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Lateral flow immunoassay (LFIA), an affordable and rapid paper-based detection technology, is
employed extensively in clinical diagnosis, environmental monitoring, and food safety analysis. The
COVID-19 pandemic underscored the validity and adoption of LFIA in performing large-scale clinical and
public health testing. The unprecedented demand for prompt diagnostic responses and advances in
nanotechnology have fueled the rise of next-generation LFIA technologies. The utilization of
nanoparticles to amplify signals represents an innovative approach aimed at augmenting LFIA sensitivity.
This review probes the nanoparticle-assisted amplification strategies in LFIA applications to secure low
detection limits and expedited response rates. Emphasis is placed on comprehending the correlation

between the physicochemical properties of nanoparticles and LFIA performance. Lastly, we shed light on
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1. Introduction

The lateral flow immunoassay (LFIA) strip is a simple paper-based
point-of-care (POC) testing device designed to rapidly and cost-
effectively detect target analytes." It fully aligns with the ASSURED
criteria outlined by the World Health Organization for an ideal

“ Institute of Energy Materials Science, University of Shanghai for Science and
Technology, Shanghai 200093, P. R. China

b Department of Clinical Laboratory Medicine, Shanghai Chest Hospital, Shanghai
Jiao Tong University School of Medicine, Shanghai, 200030, China.

E-mail: guzhengying@shchest.org, linhuang@shsmu.edu.cn

¢ Shanghai Institute of Thoracic Oncology, Shanghai Chest Hospital, Shanghai Jiao
Tong University School of Medicine, Shanghai, 200030, China

Fang Gao earned her PhD from
the University of Queensland,
Australia, in 2022. She then
worked as an Analytical Techni-
cal Officer at Sanitarium Health
Food Company in Australia from
2022 to 2023. Since 2023, she has
served as a Research Professor at
the University of Shanghai for
Science and Technology. Her
primary research focuses on
developing quantum dot-based
biosensors and signal ampli-
fication systems for analytical
chemistry, with applications in
point-of-care diagnostics.

Fang Gao

This journal is © The Royal Society of Chemistry 2024

the challenges and opportunities in this prolific field.

POC diagnostic device that is affordable, sensitive, specific, user-
friendly, rapid and robust, equipment-free and deliverable.>
Recently, the application of LFIA has expanded beyond clinical
diagnostics®™ to include uses in food safety®” and environmental
monitoring.® The global market revenue for LFIAs is projected to
increase from $20.5 billion in 2022 to an estimated $22.6 billion
by 2027.° The COVID-19 pandemic has underscored the wide-
spread applicability and effectiveness of LFIA testing for clinical
and public health purposes.'® However, the significant occurrence
of false negatives has spurred the need for new generation LFIA
technologies with a lower limit of detection (LoD).'"'> Given the
low concentration (10~ '°-107" M) of crucial biomarkers in life-
threatening diseases such as cancers and contagious diseases,"*"*
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achieving a lower LoD with LFIA is essential for effective interven-
tions and therapies to help reduce mortality and morbidity.">®

Significant efforts have been dedicated to improving detec-
tion sensitivity, as evidenced by numerous high-quality reviews
in the field."”®> These endeavours encompass a range of
strategies, including orientating antibodies on the labels and
membranes,”>?* exploring alternative recognition units such as
aptamers®>®® and glycans®” in lieu of antibodies, integrating
isothermal amplification methods* and/or clustered regularly
interspaced short palindromic repeats (CRISPR) and CRISPR-
associated (Cas) system”®° with LFIA, controlling the flow
dynamics in LFIA,*" developing dedicated reader devices,*?
and customizing labelling materials'®**~** like noble metal
nanomaterials,**° quantum dots (QDs),"® upconversion
nanomaterials,"” and enzymes** to amplify colorimetric,
surface-enhanced Raman scattering (SERS), fluorescence,
chemiluminescence, and electrochemical*’® signals.

The utilization of nanoparticle-assisted signal amplification
represents an innovative approach aimed at augmenting LFIA
sensitivity. In this context, the term ‘“nanoparticle” refers to a
nanomaterial that serves to enhance the signal generated by the
label material,** rather than functioning as the primary label
material*® for target analyte detection. For instance, while
polystyrene spheres and silica nanoparticles are unable to
independently generate a detectable signal, they boost the
recognition process by enriching a large number of labels
(e.g., Eu(m) chelates and QDs).***” Another illustration is
provided by magnetic nanoparticles, which can effectively con-
centrate target analytes from complex samples and also carry a
substantial quantity of labels for signal amplification to
improve LFIA performance.*® The physicochemical properties
of nanoparticles, including size and surface chemistry, signifi-
cantly impact the transport dynamics, reaction kinetics, and
signal production that ultimately determine LFIA performance.
However, there has been limited discourse on how to engineer
nanoparticles to enhance their performance in LFIA
applications.>**° Understanding the relationship between the
physicochemical properties of a nanoparticle and its perfor-
mance in LFIA signal amplification is crucial for advancing the
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development of LFIA with sub-picomolar LoD.*’ To date, there
has been no comprehensive review of nanoparticle-assisted
signal amplification strategies for LFIA, with a particular focus
on the crucial involvement of nanoparticles.

Herein, we present a timely overview of the latest nano-
particle-assisted strategies for signal amplification in LFIA,
aimed at achieving a lower LoD. The review is structured into
three main sections: (1) utilizing nanoparticles to incorporate
diverse labels (e.g., small molecules, biomacromolecules, and
nanomaterials) for multi-signal enhancement; (2) examining
the impacts of key properties (size and surface chemistry) on
their performance; and (3) discussing the challenges and pro-
spects in applying tailored nanoparticles for the ultrasensitive
LFIA. This review is intended to facilitate and enhance the
evolution of the next generation of LFIA technology.

