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ARTICLE INFO ABSTRACT

Keywords: Cardiac troponin I (cTnl) is a critical protein biomarker for heart attack diagnosis. This study presents a thorough

Molecularly imprinted polymer nanoparticles analysis of a novel biosensing device utilizing molecularly imprinted polymer nanoparticles (nanoMIPs) for

glanoMIPs) detecting cTnl in clinical patient serum samples post myocardial infarction. The methodology, based on the heat-
iosensors

transfer method approach, offers faster measurements times than the current gold standard and sample volumes
equivalent to a single blood drop. Biomarker binding shows performance comparable to a high-sensitivity ELISA,
accurately identifying patients with elevated cTnlI levels (R? = 0.893). The cTnl peak concentration time vari-
ations are attributed to heterogeneous serum complexes, with different troponin complex sizes potentially
generating differing thermal insulation levels. Comparison with an established patient database demonstrates
robust correlations between our ¢Tnl concentrations and clinical parameters (R? = 0.855). This underscores the
potential of nanoMIP sensors for sensitive cTnl detection, providing insights into post-heart attack biomarker
levels. Furthermore, our methodology presents the additional benefits of being low cost and portable enabling
measurements at time and place of patients. Consequently, it holds the potential to become a vital part of the
diagnostic pathway for heart attack treatment, ultimately reducing healthcare costs and improving patient
outcomes.

Troponin I (cTnl)
Myocardial infarction
Cardiovascular disease

1. Introduction

Within the UK, ~7.6 million people are living with cardiovascular
diseases (CVDs), and 25 % of all UK deaths are attributed to CVD,
resulting in healthcare costs of ~£9 billion each year (Foundation,
2023a). Similar findings are present within the rest of Europe and the
USA, with CVD being responsible for 45 % and 25 % of all deaths,
respectively, demonstrating the global scale of the issue (Wilkins et al.,
2017; Benjamin et al., 2017). Furthermore, since the SARS-CoV-2
pandemic, deaths involving CVD within the UK have risen above ex-
pected levels, with a particular uptick in cases of acute myocardial

infarction (MI) in young people (<45 years old) (Foundation, 2023b; Xie
et al., 2022). CVD describes multiple disorders that affect the heart and
circulatory system. This work focuses on MI, otherwise known as heart
attacks, as it has the highest morbidity and mortality rate (Ojha et al.,
2023; Sacco et al., 2013; Henderson, 1996). MI occurs when heart tissue
is damaged, leading to a state of hypoxia and eventual ischemia and
myocyte necrosis (Park et al., 2017). When muscles within the heart
sustain damage, unique cardiac proteins are released into the blood-
stream, including cardiac troponin I and T (cTnl and cTnT). The severity
of this damage can be quantified by measuring cardiac troponins and is a
key aspect of the medical diagnostic pathway due to troponin’s highly
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specific and sensitive nature (Gaze et al., 2008; Crapnell et al., 2022). To
further aid diagnostic and prognostic decision-making, troponin mea-
surements are often combined with other clinical assessment methods,
such as electro/echocardiograms, and knowledge of family history and
preexisting health conditions (Pickering et al., 2017; Barrett-Connor
et al., 1984).

Of the ~700,000 individuals who attend accident and emergency
(A&E) due to chest pain each year in the UK, >75 % are not experiencing
a MI (Stepinska et al., 2020; Cross et al., 2007). The number of beds
occupied by patients who are admitted on this basis but are then not
diagnosed with MI is placing additional pressure on the already over-
stretched National Health Service in the UK, with similar trends occur-
ring globally (Capewell et al., 2000; Nadarajah et al., 2023; Thomas
et al., 2020). In a study by Zhou et al., it is discussed that patients with a
previously diagnosed cardiovascular disease (CVD) incur significantly
higher healthcare costs—approximately double—compared to patients
without a prior CVD diagnosis, highlighting the critical need for
improved initial myocardial infarction (MI) diagnosis (Zhou et al.,
2023). The current diagnostic “gold standard” test for MI utilizes im-
munoassays, more specifically enzyme-linked immunosorbent assays
(ELISAs), primarily focusing on cTnl or cTnT, with a typical limit of
detection (LoD) around 1 ng L' (Guidance, 2020). However, the
selected analyte can produce significantly different responses, with as-
says utilizing differing epitopes, which makes direct comparisons diffi-
cult (Guy et al., 2013). Moreover, their high cost, attributed to the
necessity of using specific equipment in a laboratory setting and
employing antibodies as recognition elements, along with extended
turnaround times (1-3 h), poses significant limitations (Lippi et al.,
2013). Measurement time is particularly critical as mortality is closely
linked with time to MI diagnosis, where treatment within the “golden
hour” can reverse damage to the heart muscles (Boersma et al., 1996).
This time constraint is unavoidable with current ELISAs, which require
processing in the hospital’s laboratory by trained personnel rather than
being performed at the patient’s bedside (Hornbeck, 2015).

Due to these limitations generated through the use of ELISA in the
standard hospital pathways for MI diagnosis, alternative sensor plat-
forms, such as nanoparticle-based or optical systems, have been devel-
oped (Wang et al., 2023; Zhan et al., 2022a). However, these
alternatives require expensive materials, complex equipment, and face
performance challenges, including light fluctuation interference and
reliance on specialized cells and electrodes (Shumyantseva et al., 2018).
Our nanoMIP-based approach is cost-effective, robust, and easy to syn-
thesize, making it more suitable for widespread use than other ELISA
alternatives, especially in low-resource settings. Furthermore,
enzyme-based or fluorescent probe biosensors degrade over time,
compromising reliability and requiring frequent recalibration (Zhan
et al., 2022a). NanoMIPs offer superior stability and durability, main-
taining integrity even under harsh conditions.

