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Cardiac troponin I (cTnl) is a gold standard biomarker for diagnosing acute coronary syndrome
(ACS). This study presents the first detection of cTnl in human interstitial fluid (ISF) using
molecularly imprinted polymers (MIPs), representing a significant advancement in non-
invasive ACS diagnosis. By integrating MIP nanoparticles (nanoMIPs) with a heat-transfer
sensing method, the research demonstrates ultrasensitive and rapid detection of ¢Tnl in ISF, a
biofluid previously underutilised due to extraction challenges. Unlike conventional diagnostics
that rely on invasive blood draws and centralised laboratories, this platform enables point-of-
care testing with minimal sample volume and rapid measurements (15-20 minutes), while
maintaining exceptional sensitivity. Moreover, the nanoMIP-thermal detection platform
provides key advantages over existing MIP-based sensors, including excellent signal stability,
no need for labels or redox probes, and minimal susceptibility to matrix effects. Comparative
analyses in serum and plasma yielded results consistent with those obtained with ISF,
validating the platform’s high specificity across biological matrices. This work not only
validates ISF as a viable medium for ACS diagnosis but also showcases the robustness of
nanoMIP-based thermal sensing under clinically relevant conditions. The findings open new
avenues for wearable, non-invasive monitoring technologies, offering transformative potential

for early ACS diagnosis and applications in personalised healthcare.
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This study presents the first detection of cardiac troponin I (¢cTnl), a vital biomarker for acute
coronary syndrome diagnosis (ACS), in human interstitial fluid (ISF) collected via
electroporation. Measurements were performed using molecularly imprinted polymer
nanoparticles as synthetic recognition elements and a heat-transfer method within a microfluidic
system, yielding results within 15-20 min. This approach demonstrated reliable cTnl
quantification across a wide, physiologicaly relevant concentration range of 0.1 to 1000 pg mL-
!'in spiked ISF, achieving an excellent detection limit of 1.85 + 0.32 pg mL-!. Comparisons with
conventional patient sample fluids were conducted by repeating experiments with cTnl-spiked
plasma and serum, which exhibited similar detection limits of 1.78 + 0.28 and 1.80 + 0.22 pg
mL!, respectively. The developed sensor offers a rapid, highly sensitive, non-invasive, and cost-
effective platform for point-of-care ACS diagnosis in ISF, potentially improving patient

outcomes and easing healthcare burdens.

Keywords

Interstitial Fluid; Cardiac Troponin I; Wearable Technology; Point-of-Care; Molecularly

Imprinted Polymer Nanoparticles; Acute Coronary Syndrome Diagnosis
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infarction, commonly known as heart attacks, remain a leading cause of morbidity and mortality
worldwide.! ? Early and accurate diagnosis of ACS is crucial for improving patient outcomes
and reducing the overall burden of cardiovascular disease. For patients presenting with ST-
elevation myocardial infarction (STEMI), the “golden hour” concept underscores the importance
of rapid treatment, as delays in diagnosis and treatment significantly increase mortality rates; for
every 30-minute delay in treatment, one-year mortality rises by 7.5%.3 For non-ST-elevation
myocardial infarction (NSTEMI), rapid diagnosis avoids delay in treatment and can enable early
discharge in patients without a troponin rise. Despite technological advancements, current ACS
diagnostic pathways in UK accident and emergency (A&E) departments are often slow, with a
target turnaround time ranging from 1 to 24 h (Table S2), including a ~3 h period for conducting
enzyme-linked immunosorbent assays (ELISA). Moreover, they are costly and labor-intensive,
as patient blood must be drawn intravenously and transported to a centralized laboratory, where
it is processed to derive serum or plasma and analyzed by trained personnel using specialized
apparatus. The results are then relayed to a clinician before treatment can begin.* > Given the
time-sensitive nature of ACS diagnosis, this protracted workflow can be highly detrimental to
patient outcomes while also resulting in prolonged hospital stays and unnecessary bed
occupancy, which increases strain on healthcare systems, particularly in high-pressure

environments like A&E departments.®

In the UK, approximately 700,000 individuals present to A&E each year with chest pain.
Although over 75% are not experiencing ACS, many still undergo cardiac troponin (cTn) testing
as part of the diagnostic workup. This widespread testing contributes to healthcare burdens and
inefficiencies.” Consequently, there is a critical need for rapid, point-of-care (PoC) diagnostic
alternatives to streamline this triaging process and provide timely, accurate results at the patient’s
location. Importantly, such technologies could facilitate ACS diagnosis in various settings,
including ambulances, emergency rooms, and primary care clinics. One promising approach is
the use of dermal interstitial fluid (ISF) for cardiac troponin I (cTnl) analysis. Human c¢Tn
consists of three subunits: troponin I (cTnl), troponin T (¢TnT), and troponin C (cTnC). Among
these, cTnl is a key protein released into the bloodstream when heart muscle cells are damaged,
making it a highly specific, sensitive, and widely used biomarker for ACS diagnosis.!% ' ISF
surrounds tissue cells and contains a rich environment of biomolecules, making it a viable
alternative to traditional blood sampling.!>!¢ Despite its diagnostic promise, ISF has historically
been underutilized due to the lack of non-invasive extraction methods. However, in recent years,

minimally invasive techniques, such as microneedles and reverse iontophoresis, have been
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developed.!”- 18 Unlike blood draws, which typically require invasive venipuncture and areeftemnic onine
DOI: 10.1039/D5NH00441A

associated with patient discomfort and anxiety, these methods are less painful and traumatic, a

significant benefit for the approximately 20% of adults with needle phobia.!® The human body

also contains roughly three times more ISF than blood, making it a more abundant biological

matrix for sampling.!> Furthermore, unlike serum or plasma generation, ISF sampling requires

no processing, which further streamlines the diagnostic workflow and reduces time to diagnosis,

thereby improving patient outcomes.?’

