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Acute myocardial infarction is one of the most serious cardiovascular pathologies, impacting patients’ long-
term outcomes and health systems worldwide. Significant effort is directed toward the development of
biosensing technologies, which are able to efficiently and accurately detect an early rise of cardiac troponin
levels, the gold standard in detecting myocardial injury. In this context, this work aims to develop a
microfluidic plasmonic chip for the fast and accurate real-time detection of the cardiac troponin | biomarker
(cTnl) via three complementary detection techniques using portable equipment. Furthermore, the study
focuses on providing a better understanding of the thermoplasmonic biosensing mechanism taking advantage
of the intrinsic photothermal properties of gold nanoparticles. Specifically, a plasmonic nanoplatform based on
immobilized gold nanobipyramids was fabricated, exhibiting optical and thermoplasmonic properties that
promote, based on a sandwich-like immunoassay, the “proof-of-concept” multimodal detection of cTnl via
localized surface plasmon resonance, surface enhanced Raman spectroscopy and thermoplasmonic effects
under simulated conditions. Furthermore, after the integration of the plasmonic nanoplatform in a microfluidic
channel, the determination of cTnl in 16 real plasma samples was successfully realized via thermoplasmonic

Received 19th September 2023, detection. The results are compared with a conventional high-sensitivity enzyme-linked immunosorbent
Accepted 16th November 2023 clinical assay (ELISA), showing high sensitivity (75%) and specificity (100%) as well as fast response features
DOI: 10.1039/d3tb02190d (5 minutes). Thus, the proposed portable and miniaturized microfluidic plasmonic chip is successfully validated

for clinical applications and transferred to clinical settings for the early diagnosis of cardiac diseases, leading
rsc.li/materials-b towards the progress of personalized medicine.
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Since high-sensitivity cardiac troponins have emerged as the
gold standard in detecting myocardial injury, the use of this
biomarker allows precise diagnosis or exclusion of even small
myocardial infarction in an adequate period of time, with
major clinical implications: a short diagnosis-to-intervention
time and a reduction of unnecessary investigations in the
emergency room. The cardiac biomarkers are released from
the heart into the circulation as a result of a cardiac or
cardiovascular injury.” Cardiac troponin I (c¢Tnl) is one of the
cardiac troponin (c¢Tn) subunits, a structural protein present in
myocardial cells’ contractile apparatus.® ¢Tnl is an exception-
ally valuable biomarker for the early detection of many
life-threatening cardiac pathologies, such as coronary artery
disease,® pulmonary embolism’ or acute aortic dissection,®
taking into consideration that in healthy individuals its level
ranges between 1-50 ng L~ '.° Regarding patients presenting a
non-ST-segment elevation myocardial infarction (NSTEMI), the
accurate determination of cTnl is crucial for effective manage-
ment, as it has the ability to rapidly rule-in or rule-out myo-
cardial injury.’®'! Conventional analytical techniques for ¢Tnl
detection are radioimmunoassay (RIA),'” electro-generated che-
miluminescence immunoassay (ECLIA)"*'* and enzyme-linked
immunosorbent assay (ELISA)."® Sensitivity, multi-step sample
processing, extended analysis times, and overall cost are the
major drawbacks of these approaches. Additionally, they are
unavailable in environments with limited resources because of
a lack of competent staff or basic infrastructure. The ability to
diagnose heart injury early is critical to the patient’s prognosis.
This highlights the requirement for effective, straightforward,
and quick approaches for cTnl biomarker detection. In this
clinical context, there is high demand for a biosensing technol-
ogy able to provide fast, real-time and accurate c¢Tnl detection
to support the immediate diagnosis and informed decision-
making by medical personnel.

