helsinki (World Medical Association, n.d.).

2. Data Collection: using secure and encrypted methods to ensure confidentiality. Each par-

ticipant will be assigned a unique identifier to pseudonymize the data and protect their

identity, following guidelines for the appropriate use of personal data in scientific research

according to the GDPR (European Medicines Agency, 2023) .
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3. Data Storage: on secure servers with restricted access to authorized personnel only. Data

will be stored in compliance with GDPR guidelines to ensure the protection of personal in-

formation (European Medicines Agency, 2023).

4. Data Processing: will be conducted using secure and validated software tools. Access to

datawill be limited to authorized researchers andwill bemonitored toprevent unauthorized

access.

5. Data sharing in accordance with GDPR guidelines and will be limited to authorized parties

only. Any data shared will be pseudonymized to protect participant identities (European

Medicines Agency, 2023).

By following these procedures, we aim to ensure the integrity and confidentiality of the data col-

lected in this study, in compliance with ethical standards and regulatory requirements.

7.13 Data Collection

Definitions and Diagnostic Metrics The followingmetrics will be calculated using the standard

binary classification framework, based onmatched biosensor alerts and serum creatinine results:

• True Positive (TP): Alarm sounds, and AKI is confirmed by reference blood test.

• False Positive (FP): Alarm sounds, but AKI is not confirmed by reference test.

• False Negative (FN): No alarm, but AKI is detected during routine morning draw.

• True Negative (TN): No alarm, and no AKI is present.

The diagnostic performance metrics are then calculated as:

Sensitivity = TP

TP + FN
Specificity = TN

TN + FP

Positive Predictive Value (PPV) = TP

TP + FP
Negative Predictive Value (NPV) = TN

TN + FN

-Accuracy (Quantitative Evaluation) This component focuses on validating the analytical accu-

racy of the biosensor in measuring creatinine levels compared to the hospital’s standard blood-

based laboratory method.

Protocol:

• At each routine blood draw (every 24 hours), a simultaneous reading will be recorded from

the biosensor.

• This ensures the collection of matched data points across the patient’s hospital stay.

Statistical Analyses:

• Pearson correlation coefficient (r) to assess linear correlation

• Mean Absolute Error (MAE) and Root Mean Squared Error (RMSE) for deviation measure-

ment
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• Bland-Altman plots for agreement analysis

These measures will assess both point accuracy and the biosensor’s ability to track creatinine

trends over time.

-Usability (Qualitative Evaluation) Usability evaluation will capture the perspectives of patients,

nurses, and physicians regarding the biosensor’s integration into clinical workflows, comfort, and

overall acceptability.

Participants:

• Patientswearing the device

• Nurses involved in its application, monitoring, and data collection

• Physicians responsible for clinical decision-making based on biosensor outputs

Timing:

• Pre-operative: Initial impressions and expectations

• Post-operative: Feedback on integration into care routines, interference, and comfort

• Post-discharge: Overall experience and retrospective evaluation

Data Collection Methods:

• Semi-structured interviews conducted at each stage

• Structured surveys using Likert scales and open-ended questions

Analysis:

• Interview transcripts will be thematically analyzed.

• Survey responses will be summarized using descriptive statistics and qualitative synthesis.

-Value Validation (Quantitative Modeling) This component models the clinical and economic

value of earlier AKI detection using biosensor-derived ∆T .

7.13.1 Handling of Missing or Noisy Data

• Gaps> 1hour in biosensor datawill be flagged and excluded fromsensitivity/specificity anal-

ysis.

• Delayed lab draws (> 1 hour post-alarm) are excluded from time-to-detection analysis but

retained for classification.

• Patients with > 20% missing sensor data will be excluded from primary analysis.

To validate device accuracy beyond alarms, paired sensor and lab values will be compared using:

• Bland-Altman analysis (bias and agreement)

• Pearson correlation coefficient (r)
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• Root Mean Squared Error (RMSE)

7.14 Expected Performance Metrics

To estimate the diagnostic yield during the Validation study, we assume:

• AKI prevalence in the target population: 20%

• Study population size: N = 94 patients

• Target sensitivity: 90%

• Target specificity: 90%

From these values, we can estimate the expected distribution of outcomes:

• True AKI cases = N × 0.20 = 18.8 ≈ 19

• Non-AKI cases = N × 0.80 = 75.2 ≈ 75

Using the formulas:

TP = Sensitivity × AKI cases = 0.9 × 19 = 17.1 ≈ 17

FN = AKI cases − TP = 19 − 17 = 2

TN = Specificity × Non-AKI cases = 0.9 × 75 = 67.5 ≈ 68

FP = Non-AKI cases − TN = 75 − 68 = 7

Expected Performance Metrics:

PPV = TP

TP + FP
= 17

17 + 7 ≈ 70.8%

NPV = TN

TN + FN
= 68

68 + 2 ≈ 97.1%

Implication: These estimates indicate that, under the given assumptions, the biosensor would

produce relatively few false positives or false negatives, and yield high negative predictive value

(NPV). The positive predictive value (PPV), while slightly below the 75% target, may still be clin-

ically acceptable given the early detection benefit and safety profile. These figures are used for

feasibility assessment and refining power calculations.

