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nanoparticle-based lateral flow
immunoassay for cardiovascular disease diagnosis†

Hong Ding,‡a Yao Nie,‡b Zhen Chen,‡a Wanchao Zuo,b Juan Cao,a Zihan Ling,c

Yanmin Ju *b and Ming Chen*d

Lateral flow immunoassay (LFIA) based on gold nanoparticles (AuNPs) has emerged as a rapid and cost-

effective tool for point-of-care diagnostics, yet it remains limited by its low sensitivity in colorimetric

detection. Herein, we report a black palladium nanoparticle (PdNP)-based LFIA system for the detection

of lipoprotein-associated phospholipase A2 (Lp-PLA2), a key biomarker of cardiovascular diseases. The

intrinsic black color of PdNPs provided higher visual discriminability at low concentrations compared

with AuNPs. Moreover, PdNP probes synthesized through chemical covalent conjugation with antibodies

had the advantages of enhancing the target recognition ability. The PdNP-based LFIA achieved a 12-fold

lower visual detection limit and a 100-fold wider linear range compared with AuNP-based LFIA.

Moreover, clinical validation detection results using 57 serum samples were in strong accordance with

the clinical methods. This work not only establishes PdNP-based LFIA to address the long-standing

sensitivity limitations of colorimetric LFIA, but also offers a robust diagnostic tool for early cardiovascular

disease diagnosis in resource-limited settings.
1. Introduction

Lateral ow immunoassay (LFIA) is a solid-phase membrane
immunoassay that integrates immunotechnology and
chromatography.1–3 Characterized by low cost, simplicity, and
ease of operation, it can directly conrm the presence of target
analytes without the need for a laboratory environment.4–6

Nowadays, it has been extensively applied in elds such as
medical diagnosis,7 ecological monitoring,8 and agricultural
monitoring.9 Among them, gold nanoparticle (AuNP) immuno-
chromatography is the most common system. It can be assessed
in real time through naked-eye colorimetry, eliminating the need
for laboratory equipment and professional operations, thus being
convenient to use.10–13 However, owing to the relatively weak
colorimetric signal intensity of AuNPs, it currently faces the
challenge of insufficient detection sensitivity. Therefore, devel-
oping a highly sensitive colorimetric signal strategy is of great
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practical signicance for LFIA. This not only ensures the conve-
nience of visual signal reading but also provides a reliable basis
for the application of LFIA in the analysis of trace targets.

Currently, most of the proposed colorimetric signal-based
LFIA detection methods such as enzyme catalysis,14–16 nano-
particle aggregation,10,17–19 and chemiluminescence-colorimetry
conversion20–23 require additional steps to enhance the detec-
tion signal. Moreover, these amplication strategies are ach-
ieved using additional signal enhancement reagents, which not
only need to strictly ensure the storage stability and safety of
enhancement reagents, but also increase the workload and the
detection time.24–26 Another way to improve the sensitivity of
LFIA is to change the nanoparticles used for LFIA labeling,
thereby lowering the detection limit. The properties of nano-
particles largely determine their optical characteristics, which,
in turn, determine the minimum number of nanoparticles
required to detect the target on test strips.27 Recently, a research
study compared the differences in detection performance when
red gold nanoparticles, black gold@platinum nanoparticles,
green latex nanoparticles, and brown magnetic nanoparticles
were applied as labels in LFIA, and the results indicated that
black labels may be the most effective color markers on test
strips.28 In addition, the molar extinction coefficient inherent in
noble metal-based nanoparticles has an important effect on
their optical properties such as optical density. In general,
darker materials have higher molar extinction coefficients and
are easier to distinguish with the naked eye. Theoretically, noble
metal nanoparticles with black color are expected to be used as
excellent labels for LFIA to achieve signal sensitization.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of PdNP detection probes and illustration of
PdNP-based LFIA biosensors.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/1
/2