In response to this specific demand and to overcome the
major drawbacks of conventional detection methods, consider-
able attention has been focused on the development of
Point-of-Care (PoC) devices, which present advantages such as
specificity, efficiency, precision, portability, as well as ease-of-
use and low costs, leading towards personalized medicine in
terms of medical event prediction, appropriate treatment and
improved prognosis.'® In particular, microfluidic PoC devices
are able to rapidly detect biomarkers with high efficiency due to
their increased sensitivity, while considerably reducing the cost
of testing — no need for well-trained operators and complex
laboratory equipment, reagents and sample volume and analy-
sis time."”'® The coupling of microfluidics with plasmon-based
high throughput techniques such as Localized Surface Plasmon
Resonance (LSPR), Surface Enhanced Raman Spectroscopy
(SERS), etc. leads to the development of highly efficient novel
PoC devices due to the versatility and high sensitivity of the
plasmonic biosensor designs.'® For the c¢Tnl detection specifi-
cally, according to literature, SERS is much more employed in
microfluidic chips compared to LSPR-based detection. Several
SERS substrates were implemented to efficiently evidence the
cTnl biomarker using gold nanospheres (AuNPs)*>*' or gold
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nanostars®> as SERS nanoprobes to achieve high sensitivity
and, implicitly, low detection limits.>® To our knowledge, there
were only a few microfluidic devices developed for ¢TnI SERS
detection, for example the use of plasmonic nanostrip micro-
cone arrays has shown promising results.>* Additionally, AuNPs
coupled with magnetic beads were successfully implemented as
signal transducers for LSPR detection.”® Furthermore, the first
approaches to exploit the heat generated by gold nanoparticles
for biomedical applications emerged in the early 2000s,”**’
thus becoming the foundation of the rapidly growing and
promising field called thermoplasmonics.*® Thermoplasmo-
nics is currently implemented in applications such as photo-
thermal therapy,*® drug and gene delivery®® and photoacoustic
imaging,®" despite the fact that the mechanism of nanoscale
photothermal processes is still not fully understood.*> A newly
emerging application based on the intrinsic ability of gold
nanoparticles to convert light-to-heat is thermoplasmonic
detection. The thermal effect relies on a series of waterfall
phenomena, which are dependent on the nanoparticles’ mate-
rial (e.g. mass, specific heat) and their absorption properties
given by their shape and size, thus the addition of a small
amount of analyte onto the surface of the nanoparticles can
have a great impact on their photothermal properties. A better
understanding of the thermoplasmonic effect could lead to the
development of ultrasensitive biosensors, which would be able
to provide a result in a matter of minutes —crucial for fast
diagnosis in cases such as those of AMI, where the first hours
are vital for survival. In this context, the development of a
microfluidic plasmonic chip enabling the implementation of
multiple analytical tools such as LSPR-SERS and thermoplas-
monic detection onto the same substrate for cTnl detection is
of high interest.

In this work, we aim to develop a microfluidic chip integrat-
ing a plasmonic nanoplatform for the real-time fast and on-site
detection of the cardiac troponin I biomarker detection both
under simulated conditions and in real sample applications.
The focus in the development of the proposed chip was to
overcome the limitations of conventional methods and allow
unspecialized personnel to perform the test in clinical settings
in order to obtain a fast, real-time and accurate response in
view of early diagnosis of diseases such as AMI, where the first
hours are crucial for survival. In this context, after the immo-
bilization of the gold nanobipyramidally-shaped nanoparticles
(AuBPs) onto the glass substrate, the optical properties were
verified and, more interestingly, the photothermal performance
of the plasmonic nanoplatform was determined, proving the
preservation of the AuBPs capability to efficiently convert light-
to-heat upon irradiation, thus highlighting the potential imple-
mentation for thermoplasmonic detection of biomolecules - a
new and less studied detection technique. Furthermore, cTnl
was successfully detected via LSPR, SERS and thermoplasmonic
sensing under simulated conditions using a sandwich-like
immunoassay standing as ‘proof-of-concept” for the multi-
modal detection capabilities of the plasmonic nanoplatform.
After its integration in the microfluidic chip - to decrease
sample volume and avoid chip and sample contamination,
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the developed microfluidic plasmonic chip was validated for
thermoplasmonic detection of the ¢Tnl biomarker in 16 real
plasma samples, using a portable 785 nm laser and thermo-
graphic camera, and the obtained results were in good agree-
ment with the clinical ELISA determinations, indicating a
sensitivity of 75% and 100% specificity. The design’s portability
and miniaturization, not only in terms of the chip but also
equipment size, as well as rapid response (result in 5 minutes)
allowed its implementation for the fast-on-site detection of
cTnl in clinical settings without major infrastructure and
unspecialized personnel to aid in the early diagnosis of various
cardiac diseases.

Experimental section

The materials, characterization methods, gold nanobipyramids
synthesis and statistical analysis data are presented in the ESI.{

Fabrication of the plasmonic nanoplatforms

In order to produce the plasmonic nanoplatforms, an adapted
version of a previously developed AuBP self-assembly protocol
was used.®® Briefly, the commercially available glass substrates
underwent a thorough cleaning process through successive
rounds of 15 minute sonication in alkaline detergent, ultrapure
water, acetone, and ethanol. Furthermore, the glass substrates
were dried for 10 minutes at 90 °C and ozone treated at 25 °C
for 5 minutes using a PSD Pro Series UV Ozone System. To
ensure immobilization of the AuBPs, the clean glass substrates
underwent a silanization process by immersion in 1% APTES
ethanolic solution overnight at room temperature, and the
samples were kept in the dark. The APTES excess was removed
by rinsing the substrates with ethanol. Then, 200 pl of the
colloidal AuBPs were dropped on the APTES-functionalized
substrate and left overnight to self-assemble onto the substra-
te’s surface. Further, the AuBPs-immobilized glass substrate is
noted/denoted as plasmonic nanoplatform.