Introducing a rapid MI rule-out test for A&E using cTnl measure-
ments alongside existing healthcare pathways could help alleviate
healthcare burdens and significantly improve patient outcomes
(Foundation, 2023b; Ghilencea et al., 2022). Multiple alternative ave-
nues are being considered to traditional immunoassays, such as elec-
trochemical and infrared spectrophotometric sensing (Gao et al., 2024;
Sengupta et al., 2023). To overcome the limitations of immunoassays,
we propose the replacement of antibodies with molecularly imprinted
polymer nanoparticles (nanoMIPs), which are polymeric recognition
elements that rival the affinity of antibodies (Sharma et al., 2004; Haupt
et al., 1998). Furthermore, they are highly versatile, adaptable to detect
almost any target of interest, whilst offering extreme stability as they do
not require fridge storage and show extended shelf life.

NanoMIPs offer an alternate and clinically viable solution to cTnl
sensing due to their inherent physical and operational stability alongside
their expeditious binding capabilities (Choudhary et al., 2023). Work by
McClements et al. considered various approaches to best utilize nano-
MIPs for the ultrasensitive detection of ¢Tnl in terms of formation,
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surface characterization, affordability, and reproducibility (McClements
et al., 2021). NanoMIPs have emerged as powerful tools in the bio-
sensing field, and their integration into cTnl detection systems holds
significant promise for enhancing sensitivity and selectivity in diag-
nostic assays. Through the imprinting process, these polymers can be
tailored to recognize and bind specifically to cTnl, mimicking the
binding characteristics of natural receptors while offering high stability
and reproducibility. The synthesis process for imprinting is typically
either one-pot bulk polymerization or surface imprinting onto a solid,
with many more specific methods, such as substructure and dummy
imprinting, commonly utilized (Mostafa et al., 2021; Ostrovidov et al.,
2023). Conventionally, molecularly imprinted polymers (MIPs) are
produced by self-assembly of specifically selected monomers and
cross-linkers around the desired target, acting as a template (Vasapollo
et al., 2011; Crapnell et al., 2020; Haupt et al., 2000). Whilst MIPs have
high potential for use in diagnostic assays, they suffer from several
drawbacks, namely heterogeneous binding affinity sites and slow
binding kinetics. As such, nanoMIPs overcome these issues and enable
optimal sensing performance (McClements et al., 2021). High-affinity
nanoMIPs are produced via a similar approach where amino acid se-
quences derived from the target, cTnl, are immobilized onto function-
alized glass beads, known as the solid-phase support. Subsequent
polymerization of the functional monomers produces nanoMIPs around
the immobilized target, with a two-step elution process ensuring only
high-affinity nanoparticles are collected (Canfarotta et al., 2016).

In our prior research, high-affinity nanoMIPs were developed for
sensing emerging cardiac biomarkers from spiked lab samples, specif-
ically ST2, heart fatty acid-binding protein, and most recently cTnl
(McClements et al., 2021; Crapnell et al., 2019). NanoMIPs were inte-
grated with the heat-transfer method (HTM), an innovative thermal
detection technique, creating a rapid and low-cost detection sensor
platform coupled with straightforward analysis. In order to be suitable
for medical diagnostics, nanoMIPs were functionalized onto low-cost
and highly reproduceable screen-printed electrodes (SPEs) via electro-
grafting and drop-casting. Previous works have incorporated thermo-
couples dip-coated with nanoMIPs; however, as ensuring a
contamination-free environment is paramount for diagnostics, it is not
cost-effective to dispose of each thermocouple after every use (Brinker,
2013). Additionally, our previous work required continuous sample
introduction via an automated syringe pump, which demanded large
sample volumes (2 mL) and further limited clinical feasibility
(McClements et al., 2021). By redesigning the system for batch analysis,
we reduced the required sample volume to just 30 pL, enabling the
analysis of real clinical samples from patients. This refined methodology
marks a significant departure from our previous work, creating a novel
approach with the potential to improve MI treatment while reducing
both diagnostic time and healthcare costs.

This study demonstrates that using thermal detection methods, and
an optimized microfluidic device utilizing nanoMIP-functionalized SPEs
can accurately measure cTnl concentrations in patient samples. We
directly compare our results with well-established hospital protocols, a
sandwich ELISA, and a CAPRI (Evaluating the effectiveness of intrave-
nous Ciclosporin on reducing reperfusion injury in pAtients undergoing
PRImary percutaneous coronary intervention) database containing pa-
tient variables such as body mass index (BMI), cTnT levels, and magnetic
resonance image (MRI) values. We compare these values through sta-
tistical analysis to demonstrate that our results are statistically signifi-
cant and clinically relevant to each patient. We also aim to explain our
results regarding troponin complex release times, amino acid sequences
(residuals) used for detection, and how the HTM differs from traditional
absorbance-based immunoassays. Finally, a proof-of-concept study
demonstrates the device’s potential for measurements in patient plasma
samples, further widening the number of viable blood matrices for this
method.

Ultimately, our device can provide rapid and accurate blood cTnl
levels at a significantly lower cost than the current gold standard
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immunoassays. We also demonstrate a 50 % reduction in time to diag-
nosis (from 87 to 40 min) and sample volume (250-120 pL) compared to
our previous work, both critical parameters to obtain effective MI
diagnosis (McClements et al., 2021). Consequently, our results position
this technology as a highly promising tool for MI diagnosis, thus creating
the potential to improve patient outcomes and reduce healthcare costs.

