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Despite significant progress in the diagnosis of acute myocardial infarction (AMI), its morbidity and
mortality rates are still high, indicating the necessity of developing easy-to-use diagnostic tests with
timely and reliable point-of-care (POC) detection capability. Aiming to address this need, we introduce
here for the first time the development of a fluorescence lateral flow immunoassay (LFIA) based on
antibody labeled ZIF-8@BSA Au/Ag nanoclusters for the quantitative detection of cardiac troponin |
(cTnl) as the major biomarker of AMI. A portable loT-enabled optoelectronic reader was also fabricated
to quantify the fluorescence signals of the developed LFIA, enabling easy, precise, and smart on-site
quantitative analysis of cTnl. The developed smart LFIA demonstrated desirable assay performance for
cTnlin a linear concentration range of 10 pg mL~t to 150 pg mL~! with an appropriate sensitivity (with a

Received 5th October 2024, detection limit of 9 pg mL™) compared to the enzyme-linked immunosorbent assay (ELISA) and other

Accepted 16th December 2024 reported assays. The fascinating results of our developed smart LFIA for easy, rapid (~10 min), and
DOI: 10.1039/d4ma01000k highly sensitive and specific detection of cTnl in serum and whole blood samples make it a very

promising biosensor capable of being exploited for smart, reliable, and early diagnosis of AMI at
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Introduction

Acute myocardial infarction (AMI) is one of the primary causes
of morbidity and mortality related to cardiovascular diseases
(CVDs), and therefore its rapid and accurate diagnosis is crucial
for early interventional treatment and improvement of prog-
nosis. Several biomarkers are utilized for the diagnosis of AMI,
including cardiac troponin I (cTnl), cardiac troponin T (cTnT),
C-reactive protein (CRP), myoglobin, B-type natriuretic peptide
(BNP), and creatine kinase isoenzyme MB (CK-MB).'” Among
them, according to the American College of Cardiology guide-
lines, cTnl is considered the gold standard biochemical marker
for early diagnosis of AMI in clinical practices on account of its

“ Biosensor Research Center, Endocrinology and Metabolism Molecular-Cellular
Sciences Institute, Tehran University of Medical Sciences, P.O. Box 14395/1179,
Tehran, Iran. E-mail: omidfar@tums.ac.ir

b Nanosensor Bioplatforms Laboratory, Chemistry and Chemical Engineering
Research Center of Iran, Tehran 14335-186, Iran.

E-mail: golmohammadi@ccerci.ac.ir

¢ Endocrinology and Metabolism Research Center, Endocrinology and Metabolism
Research Institute, Tehran University of Medical Sciences, Tehran, Iran

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4ma01000k

© 2025 The Author(s). Published by the Royal Society of Chemistry

high specificity for myocardial damage. It starts to increase
within 2-4 h after the onset of symptoms, reaches a maximum
at 24-48 h, and maintains a high level for up to 12 days. The
significant range of ¢Tnl in the blood is around 0.001-0.1 ng mL™".
In healthy individuals, its levels are in the range of <0.04 ng mL ™",
and levels around 0.1 ng mL™ " indicate damage to cardiac
myocytes.* ® Conventional analytical methods for ¢Tnl detec-
tion include radioimmunoassay, electrochemiluminescence
immunoassay, and enzyme-linked immunosorbent assay
(ELISA). Nonetheless, these methods are associated with high
costs, long testing times, and the need for sophisticated equip-
ment and operators. For these reasons, as well as due to
inadequate infrastructure facilities, they are often not available
in constrained settings."”® Therefore, the development of
affordable, accurate, rapid, and easy-to-use sensing tools that
can be utilized by considering the time-critical nature of c¢TnI
detection for its highly sensitive yet reliable determination
in point-of-care (POC) settings is still an important unmet
demand. Lateral flow immunoassays (LFIAs) are among the
simplest, fastest, and cheapest paper-based POC assays
designed to perform diagnostics at the time and place of patient
care. There is no need for multiple steps of liquid addition,
incubation, washing, and complex detection instruments as well
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as professional operators, making them suitable for field use
compared to conventional laboratory methods.” ™

They can recognize target biochemical markers with an immune-
complex format, similar to the sandwich immunoassay format.
However, for most types of LFIAs, the sensitivity is not good
enough to detect very low levels of cardiac biomarkers.'*"?
Currently, a variety of fluorescent nanostructures with remark-
able luminescence and light conversion characteristics have
been produced for use as labels in LFIAs. They are sensitive,
stable, and easy to quantify, gradually replacing traditional gold
nanoparticles (AuNPs) and becoming one of the most popular
signal elements for the quantitative detection of target molecules
in LFIAs.'*?

