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Lateral flow immunoassay (LFIA) is a widely recognized point-of-care diagnostic
platform for detecting various analytes. It must meet the criteria of REASSURED, but
poor sensitivity and lack of precision in test results remain the main bottlenecks of LFIA.
Therefore, signal enhancement methods, such as devices, nanoprobes, or detection modes,
can improve this platform. In this paper, many representative studies from the past decade
on LFIA sensing platforms will be discussed in detail.
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INTRODUCTION

THE GOLD STANDARDS OF POINT-OF-CARE TEST

he gold standards for diagnostic tools must encompass

affordability, accessibility, and accuracy to ensure
widespread application [1]. To address these requirements,
the World Health Organization (WHO) has established
criteria for diagnostic tools that are affordable, sensitive,
specific, user-friendly, rapid and robust, equipment-free, and
deliverable to end-users, collectively summarized by the
acronym ASSURED [2,3]. Recent advancements in digital
technology have expanded the ASSURED criteria into what
is now known as REASSURED: Real-time connectivity,
Ease of specimen collection, Affordable, Sensitive, Specific,
User-friendly, Rapid and robust, Equipment-free, and
Deliverable to end-users [4,5]. Among the technologies
developed to meet REASSURED standards, lateral flow
immunoassay (LFIA) stands out as one of the detection
methods closest to achieving this goal [1,6].

THE PRINCIPLE OF LATERAL FLOW IMMUNOASSAY

The configuration of the LFIA device consists of several
components, including membranes such as the sample
pad, conjugation pad, detection pad, and absorbance pad
[Figure 1la]. The signal is generated through visible or
fluorescent results from an immobilized captured reagent [7].
The sample pad controls the flow of the test solution, ensuring
that the analyte in the sample binds with the capture reagents
of the conjugates on the membrane [§8]. If the target analyte
is present, the labeled antibodies specific to it are conjugated
with colored or fluorescent particles, most commonly gold
nanoparticles (AuNPs) or latex microspheres. The concept
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is that the conjugated antibody binds with the target analyte.
The test solution then migrates along the detection pad, which
contains a porous membrane (typically nitrocellulose [NC]),
where antibodies are immobilized on a test line (T-line) and
a control line (C-line). The T-line indicates the recognition
results, whereas the C-line confirms the proper liquid flow
through the strip. Capillary action, supported by an absorbent
pad, enables controlled fluid movement, wicking away excess
reagents and preventing backflow. As a result, the varying
intensities of the lines can be visually assessed with the naked
eye or quantified using a dedicated reader [8,9].

Traditionally, LFIAs operate in two main formats:
the sandwich format and the competitive format [2].
The sandwich format, which is more commonly used, is
designed to detect target analytes using two antibodies that
bind to different sites on the target molecule [6]. In contrast,
the competitive format is often employed for detecting
small analytes or single epitopes (such as chemicals or
haptens) that lack suitable bioreceptor pairs [10]. Although
competitive addresses some of these challenges, it typically
generates a counterintuitive signal, where a weaker signal
indicates a higher analyte concentration. This often results
in ambiguous intermediate color intensities, which can be
difficult for end users to interpret accurately with the naked
eye, making semiquantitative analysis unreliable [10,11].
Therefore, this immunoassay platform benefits from
flexible signal readout strategies that can enhance result
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Figure 1: The basic structure (a), the advantages and disadvantages (b) of lateral flow immunoassay

interpretation and support more user-friendly designs [11].
When comparing the two formats, the sandwich format
generally offers higher analytical sensitivity. It is often
capable of detecting analyte concentrations in the picogram
per milliliter range, compared to the nanogram per milliliter
range typically observed in competitive assays [12].
However, the sandwich format can be susceptible to
false-negative results due to the “high-dose effect” (Hook
effect) at elevated analyte concentrations, a limitation
generally avoided in competitive assay designs [13,14].
Each format presents distinct advantages and limitations
depending on the nature of the target analyte, its relevant
concentration range, and the intended purpose of the test
system [12].

In addition, LFIAs have widespread applications across
various settings and have been successfully employed to detect
a broad range of target antigens, from atoms to whole cells,
in diverse sample types [7]. These applications include the
detection of hormones [15], infectious pathogens [3,16-19],
diseases or cancer biomarkers [2,20-23], chemical compounds,
and poison or pesticide residues [24-28], among others.
Compared to standard laboratory technologies, LFIA offers
several advantages, such as ease of use, speed, low cost,
and portability, making it particularly suitable for health
care in resource-limited settings. It is also applicable in a
variety of fields, including clinical biomedicine [29,30],
environmental pollutant analysis [31,32], food [33,34], and
drug safety [35,36]. However, one limitation of LFIA is its
relatively low sensitivity for detection [37,38]. To address
this, numerous studies have proposed various designs aimed at
enhancing the signal to improve detection sensitivity [39]. The
basic structure, advantages, and disadvantages of lateral flow
assays are summarized in Figure 1. This review examines and

compares different methods developed to enhance sensitivity
within the LFIA platform.