2. Experimental
2.1. Equipment and reagents

4-aminobenzoic acid (4-ABA), 1,2-dichloroethane (EDC), hydro-
chloric acid (HCI), N-hydroxy succinimide (NHS), fetal bovine serum
(FBS), phosphate buffered solution (PBS), and sodium nitrate were all
purchased from Thermo Fischer Scientific (Loughborough, UK). Human
serum albumin and plasma for blank samples, as well as ferricyanide,
ferrocyanide, and potassium chloride (KCl) were purchased from Sigma
Aldrich (Gillingham, UK). Deionized water (DI) was produced at New-
castle University with a resistivity of 18.2 M Q cm. NanoMIPs were
supplied by MIP Discovery and used a ~10 long amino acid sequence in
the stable chain (AA:34-126) as the binding site (Canfarotta et al.,
2016). Human serum and plasma patient samples were obtained from
the CAPRI trial (www.clinicaltrials.gov NCT02390674, EudraCT num-
ber 2014-002628-29) at Newcastle-upon-Tyne Hospitals NHS Trust.
The human samples used in this study had ethical approval obtained via
IRAS project 149997. The trial was conducted in accordance with the
principles of Good Clinical Practice and received a favorable ethical
opinion from the National Research Ethics Committee North-East-
—Newcastle and North Tyneside (14/NE/1070) on July 24, 2014 and a
clinical trial authorization from the Medicines and Healthcare products
Regulatory Agency on September 9, 2014.

SPEs were manufactured by Manchester Metropolitan University to
the desired specifications. Briefly, the SPEs were fabricated in-house
using a stencil design to achieve a 3.1 mm diameter working electrode
using graphite ink (Product Ink: C2000802P2; Gwent Electronic Mate-
rials Ltd., Pontypool, United Kingdom) and were printed using a DEK
248 screen printer machine (DEK, Weymouth, UK) onto a polyester
flexible film, 250 pm thickness (Autostat, Milan, Italy). The layer was
cured in a fan oven at 60 °C for 30 min. Next, a silver/silver chloride
reference electrode was introduced by screen-printing Ag/AgCl paste
(Product Code: D2070423D5; Gwent Electronic Materials Ltd., Ponty-
pool, UK) onto the polyester substrates and cured in a fan oven for 30
min at 60 °C. Finally, a dielectric paste (Product Code: D2070423D5;
Gwent Electronic Materials Ltd., Pontypool, UK) was printed onto the
polyester substrate to cover the connections and cured for an additional
30 min at 60 °C before use. This fabrication protocol ensures high
repeatability and reliability, which has been robustly analyzed in terms
of reproducibility in previous work by Roberto de Oliveira et al., con-
firming that there were no significant differences between electrodes
(Roberto de Oliveira et al., 2023).

2.2. Screen-printed electrode functionalization

SPEs were functionalized with ¢cTnI nanoMIPs via electrografting and
drop-casting (McClements et al., 2021, 2022). A solution of 4-ABA (2
mwm) and sodium nitrate (2 mm) in HCI (aqueous, 0.5 m) were mixed on an
orbital shaker for 10 min; following this, a SPE was submerged within
the solution, and cyclic voltammetry was conducted to attach 4-ABA to
the substrate surface (Fig. S1). The electrode was rinsed with DI water to
remove any unbound 4-ABA and then gently dried with nitrogen. To
activate the carboxyl group, a solution of EDC (100 nm) and NHS (20 nm)
in PBS buffer (pH = 5) was added to the surface of the SPE’s working
electrode via drop-casting (8 pL). After 1 h, the SPE was rinsed with DI
water and dried with nitrogen. Finally, a nanoMIP solution was gently
vortexed, and 8 pL was added to the SPE’s working electrode surface to
immobilize the nanoMIPs to the substrate via amide bonds. The
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drop-cast solution was left for 8 h before it was rinsed with DI water and
dried gently with nitrogen. The completed nanoMIP-functionalized SPEs
were stored in PBS at 4 °C until their use.

2.3. Characterization of NanoMIPs

Atomic force microscopy (AFM) was performed using a Dimension
Icon XR machine (Bruker, Nano GmbH, Berlin, Germany), where all
imaging was carried out in air. Before imaging, nanoMIPs were drop-
cast onto Au-coated glass slides (Platypus Technologies, WI, USA) and
left to dry at ambient conditions for 24 h. All image analysis was per-
formed on Gwyddion 2.63, where mean values were calculated from
measurements of 100 nanoMIPs. Dynamic light scattering (DLS) was
conducted to measure the hydrodynamic diameter of the nanoMIPs
using a Malvern Zetasizer Nano ZS (Malvern Instruments, Malvern,
Worcestershire, UK). The instrument used a scattering angle of 173° and
a laser wavelength of 632.8 nm, all experiments were performed at 25.0
+ 0.1 °C.

2.4. Characterization of NanoMIP-Functionalized electrodes

Electrochemical impedance (EIS) measurements were performed on
the PalmSens sensit smart potentiostat (PalmSens, Houten, The
Netherlands). Measurements were taken at each stage of the immobili-
zation protocol with a fixed frequency range of 0.1 Hz-100 kHz using
PBS with ferricyanide (1 mM), ferrocyanide (1 mM), and KCl (0.1 M)

2.5. Sensing procedure

The microfluidic cell used for all thermal experiments is presented in
Fig. 1a. A batch-modified version of the flow cell used by Crapnell et al.
was produced in-house through 3D printing using an Anycubic Photon
Mono with Anycubic Clear UV Resin (Shenzhen, China), forming the
liquid chamber of the cell (Fig. 1b and S2) (Crapnell et al., 2019). For
each run, the nanoMIP-functionalized SPE was placed at the center of
the copper block with a rubber O-ring positioned on top of the SPE to
avoid leakage, the resin cell was then added with four nuts and bolts
tightened to ensure a good seal and placed within a controlled envi-
ronment (Fig. 1c and S3).