So far, numerous signal elements have been applied to
improve the analytical performance of LFIAs for AMI diagnosis,
including quantum dot (QD) NPs,?® up-conversion materials,>*?
surface-enhanced Raman scattering (SERS) nanotags,”>°
pium NPs'?> and also composite NPs such as QD SiO,
and QD/metal-organic frameworks (MOFs).'® Despite the high
sensitivity and quantitative capabilities of these LFIAs, they pose
challenges in resource-limited settings, as they require skilled
personnel to conduct additional procedures, such as external
mixing of samples with nanotags, performing chemical reactions
on the membrane, or executing washing steps. Additionally,
these techniques usually take tens of minutes to attain results,
whereas the time of diagnosis is vital for patients with AMI.
In the case of europium NPs as a lanthanide ion, their fluorescence
sensitivity is typically higher than that of other nanofluorescent
labels; however, the excitation process efficiency is limited by
their weak absorption cross-sections, due to parity-forbidden
transitions.?® This challenge is often addressed through energy
transfer from sensitizer ions,*® ligands,*' and host matrix** or
by coupling with plasmonic nanostructures.>

Metal nanoclusters (NCs) as a new class of fluorophores are
formed by a few to hundreds of metal atoms with sizes ranging
from sub-nanometer to 2 nm. Among them, the use of noble
metal NCs as ideal fluorescent signal elements for substance
detection has attracted considerable attention due to their
unique characteristics, including ultra-small size, a large pro-
portion of surface atoms, water solubility, excellent stability,
good biocompatibility, and strong chemical and fluorescence
properties.>® Recent studies have proven that bimetallic NCs
with controlled atomic distributions exhibit extra benefits over
single-component systems. The interactions between consti-
tuent atoms in bimetallic nanoclusters can alter the electronic
and surface structures and consequently increase their chemical
and optical characteristics.***® Compared with other metals, the
addition of silver (Ag) into AuNCs results in a much higher
fluorescence intensity than that of individual metal NCs, which
is due to the synergetic interactions of Au and Ag on the same
platform.**® For example, Pan et al. have developed a dual-
model colorimetric/fluorescent LFIA based on glutathione-
capped Au/AgNCs and polyethyleneimine-modified AuNPs as a
signal probe for rapid and ultrasensitive detection of dicofol with
a limit of detection (LOD) of 1.59 ng mL "> Fereja et al. have
also introduced red-emitting fluorescent bovine serum albumin
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(BSA)-capped Au/AgNCs for the determination of folic acid.*®
Although there are some other types of photoluminescent NPs
such as europium NPs with higher quantum yields and sensitivity
and longer fluorescence lifetimes compared to Ag/Au NCs, higher
tunable optical properties, easier surface functionalization,
broader excitation spectrum, higher environmental stability, and
lower toxicity of Ag/Au NCs make them one of the ideal photo-
luminescent NPs with fascinating physicochemical features in
LFIA applications.

To date, various materials such as SiO,, polymers, and MOFs
have been utilized to load NCs or NPs, leading to the fabrication
of novel composites with better biocompatibility and water-
dispersibility, yet low toxicity."”***' MOFs have emerged as sig-
nificant crystalline porous materials, garnering considerable inter-
est in sensor design due to their unique ability to enhance
the sensitivity and robustness of assays.**** Among the various
MOFs studied, zeolitic imidazole framework-8 (ZIF-8) was chosen
for its advantageous characteristics. ZIF-8 is recognized for its
porous structure and high surface area, which enable effective
encapsulation of nanostructures. This feature is essential as it
increases the loading capacity for molecular targets, thereby
improving sensitivity and lowering detection limits in various
assays. Furthermore, ZIF-8 can be synthesized efficiently from
stoichiometric precursors in an aqueous solution at room tempera-
ture, without the need for additional additives. This synthesis
process is relatively straightforward compared to the more complex
formation of silica-based materials, such as SiO,, which requires
specific environmental conditions and non-equilibrium processes,
despite the simplicity of the underlying chemical reactions.**™*’