Fabrication of the microfluidic channels and assembly of the
final plasmonic microfluidic chip

The next step in the development of the final microfluidic
device was the fabrication of the microfluidic channels. Speci-
fically, by employing a Sylgard 182 elastomer Kkit, polydimethyl-
siloxane sheets were obtained by mixing the PDMS precursor
with the corresponding curing agent in a 10:1 weight ratio
followed by the removal of the air bubbles using a vacuum
desiccator for 30 minutes and pouring equal amounts (~1.4 g)
of the mixture into plastic molds, which were then thermally
treated at 65 °C for 1 hour.**** After hardening, the PDMS was
extracted from the molds and, using an Epilog Zinc 16 Laser
Cutter, different microfluidic channel models were engraved
into the PDMS (Fig. S1, ESIT). The models were designed and
scaled as desired using the graphic design software Corel. The
proposed fabrication method allows the design of microfluidic
channels to suit the desired application. For further use
in detection applications, shape 1 in Fig. S1 (ESIt) of the
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Fig. 1 The as-developed final microfluidic plasmonic chip.

microfluidic channels was selected for the assembly of the final
microfluidic chip, since it ensures a bigger detection area
comprised in the circle. The dimensions of the PDMS are
2.6 x 1.2 cm length x width, the microfluidic channel is
2.1 cm long x 0.1 cm wide and the detection area has a
diameter of 0.5 cm. Prior to the assembly, the inlet and outlet
were drilled using a 1.2 mm Rapid-Core Microfluidic Puncher
to allow the insertion of the injection and withdrawal
connector tubes.

To assemble the final microfluidic chip, both the plasmonic
nanoplatform and PDMS microfluidic channel were plasma
treated for 40 seconds using the low-pressure plasma system
TETRA 30 PC/PCCE working at a 0.2 mbar pressure and 60 W
power (20% of the maximum 300 W of the 13.56 MHz radio
frequency generator). Afterwards, the two components were
immediately brought into contact to form a permanent bond,
thus obtaining the final portable microfluidic plasmonic chip
(Fig. 1). Finally, the connector tubes were inserted in the inlet
and outlet, and, to provide a continuous reagent and sample
flow, these were further connected to an automated syringe
pump system (NE-4000 Programable Syringe from NEW ERA,
Pump systems Inc.).

Biosensing protocol

To evaluate the plasmonic nanoplatform’s capabilities to detect
the c¢TnlI biomarker, the following sandwich assay (Scheme 1)
was developed and employed: the plasmonic nanoplatform was
successively functionalized with 20 pL of p-ATP 107° M
(in ethanol), GA 5% as the linker molecule for protein bonding,
the antibody anti-troponin 5 g mL ™" (anti-cTnlI) and, lastly, the
biomarker troponin 3.5 pg mL™" (cTnl). After every addition,
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Scheme 1 Schematic illustration of the developed biosensing protocol
for the cTnl biomarker detection.
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the incubation time was 1 hour at room temperature. For the
calibration curve, cTnl concentrations ranging from 3.5 ug mL ™"
to 10 pg mL ' were used. The same biosensing protocol was
employed for the validation of the final microfluidic plasmonic
chip as an efficient LSPR biosensor for clinical real-sample
applications. After the successive injection and retrieval of
p-ATP, GA and anti-cTnl, plasma from pediatric patients was
introduced in the microfluidic plasmonic chip for real-sample
analysis.

Clinical c¢Tnl samples and assay

In this study, a total of 80 blood samples obtained between 01
February and 30 September 2020 were analyzed, of which
50 blood samples were collected from adult patients admitted
to the Emergency County Hospital Cluj-Napoca, Medical Clinic
No. 1, Department of Interventional Cardiology No. 2 and
30 blood samples were obtained from a pediatric population
admitted to the Emergency County Hospital for Children,
Pediatric Clinic No. 2, Department of Pediatric Cardiology,
Cluj-Napoca. Prior to the sample collection, each patient/legal
guardian of the patient (for pediatric patients) signed an
informed consent form, expressing their agreement for the
collected biological samples to be used for scientific purposes.
The inclusion and exclusion criteria for both adult and pedia-
tric patients are listed in the ESIf along with the main char-
acteristics of the cohort depicted in Table S1 and Fig. S2 (ESIT).
A 5 mL blood sample was collected from every patient included
in the current study. All samples were centrifuged at high-
speed, and part of the obtained plasma was used for troponin
detection and the rest of the cell-free supernatant was stored at
—20 °C. The blood samples collected at night or early in the
morning were considered inappropriate, due to circadian
variability.