Recent advancements in ISF sampling have led to the development of wearable devices capable
of continuous biomarker monitoring.?!-2> While these devices have proven effective for detecting
small molecules and ions, the detection of larger proteins, such as ¢Tnl, remains a significant
challenge.!®23 Although ISF contains most of the same proteins as blood, it also exhibits distinct
compositional differences due to selective filtration across the capillary endothelium. This
filtration process allows smaller proteins and molecules (<70 kDa) to pass while restricting larger
proteins (>70 kDa), potentially aiding in the detection of cTnl by reducing non-specific
binding.?*?® The transport of molecules similar in size to ¢Tnl (24 kDa) from blood to ISF occurs
through transcellular transport via vesicles and paracellular diffusion across endothelial junctions

(Figure 1A and B).!>-27-28

To our knowledge, no previous studies have directly examined the variation in cTnl

concentration between ISF and blood in humans. A recent preliminary study by Mirzajani et al.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

examined c¢Tnl levels in serum and ISF extracted from rats (n = 6), reporting no significant

difference in endogenous c¢Tnl concentration between the two matrices.?’ While informative,
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these findings are limited by species differences. In the context of human ISF, initial studies
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proposed a logarithmic relationship between molecular weight and the abundance ratio of
molecules in blood plasma versus ISF.3° In more recent work, Oharazawa et al. reported a
significant positive correlation between ISF levels from skin dialysate and blood plasma for 39
metabolites.3! Similarly, Tran et al. performed an extensive comparative study on the prevalence
of 407 proteins in ISF, plasma, and serum using a shotgun quantitative proteomic approach,
confirming that ISF is highly similar to both plasma and serum, with variations at the quantitative
level.3? Interestingly, the literature demonstrates that numerous proteins of similar size to ¢Tnl
(24 £ 5 kDa) are more abundant in ISF than serum or plasma, by factors of 4.06-16.48 and 3.29—
10.48, respectively (Table S3).3* These variations in relative protein abundance may also be
influenced by the time required for proteins to diffuse from blood to ISF, or by their pre-existing

presence in ISF at higher levels than in blood.!>>3* This “lag time” is well documented in glucose
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Nevertheless, the relationship between ISF and plasma concentrations remains complex and
depends on the specific biomarker, extraction methods, and patient characteristics, as highlighted

by conflicting reports across the literature. !> 16- 26,35, 36

Most ISF extraction methods suffer from issues related to sample extraction rates and total
extractable volume, which limit the practical use of ISF as a diagnostic matrix. For instance,
many microneedle-based platforms have been shown to extract a maximum of 16 uL over 2 h.!>
37 Conversely, methods that yield higher volumes, such as blister suction extraction (~500 uL in
1 h) and in vivo microdialysis, are invasive.’” 3 The technology developed by KIFFIK
Biomedical, Inc. (RI, United States) overcomes these limitations by enabling non-invasive, high-
volume ISF extraction. It employs a two-step process in which non-invasive electrodes induce
electroporation to generate microchannels through the epidermis. This is followed by the
activation of a small negative pressure pump, which facilitates ISF extraction at a rate of up to 1
mL h'l, significantly greater than that of other common methods.?” This increased yield,
combined with its non-invasive nature, positions the technology as a promising alternative for

ISF-based diagnostics.

In this study, we present a novel approach that combines molecularly imprinted polymer
nanoparticles (nanoMIPs) as artificial recognition elements with the heat-transfer method (HTM)
to create a rapid and cost-effective platform for detecting cTnl in ISF.3° HTM offers several
advantages over conventional detection methods, such as electrochemical and optical techniques.
Notably, the baseline signal in HTM exhibits high stability, eliminating the need for electrode
pre-treatment, stabilization protocols, or the incorporation of nanomaterials to enhance the
signal. Additionally, HTM does not require redox probes or molecular labels, simplifying the
measurement protocol. These features contribute to improved reproducibility and robustness
across measurements, particularly in complex biological matrices. NanoMIPs match the binding
affinity of antibodies while offering crucial advantages, including exceptional environmental
stability, extended shelf life (lasting years), and no requirement for refrigeration.*-4! By utilizing
high-affinity nanoMIPs for cTnl detection fabricated via epitope imprinting and solid-phase
synthesis, previously shown to achieve excellent sensitivity and selectivity, we provide a
clinically practical alternative for cTnl sensing (Figure 1C).#>*** Functionalized onto screen-
printed electrodes (SPEs) within a microfluidic-based system, these nanoMIPs enable precise
and reliable quantification of c¢Tnl levels, ensuring accessibility to rapid, accurate cardiac

biomarker assessment in clinical settings.*> 46 Therefore, this novel sensor platform holds


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nh00441a

Page 7 of 31 Nanoscale Horizons

substantial potential for enabling early detection of cardiac events, streamlining diagnestice onine
DOI: 10.1039/D5NH00441A

workflows, and broadening access to essential clinical testing.

This study is the first to report the detection of ¢Tnl in human ISF, underscoring the potential of
ISF sampling as a more efficient and patient-friendly alternative to traditional blood tests for
ACS diagnosis. By conducting measurements in human serum, plasma, and ISF, we demonstrate
that ISF can be a highly effective diagnostic medium for ACS. This capability positions ISF
sampling as a transformative approach for frequent and convenient biomarker monitoring, which
could greatly reduce diagnostic times, improve patient outcomes, and ease the strain on
healthcare systems. Although this study is focused on ACS, the findings have broader
implications for diagnosing and monitoring a wide range of health conditions, highlighting ISF’s

potential as a versatile and accessible diagnostic tool.
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Figure 1: A) Schematic illustrating the release of the cTn complex from heart muscle intethe: onine
DOI: 10.1039/D5NH00441A
bloodstream during ACS. B) Schematic depicting the expected movement of cTn(l) molecules
across the capillary endothelial cells, based on the known size-dependent behavior of the
capillary interface. Analyte transfer across this interface can occur via two routes: i)
paracellular diffusion between cells via interendothelial junctions or ii) transcellular transport

through the cell via vesicles. C) Schematic outlining the solid-phase synthesis of nanoMIPs using

a small epitope of cTnl as the template.