1.1. Nanoparticles for LFIA signal amplification

The LFIA, also known as the immunochromatographic assay,
combines the principles of chromatography and immunochem-
ical reactions.’® As depicted in Scheme 1A, a typical LFIA strip
consists of four key components: the sample pad, the conjugate
pad, the reaction membrane, and the absorbent pad. The
sample pad serves as the entry point for the sample, while
the conjugate pad houses the labelled primary antibodies.
The reaction membrane, usually made of nitrocellulose (NC),
leverages the robust dipole interactions between the nitrate
esters and the peptide bonds in the proteins to immobilize the
primary and secondary antibodies.”® This enables the for-
mation of a test line and a control line based on the target
antigen-antibody interaction. The absorbent pad functions as a
waste reservoir, collecting the excess sample and reagents as
they flow through the system.>” The LFIA works via the capillary
flow of the sample across the sequential pads, enabling rapid
and user-friendly immunoassays on NC membranes. This
integration of chromatographic separation and immunochem-
ical reactions allows for the efficient detection and analysis of
target analytes. Compared to other immunoassay techniques
like enzyme-linked immunosorbent assay (ELISA), LFIA offers
advantages such as simplicity, rapid analysis, portability, and
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Scheme 1 Schematic diagram of (A) LFIA and (B) nanoparticles for LFIA signal amplification.

cost-effectiveness, making it a preferred choice for POC and on-
site applications.*

Embedding sufficient labels onto a single nanoparticle is a
highly effective strategy for improving the detection sensitivity
of low abundance biomarkers. Much effort has been devoted to
developing diverse nanoparticles for label enrichment and
signal amplification, including polymeric nanoparticles, silica
nanoparticles, magnetic nanoparticles, etc. (Scheme 1B).

1.1.1. Polymeric nanoparticles. Carboxyl-modified poly-
styrene nanospheres provide a useful platform for diagnostic
applications.>® They can be loaded with various fluorescent
labels, such as dyes,”” europium(m)-chelate,’® AlEgens,”” and
QDs,*® and can be conjugated with recognition molecules, such
as antibodies and antigens.’® The label materials can be
enriched in polymeric nanoparticles through embedding into
pre-synthesized nanoparticles, incorporating into an emulsion
assembly, or via polymerization processes (Fig. 1).

1.1.1.1. Embedding into pre-synthesized nanoparticles. The
swelling-coupled evaporation or centrifugation method is the
most widely adopted approach for encapsulating labels such as
dyes or QDs within polymeric nanoparticles. This method involves
swelling polymer spheres in an organic solvent such as hexane,”®
chloroform,®® dichloromethane,®" or tetrahydrofuran.””*>%* After

the labels permeate the interior of the spheres, the organic solvent
is removed, causing the polymer network to contract and encap-
sulate the labels within particles. For example, Zhong et al. utilized
hexane as the swelling solvent to prepare QD-embedded polystyr-
ene nanobeads via this method.’® The resulting nanobeads
achieved a low LoD of 0.299 ng mL ™" for fetuin-B. The LoD of
QD nanobead-based LFIA was 2.5 to 6.25 times lower than that of
the colloidal Au-based LFIA in the detection of anticoagulant
rodenticides.®® Recently, the near-infrared emissive AIEgen-
incorporated carboxyl-modified polystyrene nanospheres have
been successfully fabricated through the swelling-centrifugation
method and applied to LFIA (Fig. 2).>° An estimated amount of
3.18 x 10° AlEgens was enriched in one polystyrene microsphere
of 300 nm diameter, greatly amplifying the fluorescence signal of
the obtained near-infrared label. The antibodies further modified
on these polystyrene nanoparticles enable the detection of IgM
and IgG against the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) in clinical serum samples, with LoD values of
0.236 and 0.125 pg mL™, respectively. These values are compar-
able to those obtained by the ELISA, which yielded LoD values of
0.040 and 0.039 pg mL~". The near-infrared labelled-LFIA demon-
strated a sensitivity of 78% for IgM detection and 95% for IgG
detection as evaluated with 172 serum samples. The sensitivities
are comparable to those observed in ELISA, which were found to

0 Label . Polymeric nanoparticle

(A) Embedding into pre-synthesized particles | |(B) Incorporating in emulsion assembly process

4,0 Label %5%3%%%: Amphiphilic polymer

(C) Incorporating in polymerization process

Fig. 1 Enrichment of label materials in polymeric nanoparticles through (A) embedding into pre-synthesized nanoparticles, (B) incorporating in emulsion

assembly and (C) polymerization processes.
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Fig. 2 The enrichment of labels to pre-synthesised polymeric nano-
particles. Reproduced with permission from ref. 59. Copyright 2021
American Chemical Society.

be 85 and 95% but superior to a commercial colloidal Au-based LFIA
with a sensitivity of 41 and 85%. Owing to the significantly enhanced
detection sensitivity of the near-infrared label-based LFIA, the test
can detect the IgM or IgG antibodies in as early as one to seven days
after the onset of symptoms, which is considerably earlier than the
eight to fifteen days required by colloidal Au-based LFIA.

Besides the swelling-coupled evaporation or centrifugation
method, the labels can be anchored on the surface of polymeric
nanoparticles through electrostatic attraction,”® or in situ
growth.®® For instance, the surface of commercial carboxyl-
modified polystyrene nanospheres was rendered positively
charged using poly(diallyldimethyl) ammonium chloride.
These nanospheres were then incubated with an excess of
negatively charged QDs under ultrasonication.®® The resulting
QD-decorated polystyrene nanospheres were coated with a
silica shell to protect the fluorescence and for further bio-
functionalization. The QD nanobeads were incorporated into
a LFIA for SARS-CoV-2 antibody detection, resulting in more
than a tenfold increase in detection sensitivity compared to the
commercial assay based on colloidal Au. Matsumura et al.
designed latex particles consisting of poly(2-vinylpyridine)
cross-linked with divinylbenzene. Because of its positively
charged pyridine moieties, metal ions (AuCl, ) can be adsorbed
on their surface through electrostatic interactions. The Au
labels were subsequently formed in situ by the reduction of
adsorbed metal ions (AuCl,").®® The developed latex-Au nano-
composite contains multiple Au labels. Compared with con-
ventional colloidal Au-labelled LFIA, the LoD of influenza A
virus HIN1 antigen based on this nanocomposite-labelled LFIA
was significantly lowered by 64 times.

1.1.1.2. Incorporating into an emulsion assembly process.
Labels can be encapsulated into polymeric nanoparticles through
emulsion strategy during the self-assembly of polymeric micelles.