02
6 

6:
05

:0
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Herein, black nanotag palladium nanoparticles (PdNPs)
based on the molar extinction coefficient effect are proposed to
be applied to LFIA test strips for the detection of lipoprotein-
associated phospholipaseA2 (Lp-PLA2) (Scheme 1), one of the
indications of cardiovascular diseases.29–31 First, PdNPs with
a size of about 18 nm were successfully synthesized, the nano-
particles showed good stability. When compared with the
AuNP's color (the same size with PdNPs), the same concentra-
tion of PdNPs showed more obvious and distinguishable colors.
Interestingly, PdNP probes synthesized via chemical covalent
conjugation with antibodies had the advantages of enhancing
the target recognition ability. There was further optimization of
detection conditions, and the sensitivity can be improved 12-
fold to 5 ng mL−1 compared with AuNPs under optimized
conditions. We clinically tested 57 serum samples and found
that the results were basically consistent with the clinical
detection results, with an receiver operating characteristic curve
(ROC) value of 0.98. Therefore, the application of black PdNPs
as labels for LFIA can achieve high sensitively detection without
relying on the addition of additional reagents, which provides
an informative new idea for achieving LFIA easy to use.
2. Materials and methods
2.1 Materials

Unless otherwise explicitly stated, all reagents used in this study
were of analytical reagent grade or possessed a higher quality
level. Sodium tetrachloropalladate(II) (Na2PdCl4), potassium
bromide (KBr), bovine serum albumin (BSA), and chloroauric
acid trihydrate (HAuCl4$3H2O) were purchased from Aladdin
(Shanghai, China). 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC), N-hydrox-
ysuccinimide (NHS), polyvinyl pyrrolidone (PVP), L-ascorbic acid
(AA), thioglycolic acid, and casein sodium were acquired from
Macklin (Shanghai, China). The lipoprotein-associated phos-
pholipaseA2 (Lp-PLA2) protein and Anti-Lp-PLA2 monoclonal
antibodies (mAb1 and mAb2) were provided by Bioantibody
© 2025 The Author(s). Published by the Royal Society of Chemistry
Biotechnology Co. Ltd (Nanjing, China). Goat anti-mouse IgG
was purchased from Jackson ImmunoResearch Inc. Nitrocellu-
lose (NC) membranes were obtained from Sartorius Corpora-
tion. Polyester sample pads, polyvinyl chloride (PVC)
backboard, and absorbent pads were sourced from Hangzhou
Autokun Technology.

2.2 Characterization

TEM images were acquired by transmission electron micros-
copy (FEI Tecnai T20), and the soware Nano Measurer was
used to measure the size of PdNPs in TEM. X-ray diffraction
(XRD) measurements were conducted using a powder X-ray
diffraction system (D/max-2400) equipped with a Cu Ka radia-
tion source of wavelength 1.54 Å. X-ray photoelectron spec-
troscopy (XPS) data were obtained using a PerkinElmer PHI
5600 instrument. The hydrodynamic diameter was measured
using a BeNano 90 Nano Particle Size Analyzer.

2.3 Synthesis of PdNPs

The round-bottom ask was preheated in an oil bath at 80 °C for
10 min. Subsequently, 105 mg PVP, 60 mg AA, and 600 mg KBr
were added into 8 mL deionized water. The resulting mixture
was dissolved by ultrasonication and then transferred into
a preheated round-bottom ask continuously stirred at 80 °C
for 10min. Subsequently, 3 mL aqueous solution of 19mgmL−1

Na2PdCl4 was added to the reaction mixture. The reaction was
allowed to proceed at 80 °C for 3 h and then gradually cooled to
room temperature. Subsequently, the mixture was centrifuged
at 50 000g for 10 min. The collected precipitate was washed
twice with deionized water and resuspended in 5 mL of deion-
ized water. The obtained suspension was stored at 4 °C for later
use.

2.4 Synthesis of AuNPs

First, 100 mL deionized water was transferred into an appro-
priate reaction vessel. Subsequently, water was heated to boiling
under continuous magnetic stirring. Immediately aer reach-
ing the boiling point, 1 mL 1% (w/v) HAuCl4$3H2O solution was
introduced into the boiling water, and the mixture was vigor-
ously stirred for 2 min. Thereaer, 4 mL 1% (w/v) sodium citrate
solution was added to the reaction system. The boiling process
was maintained until a distinct color transition to wine red was
observed in the solution. Subsequently, the solution was
continuously stirred for 20 min, allowed to cool naturally to
room temperature and then stored at 4 °C for later use.