THE STRUCTURES WITH SENSITIVITY
ENHANCEMENT COMPONENTS FOR THE DESIGN OF
LATERAL FLOW IMMUNOASSAY DEVICES

To enhance sensitivity, modifying the architecture of
the LFIA platform can be an effective research strategy
for improving detection performance. One approach to
increasing sensitivity involves the design and integration of
components [Table 1]. For example, Fu et al. developed a
simple three-inlet two-dimensional paper network (2DPN)
that utilizes AuNP labeling and a gold enhancement solution
to achieve signal amplification and improve the limit of
detection (LoD). This design produced an initial signal of
approximately 6.4 counts above background, due to the
capture of streptavidin—gold conjugates on the surface. The
addition of the gold enhancement solution amplified the signal
to around 46 counts above background, resulting in a signal
amplification ratio of approximately 7.3 [40]. One year later,
Fu et al. developed a paper network platform that extends
the conventional lateral flow assay into two dimensions,
allowing the integration of multistep processes to enhance
sensitivity while preserving the advantages of traditional
lateral flow tests. They modified a commercial strip test for
detecting human chorionic gonadotropin (hCG) in pregnancy
tests, demonstrating an almost four-fold improvement in
the LoD compared to conventional lateral flow assays. The
2DPNs showed significant potential, offering a cost-effective,
user-friendly alternative to conventional lateral flow strips.
This platform enables the automated, sequential delivery of
multiple reagents to the detection region with a single user
activation step [41].
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Table 1: Comparison of different components for the sensitivity enhancement of the lateral flow immunoassay

The modification part Target analyte Sample matrix Sensing LoD Assay Reference
mode time (min)
2DPN BSA Water Colorimetric Average signal 20 [40]
amplification ratio
of~5.9+1.8

2DPN hCG Spiked into FBS Colorimetric 0.3+0.2 mIU/mL 35 [41]

Dialysis-based concentration ~ Nucleic acid (HIV)  Spiked into the PEG solution Colorimetric 0.1 nM 25 [42]

method Protein (myoglobin) 1.56 ng/mL

Stacking pad Protein A Serum or synovial fluid samples ~ Colorimetric 1 ng/mL 20 [43]
CRP into PBS buffer 15.5 ng/mL

Stacking pad with mLFIA CRP Synovial fluid sample mixed with ~ Colorimetric 5 pg/mL 20 [44]
Alpha-defensin AuNPs conjugated solution 10 pg/mL

SSM SARS CoV-2 N 2%—5% (w/w) bovine serum Colorimetric 3.98 pg/mL 3.5 [45]
protein albumin solution Fluorometric 53.3 fg/mL

Core-shell hybrid nanofibers ~ c¢Tnl Spiked into human serum Colorimetric 0.24 ng/mL 20 [46]

and silver-reducing reagents

in the core

Two independent sample inlets  Ferritin Human serum sample Colorimetric ~ 0.03 and 0.05 ng/mL 10 [47]

Copper depositing on AuNPs  Protein A Synovial fluid into PBS buffer Colorimetric 3 ng/mL 20 [48]

at the test line Exotoxin A 10 ng/mL

2DPN: Two-dimensional paper network, SARS CoV-2: Severe acute respiratory syndrome coronavirus 2, BSA: Bovine serum albumin, hCG: Human
chorionic gonadotropin, CRP: C-reactive protein, LoD: Limit of detection, AuNPs: Gold nanoparticles, mLFIA: Multimodal lateral flow assay, HIV: Human
immunodeficiency virus, cTnl: Cardiac troponin I, SSM: Spike, membrane nucleocapsid, PEG: Polyethylene glycol, PBS: Phosphate-buffered saline,