Chi et al. developed a sensitive colorimetric sensor for glucose
detection based on glucose oxidase (GOx) and AuNCs co-encap-
sulated ZIF-8.*° They obtained a 19.3-fold increase in the catalytic
activity of the GOX&AUNCs@?ZIF-8 compared to the free GOx/AuNC
solution. A zirconium metal-organic framework (ZrMOF)@CdTe
QDs-based LFIA was also developed by Zou et al. for the qualitative
analysis of early AMI biomarkers including heart-type fatty acid
binding protein (h-FABP) and ¢TnT with a LOD of 1 ug L™ *.'®

In the present study, for the first time, by benefiting
from the encapsulation of BSA Au/AgNCs within the nanoscaf-
fold of ZIF-8 for improving their stability and emission inten-
sity, we introduce a novel and rapid LFIA for the early
quantitative detection of cTnl at the trace levels. In addition,
we have fabricated a handheld IoT-enabled optoelectronic
reader to quantify the developed LFIA’s fluorescence signals,
enabling smart, precise, affordable, and easy quantitative
detection of c¢Tnl and consequently early diagnosis of AMI at
the POC. We have also validated the applicability of our
developed smart LFIA for on-site monitoring through highly
sensitive and specific detection of ¢Tnl in serum and whole
blood samples.

Experimental
Materials and reagents

Nitrocellulose (NC), conjugate pad, sample pad, and absorbent
pad were purchased from Millipore. Zinc nitrate hexahydrate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Zn(NO3),-6H,0), 2-methylimidazole (2-MIM), and sodium
hydroxide (NaOH) were purchased from J&K Scientific Ltd.
Monoclonal anti-cardiac troponine I antibody, polyclonal anti-
cardiac troponine I antibody, bovine serum albumin (BSA),
chloroauric acid (HAuCl,), 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC), N-hydroxysuccinimide (NHS), and
silver nitrate (AgNO;) were purchased from Sigma Aldrich (Darm-
stadt, Germany). Deionized (DI) water was used in all the
experiments.

Instrumentation

The fluorescence spectra were recorded using a commercial
F-7000 spectrofluorometer (Hitachi, Japan). UV-vis absorption
spectra were recorded using a UV-1800 spectrometer (Shimadzu,
Japan). Dynamic light scattering (DLS) and zeta potentials were
determined using a Nano ZS90 (Malvern, UK). High-resolution
transmission electron microscopy (HRTEM) images were obtained
with a transmission electron microscope at an accelerating voltage
of 200 kv (HRTEM, Tecnai F20, FEI). X-ray diffraction (XRD)
(Bruker/D8 Advance) was used to characterize the crystalline
structures of samples. Fourier-transform infrared spectroscopy
(FT-IR) spectra were recorded between 4000 and 500 cm™ "
using a PerkinElmer Frontier Spectrum instrument.

Synthesis of BSA Au/AgNCs

BSA Au/AgNCs were prepared in an aqueous solution according
to a previously reported method with a slight modification.>>*?
HAuCl, solution (5 mL, 10 mM) and aqueous AgNO; solution
(1.25 mL, 8.6 mM) were first added to the BSA solution (5 mL,
50 mg mL~"). After stirring at 40 °C for 2 min, 1 mM NaOH
solution (0.5 mL) was dropped into the above solution and
reacted at 40 °C for 12 h. After the reaction, the color of the
solution changed to yellow, which presented an intense orange
fluorescence under a UV lamp. Finally, the mixture was purified
by dialysis against DI water through a 3 kDa molecular weight
cut-off for 48 h to remove unreacted impurities. The dialyzed
product was finally freeze-dried and kept at 4 °C before use.

Synthesis of ZIF-8@BSA Au/AgNCs

BSA Au/AgNCs (1.6 mg) were mixed with 25 mM Zn(NO3),-6H,0
(5 mL) and 25 mM 2-MIM (5 mL) for 5 min at room temperature
under gentle stirring. The mixture was incubated at room
temperature for 12 h and then collected by centrifugation after
three times of washing (15 min, 3000 rpm) with DI water.*>*