2. Experimental Section

2.1. Materials

4-aminobenzoic acid (4-ABA, 99%, Cat. No. 11359429), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC, Premium Grade, Cat. No. 15285763), hydrochloric acid (HCI, 37%, Cat.
No. 10053023), N-hydroxysuccinimide (NHS, Cat. No. 10772155), phosphate buffered saline
(PBS) tablets (Cat. No. 10209252), and sodium nitrate (98+%, Cat No. 11429443) were
purchased from Fisher Scientific (Loughborough, UK). ¢Tnl from the human heart (Cat. No.
T9924), human plasma (Cat. No. P9523), human serum (Cat No. H4522), potassium chloride
(299.0%, Cat. No. P4504), potassium ferricyanide(III) (99%, Cat. No. 702587), potassium
hexacyanoferrate(Il) trihydrate (=99.5%, Cat. No. 60279), and sodium hydroxide (=97%, Cat.
No. 221465) were purchased from Sigma-Aldrich (Gillingham, UK). Human interstitial fluid
(ISF) samples were provided by KIFFIK Biomedical (RI, USA) and collected at their site using

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

the company’s proprietary electroporation-based device. Deionized (DI) water with a resistivity

of 18.2 M Q-cm was used throughout.
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The human serum and plasma were prepared from pooled human blood collected from healthy

(cc)

adult male donors, as specified by Sigma-Aldrich. The human blood samples were purchased
from Sigma Aldrich for commercial purposes. For detection experiments, a stock solution of
cTnl (10 ng mL-! in PBS) was prepared, aliquoted, and stored at —20 °C. A fresh aliquot was
used for each set of experiments to prevent protein degradation caused by repeated freeze-thaw
cycles. All aliquots used in the main study were stored for less than three months. Supplementary
experiments (see SI for details) employed cTnl from the same supplier (Cat. No. T9924), stored

in aliquots at —20 °C for two years.

2.2 ISF Sample Preparation
KIFFIK Biomedical has developed a patented (US20120041288A1), non-invasive wearable

device designed to extract and collect pure, native ISF. The device utilizes electroporation to


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nh00441a

Nanoscale Horizons Page 10 of 31

apply pulsed and non-pulsed voltage to the skin, creating numerous micro-sized pores inwtheie onine
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stratum corneum. A negative pressure is then applied via a pump to continuously extract ISF.47
The device is currently undergoing regulatory approval for the FDA (United States), CA marking
(UK), and CE marking (European Union). ISF extraction rates vary between individuals due to
physiological factors such as skin thickness, hydration status, skin temperature, and perfusion
pressure. The device can extract up to 1 mL of ISF per hour, a significantly greater volume
compared to microneedle or microdialysis-based methods.3” ISF samples were collected from

healthy male volunteers (n = 2), pooled, and stored at —20 °C until use.
2.3 NanoMIP Synthesis and Characterization

NanoMIPs were synthesized using a solid-phase approach, in which glass beads (70 — 100 pm)
were first activated with 2 M sodium hydroxide and subsequently functionalized with an amino
silane to generate free surface amine groups. The target epitope used for the cTnl recognition
was a 10-amino-acid sequence located within the stable chain region of ¢Tnl (AA: 34-126). This
specific epitope was selected using computational approaches to visualize the 3D structure of
the protein and evaluate its accessibility. The epitope was immobilized onto the amine-
derivatized glass beads via succinimidyl iodoacetate coupling. NanoMIPs were then prepared
according to a proprietary modification of the protocol described by Canfarotta et al., involving
the radical polymerization of functional and cross-linker monomers at room temperature for 1 h
(Figure 1C).** Unreacted monomers and low-affinity nanoMIPs were removed through low-
temperature elution (20 °C), after which high-affinity nanoMIPs were collected using high-

temperature elution (60 °C).

The hydrodynamic diameter of the nanoMIPs was measured using dynamic light scattering
(DLS) on a Malvern Zetasizer Nano ZS (Malvern, UK) at 25 + 0.1 °C, with a scattering angle of
173° and laser wavelength of 632.8 nm. NanoMIP morphology was examined using atomic force
microscopy (AFM) conducted in air using a Bruker Nanowizard V (CA, USA) operating in
Quantitative Imaging mode. All images (height and adhesion contrast) were obtained using
Bruker SCANASYST-AIR probes with a nominal tip radius of 2 nm, spring constant of 0.4 N
m-!, and cantilever length of 115 um. Before imaging, nanoMIP solutions (0.631 mg mL") were
drop-cast onto freshly cleaved mica substrates (Agar Scientific, Rotherham, UK) and allowed to
dry overnight under ambient conditions. All AFM data analysis was performed using the

freeware Gwyddion.

2.4 Electrode Functionalization and Characterization
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The SPEs were manufactured to meet specific experimental requirements (see SID C}Clolro.%e:sg%«gs ot Onine
NanoMIPs were immobilized onto SPEs via electrografting followed by EDC/NHS coupling
(Figure 2A).* 4 Briefly, the SPE was submerged in a solution of 2 mM 4-ABA and 2 mM
sodium nitrate in 0.5 M aqueous HCI, and cyclic voltammetry was employed to electrograft 4-
ABA onto the electrode surface. To activate the carboxyl groups, a solution of 100 nM EDC and
20 nM NHS in PBS buffer (pH 5) was drop-cast (8 uL) onto the SPE and left for 1 h. A nanoMIP
solution was then drop-cast onto the SPE (8 uL), facilitating covalent immobilization via amide
bond formation. The SPE was left for 8 h before being rinsed with DI water. Electrochemical
impedance spectroscopy (EIS) measurements were conducted using a PalmSens Sensit Smart
(Houten, The Netherlands) across a fixed frequency range of 0.1 Hz to 100 kHz to confirm
nanoMIP immobilization on the SPEs. Measurements were performed at each stage of the
immobilization protocol in a PBS solution containing 1 mM potassium ferricyanide(Ill), 1 mM
potassium hexacyanoferrate(Il) trihydrate, and 0.1 M KCIl. Charge-transfer resistance was

extracted by fitting the impedance data to an equivalent circuit model, such as the Randles circuit.
2.5 Thermal Measurements