FBS: Fetal bovine serum

With a novel pad design, Tang et al. developed a
dialysis-based concentration method integrated into the
sample pad of an LFIA device. This system successfully
achieved a 10-fold increase in sensitivity for nucleic acid
detection (human immunodeficiency virus [HIV]) and a 4-fold
enhancement in protein detection (myoglobin) [42]. Tsai
et al. introduced an additional stacking pad component in
their stacking LFIA (sLFIA) design to concentrate antibodies
and antigens [43], inspired by the stacking gel used in
polyacrylamide gel electrophoresis. This design enhances
protein concentration, increasing antibody—antigen interaction
time and improving assay performance. Clinical testing with
human serum and synovial fluid samples demonstrated that
the sLFIA platform achieved a 1.2- to 1.7-fold increase in
sensitivity compared to traditional LFIA. Furthermore, this
simple design was extended to a multitarget LFIA strip for
diagnosing periprosthetic joint infections [44]. Liu et al
proposed a surface structure membrane (SS Mem), which
facilitates rapid water transport through convection and
minimizes sample residue on the membrane after flow. This
innovation addresses several limitations of conventional LFIA,
such as low sample flow velocity and higher sample residuals.
The SS Mem achieved a 7.1-fold increase in flow velocity and
reduced sample residuals by 60%—-67%, compared to the NC
Mem. When used in a nanogold LFIA for detecting the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
nucleocapsid protein, the SS Mem required only 210 seconds
of waiting time, with a LoD of 3.98 pg/mL and 53.3 fg/mL,
96.5% sensitivity, and 90% specificity. These results suggest
that LFIA platforms utilizing the SS Mem hold significant
potential for broadening applications in biosensing [45].

To integrate enhancement methods with membranes or
films, Kim er al. developed a straightforward approach to

improve the sensitivity of LFIA using core—shell hybrid
nanofibers. These nanofibers consisted of a water-soluble
polymer shell and silver-reducing reagents in the core. The
nanofibers were fabricated using a coaxial electrospinning
technique and directly deposited onto the NC membrane in
front of the test line (T-line). The platform was designed
such that the AuNPs at the test line could interact with
silver enhancement reagents released from the nanofibers.
This process reduced silver ions to metallic silver around
the AuNPs, darkening the color of the test line. To validate
this design, various concentrations of troponin I (Tnl) were
spiked into human serum, resulting in the reduction of silver
ions to metallic silver, which further darkened the test line.
The hybrid nanofiber concept significantly enhanced the
detection limit of a commercial LFIA, improving sensitivity
by up to 10 times, while maintaining the convenience of
the analysis [46]. Preechakasedkit et al. introduced a novel
device to enhance the sensitivity of AuNPs-based LFIA by
incorporating two independent sample inlets. The platform
combined a low-cost adhesive tape with a hydroxylamine/
polyvinyl alcohol/polyethylene oxide blend film. After
optimizing the conditions, the ferritin detection using
the AuNPs’ enhancement (LOD = 0.5 ng/mL) and the
double-sample inlet device (LOD = 2 ng/mL) demonstrated
20-fold and five-fold increases in sensitivity, respectively,
compared to conventional devices, confirming the
improvement in sensitivity [47]. Chien et al introduced a
novel one-step copper deposition-induced signal amplification
LFIA (osa-LFIA), which significantly enhances detection
sensitivity for protein A and exotoxin A in bacterial analysis.
The osa-LFIA provided a 10-fold improvement over
conventional LFIA, lowering the LoD to 3 ng/mL for protein
A and 10 ng/mL for exotoxin A, respectively [48].
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NANOTECHNOLOGY ENHANCEMENT METHODS BY
NONGOLD NANOPARTICLE SYSTEM

Recently, a variety of novel nanomaterials have been
used as signal transducers or receptors in LFIA platforms,
successfully enhancing their analytical capabilities for
diagnostic applications [49]. This paper introduces and
focuses on various nongold nanoprobe reporters to enhance
LFIA platforms, including colorimetric, fluorometric,
and chemiluminescent (CL) methods [Table 2]. For the
colorimetric approach, Loynachan et al. reported the use
of porous platinum core-shell nanocatalysts (PtNCs),
which demonstrated high catalytic activity when exposed
to complex human blood serum samples. By pairing porous
catalytic inorganic nanoparticles (NPs) with thermally
stable antibody fragments containing easily modifiable
functional groups, they successfully enhanced sensitivity
in the LFIA platform. This approach enabled catalytic
amplification using PtNCs to detect p24 spiked into serum
at femtomolar concentrations (approximately 0.8 pg/mL) and
acute-phase HIV in clinical human plasma samples in under
20 min [50]. Su et al. developed a novel LFIA biosensor by
incorporating COs04 NPs as signal labels for the detection of