Synthesis of ZIF-8@BSA Au/AgNCs-monoclonal antibody (mAb)
conjugates

ZIF-8@BSA Au/AgNCs-monoclonal antibody (mAb) conjugates
were prepared using the EDC/NHS coupling method. The as-
synthesized ZIF-8@BSA Au/AgNCs (1 mg) were first dispersed in
2 mL of phosphate buffer (PB) (0.01 mM, pH 7.2) and then
added to freshly prepared EDC (10 mg mL ™%, 50 pL) and NHS
(10 mg mL™", 50 pL) for activation. After stirring at 25 °C for 1 h,
excess EDC and NHS were removed by centrifugation with PB
solution (0.01 mM, pH 7.2). Subsequently, 10 pg of anti-cTnl
mAb (1 mg mL ') was added to the activated ZIF-8@BSA

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Au/AgNC solution. After gentle shaking at room temperature
for 1 h, BSA solution (3% w/v) was added to block the remaining
functional groups. Finally, the ZIF-8@BSA Au/AgNCs-mAb con-
jugates were collected by centrifugation and resuspended
in 200 pL of phosphate-buffered saline (PBS, 0.01 M, pH 7.4,
containing 1% BSA (w/v) and 0.05% Tween 20 (v/v)).*®

LFIA fabrication

The LFIA strip comprises a sample pad, a conjugate pad, an NC
membrane, and an absorbent pad.*® For the LFIA strip assem-
bly, the NC membrane was first immobilized on a supporting
laminated card. The solutions of rabbit anti-cTnI capture anti-
body (0.7 pg per strip) and anti-mouse IgG (1 pg per strip) in
PBS buffer were separately deposited onto the NC membrane
and then dried at 37 °C for 2 h to create the test line (T line)
and control line (C line), respectively. The sample pad was first
soaked into a PBS solution (0.01 M, pH 7.4, containing 1% BSA,
2% sucrose, and 0.05% Tween 20) and then dried at 37 °C
overnight. The sample and absorbent pads were adhered to
each end of the backing card, overlapping the NC membrane by
2 mm. The conjugate solution was placed on a glass fiber
membrane and dried under vacuum at room temperature for
2 h (Scheme 1).°%°"

Design and fabrication of the smart handheld LFIA reader

The Solidworks 2020 program was used for the design of the
smart LFIA reader. A 3D printer (Mark3, Prusa Research, Czech
Republic) was used to fabricate the reader’s frame/dark cham-
ber, which (as depicted in Scheme 2) has well-defined places for
the reader’s components (an 11-channel multi-spectral sensor
(AS7341, 3.3-5 V, 23 mm x 30.5 mm, Adafruit, China), a light
emitting diode (LED)/emitter 380 nm (model 2835, 3-3.6 V,
0.1 W, China), an IoT-enabled microcontroller unit (MCU)
(ESP32, 3.3 V, 28 mm X 55.3 mm, Arduino, China), an organic
light emitting diode (OLED) display (128 x 64 pixels, 0.96 inch,>
3-5 V, bicolor, Arduino, China), a rechargeable lithium-ion
battery 2600 mA h (model 18650, 3.7 V, 65 mm X 18 mm,
China), and a charging module (KC 864-2A, 5 V, 5 W, China)).
A sample holder was also fabricated using a 3D printer to place
the LFA in the reader. After fixing/placing the mentioned
segments in their explicit places, the fabricated smart LFIA
reader was programmed using Arduino Integrated Develop-
ment Environment (IDE) software.

Analytical procedure

20 pL of a standard solution containing the corresponding
concentration of ¢Tnl or various real samples including human
serum, plasma, and blood samples was injected into the sample
pad of the fabricated LFIA. Subsequently, 100 pL of the running
buffer (RB) was dropped onto the same pad immediately. The
RB contained 0.5% Tween 20 in PBS.>* In this system, c¢Tnl in
the sample or standard solution was attached to the ZIF-8@BSA
Au/AgNCs-mAb and then the complexes moved to the NC
membrane. The rabbit anti-cTnl polyclonal antibody (pAb) in
the T line captured the target complex of ZIF-8@BSA Au/AgNCs-
mAb-cTnl, while the excess of the unbound analyte-antibody

Mater. Adv,, 2025, 6, 839-848 | 841
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Zif-8@BSA
Au/Ag NCs

Fluorescent
Zif-8@BSA Au/Ag NCs

Control line Absorbent pad

Flow direction

Scheme 1

conjugation complex was captured by the secondary antibody in
the C line (Scheme 1). After 10 min, the strip was placed inside the
fabricated smart reader and subsequently, the fluorescence inten-
sities of the C and T lines of strips in the 600 nm optical channel
of the reader were recorded/read. Notably, the fabricated reader
was equipped with a 380 nm LED to excite the fluorescence of Au/
AgNCs of strips. The signal intensity in the T line was directly
proportional to the cTnl level of the sample. The recorded
fluorescence signal was then transmitted wirelessly (by the reader
10T module) to a smartphone to quantify the corresponding c¢Tnl
concentration (Scheme 2D) using our self-developed smartphone
app through the associated calibration equation.