7.15 Performance Requirements for Clinical Viability

Performance Thresholds To be considered clinically viable, the biosensor mustmeet or exceed

the following thresholds:

• Sensitivity ≥ 90%

• Specificity ≥ 90%
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• Positive Predictive Value (PPV) ≥ 75%

• Negative Predictive Value (NPV) ≥ 95%

Justification from Literature These thresholds are derived frombest practices in AKI biomarker

development and early warning systems for critical care:

• High sensitivity is crucial for early AKI detection, as delayed diagnosis increases mortality

and risk of requiring renal replacement therapy (RRT). The KDIGOguidelines and biomarker

validation studies recommend sensitivity≥90% in high-risk clinical environments (Kellumet

al., 2015; Kashani et al., 2013).

• Specificity ≥90% is needed to reduce false alarms and alarm fatigue, which can erode clini-

cian trust in device outputs (Koyner, Carey, Edelson, & Churpek, 2018).

• HighNPV (≥95%) ensures that thedevice can confidently rule outAKI, especially important in

intermediate-risk patients where overtreatment is costly and unnecessary (Chawla, Eggers,

Star, & Kimmel, 2014).

• PPV of at least 75% supports efficient clinical triage and response, ensuring that a majority

of alarms correspond to actionable cases.

7.16 Competitor Products

The table below shows a comparison of current products available in themarket for the detection

and/or monitoring of creatinine levels.
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Name and

Company

Target

pa-

tients

Technol-

ogy

Description Output Measure-

ment

range

FDA Ap-

proval

Monetary

Valuation

StatSen-

sor (Nova

Biomedical,

n.d.)

Gen-

eral

Single-use

biosensor

Whole blood cre-

atinine testing

Creatinine

and eGFR

results in

30 seconds

Creatinine:

0.3–12.0

mg/dL

(27–1056

µmol/L)

- Not avail-

able

i-STAT Cre-

atinine test

(Abbott

Point of

Care, n.d.)

Gen-

eral

Point-

of-care

biosensor

Rapid creatinine

testing

Results in 2

minutes

Sample

size: 65 µL;

Creatinine:

0.2–20.0

mg/dL

(18–1768

µmol/L)

FDA ap-

proved

Not avail-

able

Transdermal

GFR System

(Medibea-

con, n.d.)

Gen-

eral

Trans-

dermal

fluores-

cence

Injectable exoge-

nous fluorescent

tracer for GFR

assessment; no

blood or urine

samples required;

not intended to

diagnose AKI

GFR mea-

surement

Not appli-

cable

FDA ap-

proval

expected

Jan 2025

Not avail-

able

Clarity

RMS (Re-

nalSense)

(Chalice

Medical,

2023)

ICU Pa-

tients

Urine flow

monitoring

Real-time urine

flow measure-

ment replacing

urometer; data

sent to hospital

systems

Urine flow

rate

Not appli-

cable

CE-marked

class 2a

Console:

£3,810

(5–10 years

lifespan);

Disposable

sensor kit:

£65 per

person;

Standard

urome-

ter cost:

£8–£10 per

person

Table 7: Comparison of current devices targeting kidney function monitoring.
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7.17 Experimental Validation

Figure 22: results for the functionalization of the chip. The top image shows the formation of an

MHA SAM overnight, and the bottom image shows the / activation, the binding of the aptamer

and PEG to the MHAmonolayer, and an antifouling test with bovine serum albumin (). The acti-

vation and binding of aptamer and PEG steps were repeated due to an initial low coverage.
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Figure 23: results for anMCH (top) andMHA (bottom) formation, followed by an antifouling test

with .
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Figure 24: SWV for the functionalized surface without PEG. Multiple repeats for the same experi-

ment are shown. The peak below -0.30 V is attributed to themethylene blue reporter redox signal

(Mahlum et al., 2021).
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Figure 25: Plot for peak current vs. creatinine concentration for the wafer functionalized with 10

mg/mL PEG concentration (Figure 6, top). The results cannot be taken fully quantitatively since

themeasurement procedure did not carefully control for exposed surface area and due to limited

data points, but a general qualitative trend can be observed.
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