3-amino-2-oxazolidinone (AOZ), a metabolite of furazolidone.
This approach achieved a detection limit of 0.4 ng/mL for
AOZ, demonstrating at least three times greater sensitivity
compared to conventional AuNP-based LFIA [51]. Kim et al.
developed silica-coated silver-assembled silica NPs (SiO@
Ag@SiO: NPs) for use in a visual LFIA platform to detect
prostate-specific antigen (PSA). The LoD of the test strip
using SiO@Ag@SiO:> NPs was 1.1 ng/mL, approximately
two and a half times more sensitive than the conventional
colloidal AuNPs-based LFIA [52]. Liang et al. developed
a multimodal lateral flow assay (mLFIA) by combining
the catalytic sites of copper (Cu) NPs with an inherent
photothermal polydopamine (PDA) scaffold in a one-step
process, creating an efficient signal element. The resulting
compact and robust Cu-anchored PDA (PCu) exhibited
peroxidase-mimicking and photothermal properties, enabling
simultaneous triple signal readouts for colorimetric, amplified
colorimetric, and photothermal detection of target analytes.
This study demonstrated the detection of Aspergillus flavus,
achieving accurate and sensitive detection with concentrations
as low as 0.45 and 0.22 ng/mL, representing 19- and 40-fold
improvements over traditional colorimetric methods. This

Table 2: Comparison of different sensing modes and nanomaterials for the sensitivity enhancement of lateral flow immunoassay

Sensing modes Nanoreporters Targets Sample matrix LoD Assay Reference
time (min)
Colorimetric PtNCs p24 Human plasma sample 0.8 pg/mL 20 [50]
Co,0, NPs Furazolidone Water 0.4 ng/mL 6 [51]
SiO,@Ag@SiO,NPs ~ PSA Human serum sample 1.1 ng/mL 10 [52]
CuNPs Aspergillus flavus ~ Powder dissolved into PBS 0.45 ng/mL ~13 [53]
LiAGNPs 1gG/IgM Spiked into FBS sample 31.3/7.8 ng/mL 15 [54]
MPBN RAC/CLE Spiked into water 0.12/0.2 ng/mL 10 [55]
DMSN DMSN Spiked into PBS with BSA 0.52 ng/mL 7 [56]
Fluorometric FNDs HIV-1 RNA Seroconversion panel 120 ftM ~30 [57]
MQBs Influenza A virus  Spiked into IAV virions 22 pfu/mL 10 [58]
ACNPs B-lactam Real milk sample 1-100 ng/mL* Sn [59]
LiAGNPs p24 Spiked into serum sample 0.006 ng/mL 15 [54]
1gG/IgM Spiked into the FBS sample 15.6/3.9 ng/mL (FL)
(SARS-CoV-2) 0.98/0.24 ng/mL
(afterglow signal)
Peroxyoxalate-based hCG Serum from healthy donors 39 pg/mL 15 [60]
fluorescent particle N protein Self-collected nasal swab 100 pg/mL
(SARS-CoV-2) specimen and saliva
ACNPs SA Sample from the local market 2 ng/mL ~10 [61]
UCNPs CRP Serum sample 0.046 ng/mL 15 [62]
Chemiluminescence ~ PSNPs HO9N2 Cloacal swab sample 10°* EID,/mL 20 [63]
HINI 10%* EID,/mL
H5N9 10* EID, /mL
CoFe PBAs/WS2 GM Spiked into milk, urine, and serum 0.33 pg/mL 15 [64]
Photothermal DMSN PSA Working buffer (PBS within BSA) 0.202 ng/mL <10 [56]

“The cutoff values against ampicillin, amoxicillin, benzylpenicillin, dicloxacillin, cloxacillin, oxacillin, nafcillin, cefquinome, cefoperazone, cefapirin,
ceftazidime, cephalothin, cefepime, cefoxitin, cefazolin, ceftriaxone, ceftiofur, cefotaxime, cefalexin, imipenem, meropenem, and ertapenem were 1, 2,

2, 10, 10, 10, 10, 3, 3, 3, 5, 10, 10, 20, 20, 20, 30, 30, 100, 10, 15, and 15 ng/mL, respectively. LoD: Limit of detection, IAV: Influenza A virus, ACNPs:
Amorphous carbon nanoparticles, hCG: Human chorionic gonadotropin, DMSN: Dendritic mesoporous sili, CRP: C-reactive protein, BSA: Bovine serum
albumin, CLE: Clenbuterol, RAC: Ractopamine, LIAGNPs: Dye-energized light-initiated afterglow nanoprobes, MQNs: Magnetic quantum dot nanobeads,
MPBN: Magnetic Prussian blue nanozyme, NPs: Nanoparticles, HIV: Human Immunodeficiency Virus, EID,: 50% egg infective dose, FNDs: Fluorescent
nanodiamonds, SARS CoV-2: Severe acute respiratory syndrome coronavirus 2, PtNCs: Platinum core—shell nanocatalysts, PBS: Phosphate-buffered saline,
PSA: Prostate-specific antigen, PSNPs: Porous silica nanoparticles, UCNPs: Upconversion nanoparticles, [gG: Immunoglobulin G, IgM: Immunoglobulin

M, MQBs: Magnetic quantum dot nanobeads, FBS: Fetal bovine serum, SA: Sulfonamide, GM: Gentamicin
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research presents an efficient peroxidase-mimicking and
photothermal multifunctional nanomaterial for use in a visual
mLFIA platform, enhancing analytical capabilities [53].