6738 | J Mater. Chem. B, 2024, 12, 6735-6756
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Typically, the hydrophobic label materials are initially dispersed
in a nonpolar solvent (e.g. chloroform,**”® cyclohexane”* and
toluene’®) containing amphiphilic poly(maleic anhydride-alt-1-
octadecene) (PMAO) and/or hydrophobic poly(methyl methacry-
late) (PMMA) to form the oil phase. The oil phase is subsequently
combined with the aqueous phase containing surfactant and
emulsified using an ultrasonic homogeniser to form the oil-in-
water emulsion. Subsequently, the nonpolar solvent is evaporated
to obtain the nanobeads. This approach has been used to
fabricate nanobeads embedded with QDs,***®”* gold nano-
materials®®’%’> and AlEgens.®””"*

Notably, the amphiphilic nature of PMAO allows for the co-
assembly of functional building blocks with different solubility,
resulting in a core-shell structure that spatially separates the
building blocks. This separation is beneficial for maintaining
the functionality of the building blocks and minimizing mutual
interferences among them.”>”” As exhibited in Fig. 3, hydro-
phobic Fe;O, nanoparticles, AlEgens, and PMAO were dis-
solved in chloroform and then proceeded through micelle
encapsulation in the aqueous phase, with SDS acting as the
surfactant. The distinct solubility of Fe;O, nanoparticles and
AlEgens led to the formation of a core-shell nanostructure
comprising a dense AIEgen core and a discretely packed Fe;O,
shell. The resultant AIEgen@Fe;O, nanocomposite exhibits
high fluorescence intensity attributed to enhanced photolumi-
nescence from AIEgens stacking and reduced photon loss from
the magnetic shell, as well as notable magnetic activity due to
minimised magnetic shielding through magneto extraposition.
With the assistance of magnetic operation, an LoD of 0.016 ng
mL ™! was achieved by AlEgen@Fe;0,-based LFIA in the detec-
tion of lipoarabinomannan, representing a 44-fold higher sen-
sitivity than colloidal Au-based LFIA.””

1.1.1.3. Incorporating into a polymerization process. The
labels including europium(m)-chelate,*””%”® QDs,?*®*! dyes®* and
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Fig. 3 The enrichment of labels in polymeric nanoparticles through
mini-emulsion polymerisation. Reproduced with permission from ref. 77.
Copyright 2021 Elsevier.
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AlEgens® can also be embedded into polymeric nanoparticles
through polymerization.*””*5%%% Typically, hydrophobic label
materials are present in the oil phase, while carboxyl-providing
monomers such as acrylic acid,’” methacrylic acid,*® methyl
methacrylate,® and maleic anhydride®® are present in the aqu-
eous phase. Styrene monomers may be present in either the oil
phase or aqueous phase with the aid of a surfactant, and all these
components form a mini-emulsion. This emulsion then under-
goes polymerization in the presence of an initiator (e.g. potassium
persulfate,®® azobisiobutyronitrile®® and 4,4'-azobis(4-cyanovaleric
acid)’®) or under heat, resulting in the formation of polymeric
nanospheres. As shown in Fig. 4, the carboxyl-modified Eu(ur)
chelate nanospheres were synthesised by using a one-step mini-
emulsion polymerisation method.”® The aqueous phase consisted
of surfactant sodium dodecyl benzenesulfonate, carboxyl-
providing acrylic acid and initiator 4,4’-azobis(4-cyanovaleric
acid), which were mixed with styrene monomers, Eu(ur) chelate
labels and n-hexadecane in the oil phase. The mixture was
emulsified under ultrasonication in an ice bath, followed by
heating the mini-emulsion to 70 °C in an inlet atmosphere to
allow polymerisation. During the one-step polymerisation, the
Eu(ur) chelates were immobilised within the interior hydrophobic
environment and dispersed throughout the entire nanospheres.
Compared with the swelling method, the Eu(m) chelate nano-
spheres prepared by the one-step polymerisation exhibited higher
fluorescence intensity. The Eu(m) chelate nanosphere-based
LFIAs demonstrated a LoD of 0.683 ng mL ™" in the detection of
alpha-fetoprotein.”®

This section illustrates three strategies for nanoparticle-
based label enrichment. The swelling method is widely utilized
for its operational simplicity and the consistent, reproducible
sizes of the resulting nanobeads. Nevertheless, in this approach,
labels tend to be predominantly located in the superficial layer of
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the polymeric nanoparticles, potentially restricting the loading
capacity of labels. In contrast, nanobeads fabricated by the
emulsion assembly and polymerization techniques may offer
enhanced loading capacity. However, these strategies could pose
challenges such as reduced reproducibility and label aggregation
within the polymer frameworks.®* The emulsion assembly strategy
enables the concurrent assembly of diverse functional compo-
nents with spatial separation. Nonetheless, nanobeads prepared
using this approach often display non-uniform size distribution,
potentially affecting assay reproducibility.®**>

1.1.2. Silica nanoparticles. Silica nanoparticles have been
widely used for signal amplification in analytical applica-
tions,®*®® although their specific applications in LFIA have
been less discussed. Silica nanoparticles possess superior
characteristics such as adjustable particle size and pore size,
uniform particle size distribution, ease of functionalisation,
and good stability, making them highly suitable for a wide
range of applications in label accumulation and signal
amplification.® Various types of silica nanoparticles, including
nonporous silica nanoparticles, small-pored silica nano-
particles, and large-pored silica nanoparticles, have been exten-
sively employed for signal amplification in LFIA platforms
(Fig. 5).°%°" These nanoparticles exhibit distinct features in
terms of surface area, pore size, and pore structure, influencing
their compatibility with different types of labels.

1.1.2.1. Nonporous silica nanoparticles. The nonporous silica
nanoparticles can have labels enriched on their surface through
physical or chemical adsorption.”>™” A typical physical adsorp-
tion approach involves rendering silica nanoparticles positively
charged by coating them with a cationic polyethyleneimine
(PEI) layer®>®® or functionalising them with amino groups,®
which facilitate the adsorption of water-soluble negatively
charged QDs***° or gold nanomaterials.’* Silica nanoparticles
can be also functionalised with thiol groups to facilitate the
assembly of hydrophobic QDs through thiol-metal coordina-
tion, which is a common chemical adsorption method used for
label enrichment.’> 7 However, the loading capacity of surface
enrichment is constrained by the limited surface area of non-
porous silica nanoparticles.

(B)

AFP i]( AFP antibody ’\](‘ Secondary antibody -~
istance

Fig. 4 The emulsion assembly strategy enabled spatial separation of
different functional building blocks. Reproduced from ref. 78 with open
access from John Wiley and Sons.