For the cardiac troponin I detection, all samples were
analyzed using the ADVIA Centaur Immunoassay XPT system
from Siemens Healthcare GmbH (Erlangen, Germany). This
system uses a 5th generation 3-site sandwich immunoassay,
using direct chemiluminometric technology, which can detect
cardiac troponins with very high sensitivity. The ELISA immu-
noassay consists of 3 different phases. In the first phase, the
antibodies are directed against the unique N-terminal amino
acid sequences. The basis of this immunological phase is
represented by the particular structure of the cardiac troponin,
which presents 31 specific amino acid residues on its N-terminal,
allowing specific monoclonal antibody development,*® and Solid
Phase reagent used by the ADVIA Centaur TNIH, which is
represented by magnetic latex particles conjugated with strepta-
vidin with two bound biotinylated capture monoclonal antibo-
dies, each recognizing a unique cTnl epitope. The second phase
consists of another antibody-antigen reaction, in which the Lite
Reagent used by the ADVIA Centaur TNIH is of great importance.
The reagent comprises a conjugate, whose architecture consists of
a proprietary acridinium ester and recombinant anti-human cTnl
sheep Fab covalently attached to bovine serum albumin (BSA) for
chemiluminescent detection, which represents the final phase. A
direct relationship exists between the amount of ¢Tnl present in

This journal is © The Royal Society of Chemistry 2024
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the patient sample and amount of relative light units (RLUS)
detected by the system, thus making quantification possible.
This method has a limit of detection (LOD) of 1.6 ng L™ and
limit of quantification (LOQ) of 2.5 ng L™*, with 20-30 minutes
required for testing. The high sensitivity of the test is also
augmented by its limit of blank (LOB) of 0.90 pg mL ™" (ng L™ 1),
which represents the highest measurement result that is likely
to be observed for a blank sample.

Results and discussion

Thermoplasmonic characterization of the plasmonic
nanoplatform

As the next step after the immobilization of the AuBPs onto the
glass substrates, the optical and morphological properties of
the as-developed plasmonic nanoplatform were determined
and are presented in the ESL

In more recent years, a new detection tool was developed,
specifically for thermoplasmonic detection. Moreover, our
group has demonstrated that AuBPs possess the intrinsic
ability to efficiently convert light-to-heat, thus performing as
effective thermoplasmonic generators.®® In this context, we
addressed the photothermal properties of the obtained plas-
monic nanoplatform by exposing it to the 785 nm laser line at a
laser power density of 2.59 W cm ™ for 60 seconds, after which
the laser was turned off and the cooling process was monitored
for another 60 seconds. The experimental setup was realized to
enable the sample irradiation for above, while the thermo-
graphic camera was aligned at a 45° angle with respect to the
laser (Fig. S5(a), ESIt). To avoid any thermal interference or
external contributions, the plasmonic substrate was suspended
in air. From the analysis of the thermographic images (Fig.
S5(b), ESIt) recorded every second during the irradiation and
cooling process, the reached temperature (T) was extracted and
the temperature difference (AT) was calculated with respect to
the ambient temperature (T,.p,) and plotted against the expo-
sure time (Fig. 2(a)). A 4 °C increase in T was observed, proving
that, along with the optical and electromagnetic properties, the
AuBPs also preserved their intrinsic thermoplasmonic features
after their immobilization onto the glass substrate. The glass
substrate does not exhibit any temperature increase (Fig. 2(a) -
black spectrum). Furthermore, the laser power density was
increased leading to an increasing AT up to 19 °C for a laser
power density of 7.16 W cm 2. The plot of AT against the laser
power density (Fig. S6(a), ESIT) indicated linear dependence
between the increase of AT as a consequence of rising laser
power density. The steady-state T'was reached after 16 seconds,
while around 20 seconds are needed to return to T, after the
laser was turned off, thus, for the detection of ¢TnlI in simulated
conditions, the samples were exposed for 30 seconds to the
laser line. To test the thermal stability and reusability, the
plasmonic nanoplatform was exposed to 5 ON - OFF laser
cycles. The thermal curves (Fig. S6(b), ESIt) show that the
photothermal performances are maintained, proving the ther-
mal stability of the as-developed plasmonic nanoplatform. The
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(a) The heating and cooling curves resulting from the temperatures extracted from the recorded thermographic images for different laser powers.

(b) The heating and cooling curves of immobilized AuBPs with lower and higher numbers of self-assemblies.

temperature differences after each cycle are considered neglect-
able (around 1-2%). To support these results, the LSPR
response of the plasmonic substrate was monitored before
and after exposure to the 785 nm laser line (Fig. S7, ESIt). No
significant modifications of the optical properties of the plas-
monic substrate are noticeable, indicating no laser-induced
change in the morphology of the immobilized AuBPs. Thus,
further implementation of the plasmonic nanoplatform for
thermoplasmonic detection applications is endorsed. For
further experiments, the laser power was set at 7.16 W cm >
and the exposure time was decreased to 30 seconds.