Fluorescent detection is a popular method in platform
design, a phenomenon first observed by Herschel in 1845
when he discovered fluorescence in quinine water [65]. The
fluorescence mechanism involves a molecule absorbing light
at a specific frequency, followed by relaxation to a lower
energy state (typically the ground state) through the emission
of a photon, without any change in electron spin [66]. Due
to its high sensitivity and specificity to the microenvironment,
fluorescence emission holds great potential for the development
of biosensing applications [67]. Among these substances,
NP-based fluorescent materials have exhibited numerous
interesting properties, making them the focus of intense
research [68]. Therefore, NP-based fluorescent systems offer
improved sensing and molecular diagnostic designs, expanding
their functionality and positioning them as promising
alternatives to organic fluorophores. To date, NP-based
fluorescent sensing platforms have proven to be valuable
tools for detecting sensitive biological reactions and sensing
biomolecules at ultralow concentrations, which is difficult to
achieve with traditional organic fluorophores. Miller et al.
demonstrated the use of fluorescent nanodiamonds (FNDs)
as a fluorescent label for an LFIA platform, enabling efficient
signal separation from background noise in the frequency
domain through lock-in detection. This platform introduced
the first FND-based LFIA system for molecular HIV-1
RNA assays, achieving a detection limit of 8.2 x 107"
molar for a biotin—avidin model, which was 10° times more
sensitive than gold NP-based detection, highlighting its
potential for clinical applications [57]. Bai et al. developed
a magnetic quantum dot nanobeads (MQBs)-based lateral
flow assay (LFA) for detecting influenza A virus (IAV)
virions in clinical specimens, utilizing magnetic enrichment
and fluorescent detection. The IAV-specific antibody was
conjugated with MQBs to capture IAV virions and serve as
highly bright fluorescent probes on lateral flow strips. This
platform achieved a low LoD of 22 pfu/mL within 35 min
and demonstrated good specificity in distinguishing between
influenza B virus and two adenovirus strains [58]. Zhang ef al.
developed a highly sensitive LFIA to detect 22 P-lactams
using a high-sensitivity label and an indirect labeling format.
In this novel approach, -lactam receptors were used without
labeling, whereas antireceptor monoclonal antibodies (mAbs)
were labeled with amorphous carbon NPs. The results
demonstrated significantly higher sensitivity, with cutoff
values 2-fold lower than those using colloidal gold labels,
and 10-fold lower than the conventional receptor-CG-LFIA
format [59]. Hao et al. reported a novel aggregation-induced
emission (AIE) dye-energized light-initiated afterglow
nanoprobes (LiAGNPs) with remarkable time-resolved
luminescence properties, demonstrating their potential for
the sensitive detection of infectious diseases on test strips.
They selected HIV and SARS-CoV-2 as models for LFIA
validation. The LiAGNPs-based LFIA platform showed
2-fold and 32-fold greater sensitivity than the currently used
Eu (IlI)-based time-resolved fluorescent NPs and AuNPs,

respectively, while maintaining sensitivity and offering greater
application flexibility [54]. Brosamer et al. demonstrated a
chemical excitation system that replaces the optical excitation
of standard fluorescent NPs by utilizing peroxyoxalate-based
chemistry from inexpensive, shelf-stable glowsticks. This
LFIA sensing system successfully detected hCG with a LoD
of 39 pg/mL and was also applied to detect the SARS-CoV-2
nucleoprotein at 100 pg/mL in nasal swab extracts [60].
Dang et al. developed an LFIA utilizing amorphous carbon
nanoparticles (ACNPs) conjugated with mAbs to screen
for sulfonamide (SA) residues, with high sensitivity toward
sulfamethazine (SM2) in milk samples. This LFIA was able
to detect SA with a cutoff value of 2 ng/mL for SM2, meeting
the required sensitivity for sulfonamide detection [61]. Jin
et al. developed a simple and versatile method to optimize
upconversion nanoparticle (UCNP)-based LFIA by integrating
it with a homemade benchtop fluorescence analyzer. For
C-reactive protein (CRP) detection, the system achieved nearly
a 20-fold increase in sensitivity, with a LoD of 0.046 ng/mL
and a broad detection range of 0.2-300 ng/mL. This concept
holds promise for optimizing other nanoparticle-based
bioprobes and integrating them with homemade benchtop
fluorescence  analyzers for  widespread  point-of-care
testing (POCT) applications [62].