The microfluidic cell used for thermal experiments is shown in Figure 2B, where the nanoMIP-
functionalized SPE was centered on a copper block and sealed with a rubber O-ring to prevent
leakage.?® The temperature was recorded at two points: the copper block (T;), which was fixed

at 37.00 £ 0.02 °C, and in the sample chamber (T,), located 4 mm above the SPE. The cell was

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

connected to a heat transfer device that monitored temperature changes and controlled T, via an

optimized proportional-integral-derivative (PID) controller (P =1, I =14, D =0.3), as described

Open Access Article. Published on 17 dicembre 2025. Downloaded on 23/12/2025 11:51:29.

by van Grinsven et al.*® Both temperatures and the power (P) supplied to the copper block were

(cc)

recorded every second to calculate the thermal resistance of the system (Ry,) using Equation

(1).49

Ren = P (1)

The HTM operates on the principle of thermal resistance; as the target molecule (e.g., cTnl)
binds to the nanoMIPs, it reduces heat transfer from the copper block to the sample chamber,
resulting in a lower T, and an increased Ry, (Figures 2C and D). For preliminary HTM
measurements, a baseline Ry, was established by measuring two control samples (e.g., native ISF,
serum, or plasma), followed by a spiked solution with a known cTnl concentration. However,
the results were highly consistent, allowing for calibration; therefore, measurements of only one

control sample were required, which reduced the measurement time to 15-20 min. Each test
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minimize heat exchange, and allowed to stabilize. After stabilization, 100 data points were
collected, from which an average Ry, value was calculated for each concentration. The solution
was then removed with a pipette, and the next concentration was added. A single nanoMIP-
functionalized SPE was used for each sample, which included additions of multiple cTnl
concentrations. This process was repeated to determine ARy, between baseline and spiked
samples for all matrices. Data from triplicate measurements were used to calculate the limit of
detection (LoD) values with a 95% confidence interval, employing the three-sigma method (LoD
= 3.30/S), where o represents the standard deviation of the baseline signal and S is the slope of

the dose-response curve.

The method offers several features that make it highly suitable for PoC diagnosis. First, the
integration of nanoMIPs for specific molecular recognition ensures excellent selectivity for ¢Tnl,
which is essential for clinical relevance. The compact HTM setup relies on straightforward
thermal resistance measurements, eliminating the need for complex equipment or reagents. The
total time from sample loading to result is approximately 15-20 min, typically comprising ~10
min for thermal stabilization followed by up to 10 min for a cTnl measurement. The ARy, value
is calculated by averaging 100 data points from the concentration baseline and subtracting this
from the control baseline. At present, this calculation is performed manually; however, in future
work, we aim to implement an automated calibration curve to directly convert ARy, into ¢Tnl
concentration, with the results displayed via a simple digital readout. The short assay time and
minimal sample volume (120 pL) further enhance the sensor’s utility in scenarios where rapid
and minimally invasive testing is critical. This novel diagnostic approach addresses the urgency
of ACS diagnosis during the “golden hour,” potentially reducing delays associated with

centralized laboratory processing and thereby improving patient outcomes.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nh00441a

Page 13 of 31

Open Access Article. Published on 17 dicembre 2025. Downloaded on 23/12/2025 11:51:29.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Horizons

nanoMIP

View ATt
DOI: 10.1039/D5NH

OH OH
A ‘ functionalized | Copper Stopper I
Electro EDC B
4-ABA grafting + NHS NH
i - |
NH Oty
Working z SH | Sample Chamber |
\
;Iectrode\ / ‘ Thermocouple (T5)
S =T
\ / 7% \‘/ O-Ring
E NH nanoMIP SPE
SPE Copper block
_1— (Heat sink)
Resistor (P)
Thermocouple (T,)

| ‘OMP‘[

D |z
o)
o
o
oc
s
o)
Control Sample z

" 1109 O9
<
T z
E 7
o )
a

t=0 t+15 min SPE nanoMIP

éREASE IN THERMAL RESISTANCE

cTnl

Figure 2: A) Schematic illustrating the covalent immobilization of cTnl nanoMIPs onto the

working electrode of a SPE. B) Schematic of the measurement cell setup for cTnl detection using

the HTM. C) Example of a typical response for the HTM: a control sample with no cTnl is added

to the cell, establishing the system’s baseline Ry, value. After removing the control sample, a

spiked sample of known cTnl concentration is added. Increased cTnl levels result in greater

binding to the nanoMIPs, increasing the Ry, The difference between the two Ry, values provides

the AR, D) Schematic showing how cTnl binding to nanoMIPs increases Ry,

3. Results and Discussion

3.1. NanoMIP Characterization
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DLS analysis revealed that the nanoMIPs had a hydrodynamic diameter of 89 nm, with aclewe onine
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polydispersity index of 0.22 (Figure 3A). Similarly, AFM images revealed an average nanoMIP
diameter of 77.2 + 14.2 nm (Figures 3B-D). This variation in nanoMIP size between the
scattering and microscopy methods can be attributed to the different conditions under which the
analyses were performed: DLS measurements were conducted in DI water, while AFM was
carried out in a dry state, indicating moderate swelling of the nanoMIPs, a typical characteristic
of polymer nanoparticles. The AFM images also demonstrate the predominantly spherical
morphology of the nanoMIPs, as exemplified in Figure 3E, which shows a cross-sectional
profile plot of an individual nanoMIP fitted to a spherical cap. These findings confirm that the
nanoMIPs exhibit uniform morphology with a relatively monodisperse size distribution, which
is crucial for ensuring reproducible sensor performance.> The immobilization of nanoMIPs onto
SPEs was evaluated using EIS. The resulting Nyquist plots display a progressive increase in
charge-transfer resistance at each preparation step (from 4.3 to 33.84 kQ), indicating successful

immobilization of the non-electroactive nanoMIPs (Figure 3F and Table S1).
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Figure 3: A) DLS spectrum presenting the size distribution of cTnl nanoMIPs. B) AFM height

(cc)

image of cTnl nanoMIPs on a freshly cleaved mica substrate. C) Corresponding AFM adhesion
image. D) Histogram showing the distribution of nanoMIP diameters from 140 measurements.
E) Cross-sectional profile plot of an immobilized nanoMIP, represented by the green line in
panel B, fitted to a spherical cap (R?> = 0.94). F) Nyquist plot overlaying EIS measurements of a
blank SPE, 4-ABA electrografted onto the SPE, carboxyl group activation, and covalent
coupling of nanoMIPs.