To further investigate the thermoplasmonic behaviour, plas-
monic nanoplatforms were fabricated to exhibit a higher num-
ber of self-assemblies by doubling the AuBPs concentration
before their deposition onto the glass substrate. Fig. S8 (ESIY)
depicts the normalized extinction spectra of the plasmonic
nanoplatform exhibiting a lower and higher number of self-
assemblies, through monitoring of the broadening of the LSPR
band and a considerable red-shift, as well as the appearance of
a band shoulder at higher wavelengths, which is associated
with a higher amount of AuBPs self-assemblies. The plasmonic
nanoplatforms were then compared in terms of photothermal
conversion performance (Fig. 2(b)). By increasing the number
of self-assembled AuBPs, the electromagnetic field in the
interparticle gaps is strongly amplified generating the so-
called extrinsic hot-spots, which considerably enhance the
photothermal conversion performance. The recorded AT for
the plasmonic nanoplatform with a higher number of self-
assemblies is 2.6 times higher than for the plasmonic nanoplat-
form exhibiting a higher number of individual nanoparticles.
The higher temperature supports a much higher detection
sensitivity, hence AT related to the mass effect is assumed to
be more evident at higher temperatures, thus its implementa-
tion for photothermal detection is also supported. Ultimately,
the photothermal behaviour was investigated without and with
the PDMS microfluidic channel to assess its influence onto the
light-to-heat conversion performance of the self-assembled

966 | J Mater. Chem. B, 2024, 12, 962-972

AuBPs nanoplatform. The integration of the plasmonic nano-
platform into the PDMS microfluidic device accounts for a
slower heating and cooling process, however, in 30 seconds,
AT is only 4 °C lower when the microfluidic channel is attached
to the substrate, thus the thermoplasmonic effect is not con-
siderably influenced. For the next thermoplasmonic experi-
ments, the plasmonic nanoplatform with a higher number of
self-assemblies was employed.

Evaluation of the cTnI LSPR - SERS - thermoplasmonic
detection capabilities of the plasmonic nanoplatform under
laboratory conditions

Furthermore, the plasmonic nanoplatform was evaluated to
determine the capabilities to efficiently detect c¢Tnl under
simulated conditions via LSPR - SERS - thermoplasmonic
sensing. The proposed biosensing protocol implies grafting of
the p-ATP Raman reporter onto the surface of the immobilized
AuBPs through its thiol functional group via back n-bonding,*”
while the remaining amino (-NH,) was used to bind GA, a well-
known protein cross-linking molecule with a high affinity for
-NH, functional groups.®® GA then binds the anti-cTnl anti-
body, which ultimately specifically captures the target c¢TnI
biomarker. Firstly, the LSPR detection performances were
evaluated by monitoring the extinction spectrum, specifically
the longitudinal LSPR response, after each functionalization
step (Fig. 3(a)). Thus, the covalent binding of p-ATP induces a
24 nm red-shift of the longitudinal LSPR band. The attachment
of anti-cTnI via the GA linker leads to an additional 6 nm
red-shift, while the successful capture of cTnl by the recogni-
tion element is evidenced by a 25 nm red-shift after 1 h
incubation with a 3.5 pug mL™" ¢Tnl cardiac biomarker. The
successive translations of the longitudinal LSPR response to
higher wavelengths induced by the consecutive refractive index
changes in the close vicinity of the AuBPs confirm the effective
LSPR detection of ¢Tnl under simulated conditions.

To specifically identify the cTnl biomarker captured by the
recognition element, the SERS technique was employed due to

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3tb02190d

Open Access Article. Published on 17 November 2023. Downloaded on 6/14/2026 5:11:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Journal of Materials Chemistry B
a b
( ) AuBPs ( ) ;
— 1.2 AuBPs@p-ATP I A
=5 AuBPs@p-ATP@GA@anti-cTnl 1] f II
= AuBPs@p-ATP@GA@anti-cTnl@cTnl AR B uBn, . BN JREd
5 3
= .
£ 2N -
& E
o 3
I £ b
N
£ w
5 7
=
a
) 1 ) ) 1 T T 1 lJ T 1 1
500 600 700 800 900 1000 400 600 800 1000 1200 1400 1600
Wavelength (nm) Raman Shift (cm')
Fig. 3 (a) Extinction spectra recorded after each step of the biosensing protocol along with (b) the corresponding SERS spectra acquired with the

785 nm laser line as follows: spectrum a — after the grafting of the p-ATP, spectrum b — after the passivation with GA for non-specific binding, spectrum
c — after the functionalization with the anti-cTnl antibody and spectrum d — after the successful capture of the cTnl biomarker. The characteristic
p-ATP vibrational bands are marked with a light green background. The band located at 1004 cm™ is marked with %, while the vibrational band at

1030 cm~tis marked with %.