Results and discussion

Considering the crucial role of c¢Tnl detection in the earlier
diagnosis and risk assessment of MI and the unmet demand
for its reliable sensing at the POC, this study aims to provide an
accurate and smart POC LFIA to detect cTnI levels in blood

842 | Mater. Adv., 2025, 6, 839-848

cTnl

Anti-lgG

(A) Schematic representation of ZIF-8@BSA Au/AgNCs. (B) ZIF-8@BSA Au/AgNC nanocomposites based LFIA for the detection of cTnl.

samples using a sensing platform of MOFs and fluorescent
Au/AgNCs, which coupled with a smart portable reader. To the
best of our knowledge, this is the first report that has utilized
a ZIF-8@BSA Au/AgNC composite as a label in LFIA. The
ZIF-8@BSA Au/AgNCs were synthesized by coprecipitating
the as-prepared red-emitting fluorescent BSA Au/AgNCs
with the ZIF-8 precursors under ambient conditions. The BSA
Au/AgNCs, which are negatively charged in an aqueous
solution, readily absorbed positively charged Zn>" ions and
then served as the building foundation to fabricate ZIF-
8@BSA Au/AgNCs*' (Scheme 1(A)). The encapsulation of BSA
Au/AgNCs into MOFs introduces new characteristics to the
MOFs and BSA Au/AgNCs, such as a large surface area, adjustable
cavities, photoluminescence capabilities, favorable dispersibility,
and biocompatibility. These characteristics can significantly
enhance the fluorescence intensity and stability of BSA Au/AgNCs.
The use of ZIF-8@BSA Au/AgNCs as fluorescent signal detectors
for labeling antibodies, in turn, facilitates the migration of
nanotags, enhances visual recognition, reduces misreading errors,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) and (B) Image of the fabricated smart handheld LFIA reader and its components. (C) Images of the self-developed mobile app: from left to right,

the spectral data of the fabricated smart LFIA reader in each optical channel and the steps of spectral data formulation in the optical channel of 600 nm to quantify
the blood cTnl concentration using the associated calibration equation. (D) Schematic electronic diagram of the fabricated smart LFIA reader.

and ultimately reduces the overall test time required.'® The
monoclonal antibody was covalently conjugated to BSA by cross-
linking the carboxyl groups of BSA on the surface of Au/Ag NCs to
the amine functional groups of the antibody.

As demonstrated in Scheme 1(B), to perform the LFIA, the
liquid sample containing c¢Tnl was dropped onto the sample
pad followed by the RF buffer. Then, the mixture solution
migrated along with the driven strip through capillary forces
and rehydrated the pre-adsorbed ZIF-8@BSA Au/AgNCs-mAb
on the conjugate pad to form an immunocomplex with
c¢Tnl. When it reached the T line, the immunocomplex was
captured by pre-immobilized rabbit anti-cTnI pAb to produce a
ZIF-8@BSA Au/AgNCs-mAb-cTnI-pAb sandwich structure via
specific antigen-antibody interactions. Whereas excess ZIF-8@
BSA Au/AgNCs-mAb-cTnl further moved to the C line and
anchored by pre-immobilized goat anti-mouse IgG to produce
another fluorescent band, indicating the validity of the indivi-
dual test. After the RF buffer solution reached the absorbent
pad, the strip was placed inside the fabricated smart reader and
then, as described in Section 2.7, the C and T lines’ fluores-
cence intensities in the optical channel (600 nm) of the reader
were recorded. The recorded fluorescence signals were then
quantified after wireless transmission to a smartphone using a
self-developed smartphone app and the corresponding calibra-
tion equation (Scheme 2).

© 2025 The Author(s). Published by the Royal Society of Chemistry

Preparation and characterization of nanoparticles

BSA-capped NCs were synthesized using a green and one-step
method, employing BSA as both a reducing and a stabilizing
agent.”® ZIF-8@BSA Au/AgNCs were prepared by mixing BSA
Au/AgNCs, Zn**, and 2-MIM in an aqueous solution at room
temperature.