3.2. Thermal Sensing of ¢Tnl in ISF

Preliminary experiments were conducted to confirm that the nanoMIP-based thermal sensor
could effectively operate in ISF and detect cTnl within this complex biological matrix, which

contains numerous small molecules and proteins.!> Baseline Ry, measurements were taken from
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cTnl concentration (100 pg mL-!), representing levels associated with myocardial injury. The
control measurements showed no statistically significant difference in Ry, while the cTnl-spiked
ISF exhibited a considerably higher Ry, value (Figure 4A). The corresponding dose-response
plot in Figure 4B includes a red dashed 3o line, representing three times the baseline ¢ of the
first control sample. The Ry, of the 100 pg mL-! ¢Tnl sample is well above this detection
threshold, confirming that the nanoMIP sensor can reliably detect physiological levels of ¢Tnl

in human ISF in real-time.

To effectively evaluate the nanoMIP-HTM approach for cTnl sensing in ISF, a dynamic
concentration range was required. A blood concentration of 40 pg mL-!' represents the 99t
percentile in a healthy population,’! with levels exceeding this threshold strongly indicating
cardiac injury and necessitating further investigation. Specifically, cTnl concentrations equal to
or greater than 400 pg mL"! typically signify an ACS, requiring urgent clinical intervention.>!
However, values between these thresholds require serial measurements and careful clinical
interpretation, as they may indicate cardiac injury without definitively confirming ACS. To
comprehensively cover the physiologically relevant range, a concentration span from 0.1 to 1000
pg mL-! in human ISF was employed, ensuring sensitivity to both subclinical and critical cTnl
levels. This supports the sensor’s utility for real-time PoC applications while accounting for the
uncertain dynamics of cTnl transport into ISF. The exact relationship between cTnl
concentrations in human blood and ISF remains speculative, as no studies have directly

examined their variation, adding uncertainty to this correlation.

The findings demonstrate that the thermal response increased progressively with each increment
in ¢Tnl concentration, spanning four orders of magnitude (1 to 1000 pg mL-1, **** p <(.0001)
and encompassing the physiologically relevant range of cTnl in blood, as well as any potential
variation in ISF (Figure 4C; see Table S4 for data). The nanoMIP-based sensor exhibited an
excellent LoD of 1.85 £ 0.32 pg mL-! in ISF, which is significantly lower than the 99t percentile
value for c¢Tnl in healthy individuals’ blood (40 pg mL').5! Notably, this LoD and the
corresponding sensitivity (0.24 = 0.04 pg mL-") are substantially lower than those reported for
commercial “gold-standard” ELISAs, which exhibit 10% trimmed mean LoD and sensitivity
values of 31.8 and 34.1 pg mL!, respectively, for measurements in serum (Table 1).4+52.53 Some
ELISAs report LoD and sensitivity values as high as 391 and 240 pg mL-!, respectively, which

is approximately 2.5 orders of magnitude higher than those achieved with our sensor.
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Unlike many ELISA methods that require sample dilution (typically 2-fold), our sensor operatest oniine
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directly with undiluted ISF, serum, and plasma, thereby preserving analyte concentrations and
simplifying the measurement protocol. Additionally, the turnaround time of our method (15-20
mins) is significantly shorter than the ELISA average of 3 h 15 min, with some assays requiring
more than 4 h. Collectively, these results demonstrate that the nanoMIP-based thermal sensor
can reliably detect varying concentrations of spiked cTnl in ISF samples with excellent
sensitivity, in addition to offering rapid turnaround time and minimal sample preparation.
Moreover, the device’s hardware is low-cost compared to commercial alternatives, which
typically require microplate readers for analysis. The HTM components and Kiffik’s extraction
device cost approximately £1,500 and £1,000, respectively, although neither is currently
commercially available. Following this initial investment of around £2,500, each disposable
nanoMIP-functionalized SPE costs approximately £0.25, making the device extremely low-cost
to operate. These advantages highlight the sensor’s potential for integration into current clinical

diagnostic pathways, providing a highly sensitive PoC alternative for cTnl detection.

Table 1: Comparison of commercially available, gold-standard ELISAs for cTnl detection.

Further comparisons of LoDs can be found in the works of Tada et al.,’* Wu et al.,’” and