Two type K thermocouples (RS Components, Corby, UK) were
inserted into the measurement cell, T; into the copper block heat sink
and Ty into the sample chamber (4 mm above the functionalized SPE).
The measurement cell was then connected to the heat transfer device to
allow temperature changes to be quantified, following the principles
outlined by van Grinsven et al. (van Grinsven et al., 2010, 2014). In vivo
conditions were mimicked through LabView software that actively
controlled the temperature of the heat sink (T;), set at 37.00 & 0.02 °C.
This was controlled through an optimized
proportional-integral-derivative controller (P = 1, I = 14, D = 0.3)
connected to a power resistor (22 Q) to ensure minimal feedback on the
signal (Geerets et al., 2013). Temperature T, was measured each second,
allowing the thermal resistance (Ry,) to be determined, obtained
through equation (1) (Canfarotta et al., 2018).

For all HTM measurements, three patient samples were examined per
one functionalized SPE, meaning a typical experimental set consisted of
a Blank — Sample 1 — Sample 2 — Sample 3 - Blank, with blank referring
to human serum with no elevated cTnl levels (Fig. 1d). The first blank
provides the Ry, of the system and the final blank confirms that changes
in Ry, were due to cTnl binding rather than the characteristics of the
human serum. For one sample, 120 pL of serum (or plasma) was added
into the sample chamber, and a copper lid was added to reduce heat
exchange with the external air. The system was left for 20 min to sta-
bilize; once a plateau occurred, 100 data points were taken, and their
average and standard deviation were recorded. Once the values had
been taken the sample could be removed, and a new one added, with the
process repeated.
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Fig. 1. Experimental set-up for cTnl concentration measurements with a focus on the a) measurement cell design (Fig. S2 for cell dimensions), b) measurement cell
under general operation, c) final lab HTM measurement setup with the measurement cell enclosed in a controlled environment (4250 x 2800 x 2600 mm, Fig. S3 for
device dimensions) (van Grinsven et al., 2010, 2014), and d) the typical plot generated for one set of HTM measurements with cTnl binding.

3. Results and discussion
3.1. NanoMIP characterization

AFM measurements revealed that drop-cast nanoMIPs (0.621 mg
mL™!) form a densely packed layer with high surface coverage (Fig. S1).
They had spherical morphologies and a mean diameter of 78 + 12 nm,
demonstrating their homogeneous size distribution and validates the
synthesis process (Fig. S1). DLS analysis revealed a mean diameter of 89
nm, slightly larger than the AFM measurements. This variation can be
attributed to the differing states in which the nanoMIPs were analyzed.
Specifically, DLS was conducted in DI water, whereas the AFM mea-
surements were taken in a dry state, indicating that the nanoMIPs
experienced minimal swelling.

3.2. Quantification of bound cTnl to NanoMIPs

The amount of bindable cTnl present within a sample can be quan-
tified through the change in thermal resistance (AR, Fig. 1d). When
more cTnl binds to the nanoMIPs it causes a greater insulating effect,
decreasing the temperature of the liquid sample, leading to a greater
ARy, Resistance values were obtained using equation (1):

T —T
Ron=—5p— (€Y
where, T; was the heat sink temperature, maintained at 37.00 + 0.20 °C
through variation of the power supplied (P), and To was the temperature
of the liquid in the sample chamber (Canfarotta et al., 2018). Firstly, the
effectiveness of the nanoMIP-functionalized SPE was confirmed through
baseline responses utilizing cTnl-spiked buffer solutions (Fig. S4). The
results confirmed that the observed ARy, was significant enough to allow
for the sensing of cTnl within the desired concentration range.
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Additionally, the feasibility of running three patient samples per SPE
was assessed. It was shown that the results obtained were comparable to
running one sample per SPE, suggesting no significant impact and that
multiple samples can be used per SPE, reducing waste (Fig. S5). Theo-
retically, more samples could be measured per SPE due to the highest
spiked concentration of cTnl trialed being much greater than those in MI
patients (1000 vs. 1-150 ng L. However, three samples per SPE was
selected to avoid any SPE saturation; additionally, within a clinical
setting, reusing more than this could potentially introduce
cross-contamination.

An example of a theoretical Ry, vs. time plot is presented in Fig. 1d,
with the corresponding amount of ¢Tnl occupying nanoMIP binding
sites shown. This process was conducted on nine sets of patient samples
with confirmed acute MI, with each set containing blood from six sample
times: pre-serum (t = 0 min, post reperfusion), t = 5 min, t = 15 min, t =
30 min, t = 90 min, and t = 24-48 h. A typical set of Ry, results is
presented for Patient 6 (Fig. 2a). Upon each sample addition, further
binding occurs, increasing the Ry, of the surface. For Patient 6, the
greatest Ry, increase occurred at the 90 min sample (ARy, = 0.622 °C
W), suggesting that this sample point corresponds to the highest de-
gree of c¢Tnl binding. A sample with a large ARy, indicates a high cTnl
concentration as more has bound to the nanoMIPs on the SPE, thus
increasing the Ry,.

3.3. Patient cTnl concentrations

To convert ARy, values to cTnl concentration, calibration standards
were produced using human serum albumin and examined via thermal
analysis at clinically relevant cTnl concentrations (0.1, 1, 10, 100, 1000
ng L™}, Fig. S6). An exponential relationship was observed between the
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two axes, exhibiting an excellent fit with an appropriate R? value of
0.957, showing conversion of ARy, to concentration can be conducted
with a high degree of certainty (Fig. 2b). A similar procedure was fol-
lowed for conversion from ELISA absorbance values to cTnl concentra-
tion (Fig. S7), which also resulted in an excellent exponential fit between
the two variables (R2 = 0.953). ¢Tnl concentrations from our HTM
nanoMIP method could then be compared to results from an ELISA
immunoassay and the CAPRI database.