its capacity to deliver the distinctive vibrational fingerprint of
each molecule involved in the immunological reaction. Further-
more, considering that, during the immobilization process,
AuBP self-assemblies were formed and, implicitly, extrinsic
“hot-spots” were generated in the interparticle nanogaps, the
SERS signal is considerably enhanced,"® thus the configuration
of the proposed plasmonic nanoplatform strongly supports the
implementation of the SERS detection technique. Using the
785 nm laser line, 10 SERS spectra from 10 different spots onto
the plasmonic nanoplatform were recorded after each functio-
nalization step of the biosensing protocol. Fig. 3(b) presents the
obtained resulting average SERS spectra. Following the success-
ful grafting of the p-ATP onto the AuBPs surface, the p-ATP
characteristic vibrational bands (marked with a light green
background) can be identified at 391 (S-C stretching, N-H,
wagging and phenyl ring in plane deformation), 482 (N-H,
wagging and C-H out of plane deformation), 1004 (C-C bend-
ing in phenyl ring and S-C stretching), 1073 (C-S stretching),
1141 (C-H bending and N-H, rocking), 1173 (C-H bending
from phenyl ring), 1393 (phenyl ring deformation and N-H,
rocking), 1437 (phenyl ring deformation and C-N stretching),
1575 (C-C stretching in phenyl ring and N-H, bending) and
1621 cm ™' (N-H, bending)*® in the SERS spectrum (Fig. 3(b) -
spectrum a). After the grafting of GA, the band located at
482 cm™ ' is amplified, while the bands at 1141 and 1393 cm ™"
assigned to the amino group vibrations are absent in the SERS
spectrum, confirming the successful binding of the cross-linker
molecule (Fig. 3(b) - spectrum b). The functionalization with anti-
cTnl is indicated by the intensity decrease of the p-ATP character-
istic vibrational bands located at 391, 482 and 1621 cm ™ (Fig. 3(b) -
spectrum c). The successful capture of the ¢TnI biomarker is
demonstrated by the changes of the 1004 (marked with *) and
1030 em™ " (marked with *) bands ratio - the latter significantly
decreasing in intensity once the c¢Tnl biomarker is specifically

This journal is © The Royal Society of Chemistry 2024

captured by the corresponding antibody (Fig. 3(b) - spectrum d).
Thus, the implementation of SERS allows both the detection and
specific identification of the antigen - antibody interaction,
confirming the LSPR determinations and demonstrating the
capability of the proposed plasmonic nanoplatform to be effi-
ciently employed in the development of diagnostic tools for
clinical applications of cardiac c¢Tnl biomarker detection leading
towards accurate and fast diagnostics.

Taking advantage of the preserved AuBPs’ thermoplasmonic
properties, we took one step forward and tested the potential
capability of the plasmonic nanoplatform to evidence the
immunological reaction via thermoplasmonic detection. The
indirect detection of the recognition interaction is realized by
monitoring the changes in AT upon each step of the sandwich
assay. In this context, the plasmonic nanoplatform was exposed
to the NIR 785 nm laser line (7.16 W ¢m™?) for 30 seconds,
while thermal images were recorded every second. The plot of
the extracted AT from the thermographic images as a function
of the exposure time are represented in Fig. 4. After the grafting
of the p-ATP Raman reporter, the AT calculated after
30 seconds irradiation decreases with 7 °C, leading to the
assumption that the attachment of the p-ATP molecules onto
the surface of the AuBPs has influenced their capability to
convert light-to-heat under identical irradiation conditions.
Additionally, a slight change in the rise of the temperature is
noticed as observed in the thermal curves, implying a modifica-
tion of the photothermal efficiency. The photothermal effect
occurs as a result of a series of waterfall-phenomena induced by
the photoexcitation of the electron cloud localized at the sur-
face of the nanoparticles.*>*' Thus, the modification of the
photothermal conversion upon functionalization could be
explained by the change in the refractive index in the vicinity
of the nanoparticles.*” The binding of GA increases the tem-
perature by around 2 °C, while the anti-cTnl does not
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Fig. 4

(a) Thermal curves obtained after each functionalization step as well as after the specific capture of the cTnl biomarker extracted from the

collected thermographic images. (b) Thermal curves obtained from the thermographic images collected after the exposure of the functionalized
plasmonic nanoplatform to different concentrations of cTnl spanning from 5 ug mL™* to 10 pg mL™%. Inset: Zoom in on the thermal curves for better
visualization. (c) Plot of cTnl concentration against zs. Inset: Zoom in on the 0-2000 pg mL™! range of the plot for better identification of the linear

ranges.

significantly alter the thermal behavior of the plasmonic nano-
platform. However, once the target ¢cTnl biomarker is captured,
the photothermal conversion of light-to-heat by the immobi-
lized AuBPs is increased by an additional 3 °C after the 30
seconds of 785 nm laser exposure. The temperature determina-
tions were realized in duplicate showing errors in temperature
variation of approximately 1 °C for the plasmonic nanoplat-
form, 2 °C after the functionalization with p-ATP and GA,
respectively, 1 °C after the grafting of the recognition element
and 1 °C after the capture of the cTnl biomarker.