This journal is © The Royal Society of Chemistry 2024

Fig. 5 Strategies for enriching (A) biomacromolecules and (B) hanoma-
terials to nonporous, small-pored, and large-pored silica nanoparticles.
Reprinted with permission from ref. 90 and 91. Copyright 2021 American
Chemical Society and 2024 John Wiley and Sons.
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To enhance the loading capacity, a layer-by-layer assembly
approach has been developed.”®'° Through repetitive self-
assembly of functional molecules and label adsorption, multi-
shell labelled silica nanoparticles can be obtained. For exam-
ple, the QD nanobeads with a triple-QD shell were obtained
through a repeated PEI self-assembly followed by QD-
adsorption.”® The presence of numerous QDs not only signifi-
cantly enhanced the fluorescence signal but also provide suffi-
cient carboxyl groups for subsequent antibody conjugation. The
QD nanobeads with enhanced fluorescence signal markedly
lowered the LoD of LFIA in clinical diagnostics. The LoD of QD
nanobead-based LFIA for detecting SARS-CoV-2 and influenza A
virus HIN1 was found to be 5 pg mL™" and 50 pfu mL ™,
respectively. Moreover, QD nanobead-based LFIA demonstrated
exceptional accuracy and specificity when tested with throat
swab samples. Its LoD was two orders of magnitude lower
compared to the conventional colloidal Au-based LFIA.*”

This layer-by-layer approach allows for facile co-assembly of
various labels on the silica nanoparticles.***°>'%2 For instance,
using this method, a multilayered nanocomposite composed of
Si0,-Au core and QD shell has been fabricated (Fig. 6A).*® This
composite material enables powerful colorimetric and fluores-
cent dual-signal output for rapid and sensitive in situ monkey-
pox virus antigen determination. The detection limits for the
colorimetric and fluorometric modes were 0.5 and 0.0021 ng mL ™",

View Article Online
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respectively. In the fluorometric mode, this method demon-
strated a substantial enhancement in sensitivity for detecting
the monkeypox virus, showing 238-fold and 3.3-fold improve-
ments compared to the colloidal Au-based LFIA and ELISA
methods, respectively.’® Dou et al. prepared the dye-doped silica
nanobeads with intensified fluorescence intensity through the
PEI and poly(sodium-p-styrenesulfonate)-mediated layer-by-layer
self-assembly approach,'® The fluorescence signal of the resul-
tant nanobeads (dyeing four times) was significantly enhanced
compared to the once-dyed silica nanoparticles.'® The dye-
doped silica nanobead-based LFIA realised the quantitative
detection of hemagglutinin antigen of H7N2 and H7N9 avian
influenza viruses (AIVs), in the linear range of 0.1-10 ng mL "
and LoD of 0.08 pg mL~*.'%

The noble metal nanomaterials, such as Au, and Ag,
can be formed in situ on the surface of silica nanoparticles.
Typically, the process begins with mixing the silica nano-
particles with solutions containing seeds'® ™" or ions'*® to
form the seed/ion-decorated silica nanoparticles. The noble
metal shell is then formed through the additional reduction
of noble metal ions. For example, Au seeds are initially deco-
rated on the surface of silica nanoparticles to facilitate the
subsequent growth of the Au-shell.'®” During the Au-shell
growth process, a growth solution is prepared, in which Au
hydroxide is formed through the alkaline hydrolysis of chloroauric
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acid."” Subsequently, a suspension of Au seed-coated nano-
particles, a reducing agent such as hydroxylamine hydrochloride,
and polyvinylpyrrolidone (PVP) are sequentially added to the
growth solution, leading to the reduction of Au hydroxide ions
[Au(OH),]” and the formation of Au shells."” The resulting silica
nanoparticles, adorned with abundant Au labels, have exhibited a
LoD of 0.5 ng mL™" in the detection of heart-type fatty acid
binding protein.'®”

1.1.2.2. Small-pored silica nanoparticles. Conventional meso-
porous silica nanoparticles (MSNs) are a type of nanoparticles
with pore size smaller than 10 nm,'% suitable for enrichment
and signal amplification of small molecular dyes such as
tris(2,2"-bipyridyl)ruthenium(m) (Ru(bpy);>").'** As illustrated
in Fig. 6B, Hong et al. have developed an electrochemilumi-
nescent LFIA for detection of c¢Tnl at low concentrations using
Ru(bpy);**-loaded MSNs as labels.'” In comparison to non-
porous silica, MSNs reduced the LoD by two orders of magni-
tude. This improvement is attributed to the porous structure of
MSNs, facilitating a more effective loading of Ru(bpy);**, sur-
passing the loading capacity of non-porous silica by over
100 times. The Ru(bpy);**-loaded MSNs exhibited strong elec-
trochemiluminescent signals in reaction to tripropylamine,
generating an electrochemiluminescent image that can be
captured by a CCD camera for quantification analysis. The
electrochemiluminescent LFIA based on Ru(bpy);**-loaded
MSNs enables the rapid detection of cTnl-spiked human serum

within 20 min, achieving detection levels as low as 0.81 pg mL~"."%

1.1.2.3. Large-pored silica nanoparticles. Innovative synthesis
approaches have enabled the preparation of dendritic meso-
porous silica nanoparticles (DMSNs) with a distinctive three-
dimensional centre-radial pore structure, resulting in significant
attention towards these DMSNs owing to their unique dendritic
architecture."'® The DMSNs exhibited large open pore channels
and a highly accessible internal surface, distinguishing them as
promising nanocarriers for biomacromolecules®® and nano-
materials®"'*'"** when compared to conventional MSNs.

Jung et al. designed DMSNs with a pore size of 13 nm
capable of size-selective immobilisation of antibodies (recogni-
tion molecules) and enzymes (labels).”® The enzyme horserad-
ish peroxidase (HRP) catalyses the oxidation of luminol using
hydrogen peroxide to generate a product known as 3-amino-
phthalate, which can produce chemiluminescent signals
emitting at a wavelength of 428 nm.*® Given that the pore size
(13 nm) of DMSNSs is smaller than that of anti-AIV antibodies
(10 nm x 15 nm) but larger than HRP (3.0 x 6.5 x 7.5 nm?®),"**
the anti-AIV antibodies were initially conjugated onto the outer
surface of DMSNs to enhancing binding to AIV antigens.
Subsequently, HRPs were loaded into the pores of DMSNs to
amplify the chemiluminescence signals. It is noteworthy that,
despite having higher loading capacity for HRP and anti-AIV
antibodies, the DMSNs with larger pore size (19.2 nm) do not
exhibit the lowest LoD due to the anchoring of anti-AIV anti-
bodies within the inner pores. Therefore, the DMSNs with a
13 nm pore size were identified as the optimal nanoparticles.

This journal is © The Royal Society of Chemistry 2024
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The chemiluminescent-LFIA using optimal DMSNs loaded with
HRP and anti-AIV antibodies as labels for the nucleoprotein of
the H3N2 AIV virus demonstrated a LoD of 5 pM. For avian
influenza H9N2, H1N1 and H5N9 viruses, the LoD values were
10°2, 10>, and 10" 50% egg infective dose (EIDs,) mL ",
respectively. These values are 20 to 100 times lower compared
to a commercial AIV rapid test kit.”