After device calibration, patient samples were examined, where
variation in cTnl concentration at each sample time can be associated
with multiple factors. This included sample location, the anatomical site
where the blood sample was extracted, time since onset of symptoms,
and numerous discrete variables, such as the type of drug administered
and patient lifestyle. Generally, an increase in cTnl indicates greater
damage to the cardiac tissue (Park et al., 2017). Patient cTnl concen-
tration values obtained through thermal analysis demonstrated a peak in
cTnl at 15 or 90 min (Fig. 2b and c), indicating the greatest amount of
bindable cTnl. Regardless of peak cTnl time, the percentage increase
from the baseline value (pre, t = 0) to the peak value was significant.
Indicated by an increase in cTnl levels of >1000 % from their baseline,
except for Patient 5 (Fig. 2d). Furthermore, all patient samples had very
little cTnl present in the 24-48 h sample, which is somewhat surprising
as cTnl levels within the blood should not drop this quickly following
MI. These results can be further understood through comparison against
the CAPRI database (Section 2.4) and results obtained from an ELISA
(Section 2.5).

3.4. Statistical significance with CAPRI

After cTnl results were obtained from thermal measurements, a
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sponding standard deviation. b) cTnl concentration for Patient 6 at each sample time with the corresponding ARy, values. c) Table of c¢Tnl concentrations for each
patient at each sample time with the peak concentration identified by a black box. d) Plot showing the percentage increase from the baseline (pre) cTnl concentration

to the peak concentration value for each patient.
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comparison was made against a database of patient variables. Values
obtained from the CAPRI trial were used as they accounted for all pa-
tients investigated in our work (Cormack et al., 2020). The trial was a
randomized, double-blinded, controlled study conducted at a single
center, comparing Ciclosporin to placebo (saline) in patients confirmed
to have suffered a MI. For this statistical analysis, cTnT concentration
and values obtained from MRI scans, such as the left ventricular ejection
fraction and infarction size were utilized. Both ¢cTnT measurements and
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MRI scans are frequently used in hospitals as indicators for MI and as
such are a reliable benchmark for comparison with our study’s c¢Tnl
results. The changes in these database values and results within this
study were investigated in terms of absolute and percent change, as well
as expressed over linear and logarithmic scales. In some instances, it was
required for the logarithmic trend to be observed due to the exponential
relationship present when converting from ARy, to c¢Tnl concentration
(Fig. S6).
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Statistical analysis was conducted using the Pearson bivariate cor-
relation to indicate correlation strength and the significance of the ob-
tained relation (IBM’s SPSS software) (Corp, 2024). The six strongest
correlations can be observed in Fig. 3a, with b) and c) illustrating this for
the two most correlated results, ¢cTnl concentration at 90 min vs. ¢cTnT
concentration change and peak cTnl concentration vs. infarction size
change. Blood samples for these variables were taken from one of three
locations: the coronary artery, peripheral vein, or radial artery (Fig. 3d)
(Cormack et al., 2020; Damen et al., 2020). A strong correlation existed
between the change in c¢TnT concentration (%) between the baseline
value (t = 0) and the 12 h sample, indicative of the amount of damage
sustained to the heart muscle, with our cTnl concentration at 90 min
(Fig. 3b) (Korff et al., 2006; Potter et al., 2022). The 90 min cTnl sample
is the first taken from the periphery and, therefore, can be more easily
compared to the cTnT bloods also taken from exterior blood vessels. A
larger 90 min cTnl concentration coincides with a larger increase in
cTnT, suggesting that the results produced by the HTM nanoMIP
methodology are comparable to the size of the MI.

It is difficult to compare cTnl values obtained from the coronary
region with CAPRI variables obtained from the periphery/radial due to
the variation in types of c¢Tnl complex and the presence of additional
particles in the coronary blood (Damen et al., 2020). Consequently,
additional methods for MI size quantification, such as MRI scans, can be
employed. One such parameter is the infarct size, which relates to the
amount of heart tissue death or necrosis present (Saleh et al., 2018).
Another good correlation is exhibited between infarction size change
(%) from the baseline (t = 0) to the 3-month post-MI scan and peak c¢Tnl
value Fig. 3c). The patients with larger cTnI concentrations experience a
greater reduction in infarction size. This is expected as a higher amount
of cTnl released into the blood stream indicates more damage to the
heart muscle, and a greater decrease in infarct size would suggest that
more heart tissue has been repaired following a more severe MI.
Notably, our findings demonstrate robust correlations between cTnl
levels and variables within the CAPRI database, emphasizing the po-
tential of thermal detection via nanoMIPs in assessing the extent of heart
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muscle damage.