2.5 Conjugation of PdNPs and AuNPs with antibodies

The conjugation of PdNPs with antibodies was accomplished
via the EDC/NHS-mediated covalent chemical conjugation
method.32–34 In the initial step, PdNPs were incubated with
thioglycolic acid for 12 h. This incubation led to the formation
of PdNPs-COOH. Subsequently, the product was centrifuged at
12 000 rpm for 10 min and then resuspended in phosphate
buffer (PB) (0.01 M, pH 6.0). Subsequently, 50 mL 20 mM EDC
and 50 mL 50 mM NHS were added to the solution, followed by
RSC Adv., 2025, 15, 15490–15496 | 15491
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Fig. 1 Characterization of the PdNP morphology, structure and anti-
body conjugation. (a and b) TEM images of PdNPs; the scale bars are
50 nm (a) and 10 nm (b). (c) Histogram of the particle size distribution
of PdNPs. (d) XRD pattern of PdNPs. (e) High-resolution XPS spectrum
of Pd 3d. (f) Storage stability of PdNPs. (g and h) Hydration diameter
and zeta potential of PdNPs before and after antibody conjugation.
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the addition of 15 mL 1 mg mL−1 Lp-PLA2 mAb1. The mixture
was allowed to react continuously for 4 h. Thereaer, 100 mL
10% (w/v) BSA was introduced to block the unbound sites on the
surface of PdNPs for 1 h, thereby preventing non-specic
binding. The mixture was then centrifuged at 12 000 rpm,
washed twice with water, and nally resuspended in a storage
buffer composed of 1% (w/v) BSA and 10% (w/v) sucrose for
subsequent applications.

For the preparation of AuNP probes, the pH of 1 mL AuNP
solution was adjusted to 8–9 using 0.1 M K2CO3. Subsequently,
15 mL 1 mg mL−1 Lp-PLA2 mAb1 was added to the pH-adjusted
AuNP solution. The mixture was then subjected to gentle rota-
tion for 1 h. Aer that, 100 mL 10% (w/v) BSA was added to the
reaction mixture to block the unbound sites for 30 min.
Subsequently, the mixture was centrifuged at 15 000 rpm for
10 min and washed once with water, and the resulting product
was resuspended in 200 mL of storage buffer containing 1% (w/
v) BSA and 10% (w/v) sucrose.

2.6 Fabrication of LFIA test strips

The fabrication process of the test strips involved the integra-
tion of four essential components: sample pad, NC membrane,
PVC backboard, and absorbent pad. These components were
meticulously assembled onto the PVC backboard, ensuring an
overlap of 2 mm between adjacent parts. Subsequently, Lp-PLA2
mAb2 with a concentration of 1 mg mL−1 was precisely
dispensed onto the NC membrane at a dispensing rate of 1
mL cm−1, thereby forming the test line. Meanwhile, goat anti-
mouse IgG (1 mg mL−1) was dispensed using the identical
spraying process to establish the control line. The assembled
board was then placed within an oven pre-set at 37 °C and le to
dry for 2 h. Then the board was cut into individual test strips,
each having a width of 3 mm, ready for further analyses.

2.7 Detection of Lp-PLA2 using LFIA strips

For the evaluation of the detection prociency of the test strips,
the detection solutions were rst mixed with the pre-
synthesized probes for a duration of 10 min. Subsequently,
1% casein–sodium blocking solution containing 0.01% Tween
20 was added. Thereaer, the resulting mixture was carefully
added dropwise onto the sample pad of the test strips. Under
the inuence of capillary action, the liquid migrated across the
NC membrane. Once all the mixture had reached the absorbent
pad, a discernible black band was formed at both the test line
and the control line. For the quantication of the bands, the
‘COLOR PICKER’ soware was employed to read the RGB
values. Regarding the detection and quantication of the AuNPs
test strips, the approach was consistent with the aforemen-
tioned procedure.