DMSNs have been proven to effectively enrich various
nanomaterial-based labels, including QDs,"'"">115116 Ay
labels,""” carbon dots,""*"'®™° and nanoplatelets.”" For example,
fluorescent silica nanospheres with controlled nanoplatelets
incorporation have been developed to enhance the performance
of LFIAs.”" The synthesis method involved the controlled assem-
bly of hydrophobic nanoplates into thiolated DMSNs through
thiol-metal interaction, followed by the phase-transfer of the
hydrophobic DMSN-nanoplate nanoassemblies through organo-
silica encapsulation and growth of the outer silica shell. The large
open pore channels and highly accessible inner surface of DMSNs
enabled the incorporation of flat/slit-shape nanoplatelets (24 nm
in length, 11 nm in width and 4.4 nm in thickness) within DMSNs
to amplify signal (Fig. 6C).>" This unique structure has been
shown to significantly enhance the fluorescence intensity, achiev-
ing a 246-fold and 4-fold increase in brightness compared to a
standalone nanoplate and commercial europium-doped polystyr-
ene, respectively.”’

By employing a repeated coordination-driven assembly and
phase-transfer process, various functional units, such as Fe;0,
nanoparticles, QDs and Au labels can be readily co-assembled
into DMSNs."**"'*® Fig. 7A shows plasmonic-fluorescent silica
nanocomposite composed of DMSNs loaded with Au labels and
red-light emitting QDs using this method."*® These nanocom-
posites were employed as the signal nanosphere in a CRISPR-
based LFIA (Fig. 7B)."”" In negative detection mode, Cas12a
enzyme remains inactive, resulting in the capture of all signal
nanospheres by the test line. The inner colour filter effect of Au
and red-light emitting QDs in the signal nanospheres cause a
change in colour from green to red. Conversely, in the context
of positive detection, the presence of target amplicons activates
the Casl12a enzyme, triggering the collateral trans-cleavage of
digoxin-ssDNA-biotin. In this scenario, only a few signal
nanoparticles emitting red-light will be captured at the test
line, remaining green. The cleavage activity of Casl2a and
colorimetric readout capability, the assay can achieve a rapid
visual detection limit of 1 copy puL " for Salmonella typhimurium
genomic DNA within 1 h, surpassing the sensitivity of commer-
cial colorimetric LFIAs."*!

This section presents strategies for silica nanoparticles to
enrich multiple labels for signal amplification. These labels can
be adsorbed on the surface of the non-porous silica nano-
particles or embedded internally through layer-by-layer assem-
bly and in situ synthesis. Selecting mesoporous nanoparticles
with a matching pore structure based on the size of the label
molecules or nanomaterials is another effective strategy
to further enhance the concentration of label enrichment.
Non-porous silica nanoparticles, known for their controllable
particle size, excellent monodispersity and colloid stability, and
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(B) Implementation of plasmonic-fluorescent silica nanospheres as the signal nanosphere in a CRISPR-based LFIA. Reprinted from ref. 121, Copyright

2024 American Chemical Society.

ease of functionalisation, are widely used for label enrichment
and LFIA signal amplification. Due to their limited surface
area, non-porous silica nanoparticles have lower label loading
capacity. In contrast, MSNs with a porous structure possess
higher label loading capacity due to their larger surface area,
significantly boosting the detection performance of LFIA. While
conventional MSNs with pore size less than 10 nm are primarily
used for the enrichment of small molecular labels, the DMSNs
with a three-dimensional centre-radial pore structure excel in the
enrichment of biomacromolecule and nanomaterial-based labels.

1.1.3. Magnetic nanoparticles. Magnetic nanoparticles
(MNPs), such as Fe;0O, nanoparticles,'****® Fe;0,@silica nano-
particles,"?**3? Fe;0,@MOF nanoparticles,*® and MnFe,0,
nanobeads,'®® exhibit superparamagnetic properties that
enable the magnetic enrichment of target analytes in a complex
matrix when subjected to an external magnetic field."** This
feature streamlines LFIA operation following the magnetic
enrichment of target analytes, thereby improving the detection
performance significantly.'*

6742 | J Mater. Chem. B, 2024,12, 6735-6756

A series of magnetic nanocomposite-based sensitive LFIA
biosensors with amplified fluorescence, SERS, colorimetric
and photothermal signals have been developed, such as the
MNP@QD,124’129’132’133’136 MNP@SERS,125’128’137’138 MNP@
nanozyme,*®'?7:135139  and  MNP@Au."**'*!  Furthermore,
Fe;0, nanoparticles possess peroxidase-like properties and
photothermal properties, offering advantages in enhancing
the catalytic activity of Fe;0,@nanozyme*®'*®> and the photo-
thermal effect of Fe;0,@Au"*° respectively.

The PEI-mediated assembly approach is frequently utilized
in the preparation of MNP@QD,"**!3%13¢142 MNP@SERS, '
and MNP@Au'*' nanocomposites. For example, Wang et al.
developed a high-performance MNP@QD nanocomposite with
a triple-QD shell to decrease the LoD of LFIA.">* This nano-
composite consisted of an Fe;0, core for magnetic separation
and a triple-layer QD-shell containing numerous QDs for robust
fluorescence signals. Upon conjugation with anti-SARS-
CoV-2 spike antibodies/anti-nucleocapsid protein antibodies,
the Fe;0,@QD was integrated into the LFIA system to detect

This journal is © The Royal Society of Chemistry 2024
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SARS-CoV-2 spike and nucleocapsid protein antigens. The
Fe;0,@QD-based LFIA offers two detection modes. The direct
mode enables rapid screening of suspected samples in a time
frame of 10 minutes, while the enrichment mode allows for
quantitative analysis of SARS-CoV-2 antigens at low concentra-
tions without interference from the “hook effect”. Owing to
magnetic enrichment, the LoD for the two antigens in the
enrichment mode was 0.5 pg mL ' at a signal-to-noise ratio
of 3, which is half as low as that in the direct mode."** As
illustrated in Fig. 8, multilayered magnetic-core dual-shell
nanocomposites with precisely controlled nanogaps were engi-
neered using a PEI-mediated layer-by-layer assembly process."*
The Fe;0, core provided robust magnetic responsiveness, while
the two layers Au@Ag satellites, separated by a 1 nm thick PEI
interlayer, created narrow nanogaps and abundant hotspots.
Furthermore, Raman reporters were integrated onto the surface
of Au@Ag shells to enhance SERS signal. By modifying the
nanocomposite with Raman reporter molecules and conjugat-
ing with four types of antibodies, the MNP@SERS nanocompo-
sites could simultaneously detect four targets on two test lines
with LoD reaching pg mL ™" levels. These detection limits were
markedly lower than those of conventional Au-based LFIA and
commercial ELISA Kkits, being at least 400 and 10 times lower,
respectively.'*®