CL assays do not require an external excitation light source,
which helps eliminate interference or background signals from
the sample matrix, resulting in a high signal-to-noise ratio.
This allows for a wide linear range with over five decades
of concentration sensitivity [69]. Jung et al. developed
a signal-amplifiable nanoprobe-based CL-LFIA using
size-selective immobilization of antibodies (binding receptors)
and enzymes (signal transducers) on signal-amplifiable
nanoprobes. The LoD of the CL-LFIA using porous silica
NPs for detecting the nucleoprotein of the H3N2 virus
was 5 pM. Sensitivity tests for HON2, HINI1, and H5NO9
showed values of 103.5, 102.5, and 104.5 50% egg infective
dose (EID50)/mL, respectively, which were 20 to 100 times
lower than those achieved by a commercial AIV rapid test
kit. This CL-LFIA platform demonstrated high sensitivity
and specificity in detecting 37 clinical samples, highlighting
its potential as an ultrahigh-sensitivity diagnostic tool for
clinical applications [63]. Wu et al. developed a novel,
highly sensitive, and portable LFIA based on CoFe PBAs/
WS2 nanozyme-mediated chemiluminescence (CL) for POCT
biosensing of gentamicin (GM). The dynamic detection
range of the CL-LFIA system extended from 1 pg/mL to
100 ng/mL, with a LoD of 0.33 pg/mL. The assay could be
completed in just 15 min. Recovery rates for GM spiked into
complex matrices, including milk, urine, and serum, ranged
from 90.94% to 109.74%, demonstrating the reliability and
applicability of the CL-LFIA for real sample analysis [64].

Nanozymes are a new generation of artificial enzymes that
offer advantages such as high catalytic activity, good stability,
low cost, and the unique properties of nanomaterials [70].
Recently, a surge of nanozymes has been demonstrated to
catalyze typical enzymatic reactions, mimicking radicals such
as 0,7, 0., OH, OOH, as well as enzymes such as catalase
and hydrogen peroxide (H,O,) catalysis [70,71]. It not only
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offers opportunities for environmental protection and healthcare
treatment but also enables multipurpose sensing and imaging
platforms for LFIA design and detection [72]. Liu et al.
developed a magnetic Prussian blue (PB) nanozyme-mediated
dual-readout on-demand multiplex LFIA (mLFIA) for the
analysis of ractopamine (RAC) and clenbuterol (CLE). The
recoveries ranged from 84.01% to 119.94%, demonstrating
repeatability and reliability. The calculated LoD for the
dual-readout mLFIA was 0.12 ng/mL for RAC and 0.20 ng/mL
for CLE. This method utilized nanozymes as ideal signal
donors, showing significant potential for monitoring other
targets [55]. Gong et al. developed a nanozyme by in situ
growing PB within the pores of dendritic mesoporous silica
nanoparticle (DMSN), which increased the exposure of active
sites and enhanced the peroxidase (POD)-like activity of
the LFIA sensing system. The antibody-modified DMSN@
PB nanozymes provided enzymatic-enhanced colorimetric
and photothermal dual-signal functions for detection. After
systematic optimization, the DMSN@PB-LFIA demonstrated
a 4-fold amplification of the colorimetric signal within 7 min,
exhibiting a wide linear range (1-40 ng/mL) and a low LoD
of 0.202 ng/mL for PSA analysis. This research offers a more
accurate and reliable visual analysis methodology for the early
diagnosis of prostate cancer, a key biomarker [56].

FROM THE OPTICAL OR THERMAL ENHANCEMENT
MODE FOR THE DETECTION

Overall, the performance of LFIA sensing methods can be
improved through the construction of devices, integration of
nanotechnology, and selection of appropriate detection modes
[Table 3]. Surface-enhanced Raman spectroscopy (SERS)
offers a promising approach for enhancing the accuracy and
sensitivity of LFIA [82,83]. In addition, the phenomenon of
fluorescence resonance energy transfer (FRET) is highly
effective in reducing background noise and enhancing signal

detection [84]. On the other hand, the thermal contrast
amplification (TCA) method, which combines nanomaterials,
has been developed as a novel analytical approach in
LFIA [85].