An indicator of the modification of the photothermal per-
formance (i) is represented by the time constant tg of the
cooling process (see the ESIT). The successive functionalization
with the linkers and biorecognition molecules as well as
capture of the cTnl biomarker subsequently modifies > m;Cp, ;
and, implicitly, 7s. In this context, after each step of the
functionalization, tg was determined. After the functionaliza-
tion with p-ATP, 75 rises from 4.10 (for the bare plasmonic
nanoplatform) to 5.05 and increases to 6.15 after GA is grafted
onto the surface of the p-ATP functionalized plasmonic

968 | J Mater. Chem. B, 2024,12, 962-972

nanoplatform. The addition of the anti-cTnl biorecognition
molecule does not significantly modify s, while the capture
of the ¢Tnl biomarker (concentration of 5 ug mL™") is evi-
denced by a 15 of 4.54. These determinations lead to the
assumption that the grafting of the p-ATP changes the intrinsic
heat transfer rate of the oscillating electrons localized at the
surface of the immobilized nanoparticles, while the binding of
the biorecognition molecules and target cTnl biomarker result
in an addition of substance, thus g decreases due to a mass
effect. The obtained results demonstrate the capability of the
plasmonic nanoplatform to operate as an efficient thermoplas-
monic biosensor for the detection of target biomarkers.
Furthermore, we exposed the plasmonic nanoplatform to
different concentrations of ¢Tnl spanning from 10 ng mL ™" to
10 pg mL ™", which are relevant for the detection of cTnl. We
performed the same photothermal experiments under identical
conditions and based on the thermographic images we have
presented the thermal curves in Fig. 4(b). As the concentration
of ¢Tnl lowers, AT slightly increases from 36 °C for 5 pg mL™" to
almost 39 °C for 10 pg mL ™. In terms of 15, with the decrease of

This journal is © The Royal Society of Chemistry 2024
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the cTnl concentration tg increases up to the value assigned to
the functionalization step with anti-cTnl, prior to the capture
of the cardiac biomarker (Fig. 4(c)). In the plot of the c¢TnI
concentration against ts, two linear ranges can be identified:
one between 10-100 pg mL™*, for which a LOD of 4.2 pg mL™"
and LOQ of 12.7 pg mL™"' were calculated, and another at
higher concentrations (0.5-2 ng mL~') with a LOD of
0.47 ng mL™" and LOQ of 1.43 ng mL '. The LOB was
determined to be 0.94 pg mL™'. The LOB, LOD and LOQ were
determined using eqn (S7)-(S9) (ESIt) presented in the ESIt
along with the obtained computational data. Thus, the as-
developed plasmonic nanoplatform proves to be effective for
cTnl detection in relevant clinical ranges of concentrations.

Clinical assay and validation of the as-designed portable
microfluidic plasmonic chip for the thermoplasmonic
detection of cTnl in real samples

One of the most important clinical applications of the cardiac
troponin assays is represented by their vital role in the diag-
nosis of myocardial infarction, as, according to the Fourth
universal definition of myocardial infarction, a rise and/or fall
in ¢Tn values with at least one value above the 99th percentile
upper reference limit (URL) is required in order to establish the
diagnosis.> What is more, the use of current generation high
sensitivity assays led to the development of more rapid ‘rule-in’
and ‘rule-out’ MI algorithms and a shorter time from symptoms
onset to diagnosis, which is of great importance for optimal
management and long-term outcomes.*’ In this context, prior
to the validation of the microfluidic chip for real applications,
blood samples were collected and conventional ELISA cTnl
biomarker testing was realized in clinical settings. For this
study, both adult and pediatric patients were selected. The
clinical assay regarding the adult population is discussed in the
ESI.¥ Regarding the pediatric population, all samples were
collected from patients with multisystemic inflammatory syn-
drome after COVID-19 infection, the average value of troponin
level being 590.35 + 368.18 pg mL™". The average age of the
patients was 8.62 + 2.11 years, well correlated with the values of
inflammatory markers. Among the pediatric patients, 4 girls
and 2 boys had very high troponin values (between 2000 and
3500 pg mL '), values correlated with particularly serious
symptoms of multisystemic inflammatory syndrome after
COVID-19 infection (Fig. S9, ESIT). Excluding these 6 extreme
values, the average troponin level for pediatric patients is
illustrated in Table S2 (ESIT). Only two of the pediatric patients
had troponin levels within normal limits (<11 pg mL™" for
girls aged between 1 and 19 years, <14 pg mL ™' for boys aged
between 1 and 19 years, and <21 pg mL ' for children aged
between 6 months and 1 year). Even though the prognostic
value of cardiac troponins in pediatric populations has not
been as well documented as in adults, and taking into con-
sideration that hs-cTnl levels can be elevated up to 13.1% in
healthy children, several studies demonstrated their role in
predicting subclinical cardiomyocyte damage.** COVID-19
infection and its mid- and long-term effects are nowadays one
of the most frequent causes of troponin elevation in children

This journal is © The Royal Society of Chemistry 2024
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and it has been shown that early assessment of elevated hs-cTn
could predict a 2-fold increase in the risk of major com-
plications,*® including multisystem inflammatory syndrome
in children (MIS-C). Moreover, in patients with MIS-C, troponin
values are usually elevated, suggesting that cardiac involvement
in MIS-C patients is almost the rule.*® However, in our study, in
which all included pediatric patients were diagnosed with
MIS-C, as well as in the literature, the high troponin values
were not correlated with a poorer prognosis, as all patients’
clinical course was satisfactory.