Afterward, the monoclonal antibody was conjugated to the
carboxyl group of BSA in the ZIF-8@BSA Au/AgNCs using the
EDC/NHS coupling method. The UV-vis absorption and fluores-
cence emission spectra of ZIF-8@BSA Au/AgNCs are presented in
Fig. 1A. Only an absorption peak at 270 nm (Fig. 1A(a)) was observed
within the wavelength range of 200-700 nm without any significant
surface plasma resonance (SPR) or molecular-like absorption peak.

Upon excitation at 380 nm, a strong emission peak around
600 nm was observed for the ZIF-8@BSA Au/AgNCs, as reported
in the literature (Fig. 1A(b) and (c)).*°

Additionally, the ZIF-8@BSA Au/AgNCs display a yellow color
under visible light, which changes to a red color upon exposure
to a 365 nm UV lamp. The size and shape of the ZIF-8
nanostructures and ZIF-8@BSA Au/AgNCs were characterized
using field emission scanning electron microscopy (FE-SEM)
and high-resolution transmission electron microscopy (HRTEM)
(Fig. 1). As shown in Fig. 1(B) and (D), ZIF-8 nanocrystals exhibit
a well-spherical shape with an average diameter of 35-45 nm.

Mater. Adv,, 2025, 6, 839-848 | 843


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01000k

Open Access Article. Published on 24 December 2024. Downloaded on 8/26/2025 12:09:00 AM.

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

(cc)

Paper

b s

5 =
s 2
Q

5
< o
o

3

[V 9

200 300 400 500 600 700

Wavelength (nm)

Fig. 1 (A) The UV-vis absorption (a) and fluorescence emission spectra of
BSA Au/AgNC (b) and ZIF-8@BSA Au/AgNCs (c) at the same concentration.
The excitation wavelength was 380 nm. TEM (B) and SEM (D) images of
ZIF-8. TEM (C) and SEM (E) images of ZIF-8@BSA Au/AgNCs.

In addition, from Fig. 1(C) and (E), the ZIF-8@BSA Au/AgNCs have
the same structure and size distribution (30-50) as the ZIF-8
nanostructures. The experimental results indicate that when the
BSA Au/AgNCs are supported on ZIF-8, there is no noticeable
change and aggregation in size and morphology, demonstrating
their appropriate stability.>*>*

To prove the existence of BSA Au/AgNCs on the surface of ZIF-8
nanostructures, FE-SEM and energy dispersive X-ray spectroscopy
(EDS) mapping and analysis were also performed (Fig. 2). The
FE-SEM-mapping images (Fig. 2A), as well as the EDS results
(Fig. 2B), of ZIF-8@BSA Au/AgNCs clearly confirm that the
synthesized ZIF-8@BSA Au/AgNCs are composed of Au, Ag, C,
0, N, and 7:n.35:36:41,53,54

Fourier-transform infrared (FTIR) spectroscopy was also
utilized to characterize the materials’ composition by assessing
the vibration frequencies of the functional groups in the
spectrum. Additionally, it can be employed to study protein
secondary structure changes.
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The characteristic IR absorption bands of BSA and BSA Au/
AgNCs are shown in Fig. 2C curves a and b. It can be seen that
both O-H and N-H stretching vibrations produce a sharp peak
at 3453 cm ' and 3065 cm ', respectively. The peak near
1650 cm ™! is attributed to the amide I mode, while the band
at 1540 cm ™ is ascribed to the amide II vibration. Even though
the FTIR spectra of BSA and BSA Au/AgNCs were highly similar,
there are two important differences between them. Fig. 2C
curve b displays a shift from 1650 cm ™" to 1640 cm ™" and a
slight shift from 1530 cm ' to 1542 cm ', indicating the
secondary structure modification of BSA after cluster formation
and further proving the loading of BSA onto the surface of Au/
Ag NCs.***%% FTIR spectra were also employed to investigate
the structural properties of ZIF-8 and ZIF-8@BSA Au/AgNCs.
As depicted in Fig. 2C curves ¢ and d, the spectrum of ZIF-8@
BSA Au/AgNCs is nearly identical to that of ZIF-8. The absorp-
tion peaks at 3135 cm™' and 2929 cm ' are related to the
stretching mode of aliphatic and aromatic C-H of the imidazole
in the ZIF-8 nanostructure, respectively. The absorption band
at 1579 cm ™' is associated with the C=N stretching mode. The
absorption band at 420 cm™' indicates the stretching of the
Zn-N bond, while sharp peaks around 1100-1400 cm™ ' are
assigned to the C-N bending vibration. The characteristic
bands of the in-plane and out-of-plane imidazole ring bending
are at 692-758 and 952-1178 cm ™, respectively.>>>*

Optimization of key parameters in LFIA

To improve the detection sensitivity and optimize the LFA
performance, two important experimental parameters, including
the usage amounts of immobilized capture molecule and reporter
element, were investigated. The test strips were analyzed in the
presence of target cTnl, and the results were evaluated by a smart
reader and the naked eye.