2.8 Testing of clinical samples using LFIA strips

The human serum samples were kindly provided by Taixing
People's Hospital (LS2025023). First, these serum samples were
diluted three times with PBS. Subsequently, the diluted serum
samples were incubated with the previously prepared probes for
10 min. Aer that, the blocking solution was added to the
15492 | RSC Adv., 2025, 15, 15490–15496
mixture. Next, the resulting mixture solution was carefully drop-
ped onto the test strips for the purpose of detection. It should be
noted that each sample was repeatedly detected three times under
identical conditions. Finally, the obtained results were analyzed
by employing the above-described method, ensuring the reli-
ability and reproducibility of the experimental data.
3. Results
3.1 Synthesis and characterization of PdNPs

A series of characterizations were carried out to verify the
synthesized PdNPs. Transmission electron microscopy (TEM)
results revealed that PdNPs were highly dispersed and exhibited
a tetrahedral morphology with a length of 17.90 ± 1.46 nm
(Fig. 1a–c). The X-ray diffraction (XRD) patterns of PdNPs
(Fig. 1d) were in good agreement with the standard spectra (PDF
#46-1043). The high-resolution XPS spectrum indicated that the
main components of PdNPs were Pd, C, N, and O (Fig. S1†).
Specically, PdNPs consisted of metallic Pd (Pd0: 3d5/2,
334.7 eV; 3d3/2, 340.3 eV) and a small amount of oxidized Pd
(Pd2+: 3d5/2, 337.3 eV; 3d3/2, 342.9 eV) (Fig. 1e). These ndings
conrmed the successful synthesis of PdNPs.

Notably, aer 90 days of storage, the physical properties of
the synthesized PdNPs remained unaltered, demonstrating
excellent stability (Fig. 1f). Interestingly, while the PdNPs and
AuNPs exhibited comparable sizes (Fig. S2a and b†), PdNPs
demonstrated a signicantly enhanced colorimetric signal at
equivalent concentrations. A side-by-side comparison of color
visibility across a concentration gradient (6.25–1000 ng mL−1)
revealed that AuNP signals became indistinguishable to the
naked eye at 25 ng mL−1, whereas PdNPs retained clear visual
resolution even at 6.25 ng mL−1 (Fig. S3†), and the enhanced
visual resolution of PdNPs can be attributed to their strong light
absorption in the visible spectrum. As black materials exhibit
a higher optical density than AuNPs under ambient conditions,
it is suggested that PdNPs show potential as a colorimetric
probe. Subsequently, PdNPs were conjugated with Lp-PLA2
mAb1 through chemical covalent to explore their feasibility as
detection probes; at the same time, the AuNPs and antibody
coupling were also compared as a control, and a hydrodynamic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Comparison of the analytical performance between PdNP-
based LFIA and AuNP-based LFIA in Lp-PLA2 detection. (a and d)
Representative photos taken of PdNP-based LFIA and AuNP-based
LFIA. (b and c) Linear fitting between the signal intensity of T-line
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diameter of PdNPs shied from 72.5 nm to 254.4 nm aer
antibody conjugation, indicating successful binding (Fig. 1g).
Additionally, the zeta potential of PdNPs shied from −18.3 eV
to 20.6 eV aer antibody conjugation. Similarly, the zeta
potential of the AuNPs shied from−21.5 eV to 9.3 eV (Fig. S4†),
further conrming successful conjugation of antibodies to
nanoparticles (Fig. 1h). Conventional AuNPs typically rely on
electrostatic adsorption (EA) for antibody conjugation,12,35–39

whereas PdNPs utilized covalent chemical conjugation (CC) in
this work. To evaluate whether CC is more suitable for PdNPs
compared with EA, we compared the detection performance of
PdNP strips functionalized with identical antibodies using both
methods. Strips with CC demonstrated signicantly enhanced
detection efficiency compared to the EA method (Fig. S5†). In
summary, these results demonstrate the successful synthesis of
stable PdNPs, highlighting their potential applications as
detection probes.
detected using PdNP-based LFIA and different target concentrations,
as well as the corresponding linear relationships. (e and f) Linear fitting
between the signal intensity of T-line detected using AuNP-based LFIA
and different target concentrations, as well as the corresponding linear
relationships.
3.2 Optimization of strip conditions