SERS provides rich chemical fingerprint information
through Raman spectroscopy and enhances sensitivity through
plasmon-enhanced excitation and scattering [86]. It can be
conveniently used for detection under ambient and aqueous
conditions, making it ideal for studying complex biological
systems and attracting increasing interest in bio-related
analysis [86,87]. Zhang et al. developed a lateral flow assay
using core—shell SERS nanotags for the multiplex and
quantitative detection of cardiac biomarkers, aiming at the
early diagnosis of acute myocardial infarction. Specifically,
Raman dyes were embedded within the gap between a silver
core and gold shell, creating SERS nanotags to serve as labels
instead of traditional gold colloids. As a result, the LoDs for
cardiac enzymes, including Myo, cardiac troponin I (cTnl),
and CK-MB, were below their clinical cutoff values, at 3.2,
0.44, and 0.55 pg/mL, respectively. The linear dynamic
ranges for Myo, ¢Tnl, and CK-MB were 0.01-500 ng/mL,
0.01-50 ng/mL, and 0.02-90 ng/mL, respectively, covering
the clinical concentration ranges of these biomarkers in the
human body [73]. Jia et al. designed SERS-LFIA biosensor
strips using SiO2@Au NPs to enable highly sensitive and
specific detection of ricin, staphylococcal enterotoxin B, and
botulinum neurotoxin type A. These new strips exhibited
sensitivity 100 times higher than that of colloidal gold-based
LFIA strips [74]. Gonzalez-Cabaleiro et al. integrated a
digital SERS-based LFIA for the detection of SARS-CoV-2
nucleocapsid (N) protein, implementing an accurate and
ultrasensitive quantitative sensing approach. This study
demonstrated a quantification range for the viral protein in
nasal swabs from 0.001 to 10pg/mL, with a LoD as low as
1.9aM (0.9 fg/mL), significantly enhancing the performance of

Table 3: Comparison of surface-enhanced Raman spectroscopy, fluorescence resonance energy transfer, and thermal contrast
amplification detection mode for sensitivity enhancement of lateral flow immunoassay

Detection Target analytes Signal reporter Sample matrix LoD Assay Reference
mode time (min)
SERS Myo, ¢Tnl, and CK-MB Silver core and gold shell NPs  Spiked into serum 3.2,0.44, and 0.55 pg/mL 7 [73]
Ricin, SEB, and BoNT/A  SiO,@Au NPs Spiked into orange juice, 0.1, 0.05, and 0.1 ng/mL 15 [74]
apple juice, and milk
SARS-CoV-2 N protein Au@Ag NPs Spiked into nasal swab 1.9aM (0.9 fg/mL) 30 [75]
FRET cTnl Absorbers: GNR Spiked into serum 97 pg/mL >20 [76]
Fluorescers: Europium
chelate-contained silica NPs
T-2 toxin Absorbers: AuNPs and ACNPs  Spiked into the cereal 1 and 0.22 ng/mL <15 [77]
Fluorescers: QDs sample
TCA Influenza, malaria, and AuNPs Blood diluted by buffer ~4-8-fold sensitivity ~10 [78]
Clostridium difficile or saline enhancement
p24 protein AuNPs Spiked into human serum 8 pg/mL ~10 [79]
Escherichia coli O157:H7 rGO Spiked into milk 5x10° CFU/mL 20 [80]
- Silica-core GNSs - ~57-fold sensitivity - [81]
enhancement

GNSs: Gold nanoshells, GNR: Gold nanorod, rGO: Reduced graphene oxide, SERS: Surface-enhanced Raman spectroscopy, FRET: Fluorescence resonance
energy transfer, TCA: Thermal contrast amplification, NPs: Nanoparticles, SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2, SEB: Staphylococcal
enterotoxin B, QDs: Quantum dot nanospheres, ACNPs: Amorphous carbon nanoparticles, LoD: Limit of detection, BONT/A: Botulinum neurotoxin type A,
AuNPs: Gold nanoparticles, cTnl: Cardiac troponin I, CK-MB: Creatine Kinase-Myocardial Band
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traditional LFIAs and conventional SERS-based LFIAs. The
integration of LFIA and digital SERS enables ultrasensitive
detection of microbes and disease biomarkers [75].

The FRET phenomenon typically involves two fluorescent
chromophores: a donor and an acceptor, a concept first
proposed by Theodor Forster in 1948 [88]. In this process,
the donor and acceptor must be positioned within an optimal
distance (approximately 2—10 nm). When this condition is met,
nonradiative energy transfer occurs between the donor and
acceptor, resulting in a decrease in the donor’s fluorescence
intensity and an enhancement in the fluorescence of the
acceptor [89]. FRET is a highly valuable technique with broad
applications in biomedicine, pharmacology, toxicology, and
food sciences [90]. Lee er al. developed a time-resolved-FRET
technique integrated with a Fusion 5 membrane in an LFIA
system for detecting ¢Tnl in serum. This platform was designed
without the need for additional sample or conjugation pads,
simplifying the process and making it cost-effective. The
system achieved a LoD of 97 pg/mL in human serum, using
a single matrix (the Fusion 5 membrane) for ¢Tnl diagnosis,
thus streamlining the manufacturing process [76]. Zhang et al.
enhanced the sensitivity of LFIA by adopting a conventional
competitive format combined with a “turn-on/off” mode. They
used AuNPs and amorphous carbon nanoparticles (ACNPs) as
absorbers, whereas quantum dot nanospheres and time-resolved
fluorescent  microspheres (TRFMs) were selected as
fluorophores for the “turn-on” mode LFIA. After optimization
and comparison, the ACNPs-mAb-TRFMs-BSA system showed
the highest sensitivity, offering a promising approach to improve
LFIA performance for on-site screening of trace substances [77].