Optimization of the immobilized capture rabbit anti-cTnI pAb

The concentration of anti-human c¢Tnl pAb captured at the T
line, which directly interacts with ZIF-8@BSA Au/AgNCs-mAb-
cTnl, is an essential element affecting the sensitivity of LFIA.
For this aim, different amounts of capture antibody (0.4, 0.6,
0.7, 0.8, and 0.9 ug per strip) were investigated. The fluores-
cence signal in the test line is increased by enhancing the
concentration of the capture antibodies and reaches a plateau
at 0.9 pg per strip (Fig. S1A, ESIT).

Optimization of the volume of ZIF-8@BSA Au/AgNCs-mAb for
the conjugate pad

Different amounts (2, 4, 6, and 8 pL per strip) of ZIF-8@BSA
Au/AgNCs-mAb were employed to prepare the conjugate pad
and used in the LFIA test strip. The results demonstrate that
increasing the amount of ZIF-8@BSA Au/AgNCs-mAb leads to
an enhancement in the fluorescence signal intensity; however,
due to the low fluorescence intensity variation between 6 and
8 uL per strip, 6 UL per strip was chosen as the optimal amount
for this assay (Fig. S1B, ESIt).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM-EDS surface mapping of ZIF-8@BSA Au/AgNC nanocomposites. (A) FE-SEM image of ZIF-8@BSA Au/AgNCs. Corresponding elemental
mapping of Zn, N, Au, and Ag. (B) EDS spectrum of ZIF-8@BSA Au/AgNCs (inset shows the elemental composition). (C) FT-IR spectra of BSA (a), BSA

Au/AgNCs (b), ZIF-8 (c), and ZIF-8@BSA Au/AgNCs (d).

Assay performance for the quantitative determination of ¢Tnl

The standard solutions were prepared by dissolving various
concentrations of ¢Tnl ranging from 0 pg mL ™" to 300 pg mL ™"
with normal serum samples. The fluorescence signal intensity
ratios of the T and C lines (FI;/FI¢) were recorded in triplicate
for each concentration of c¢TnlI using the fabricated smart LFIA
reader. As shown in the photographs (under UV light) of the
fabricated LFIAs in Fig. 3A, the fluorescence intensity at the
control line is decreased by increasing the concentration of
analyte in the standard samples, indicating all the standard
samples have provided valid results for the visible control lines.
The FI/Flc ratio is accordingly enhanced with increasing cTnl
concentration, which could be employed for detecting cTnl
levels in the range of 10-300 pg mL ™" (Fig. 3B). Additionally,
the plotted standard curve displayed a good regression coeffi-
cient (R* = 0.9995) between the values of T/C and ¢Tnl concen-
tration from 10 to 150 pg mL " (Fig. 3C). The detection limit of
the assay was 9 pg mL™ ', meeting the clinical diagnostic
requirements. To evaluate the repeatability and reproducibility
of the assay, the intra-assay and inter-assay were performed

© 2025 The Author(s). Published by the Royal Society of Chemistry

using three different concentrations of ¢Tnl, including 10 pg mL ™,
80 pg mL ™', and 150 pg mL™'. The intra-assay coefficient of
variation (CV) of the fabricated LFIA was determined by recording
the FI/FI¢ of three different concentration levels of c¢Tnl five
times at the same strip. As presented in Table S1 (ESI}), the
intra-assay and inter-assay CVs were less than 3.7% and 4.9%,
respectively, revealing high repeatability and reproducibility of
the developed LFIA. Compared to the existing assays for ¢Tnl
analysis, the presented method offers higher sensitivity with
a relatively shorter detection time, which can be attributed to the
use of ZIF-8@BSA Au/AgNCs-mAb and the smart LFIA reader
(Table 1).