3.5. Comparison with ELISA

A direct comparison of cTnl levels of the patient samples was per-
formed between the HTM and a current “gold standard” sandwich c¢Tnl
ELISA immunoassay (antibodies.com, A77930) (Hornbeck, 2015). The
ELISA measurements were conducted on all sample times for five of the
nine patients (Patients 1, 2, 4, 8, 9), allowing three repeats per sample
and a set of standards to fit onto one 96-well plate ELISA. At each sample
time the cTnl concentration differs, depending on which quantification
method is employed. For Patient 9, it is clear that there is minimal cTnI
recorded for the HTM 24-48 h sample and that the cTnl peak occurs at
different sample times (Fig. 4a). However, when the 24-48 h sample is
excluded, all remaining cTnl values demonstrate agreeable results in
terms of magnitude. Upon comparison of the remaining patients
(Fig. S8), peak cTnl concentration occurred in the 15 or 90 min samples
for the HTM, and the 90 min or 24-48 h samples for the ELISAs. Our
novel nanoMIP-HTM platform demonstrates excellent reproducibility in
clinically relevant cTnl concentration ranges. Crucially, when cTnlI levels are
elevated, such as at the 90-min sample point (Fig. 4a), the system achieved a
coefficient of variance of 8.2 %, aligning with established ELISA of 6.0 %,
both below the 10.0 % threshold. While higher coefficient of variance values
were observed for earlier time points (e.g., 5 min, 15 min), this is expected in
undiluted clinical samples where biomarker concentrations are low and prone
to biological variability. Importantly, despite these early fluctuations, key
trends in cTnl concentration remained consistent across replicates, reinforc-
ing the robustness of our platform for diagnostic applications. We found only
a limited number of studies that employed clinical samples for c¢Tnl
detection, with many relying on spiked samples (e.g., PBS or human
serum/plasma). Notably, some studies such as those by Wang et al.
(2023), Zhan et al., 2022, and others utilized diluted samples (5-10x),
which complicates direct comparison with our method (Wang et al.,
2023; Zhan et al., 2022b). Diluting clinical samples reduces the con-
centrations of interfering molecules, which can improve signal clarity

=100 ; 250 1
2 ] { n=11
E BELISA a) ' b)
200 A
2 OHTM ]
] o
S = 150 1 &
£ 10 ; = . 0.9
5 T 100 ]
§ ] 0060
] R2=0.893
L_C) 50 1 O 0
= ] 0.0
o 1 0
Pre  5min  15min 30min 90min 24-48h 0 50 100 150 200 250
Sample Point ELISA
120 4
G) ] +1.96SD:
100 $---=-=-==--~ R e L 101.2
- ] o o
S 80 - - MEAN
S 60 =5 o 66.3
A 40 3 o -1.96SD:
}---- Q- 31.4
20 ]
0 +——— —r—T —r— —T—t—r—r—
0 50 100 150 200 250
Average
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but compromises the accuracy and real-world applicability of the test.
This limitation is particularly relevant for point-of-care (PoC) settings,
where sample integrity is crucial. In contrast, our method employs un-
diluted clinical samples, preserving the native biomarker environment
and ensuring reliable results that better reflect true physiological
conditions.

Fig. 4b and c relate the peak c¢Tnl concentrations observed in terms of
simple regression and Bland-Altman plots, respectively, to understand
the relatability between the two methods. Fig. 4b shows a strong cor-
relation between the HTM and ELISA, suggesting the HTM methodology
can indicate which patients have the highest cTnl levels. However, an
offset between the two methods exists, with the linear trend deviating
from the x = y reference line and the Bland-Altman plot showing a
+66.3 bias. The discrepancy between the HTM and ELISA results can be
attributed to varying binding epitopes, interfering factors, and troponin
complex release times. A single amino acid difference within an epitope
can significantly impact target binding, and therefore, interpreting data
produced by immunoassays with different epitopes is challenging (Guy
et al., 2013). Specifically, the epitopes used for binding sites in the HTM
and ELISA methods may differ, leading to variations in binding site
availability within different complexes. The ~10 amino acid sequence
used to form the cTnl-nanoMIP binding is located within the stable chain
(AA:34-126) and is the only section used for binding. In contrast,
commonly available immunoassays often employ up to four binding
sites, potentially explaining the bias observed in Fig. 4c, as the nanoMIPs
rely on only one binding site. As such, reduction in site availability due
to interfering factors with non-specific adsorption of interfering mole-
cules, epitope blocking by autoantibodies, or interaction of the cTnI with
cardiotonic drugs would be more impactful to the HTM than the ELISA
(Eriksson et al., 2005; Regan et al., 2019; Lippi et al., 2012).Therefore, a
correction factor may be introduced to account for the reduced cTnl
concentration provided by the HTM.