The in situ growth method has been used to prepare
MNP@SERS,128’137’138 MNP@nanozyme,48’127'135’139 and

° @@
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MNP@Au'*’ nanocomposites. For instance, Fe;O,@Pt
nanocomposites'*® were synthesised by reducing chloroplatinic

acid onto Fe;0, nanoparticles using sodium citrate. The mag-
netic properties of Fe;O, nanoparticles enabled magnetic
enrichment in liquid samples, whereas the synergistic catalytic
properties of Fe;O, nanoparticles and Pt satellites allowed for
colorimetric signal amplification through enzyme-like reac-
tions. The integration of Fe;O,@Pt nanocomposites in LFIA
strips led to a two-order-of-magnitude reduction in LoD com-
pared to conventional LFIA based on colloidal Au.'*
Increasing the loading density of Pt labels reduced the
saturation magnetization of Fe;O, nanocomposites owing to
the intrinsic magnetic shielding effect of noble metal
components.*®'?® In this context, an iron-based metal—organic
framework (MOF) (MIL-100) with a thickness of 40 nm was
utilized as a spacer layer to preserve the magnetism of Fe;0,
nanoparticles. The MIL-100 can accommodate Pt labels and
improve the catalytic performance through the intrinsic
peroxidase-like activity (Fig. 9).*®* The resultant Fe;0,@
MOF@Pt nanocomposites achieved enhanced colorimetric sig-
nal brightness, rapid magnetic response, and ultrahigh
peroxidase-mimicking activity, contributing to the enhance-
ment of the sensitivity of LFIA. Integration of the nanocompo-
sites with the dual-antibody sandwich LFIA platform enabled
the detection of procalcitonin with remarkable sensitivity of
0.5 pg mL™". This level is approximately 2280 times greater
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Fig. 8 The enrichment of labels on the surface of MNPs by a PEl-mediated assembly approach. Reproduced from ref. 125 with open access from

Elsevier.
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than that of conventional Au-based LFIAs and surpasses pre-
viously reported immunoassays.*®

Enrichment of labels onto MNPs can be achieved through
chemical adsorption."® Typically, the Fe;O, nanoparticles are
coated with a silica shell and amino functionalised using the
Stober method, followed by binding with carboxylated QDs
using the EDC/NHS method."® A multifunctional nanocompo-
site was synthesized, consisting of an Fe;O, core with diameter
of 160 nm, a SiO, shell with thickness of 40 nm, and numerous
small QD satellites.”> Incorporating MNPs into QD-based
LFIAs enhanced the precision and anti-interference capability
in quantitative analysis, as target analytes can be rapidly
enriched from complex samples under the influence of an
external magnetic field. The LoD was determined to be 1.2 X
10®> copy mL ™", addressing the need for rapid and accurate
adenovirus detection."*

In summary, the previously discussed MNP-label nanocom-
posites possess a core@shell structure, utilizing MNPs both as
a magnetic separation tool and a stable nanocarrier for enrich-
ing diverse labels (e.g. QD, SERS labels, nanozyme, and Au
labels). The assembly techniques predominantly employed for

6744 | J Mater. Chem. B, 2024, 12, 6735-6756

the preparation of MNP@QD and MNP@noble metals are the
PEI-mediated assembly method and the in situ growth method.
It is crucial to carefully select the reagent in the in situ growth
method to ensure uniform plasmonic label coating. Compared
to polymeric nanoparticles and silica nanoparticles, MNPs with
intrinsic superparamagnetic properties enable direct operation
of MNP-based LFIA after the magnetic enrichment of target
analytes, which enhances the detection performance. It is
essential to minimize the inherent magnetic shielding effect
of noble metal components to preserve the saturation magne-
tization of Fe;0, nanocomposites. Additionally, MNPs typically
feature a nonporous structure, limiting label enrichment solely
to the surface of the MNPs. In contrast, porous silica nano-
particles facilitate widespread label enrichment within their
pores. Furthermore, polymeric nanoparticles can encapsulate
numerous labels through the self-assembly of amphiphilic
polymers in selective solvents, leading to a higher label loading
capacity compared to MNPs without increasing particle
size. While polymeric nanoparticles and silica nanoparti-
cles boast exceptional optical clarity due to their amorphous
nature, MNPs (particularly Fe;0, nanoparticles) have a high

This journal is © The Royal Society of Chemistry 2024
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absorbance index. The high absorbance index causes MNPs to
absorb the fluorescence signal of QDs and diminishes the
signal intensity of the MNP@QD nanocomposite.

1.1.4. Other types of nanoparticles. In addition to poly-
meric nanoparticles, silica nanoparticles and MNPs, other types
of nanoparticles including gold nanoparticles (AuNPs),"**™*
MOFs,"** ™" and carbon-based nanoparticles">>">* have also
been employed for both label enrichment and LFIA signal

amplification.

1.1.4.1. AuNPs. AuNPs can serve as label materials for col-
orimetric assays and as a carrier for the enrichment of enzymes
(e.g., horseradish peroxidase (HRP),">*'** polyHRP'** and
nanozyme'**) and luminescent labels (e.g., dyes'**™*” and
bimetallic nanoclusters'>®) in chemiluminescent, fluorescent,
colorimetric and electrochemiluminescent LFIAs. The immobi-
lisation of polyHRP onto AuNPs led to a significant increase in
HRP content per AuNP compared to HRP alone, approximately
15.7-fold higher.'** The chemiluminescent signal generated by
polyHRP-loaded AuNPs was 155-fold higher than that of HRP-
loaded AuNPs. Integration of a time-programmable amplifica-
tion step to the polyHRP-loaded AuNP-based LFIA platform
enabled automation of the sequential enzyme/chemical reac-
tions in the immunoassay and signal amplification. Using the
developed LFIA platform, the LoD for ¢Tnl was 0.84 pg mL ™",
representing a 595-fold improvement over colloidal Au-based
LFIA.'®