Brandmeier et al.’® T Mean = 10% trimmed mean.
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- Sample
Brand Name Sen51t1V1_t1y / LoD /_1 Dilution Tefchnology - Proc.edure
pg mL pg mL Reaction - Detection Time
Factor
ThermoFisher
Scientific - 100 0.38 2-fold | FLISA-Sandwich-) s i
Invitrogen Colorimetric
(EHTNNI3)
E ThermoFisher
Sc1§nt1ﬁc — <03 0.32 10-fold Proximity-based 2h
Invitrogen Immunoassay
(A46074)
Antibodies.com ELISA - Sandwich -
(A77930) 73 125 2-fold Colorimetric 4h
Sigma-Aldrich ELISA - Sandwich - .
(RAB0634) 100 125 2-fold Colorimetric 41 45 min
ELK .
Biotechnology 9.53 31.3 No dilution ELIgék;r?;r;iXéCh " | 3h30min
(ELK9080)
Abcam oo ELISA - Sandwich - .
(ab200016) 4.4 31.3 No dilution Colorimetric 1 h 30 min
Abcam ELISA - Sandwich - .
(ab229404) 17 20 4-fold Fluorescent I'h 30 min
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Abbexa ELISA - Sandwich 0.1439/paNt004414
(abx252868) 240 391 ) Colorimetric 30 20'min
Millipore (03- Single Molecule .
0254-00) 0.35 2 2-fold Counting 1 h 40 min
53.2 (Mean) 68.6 (Mean) .
Averages 34.1 (T Mean) | 31.8 (T Mean) - - 3015 min
1.85 (ISF)
Current work 0.24 1.80 (Serum) No dilution NanoMIP - Thermal 15-20 min
1.78 (Plasma)
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Notably, the LoD of our nanoMIP-based sensor in ISF is comparable, or superior to, the most
sensitive c¢Tnl tests reported in recent literature using PBS or blood derivatives (Table 2).37-6!
For instance, Han et al. developed a paper-based vertical flow immunoassay with an excellent
LoD of 0.2 pg mL™" in serum, while Campu et al. employed thermo-plasmonic surface plasmon
resonance (SPR) to achieve 1.6 pg mL™" in plasma. Fu et al. and Lee et al. utilized EIS to detect
cTnl in plasma and whole blood, achieving LoDs of 4.6 and 6.86 pg mL™, respectively.
Although these platforms demonstrate high sensitivity in undiluted biological matrices, they rely
on antibodies as recognition elements, which suffer from poor environmental stability, resulting
in limited shelf life and stringent storage conditions for the devices. In contrast, Choudhary and
Altintas employed nanoMIPs in a SPR-based sensor, but their LoD was 520 pg mL-!, and
measurements were only conducted in PBS.*? This significantly limits diagnostic relevance, as
PBS lacks the complexity of clinical biofluids and does not account for non-specific binding
effects. Our sensor, by comparison, was validated in ISF, a complex biofluid containing a wide
array of non-specific binders (e.g., proteins, electrolytes, metabolites).!# This markedly enhances
the clinical relevance of our device, ensuring that measurements are not only sensitive but also
robust against the complexities of real patient samples. These results demonstrate the nanoMIP-
based sensor’s ability to reliably detect cTnl in complex matrices with numerous interferents.
Moreover, the assay time was only 15-20 min, with potential for further reduction, and the
required sample volume was just 120 pL, which is compatible with some current ISF extraction

technologies (e.g., Kiffik’s device).

When benchmarked against commercially available PoC devices, our nanoMIP-based sensor
also demonstrates clear advantages, particularly in terms of LoD and operational robustness. The
mean LoD across commercial PoC devices, including those listed in Table S4, is 10.7 pg mL-!,
substantially higher than the LoD achieved by our sensor (1.85 + 0.32 pg mL-"). Systems such
as the Siemens Atellica VTLi, SPINCHIP, LSI PATHFAST, and QuidelOrtho TriageTrue report
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low LoDs ranging from 0.7 to 2.9 pg mL™" in plasma or whole blood. However, D%tlhgl (%i%?} Orine
used platforms, including the Abbott i-STAT and Response Biomedical RAMP, exhibit
markedly higher LoDs of 20 and 30 pg ml-!, respectively. Moreover, all commercial PoC devices
rely on antibodies as recognition elements, necessitating refrigerated storage (3—5 °C) and
limiting shelf life. In contrast, nanoMIPs offer excellent environmental stability and eliminate
cold-chain requirements. The assay time of our method (15-20 min) is comparable to that of
commercial devices (mean = 13.7 min), with potential for further reduction. Overall, these
findings demonstrate that our sensor compares favorably with existing PoC platforms and

represents the first demonstration of highly sensitive and selective cTnl detection in human ISF

using MIP technology, positioning it as a promising tool for PoC diagnosis of ACS.

Table 2: Comparison of PoC devices for cTnl detection, including both commercially available
systems and the most promising recent methods reported in the literature. EDTA =
Ethylenediaminetetraacetic acid. Hep = Heparinized. WB = whole blood. An expanded version

of this table with additional data is available in Table S5.
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. LoD Sensitivity | Time
Brand Name/Study Technology Specimen / pg mL" /pgmL- |/ min
Electrochemical .
Fu et al.® paper-based device, Undiluted 4.6 - 46
. plasma
EIS immunoassay
o : . .
= Han ef al.63 Paper ‘based vertical Undiluted 0.2 <1 15
flow immunoassay serum
Thermo-plasmonic
Campu et al.&* SPR and surface- Undiluted 16 i <5
enhanced Raman plasma
spectroscopy
Lee et al.”® Electrochemlcal Undiluted WB 6.86 - 5
immunosensor
Choudhary and cTnl
Altintas* nanoMIP-SPR PBS 520 i 10
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iew Article Of
hs-cTnl- ﬂl?(?rnecsléte(;llz:e WB or Li Hep O D_OI: 10103 /DSINSOOz
SPINCHIPS$? . plamsa '
immunoassay
LSI Medicine Benchtop Na Hep, Li
Corporation chemiluminescent | Hep, or EDTA 2.9 20 17
PATHFAST>? 60,66 analyzer WB or plasma
. . Na and Li
; 59, -
Abbott6; 6S6TAT . Handheld tvyo site Hep WB or 20 25 10
g Immunometric assay
plasma
Siemens Atellica Img;‘;?;;;say Li Hep WB or 1.6 (WB) ]
59, 60 }
VTLi1 Magnotech® plasma 1.2 (Plasma)
QuidelOrtho Hs-Tnl fluorescence | EDTA WB or 1'5629 ngB) <20
. 59, 60 . P A O -
TriageTrue Immunoassay plasma (Plasma)
Response Benchtop lateral
Biomedical qoons T P noassay | EDTAWB 30 200 | 8-15
RAMP>?: 60
c¢Tnl nanoMIP- ISF, Serum, 1.85 (ISF) 15—
Current work 1.80 (Serum) 0.24
Thermal Plasma 1.78 (Plasma) 20

The current study does not include measurements of endogenous c¢Tnl in ISF; however, our
sensor achieved a LoD of 1.85 + 0.32 pg mL"!, which is substantially lower than the 99
percentile threshold in blood (40 pg mL™"), indicating sensitivity across the full physiological
range.’! While the direct correlation between c¢Tnl concentrations in ISF and serum/plasma
remains unconfirmed, existing literature suggests minimal dilution for proteins of similar size.
For example, comparative proteomic studies have shown that proteins within the 24 + 5 kDa
range, similar to cTnl, are often present in ISF at comparable or even higher concentrations than
in plasma (Table S3).3* Additionally, Mirzajani et al. reported no statistically significant
difference between endogenous ¢Tnl levels in rat ISF (mean = 3 pg mL!) and serum (mean =
6.5 pg mL1).2° These findings strongly suggest that, given the high sensitivity of our sensor

across several orders of magnitude, it is capable of detecting endogenous cTnl in human ISF.