To optimize the strip conditions for the best detection perfor-
mance, we used an Lp-PLA2 antigen as the detection target to
optimize the main factors affecting detection, including the
amount of conjugated antibody, probe volume, sample volume,
incubation time of probe and sample. An application called
“Color Picker” was used to acquire the RGB value of T line (the
darker the band, the lower the value). First, different amounts of
antibodies (10 mg, 15 mg, 20 mg, 25 mg, and 30 mg) were conju-
gated with PdNPs to investigate the detection effects, and the
test strips had a darker band and a lower RGB value of T line
when 15 mg of antibody was conjugated, indicating a better
detection effect (Fig. 2a). Subsequently, the probe volume
incubated with the samples was optimized by exploring the
detection effects with adding 5 mL, 7.5 mL, 10 mL, 12.5 mL, and 15
mL probes. The best detection performance was achieved when
12.5 mL detection probe was added (Fig. 2b). Similarly, the
sample volume incubated with the detection probe was opti-
mized when the detection probe was incubated with 40 mL, 50
mL, 60 mL, 70 mL, and 80 mL of the same concentration samples.
Then, 50 mL sample volume led to a better detection effect
(Fig. 2c). Finally, the incubation time of detection probe and
sample was optimized for 5 min, 10 min, 15 min, 20 min, and
30 min, and an incubation time of 10 min was optimal for
detection (Fig. 2d). Since the optimal detection conditions vary
Fig. 2 Optimization of conditions for PdNP-based LFIA. (a–d)
Detection results of test strips with different antibody concentrations,
probe volumes, sample volumes, and incubation times between the
sample and the probe.

© 2025 The Author(s). Published by the Royal Society of Chemistry
for test strips based on different nanoparticles, we also opti-
mized the same types of conditions affecting AuNP-based LFIA.
The results indicated that for AuNP-based LFIA, an antibody
conjugation amount of 15 mg, a probe volume of 10 mL, a sample
volume of 50 mL, and an incubation time of 10 min resulted in
better detection performance (Fig. S6†).

3.3 Performance comparison of PdNP and AuNP-based LFIA

The detection performance of PdNP and AuNP-based LFIA was
compared under optimized conditions. A series of standard Lp-
PLA2 at concentrations ranging from 0 to 1000 ng mL−1 were
tested to evaluate two nanoparticle systems. As the target
concentration increased, the T line color intensity gradually
intensied. The visual limit of detection (vLOD) was dened as
the minimum Lp-PLA2 concentration, at which the T line color
intensity was signicantly higher than the negative control. The
results indicated that PdNP-based LFIA achieved a vLOD of 5 ng
mL−1 for Lp-PLA2 (Fig. 3a), whereas AuNP-based LFIA exhibited
a vLOD of 60 ng mL−1 (Fig. 3d), indicating a 12-fold lower
Fig. 4 Specificity results of the PdNP-based LFIA: (a and b) test strips
for specificity experiment and quantitative results of the T-line signal
intensity when detecting carcinoembryonic antigen (CEA), alpha-
fetoprotein (AFP), human serum albumin (HSA), cardiac troponin I (cTn
I), and blank (water).

RSC Adv., 2025, 15, 15490–15496 | 15493

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02274f


Table 1 Recoveries of Lp-PLA2 spiked in serum samplesa

Spiked concentration (ng mL−1) Mean � SD (ng mL−1) Recovery (%) CV (%)