For validation of the microfluidic plasmonic chip for the
detection of cTnl from real samples, the microfluidic channel
was attached to the plasmonic nanoplatform to form the final
microfluidic device (Fig. 1), thus the immunological reaction is
realized in a controlled environment and the real sample
volume, which is injected through the microfluidic channel,
is considerably decreased. The clinical validation of the
proposed microfluidic plasmonic chip was realized via thermo-
plasmonic detection, which provides the advantages of portable
equipment (thermographic IR camera and laser), fast response
(time needed for irradiation is 1 minute) and simple analysis of
the result compared to the other techniques, thus being highly
adapted for Point-of-Care applications. Next, 16 randomly
selected blood samples collected by our medical collaborators
from the pediatric patients were analyzed. A microfluidic chip
was fabricated for each plasma sample. Before and after the
injection of the plasma as received from the medical personnel
in the microfluidic channel and an incubation time of 5
minutes, the microfluidic chips were exposed for 30 seconds
to a 785 nm laser line, while thermographic images were
recorded every second throughout the irradiation as well as
for 30 seconds after the laser exposure. The temperatures were
extracted from the thermographic images and s was deter-
mined for each sample both before and after the c¢TnlI capture
for comparison. Out of the 16 samples, 12 samples followed the
same behaviour as those under simulated conditions. tg
decreased after the capture of the cardiac biomarker. Whereas
4 samples can be regarded as inconclusive due to a rise in tg
with respect to the tg prior the plasma injection. Out of the
12 remaining samples, 11 tested positive by showing a decrease
of 15 after the capture of the c¢Tnl biomarker, while 1 tested
negative — 75 did not change after the injection of the plasma
suggesting that the sample does not contain c¢Tnl in detectable
concentrations. Fig. 5 shows the correspondence between Atg
obtained under simulated conditions and for the real samples
with respect to the cTnI concentration determined by ELISA.
For higher cTnlI concentrations in real plasma samples, At
does not correlate with the one determined under laboratory
conditions, however at smaller ¢Tnl concentrations Atg corre-
lates well with some variations.

Additionally, the quality of the thermoplasmonic detection
of the microfluidic device was assessed in comparison with the
clinical ELISA cTnl values through determination of its sensi-
tivity (S.), specificity (S,), positive predictive value (PPV) and
negative predictive value (NPV), which are metrics that describe
the adequacy of the test for clinical applications.?” Following
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by ELISA.

eqn (S1)-(S4) (ESIT), we determined a S, of 75% and S, of 100%.
Furthermore, implementation of the microfluidic chip was
proven to be effective in the diagnosis of cardiac injuries,
showing a probability of 100% for a positive test to indicate a
patient suffering from a medical condition, while there is only a
25% NPV. Thus, the proposed microfluidic plasmonic chip was
successfully transferred to clinical applications and demon-
strated to exhibit high sensitivity and specificity as well as
probability to accurately diagnose cardiac injuries.

Conclusion

To summarize, in this work, we have developed a microfluidic
plasmonic chip for specific and accurate cTnl cardiac biomar-
ker detection showing great promise for clinical fast on-site
implementation due to its portability and miniaturization. The
core of the microfluidic device is represented by the AuBP-
based plasmonic nanoplatform, which was demonstrated to be
able to operate as a multimodal LSPR-SERS-thermoplasmonic
cTnl detection nanoplatform by exploiting the unique proper-
ties of the immobilized AuBPs, specifically the LSPR and
strongly enhanced electromagnetic field at their tips as well
as the generated extrinsic “hot-spots” formed in the interpar-
ticle gaps. Furthermore, the microfluidic plasmonic chip’s
thermoplasmonic detection abilities were validated for the
detection of c¢Tnl in 16 real samples, being in good agreement
with the clinical determinations using hs-cTn ELISA assay. The
implementation of a portable thermographic IR camera allows
on-site ¢Inl LSPR detection with decreased analysis and
response time, and the result of the test is obtained in less
than 5 minutes. Thus, the developed microfluidic device is able
to determine the c¢Tnl presence quickly and accurately with a
sensitivity of 75% and specificity of 100%, leading towards
rapid diagnosis and treatment. The design was effectively
transferred to clinical applications, strongly supporting its
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operation by unspecialized medical personnel and significantly
contributing to the progress of ¢Tnl biosensors and, implicitly,
personalized medicine.
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