To further investigate the molecular recognition mechanism of the nanoMIPs, sensor
performance was compared using fresh (1-day-old) and degraded (2-year-old) cTnl samples.
These comparisons, detailed in the SI, provide insight into how conformational changes and

truncation of the ¢Tnl molecule influence binding to the nanoMIP cavities. The results show

ine
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that, while degradation reduced binding affinity, the nanoMIPs retained favorable recognitiomnie onine
DOI: 10.1039/D5NH00441A
capabilities across a wide, physiologically relevant range (Figure S2). This is a significant
finding, as it is essential that diagnostic techniques can detect both intact and degraded forms of
cTnl, given that cTnl can undergo varying degrees of proteolytic degradation depending on the

severity of ischemia.®’
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Figure 4: A) Typical raw (black) HTM data plot (Ry, vs. time) with a moving average overlay
(red), demonstrating the clear thermal response to the presence of cTnl. B) Corresponding ARy,
plot. C) Thermal detection of various cTnl concentrations (0.1 — 1000 pg mL) in spiked human
ISF samples.
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3.3. Comparison with Serum and Plasma View Article Online
DOI: 10.1039/D5NH00441A

The potential of ISF as a blood proxy for diagnostics is evident; however, few studies have
evaluated the performance of novel sensors across various biological matrices, such as ISF,
plasma, and serum, which hinders translational progress toward clinical integration. Therefore,
to ensure the robustness of our nanoMIP-based sensor, we repeated thermal measurements using
cTnl-spiked serum and plasma to assess whether the presence of different biological molecules
in these fluids affected cTnl detection. In clinical practice, blood draws are the standard method
for obtaining a snapshot of cardiac biomarker levels via the analysis of blood serum or plasma.®¢
Serum and plasma have similar compositions, with total protein concentrations of 60—80 mg mL-
'and viscosities ranging from 1.4 to 1.8 mPa-s; their primary distinction is the absence of clotting
factors in serum.®®-7! In contrast, ISF viscosity values reported in the literature range from 1.3 to
3.5 mPas. Moreover, its total protein concentration is only 50—60% of that in serum or plasma,
as ISF has naturally reduced concentrations of large proteins, such as immunoglobulins (> 150
kDa), fibrinogen (340 kDa), and albumin (66 kDa).! 6% 7275 Despite these compositional
differences, serum, plasma, and ISF share many common proteins. For instance, a study by Tran
et al. identified 3,270 proteins (93.3%) shared across all three matrices.>?> Additionally,
comparative analyses by Sjobom et al. and Samant et al. revealed 86% and 84-94% protein

commonality between plasma and ISF, respectively.?6- 76

The nanoMIP-based sensor exhibited a similar thermal response to cTnl-spiked ISF, serum, and
plasma at concentrations ranging from 1 to 1000 pg mL-!. There was a high degree of statistical
significance between each concentration (****; p < 0.0001) and minimal or no statistical
significance within each concentration (*; p <0.05, ns; p > 0.05). These results confirm that the
nanoMIP-HTM methodology can accurately detect varying cTnl concentrations irrespective of
other biological molecules present in the biofluid, suggesting that the nanoMIPs successfully
minimized non-specific binding due to their tailored polymeric cavities specific to a small
epitope of the ¢Tnl protein (Figure 5A).77-78 This is further supported by the dose-response curve
in Figure 5B, which shows a clear logarithmic trend typical of traditional ELISA-based testing
methodologies for cTnl quantification. The high confidence present in these trends indicates that
our nanoMIP-based sensor maintains its high affinity for cTnl across a wide concentration range,
despite the complexity of the biological matrices. The LoD values for cTnl detection in serum
and plasma were 1.80 = 0.22 and 1.78 + 0.28 pg mL-!, respectively, which are not statistically
different from the value obtained in ISF (1.85 + 0.32 pg mL!). The low statistical significance
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within each concentration across the three matrices suggests that ISF has strong potentialte bee onine
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utilized as a non-invasive biofluid for ACS diagnosis.!'> 7

The comparative results highlight the excellent versatility and sensitivity of the nanoMIP-based
thermal sensor, as it exhibits lower LoD values than most gold-standard immunoassays (0.32 —
391 pg mL™") in three diagnostically relevant sample fluids (Table 1 and S5).°*3¢ As nanoMIPs
can be easily tailored to virtually any target by changing the template molecule/epitope, the
developed technology could enable sensitive detection of a wide range of biomarkers in various
sample media. Selectivity testing was not directly performed in ISF due to practical constraints.
However, in a previous study, we rigorously evaluated cTnl nanoMIP selectivity in buffered
solutions spiked with ¢TnT, albumin, and glucose, yielding results that demonstrated excellent
selectivity for ¢Tnl.** Further validation in ISF is required and represents a limitation of the
current study, which will be addressed in future work. Despite this, the thermal measurements
indicate that non-specific binding in the extracted ISF is comparable to that in serum and plasma,
allowing for accurate and consistent detection across these biofluids. This showcases the use of
ISF as a viable blood proxy in ACS diagnosis, particularly with the development of wearable
devices capable of extracting biomarker-rich ISF in a minimally invasive manner (e.g., Kiffik’s
device), thereby reducing patient discomfort, pain, and anxiety associated with repeated blood
draws.!? 16:47 Additionally, wearable ISF sampling technologies could significantly contribute

to the drive toward personalized healthcare by enabling continuous, real-time health monitoring

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

without disrupting patients’ daily routines or increasing infection risk.
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Figure 5: A) Comparison of the thermal response for cTnl detection in human ISF, serurrt/;/eandte Online
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plasma at different concentrations (1 — 1000 pg mL'). B) Corresponding logarithmic dose-

response curve for the three sample fluids.