The principle of TCA leverages the localized surface
plasmon resonance of AuNPs, which are tuned to match the
wavelength of the laser. This allows AuNPs to efficiently
convert light energy (photons) into heat. By utilizing this
heat generation from AuNPs, TCA integrates thermography
techniques, offering potential diagnostic applications [91].
Wang et al. developed a TCA reader to address the
challenges of low sensitivity and lack of quantification in
LFIAs. This TCA reader enhanced the analytical sensitivity
by approximately eightfold and enabled quantification
across LFIA tests for influenza, malaria, and Clostridium
difficile. The reader integrated a laser, infrared camera, and
other components, demonstrating high potential for POCT
applications [78]. Zhan et al. developed and optimized a
TCA-LFIA for the detection of HIV p24 protein, enabling
ultrasensitive detection at 8 pg/mL in human serum. This
study introduced several innovations, including: (a) defining
a new quantitative figure of merit for LFIA design based
on the specific-to-nonspecific binding ratio (BR); (b)
applying different sizes and shapes of AuNPs to optimize the
TCA-LFIA system; and (c) testing new laser wavelengths and
power regimes for improved TCA-LFIA performance [79].
Vahid Shirshahi et al. reported on the photothermal properties
of reduced graphene oxide (rGO) to enhance the signal
in LFIAs for the detection of E. coli O157:H7 as a model
pathogen. This sensing platform established a calibration
curve for the photothermal method, which exhibited a
linear range from 5 x 10° to 5 x 107 CFU/mL, with a

correlation coefficient (R*) of 0.96 for standard bacterial
solutions in phosphate buffer. The LoD was approximately
5 x 10° CFU/mL for standard bacterial solutions, representing
a 10-fold improvement in sensitivity compared to qualitative
results. Therefore, this approach demonstrated strong potential
for rapid detection and fast quantitative results with improved
sensitivity [80]. Liu et al. explored the limits of TCA reading
for AuNPs (AuNPs/mm?) in the test regions of LFIA. They
employed continuous-wave (CW) and millisecond pulsed
lasers to establish a rapid TCA sensing system. This system
achieved a 10- to 20-fold improvement in sensitivity over
visual reading by using silica-core gold nanoshells preloaded
in NC membranes to enhance the LoD for LFIA [81].

COMPARISON WITH CLINICAL GOLD STANDARDS

While LFIAs have made significant technological
advancements in recent years, several challenges remain to
be addressed before they can be considered a gold standard
in clinical diagnostics. Key limitations include relatively low
sensitivity, limited measurement accuracy, and the absence
of uniform industry standards [92]. Despite notable progress,
LFIA performance can still be affected by various factors such
as sample type and condition, preparation methods, sample
volume, pH, analyte concentration, and weak interactions
between the analyte and recognition elements [93,94].
Although LFIAs are increasingly being adopted in
point-of-care and daily diagnostic applications, a number
of issues must be resolved to ensure their broader clinical
reliability and acceptance [92], including the following: (1)
breakthroughs in sensitivity and multiplex detection; (2)
innovation in capture elements; (3) portable and intelligent
upgrades; (4) integration with multitechnology platforms;
and (5) development of green and cost-effective solutions.
Currently, LFIA platforms and electrochemical sensors are
best suited for rapid, on-site screening. Their most rational
application lies in mass screening of at-risk populations or
asymptomatic individuals [12,92]. For situations requiring high
sensitivity and precision, established gold-standard techniques
such as PCR, ELISA, or SERS remain the preferred methods.
These conventional assays also serve as reference standards for
validating the performance of newer sensor technologies [92].

CONCLUSIONS

LFIA is a rapid, easy-to-use, and cost-effective sensing
method for in-field diagnostics, particularly in resource-limited
areas. However, it has long-standing criticisms, including
low sensitivity, low specificity, and a lack of quantification
capabilities [95,96]. To address these limitations, numerous
studies have proposed various designs, incorporating
changes in structure, materials, and labels, which are
critically evaluated in this review. The specificity of LFIA is
crucial for achieving ultrasensitive (aM) detection in POCT
diagnostics. As these challenges and limitations are overcome
in the future, the potential of LFIA is expected to grow,
with improvements such as smaller sample volumes, shorter
analysis times, elimination of the hook effect, and enhanced
accuracy and sensitivity, ultimately supporting large-scale
POCT applications.
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