AuNPs exhibit distinct surface plasmon resonance proper-
ties that have garnered significant attention over the decades.
The effect, known as the fluorescence enhancement, based on
surface plasmon resonance, is currently employed in enhan-
cing LIFA signals. Fig. 10 depicts a plasmonic fluor fabricated
with a core of gold nanorod (GNR), a mesoporous silica (mSiO,)
shell, and a cyanine 5 (Cy5) fluorophore."*” The choice of GNRs
as the core was due to their two distinct surface plasmon
resonances transverse and longitudinal, which culminate in a
robust plasmonic resonance compared to gold nanospheres.
Cy5 was selected for its high spectral overlap with GNRs. The
10.3 nm mSiO, shell not only encapsulates a considerable
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Fig. 10 The use of AuNPs for labels enrichment and LFIA signal
amplification. Reproduced with permission from ref. 147. Copyright 2023
American Chemical Society.
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quantity of the Cy5 fluorescent material but also maintains
an optimal distance between Cy5 and the GNRs. This step
significantly amplified the fluorescence of Cy5 through plas-
monic coupling between the GNRs and Cy5 in proximity,
typically within 5-90 nm. The proposed plasmonic fluor LFIA
facilitated sensitive detection of influenza A virus nucleocapsid
protein with a remarkable LoD of 0.52 pg mL~" within 20 min.
Furthermore, it exhibited exceptional specificity and accuracy
in analysing clinical samples for the influenza A virus.'*’

1.1.4.2. MOFs. MOFs, a class of crystalline porous material
composed of metal ions and organic ligands, have character-
istics, such as large surface areas, facile synthesis approaches,
abundant functional groups, and chemical stability.">” They
have found extensive applications in biosensing,”**°
catalysis,'®>*®" and energy storage.'®> However, the use of
MOFs for label enrichment and LFIA signal amplification is
still at an early stage.' 8151163164 por example, the colorimetric
catalytic nanocomposite in Fig. 11 utilized a multi-shell porous
zeolitic imidazolate framework-8 (ZIF-8) to immobilize HRP,
exhibiting commendable loading efficiency, catalytic activities,
and signal luminosity."*® This structure fostered more cavities
for enzyme sequestration and facilitated an effective diffusion
pathway for catalytic substrates. Further augmentation of the
nanocomposite surface with a polydopamine (PDA) layer ampli-
fied the signal brightness and proffered a flexible tethering
site for HRP immobilization, thereby escalating the enzyme
quantity efficiently. This ZIF-based LFIA platform achieved an
ultrasensitive assay for cTnl with a post-catalytic naked-eye
colorimetric detection limit of an impressive 0.01 ng mL ,
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which was 100-fold higher than its counterpart Au@PDA-based
LFIA."*® Zirconium-based MOFs have been reported to facilitate
the in situ growth of the MOF-Au nanocomposite.'®* Compared
to the traditional colloidal Au-based LFIA, the LoD of MOF-Au-
labelled LFIA for human chorionic gonadotropin was reduced
by 10.6 times.

1.1.4.3. Carbon nanomaterials. Carbon nanomaterials,
known for their distinct properties, such as excellent chemical
stability, large surface area and cost-effective synthesis, are
ideal nanoparticles for label enrichment.'”*'>*'®> Among
these, the graphite-like g-C;N, nanosheets with large surface
areas have been applied to enrich abundant Au nanomaterials
on their surface to amplify signals and improve the perfor-
mance of g-C;Ny-Au-based LFIA.">® The LoD of g-C;N,-Au-
based LFIA for 17-estradiol in foods was 0.5 ng mL™", exhibit-
ing a three-fold enhancement in analytical sensitivity compared
to colloidal Au-based LFIA."** A three-dimensional membrane-
like SERS nanocomposite based on graphene oxide (GO) has
been incorporated into LFIA for the sensitive detection of
various pathogens.'> The process, as illustrated in Fig. 12,
initiates by coating the GO sheet with a positively charged PEI
layer to attract small Au seeds (3 nm). Subsequently, the Au
shell was coated on the surface of the GO@Au seed nanosheet
using hydroxylamine hydrochloride to reduce chloroauric acid.
Then, a 0.5 nm PEI layer was applied to the synthesized GO@Au
surface to act as an interlayer. This interlayer was instrumental
in creating a precise nanogap to load Raman dye molecules and
Ag satellites via electrostatic interaction. The process generated
numerous SERS hotspots and offered a multitude of surface
sites for bacterial adhesion. By integrating two different Raman
reporter molecules with non-intersecting Raman peaks into
GO@Au@Ag, and conjugating them with four antibodies,
the biosensor facilitates the concurrent identification of four
pathogens at dual test lines. The GO@Au@Ag nanostickers are
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highly effective at adhering to the bacteria surface, yielding
stronger SERS signals and aiding in the mobility of bacterial
nanocomplexes. This, in turn, leads to an improvement in
the sensitivity of LFIA for bacteria detection. This biosensor
can accurately quantify four distinct types of bacteria in
actual clinical samples, achieving a minimal detection limit
of 9 cells mL~".**?

Table 1 summarises the advantages and limitations of
different nanoparticles applied in LIFA signal amplification.
Au nanomaterials have been extensively studied not only as
labels of LFIA but also as nanocarriers for label enrichment and
LFIA signal amplification due to their ease of preparation and
conjugation, mass production capacity, and uniform particle
size. Smaller AuNPs (<50 nm) exhibit reduced non-specific
binding compared to other types of nanoparticles, although
they have a lower loading capacity (~ 10 times less) for labels.
These smaller AuNPs also offer faster migration speed, allowing
for a 15-minute one-step assay, considerably quicker than
50-minute two-step assay required for larger silica nano-
particles (200 nm). The plasmonic properties of AuNPs enable
them to boost the fluorescence of fluorophores. MOFs with
high surface areas and abundant functional groups are suitable
for label enrichment, but their water instability poses a signi-
ficant challenge when applied to LFIA signal amplification for
detecting target analytes in serum or urine samples. Two-
dimensional carbon nanomaterials with expansive surface
areas and cost-effectiveness are promising for label enrich-
ment, however their nonuniform size distribution may impair
the reproducibility of the assays.