Importantly, future clinical validation must account for variability in ISF extraction and
biomarker content arising from factors such as skin site location, hydration status, temperature,
and inflammatory responses. Although efforts were made to minimize ISF variability in the
current study, the ISF samples were pooled before analysis to enable a consistent matrix for each
measurement. Human skin is anatomically heterogeneous, exhibiting regional differences in
dermal and epidermal thickness, sweat gland and hair follicle density, and mechanical
properties.®® This heterogeneity can affect both the volume and rate of ISF extraction, as well as
the composition of the extracted fluid. For instance, Kawakatsu et al. demonstrated that
continuous glucose monitoring readings differed significantly between the right and left arms (n
= 46), suggesting that even minor anatomical shifts can influence ISF-derived measurements.®!
In the present study, ISF samples were collected from the same position on the left upper arm of
two healthy adult male volunteers, minimizing any influence from skin site heterogeneity.
Additionally, factors such as age and hydration status can significantly impact skin
biomechanics, while skin temperature has been shown to enhance permeability by opening hair
pores and activating sweat glands, thereby increasing ISF yield.8?-% No data were collected
regarding donor hydration status or skin temperature in the current study, as specific extraction

yields or rates were not a key consideration for the nanoMIP measurements of cTnl.

Inflammatory responses induced by ISF extraction techniques, particularly those that disrupt the
epidermal layer, can also influence biomarker concentrations. Extraction devices may disrupt
capillary endothelial integrity, resulting in “leaky” junctions that reduce the size-selective
transport of biomarkers across the capillary interface.!>- 7685 Moreover, ISF extraction can trigger
localized inflammation, leading to elevated concentrations of inflammatory markers in the
collected fluid. For example, Sjobom et al. found that specific inflammatory markers were
enriched in ISF obtained via blister suction extraction compared to plasma, reflecting a localized
skin response to the extraction process.’® In contrast, this study employed electroporation
technology, which is non-invasive and specifically designed to avoid triggering local immune
responses or elevating inflammatory biomarker levels.®¢ This non-invasive ISF extraction is
critical for maintaining sample integrity and assay reliability. Overall, there remains a need for

standardized sampling protocols and careful interpretation of ISF biomarker data to ensure
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diagnostic accuracy, reproducibility, and clinical utility. Despite these sources of variabilitygywigie onine
DOI: 10.1039/D5NH00441A

believe the robustness of the nanoMIPs used in our sensor platform enables reliable performance

across a range of ISF conditions, particularly when paired with a non-invasive extraction device

that does not trigger inflammation. The nanoMIP’s high environmental stability and affinity for

cTnl support the sensor’s capacity to handle physiological variation while maintaining

diagnostic accuracy.

Ultimately, this study demonstrates the high potential for a PoC diagnostic device for ACS that
integrates a nanoMIP-based thermal sensor with wearable ISF extraction technology. The
thermal sensing platform is capable of being miniaturized, and future work will focus on
developing a standalone, fully portable device suitable for use in clinical settings. A prototype
system will require comprehensive calibration to reliably translate Ry, to ¢Tnl concentration in
patient samples, with results displayed via a simplified digital readout. The nanoMIP-
functionalized SPEs are low-cost and disposable, enabling single-use operation for each
measurement. Moreover, the high environmental stability of nanoMIPs allows for extended shelf

life and eliminates the need for cold storage.*

4. Conclusion

In summary, we present a nanoMIP-based thermal sensor for the detection of ¢Tnl in human

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

ISF. The device accurately measured ¢cTnl across the physiologically relevant range (0.1-1000

pg mL-") with simple operation, a 15-20 min measurement time, and a required sample volume

Open Access Article. Published on 17 dicembre 2025. Downloaded on 23/12/2025 11:51:29.

of only 120 pL. The sensor also exhibited an excellent LoD in ISF (1.85 +0.32 pg mL-!), showing

favorable performance in this complex biological matrix. This LoD is significantly lower than

(cc)

that of gold-standard immunoassays currently utilized in healthcare (~30 pg mL-"), which
demonstrates the high clinical relevance of the nanoMIP sensor. Similar thermal responses were
observed when experiments were repeated using the same concentrations of cTnl-spiked serum
and plasma, suggesting comparable levels of non-specific binding across all sample fluids.
Additionally, the serum and plasma measurements also yielded excellent LoDs of 1.80 + 0.22
and 1.78 + 0.28 pg mL-!, respectively, further highlighting the exceptional sensitivity and

versatility of the nanoMIP-based thermal sensor.

Our study shows the feasibility of detecting cTnl in human ISF for the first time, offering a
promising avenue for clinical application. The ability to distinguish between different

concentrations of ¢cTnl in ISF, coupled with the minimal variation compared to other sample
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fluids, underscores the potential for utilizing ISF measurements in various medical contextsvibhisie onine
DOI: 10.1039/D5NH00441A
methodology could be instrumental in developing a “traffic light” system for continuous or batch
monitoring of c¢Tnl levels, enabling rapid and informed decision-making by healthcare
professionals without requiring invasive blood draws, sample processing, or laboratory-based
immunoassays. Furthermore, the potential to create nanoMIP-based portable sensors combined
with ISF extraction for PoC detection could revolutionize emergency response scenarios,
providing first responders with quick and actionable information for chest pain assessment and

subsequent treatment decisions. Ultimately, this could improve patient outcomes, reduce

healthcare burdens, and contribute to the drive toward personalized healthcare.
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