Additional differences between the HTM and ELISA results can be
attributed to changes in troponin complex size and structure, and
complex release time and volume (Lippi et al., 2012; Denessen et al.,
2023; Morjana, 1998). These factors may explain the observed spike in
cTnl concentrations at 15 and 90 min for the HTM. Following MI onset,
cTnl begins to appear in the blood within 3-6 h and peaks after 12-24 h,
with ¢Tnl being released as a monophasic single peak (Park et al., 2017;
Lippi et al., 2012; Katrukha et al., 2020; Collinson et al., 2001; Giannitsis
et al., 2013). After this, free cTnl is soon detected before any troponin
complex forms, such as the ternary cTnl:T:C and the more common bi-
nary cTnl:C (Park et al., 2017; Gaze et al., 2008; Lippi et al., 2012;
Denessen et al., 2023). In addition to release, the degradation of
troponin complexes and free cTnl also impacts the types of cTnl
observed through our method (Fig. 5a). Firstly, ¢cTnl:T:C complexes can
degrade into lower molecular weight forms over time via the truncation
of the long amino acid chains of the cTnl and cTnT, as well as separating
down into its three individual proteins (Denessen et al., 2023; Vylegz-
hanina et al., 2019). Additionally, the free form of cTnl is susceptible to
degradation, especially via proteolytic enzymes (Denessen et al., 202.3;
Morjana, 1998). This enzymatic cleavage occurs in the amino acid
sequence on either side of the stable cTnl region (AA:34-126) in the
N-terminal (amino acids <34) or C-terminal (amino acids >126), where
protection provided by the binding of the cTnl with cTnT and/or cTnC is
absent (Lippi et al., 2012; Katrukha et al., 2020; Krudy et al., 1994). This
stable region is where most binding epitopes in immunoassays are
located, including the one within this study, allowing for many
different-sized troponin molecules to bind (Park et al., 2017). It has been
demonstrated that this truncation can occur within the first 90 min of MI
onset and can result in up to 11 different cTnl fragment lengths all
containing the stable region required for binding (12-23 kDa) (Gaze
et al., 2008; Denessen et al., 2023; Morjana, 1998; Madsen et al., 2006).
In some instances, these shortened cTnl structures can interact with
other truncated cTnT and ¢TnC complexes through transglutamination
to form new structures of various molecular weights (Lippi et al., 2012).
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Variations in troponin complex morphology and differing binding
site, make direct comparisons between detection methods challenging.
For our HTM-based detection method, the degree of thermal insulation
provided to the functionalized surface may vary with complex size, be it
full length or a proteolytic fragment (Katrukha et al., 2020). In the early
peaks at 15 and 90 min, we may detect the release of a small number of
large complexes that provide more thermal resistance than smaller
molecules that go undetected in absorbance-based methods (Fig. 5b).
This is especially true when considering the impact distance from the
troponin release site has on degradation. Damen et al. identified a higher
concentration of larger complexes, such as ¢Tnl:T:C, in the coronary
veins compared to peripheral circulation (Damen et al., 2020; Denessen
et al., 2023). This is significant as the samples within this study were
taken from various locations depending on sample time, with t = 0, 5,
15, and 30 min taken directly from the coronary and the 90 min and
24-48 h samples taken from peripheral blood. Future work will explore
imprinting of nanoMIPs with binding sites of varying lengths of amino
acids and incorporating multiple binding locations. This approach aims
to enhance sensitivity and specificity, allowing for a more effective
comparison with existing ELISAs.

3.6. Measurements in plasma

Within hospitals, it is common for both blood serum and plasma
samples to be used for various tests; therefore, a proof-of-concept device
that performed cTnl measurements in plasma was trialed. Plasma and
serum contain similar proteins and electrolytes; however, anticoagu-
lants (e.g., ethylenediaminetetraacetic acid (EDTA), heparin, and cit-
rate) are typically added to plasma samples to prevent clotting (Vignoli
et al., 2022). Therefore, Fig. 6 demonstrates how anticoagulants may
alter the ARy, obtained from HTM measurements (Erickson, 2009; Hall
etal., 1959; Mair et al., 1994). Each patient’s plasma sample had a lower
peak ARy, than the corresponding serum sample, but the peak values
still occurred at 90 min.

It is well documented that differing concentrations of cardiac tro-
ponins can be obtained from serum and plasma samples from the same
patient. Moreover, the anticoagulant used can alter levels, with Vignoli
et al. demonstrating that several metabolites showed statistically sig-
nificant alterations among different matrices, potentially impacting
clinical judgment (Kavsak et al., 2018; Herman et al., 2017). For
example, in our work, EDTA can break up troponin complexes into its
three subunits, which would result in a smaller Ry, due to only the free
cTnl binding to the nanoMIPs rather than the larger ternary complex
(Vylegzhanina et al., 2019; Kavsak et al., 2020; Wu et al., 1998). This
and the fact that interfering factors will interact differently depending
on the binding epitope used results in the reduced ARy,. However, Fig. 6
does show that the MIP-based sensors using HTM as read-out can
accurately detect c¢Tnl in plasma, with Patient 1 having a lower ARy
than Patient 2 for both the plasma and serum samples.

3.7. Applicability for point-of-care detection

Predominantly, cTnl detection occurs in laboratories, yet there is an
urgent need to expedite clinical diagnosis for acute MI. PoC testing
presents a viable solution, a diagnostic approach that operates without
requiring elaborate infrastructure or complex instruments. Introducing
compact benchtop instruments and handheld devices to enable bedside
cTnl testing will significantly reduce time to diagnosis, significantly
improving patient outcome (Chen et al., 2023). Although our current
device is not yet a finalized PoC platform, the principles employed, and
its compact size provide a strong foundation for translation to a bedside
device. The methodology outlined in this study holds promise in
addressing several common limitations of PoC biomarker detection de-
vices. Namely, current PoC devices lack accuracy and precision when
compared to high-sensitivity c¢Tnl assays conducted in laboratory set-
tings (Campu et al.,, 2022). Additionally, state-of-the-art ELISAs



J. Saczek et al. Biosensors and Bioelectronics 282 (2025) 117467

|thy Ischemia

Heart Necrosis

Actin

cTnT
Tropomyosin cTnC %

cTnl
Mainly cTnl:T:C ternary
complex present in early
blood samples.

cTn
Complex

Sl A g g g
[0]
= 1
/ = |
|_
© |
. nanoMIP SPE
a) Time
Plasma Sefim

czei=
=

7

N

| Beginning to detect free |Nterminal| Stable Region | C terminal I
cTnl, binary cTnl:C and

| truncated cTnl:T:C complex. & Proteolysis
|
Time % X
g 7 o
Trans
b glutamination C?
1 %

cTnl Level

T
S
A

Time
At later sample times the detectable cTnl
comprises largely of truncated free forms, some

intact free cTnl and some truncated complexes.

IDECREASE IN THERMAL RESISTANCE

b)

= : cTnl cTnl Empty
¢Tnl:T:C cTnl:C Gl Medium Weight Low Weight nanoMIP
78 kDa 42 kDa 23 kDa 18 kDa 12 kDa

|DECREASE I N MOLECULAR WEIGHT

Fig. 5. a) Schematic showing the lifecycle of troponin following a MI, indicating the types of complexes present at various sample times, as well as the degradation
and truncation that occurs within the amino acid sequences of each protein and b) a schematic highlighting how cTnl complex size can impact Ry, from the most

thermally insulating, cTnl:T:C ternary complex, to the least, an unoccupied nanoMIP.