Specificity experiment

To evaluate the specificity of the current LFIA, we conducted
tests using different proteins, including ¢TnI, human serum
albumin (HSA), hemoglobin (Hb), C-reactive protein (CRP),
c¢TnC, and cTnT, individually on the strip. As demonstrated
in Fig. 3D by replacing cTnl with interfering components, only
weak signals were recorded, indicating high specificity of the
current LFIA for detecting cTnl in clinical samples.

Mater. Adv., 2025, 6, 839-848 | 845
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Fig. 3 (A) Qualitative analysis of the cTnl concentrations (0, 10, 25, 50, 80, 100, 150, 220, and 300 pg mL~%) under UV light. (B) The relationship between
the fluorescence signal and cTnl concentration from 10 to 300 pg mL™ (C) The linear calibration plot for cTnl detection with a concentration range
of 10-150 pg mL~% (D) Specificity of the ZIF-8@BSA Au/AgNC based LFIA. The concentrations of HSA, Hb, CRP, CTnT, and cTnC were 20 ng mL™?,
20 ng mL™%, 10 ng mL™%, 10 ng mL™%, and 10 ng mL™%, respectively, while the cTnl concentration was 0.1 ng mL™. (E) Correlation analysis of the
detectable concentration between smart LFIA and ELISA in nine blood and serum samples with cTnl concentrations from 12 to 200 pg mL~%

Table 1 Summary of the analytical performances of various LFIA methods for cTnl detection

Method Sensing probe Linear range (pg mL ") LOD (pg mL ™) Ref.
Chemiluminescent LFIA PEGYlation of AuNPs 1-90 10 3

LFIA Europium NPs 0-250 1 12
SERS-based LFA AuNPs 0.01-100 20 2
Fluorescence LFIA Fluorescent nanoprobes 0-50 49 56
Fluorescence LFIA Fluorescent nanoprobes 0-30 32 57
Fluorescence LFIA ZIF-8@BSA Au/AgNCs 10-150 9 Current

Stability experiment

The stability of the fabricated LFIA was also investigated.
Different test strips were provided under the same conditions as
elucidated in the Experimental sections and then stored for 14
weeks at 4 °C. Compared to the initial fluorescence signal, no obvious
change in the fluorescence signal was recorded (Fig. S2, ESIf).*®

846 | Mater. Adv, 2025, 6, 839-848

Detection of c¢Tnl in real samples

The clinical applicability of the developed smart LFIA
was investigated by performing tests on nine serum and
whole blood samples and subsequently comparing those
results with values obtained using standard ELISA tests
(Monobind Inc). The calculated relative standard deviations

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of cTnl concentrations in serum and whole blood
samples measured by the current smart LFIA and ELISA

ELISA results Current LFIA results RSD
Sample (pg mL ") (pg mL™") (%)
Serum 10 12 2.25
Serum 38 40 3.6
Serum 67 70 3.09
Serum 99 100 0.7
Serum 191 200 3.2
Blood 39 40 5.5
Blood 98 100 1.4
Blood 145 150 2.37
Blood 194 200 2.15

(RSDs) from three repeated analyses for patient and control samples
are shown in Table 2. The obtained RSDs (0.7-3.61%), as well as good
correlation (R = 0.9995) between the results of the developed smart
LFIA and ELISA (Fig. 3E), confirm that the presented method is
capable of detecting ¢Tnl in real clinical samples.

Conclusions

In summary, we have successfully established a sensitive,
simple, and quantitative LFIA based on the combination of a
double-signal amplification strategy for early and rapid diag-
nosis of AML. First, due to the encapsulation of a large number
of negatively charged BSA Au/AgNCs within ZIF-8, the fluores-
cence signal has been strongly amplified, resulting in a rich
signal-to-noise ratio throughout the analysis procedure. Sec-
ond, the use of a portable IoT-enabled optoelectronic reader
enables smart, reliable, yet simple on-site quantitative analysis
of ¢Tnl. The LoD of the assay for ¢Tnl was 0.009 ng mL ",
which is lower than the present AMI detection standard
(0.04 ng mL™"). Moreover, the fabricated LFIA has an appro-
priate linear range, acceptable specificity, reproducibility, and
long-term stability. Building upon the fascinating results of our
developed smart LFIA for easy, highly sensitive, specific, and
rapid (~10 min) cTnl detection in serum and whole blood
samples, we believe it would be a promising biosensor capable
of being utilized for early, reliable, and smart POC diagnosis
of AMI.
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