Lp-PLA2 40 41.79 � 8.80 104.47 9.69
70 68.76 � 13.03 98.23 11.06

100 107.20 � 11.45 107.2 7.33

a SD: standard deviation; CV: coefficient of variation.
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sensitivity for the PdNP system. The T line signal intensity
showed a strong linear relationship with the logarithm of Lp-
PLA2 concentrations over a 100-fold range (5–500 ng mL−1) for
PdNP strips (Fig. 3b and c). In contrast, the AuNP strips displayed
a linear response only within a 16-fold narrower range (60–1000
ng mL−1) (Fig. 3e and f). These ndings highlight the superior
performance of PdNP-based LFIA, which not only lowers the
detection limit but also expands the quantiable concentration
range compared to the conventional AuNP-based LFIA.
Fig. 5 Detection of Lp-PLA2 in serum of 57 patients using PdNP-
based LFIA. (a) Procedure and time requirements for the detection of
Lp-PLA2 in serum samples using PdNP-based LFIA. (b) Heat maps
showing the results of Lp-PLA2 detection in clinical serum samples
using PdNP-based LFIA. The value represented in the heat map is the
concentration of Lp-PLA2 in each sample. (c) Comparison of the
results for the detection of Lp-PLA2 in clinical serum samples using
PdNP-based LFIA with clinical methods. (d) ROC curve for the
detection of Lp-PLA2 in clinical serum samples using PdNP-based
LFIA, with an area under the curve of 0.98. (e) Box plot result using
PdNP-based LFIA to distinguish the positive and negative Lp-PLA2
clinical serum samples.
3.4 Specicity and recoveries of PdNP-based LFIA

PdNP-based LFIA enhanced the sensitivity and broader dynamic
range compared to AuNP-based LFIA, we further investigated
the specicity of PdNP-based LFIA by testing a series group of
disease biomarkers existing in human serum including carci-
noembryonic antigen (CEA), alpha-fetoprotein (AFP), human
serum albumin (HSA), cardiac troponin I (cTn I), Lp-PLA2 and
water (blank). Strips tested with Lp-PLA2 exhibited a distinct T
line, with the RGB value of T line showing statistically signi-
cant differences compared to other groups (P < 0.001). In
contrast, no signicant differences in RGB values of T line were
observed among the non-target groups (Fig. 4a and b), con-
rming the high specicity of PdNP-based LFIA. To evaluate the
quantitative accuracy of PdNP-based LFIA in complex biological
matrices, recovery experiments were conducted using human
serum spiked with standard Lp-PLA2 at concentrations of 40 ng
mL−1, 70 ng mL−1, and 100 ng mL−1. The T line RGB values
obtained from these sample detected results were analyzed
against the calibration curve to calculate the recovery rates. The
measured recoveries were 104.47%, 98.23%, and 107.20% for
the low-, medium-, and high-concentration groups, respectively
(Table 1), all the results falling within the acceptable range of
90–110%. These results conrmed the robust quantitative
capability of PdNP-based LFIA for detecting Lp-PLA2 in human
serum.
3.5 Detection results of clinical samples

PdNP-based LFIA was further validated using 57 clinical serum
samples. The detection process was illustrated in Fig. 5a, and
the detected results were showed in Fig. 5b, the results showed
the detected Lp-PLA2 concentrations were strongly in accor-
dance with established clinical methods (Fig. 5c). The assay
correctly distinguished positive and negative samples, and the
ROC value was 0.98, demonstrating excellent specicity and
sensitivity for the method (Fig. 5d and e). These ndings
underscore the high reliability and clinical utility of the PdNP-
15494 | RSC Adv., 2025, 15, 15490–15496
based LFIA, highlighting its potential for real-world diagnostic
applications.

4. Conclusions

In summary, we synthesized stable PdNPs and designed PdNP-
based LFIA, and the intrinsic black coloration of PdNPs
provided a higher visual contrast at ultralow concentrations
than AuNPs. Moreover, PdNP probes synthesized via chemical
covalent conjugation with antibodies had the advantages of
enhancing the target recognition ability. The synergy between
covalent antibody conjugation and intrinsic black coloration
addresses long-standing limitations in colorimetric signal
detection. By comparing the detection performance under
optimal conditions, we demonstrated that the PdNP-based LFIA
© 2025 The Author(s). Published by the Royal Society of Chemistry
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outperformed the traditional AuNP-based LFIA. The limit of
detection of PdNP-based LFIA for Lp-PLA2 was 12-fold lower
than that of AuNPs, and its linear concentration range was 100-
fold wider, which far exceeded those of the AuNP-based LFIA.
Furthermore, clinical validation conrmed the assay's practi-
cality, with results correlating strongly with the established
clinical methods. This work positions PdNPs as powerful
alternatives to AuNPs in lateral ow diagnostics. While PdNPs
demonstrated superior performance, their synthesis cost and
long-term biocompatibility require further evaluation for large-
scale clinical applications. Our future work will focus on mul-
tiplexed detection using PdNPs with tunable optical properties
and integration with portable readout devices.
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