J. Saczek et al.

a)

0.6 1
' O Serum [

0.5 1 mPlasma

= 1

g 0.4 ;

Soa ]

o 6:5 3

S 0.2 ]
0.1
0.0 : |

1 2

Patient Number

Biosensors and Bioelectronics 282 (2025) 117467

nanoMIP

SPE

Fig. 6. a) Comparison of peak ARy, values for blood plasma and serum samples for two patients (sample time = 90 min), and a schematic to show the difference
between interactions of ¢Tnl with the nanoMIP in b) serum and c) plasma (fibrinogen to scale with the troponin molecules).

typically necessitate the use of large UV-Vis spectrophotometers, mak-
ing this analysis technique incompatible for transition to a portable or
bedside device. Finally, many novel cTnl sensing methods with prom-
ising results face challenges in terms of scalability and the development
of multiplexing (Campu et al., 2022).

ELISAs suffer from several drawbacks, including labor and cost, due
to the procedure’s complexity, reliance on expensive culture cell media
for specific antibodies, and antibody instability requiring refrigerated
transport and storage (limiting shelf life) (Sakamoto et al., 2018).
Furthermore, antibody and aptamer-based detection systems are prone
to false results due to the cross-reactivity of some molecules with the
detection site (Sakamoto et al., 2018; Dhara et al., 2020). Novel mea-
surement methods also face challenges and drawbacks in their imple-
mentation as PoC cTnl detection devices. For instance, surface plasmon
resonance and fluorescence measurements may lack the sensitivity
necessary for clinical diagnosis, with the former also being very
expensive and complicated and the latter heavily reliant on light sta-
bility (Chen et al., 2023; Campu et al., 2022). Additionally, interference
from background signals, leading to result variability, is another sig-
nificant problem; this is particularly evident in surface-enhanced Raman
scattering and electrochemical approaches. For each instance, modifi-
cation of these approaches into multiplex devices remains unattainable
(Chen et al., 2023; Campu et al., 2022).

These challenges can be overcome by utilizing nanoMIPs coupled
with thermal analysis. Compared to biological entities, nanoMIPs offer
numerous advantages, including vastly superior stability, simple prep-
aration, high selectivity and affinity, long-term storage without freezing,
and cost-effectiveness, rendering them attractive for analytical appli-
cations (Sarvutiene et al., 2024). Choudhary and Altintas successfully
developed a biomimetic sensor using high-affinity nanoMIPs, achieving
a LoD below the threshold required for clinical environments. However,
the use of gold chips increases the cost per test, making it less
cost-efficient, and the complex sample preparation required prior to
analysis reduces its practicality in time-sensitive settings (Choudhary
et al.,, 2023). Additionally, despite extensive testing on spiked PBS
samples, the study lacks evidence of the sensor’s efficacy in real or
artificial samples, which could affect both its clinical relevance and
compatibility with the portable SPR’s microfluidics due to differences in

10

sample density and viscosity (Choudhary et al., 2023). Moreover, inte-
grating thermal analysis for cTnl quantification employs a straightfor-
ward protocol that necessitates relatively few components, enabling the
development of a compact device and a simplified operating procedure
that requires minimal training. Additionally, since the system proposed
in this study operates under batch operation, it is feasible for multiple
cells to function in parallel, facilitating easy multiplexing of this meth-
odology. Moreover, with the existing lab device measuring 4250 x 2800
x 2600 mm (Fig. la—c and S3), it could already be incorporated into a
portable, trolley-based device for use on a ward. Meanwhile, further
work is underway to develop a fully portable version that can be carried
by paramedics. The proposed device in this body of work not only offers
a next generation sensing tool that will elevate clinical treatment but
also allow developing countries the same diagnosis standards due to the
economically viable nature of nanoMIP based detection systems.

4. Conclusion

The study introduces a cardiac troponin biosensor using nanoMIPs to
detect cTnl concentrations in post MI patient samples, featuring a rapid
(40 min) and low-volume (120 pL) methodology with thermal resistance
indicating cTnl concentrations accurately. It offers environmental sta-
bility, simplicity, selectivity, and cost-effectiveness, surpassing current
cTnl sensing methods. Detection via thermal analysis shows comparable
performance to a high-sensitivity ELISA, identifying patients with high
cTnl levels accurately, albeit with a systematic bias requiring correction
factors. The methodology’s early peaks in cTnl concentration are
attributed to serum complexity, and difficulties in comparing detection
methods that utilize different epitomes. Correlations with clinical pa-
rameters validate the results, emphasizing its potential for MI diagnosis
enhancement. With strong correlations observed between our measured
cTnl values and key clinical parameters: cTnT levels and infarction size.
The correlation between variables known to indicate the size of MI and
our results further supports the validity of the obtained results.

This study emphasizes the applicability for nanoMIPs sensors for use
in sensitive cTnl detection from patient blood serum samples. Further
refinements should explore the impact troponin complex size variation
has on detection, not only within our thermal methodology but also in
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well-established methods. Little comment has been made on this in
literature, and consideration should be taken into how degradation of
the target molecule may alter observed levels. However, this method-
ology holds the prospect of enhancing diagnostic capabilities in car-
diovascular medicine, potentially contributing to more personalized and
effective patient care. As a result, our findings indicate that this tech-
nology holds great promise as a valuable tool for PoC diagnosis of MI,
potentially leading to decreased healthcare expenses and enhanced pa-
tient outcomes.
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