1.2. Engineering nanoparticles for LFIA signal amplification

LFIA integrates the physical, chemical, and optical properties
of label materials, with their transport dynamics, reaction
kinetics and signal generation all playing significant roles in
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Table 1 Summary of advantages and limitations of different nanoparticles

Nanoparticles Advantages Limitations Ref.
Polymer Embedding into  Excellent optical clarity Very easy operation, uniform Label distribu-  Limited label 59

nanoparticles pre-synthesized
nanoparticles
Incorporating in
an emulsion

size distribution and good
reproducibility

Easy operation, high label
loading capacity and relatively

tion inhomo-

geneity
problem

loading capacity of
nano-sized labels
Nonuniform size 77
distribution, and

assembly controllable assembly process low reproducibility

process

Incorporating in Medium label loading capacity Carefully con- 78

the polymeriza- and uniform size distribution trolled operation and

tion process condition 80
Silica Nonporous Excellent optical clarity, Excellent colloidal stability Tedious opera- Limited label load- 46
nanoparticles ease-of-functionalisation, very tion process ing capacity

Small-pored

Large-pored

controllable assembly process Suitable for molecular-sized
labels

Not very suitable 109
for nano-sized
labels

Very high label loading capacity 91

MNPs Magnetic enrichment of target analytes, catalytic and photo- Tedious operation process, limited 129
thermal properties label loading capacity and high and

absorbance index 140

AuNPs Ease-of-preparation and conjugation, mass production capacity, Limited label loading capacity and 144
uniform particle size, less non-specific binding, catalytic and high absorbance index and

plasmonic properties 147

MOFs High label loading capacity and ease-of-functionalisation Water instability 148
Carbon nanomaterials High label loading capacity and low cost Nonuniform size distribution 152

determining their performance within LFIA applications. The
previous section demonstrated that the enrichment of labels on
a single nanocarrier to form nanoparticle-label composites is
an effective strategy for enhancing signal intensity. However,
the size and surface chemical properties of these composite
nano-labelling materials greatly influence the transport dyna-
mics, reaction kinetics, and signal generation in LFIA. For
example, particle size simultaneously impacts the label loading
capacity (signal generation) and diffusion rate (transport
dynamics)."®® Moreover, surface chemistry greatly affects its
water dispersibility (transport dynamics), antibody-antigen
interaction (reaction kinetics) and label signal intensity (signal
generation).®>''>1%” The impact of size and surface chemistry
of nanoparticle/resultant nanocomposite on the LFIA perfor-
mance is complex. Therefore, a thorough comprehension of the
relationship between the physicochemical properties of nano-
particles and their performance in LFIA signal amplification
would facilitate the rational design of nanoparticle-label
composites applied in LFIA. This section will delve into the
impact of nanoparticle size and surface chemistry on their
performance in LFIA applications.

1.2.1. Size-controlled signal amplification strategies in
LFIA. The size of a nanoparticle-label nanocomposite is a
pivotal factor determining its performance in LFIA, impacting
the signal generation, transport dynamics, and reaction
kinetics of the nanocomposite in LFIA,”>83 116166168 [hcreasing
the particle size enhances the loading capacity and binding
affinity of nanocomposites due to a larger surface area, allowing
for more labels and antibodies to be accommodated. However,
based on the Stokes-Einstein equation, larger nanoparticles
exhibited decreased diffusion rates, resulting in fewer nano-
particles binding to the antibodies immobilised on the NC
pore walls. Therefore, achieving optimal performance in LFIA
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requires a delicate balance between signal strength and diffu-
sion dynamics.

1.2.1.1. The impact on signal intensity. The signal intensity of
a nanoparticle-label nanocomposite typically correlates posi-
tively with its particle size, due to the increased surface area of
individual nanoparticles, enhancing their capacity for label
loading. For example, the colorimetric and fluorescence signals
of nanobeads loaded with Au labels,®®”%”> QDs,"'®'%® and
AlEgens® enhance significantly as their particle size increases.
In Fig. 13A, the optical density of Au-embedded nanobeads
increases by over 10-fold as the size grows from 100 to 400 nm.”>
These Au-embedded nanobeads were prepared using an emulsion
assembly strategy.”> Within the emulsion system (oil-in-water),
adjustment of surfactant concentration, oil-to-water ratio, and
ultrasonic power enables facile control of particle size. Generally,
an increase in surfactant concentration or oil-to-water ratio leads
to particle size reduction, while higher ultrasonic power results in
size increase.”” Similarly, the fluorescence intensity of AIEgen-
embedded polymeric nanobeads escalates as their size expands.®*
This mechanism also applies to nanoparticle-label composites
using large-pore nanoparticles as a carrier. As shown in Fig. 13B,
the fluorescence intensity of the DMSN-QD nanocomposite ampli-
fies by over 30-fold as the DMSN size increases from 138 to
471 nm."® Monodispersed DMSNs were synthesized using
an anion-assisted approach'® with sodium salicylate as the
structure-directing agent. Control over the size of DMSNs can
be easily achieved by adjusting the amount of sodium salicylate
and ethanol,’*® improving the surface area of individual parti-
cles and label loading capacity.

1.2.1.2. The impact on binding quantity. Since LFIA comprises a
chromatographic system and immunochemical reactions, the
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Fig. 13 The impact of particle size on its signal generation and size-controlled synthesis of nanoparticle-label nanocomposite. (A) The optical density of
Au-embedded nanobeads increases with particle size and schematic illustration of size control of nanobeads loaded with Au labels in a self-assembly
process via altering surfactant concentrations, the volume ratio of chloroform/water and the power of sonication. Reproduced from ref. 72, with open
access from Ivyspring International Publisher. (B) The fluorescence intensity of DMSN-QD nanobeads increases with particle size and SEM images
of 4-sized DMSN-QD nanocomposites and DMSNs. Reproduced with permission from ref. 116. Copyright 2021 John Wiley and Sons.

nanocomposite must first reach the test line and then interacts
with the pre-immobilised antibodies.””'”° In a typical sandwich
LFIA system labelled with colloidal Au, the diffusion, advection
and antibody-antigen reaction of the gold label collectively
affect its binding efficiency at the test line (Fig. 14A)."®® Exploring
the kinetics of transport and reaction is a pivotal step in LFIA
development and is essential for improving the LFIA
performance.’”” The kinetics of transport and reaction can be
defined by dimensionless numbers, namely the Péclet number
(Pe) and Damkdhler number (Da).'*®'”* Pe describes the ratio of
advective flux to diffusive flux, while the Da depicts the relative
rates of reaction to diffusion.'®® The theoretical calculation is
outlined as follows:'”*

_ Advection rate  UR

Pe=——7-—"—"—"—=
Diffusion rate D,

(1)

where U denotes the convective velocity (~0.3 mm s~ * for CN140
membrane), R (8 pm) signifies the average radius of cylindrical
pores from NC membrane, and D, is the effective diffusivity in the
NC membrane. D, can be calculated by the following formula:

D, = Do/7* (2)

In this context, D stands for the diffusivity of label in solution
which can be determined using the Stokes-Einstein equation:

D = kgT/6mur 3)
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kg represents the Boltzmann constant, 7T is solution tempera-
ture, u is the solution viscosity, and r is the hydraulic radius of
the label."”" ¢ (0.85) is the membrane porosity and t (~1) is
the tortuosity of the membrane."”> According to the above
equations, Pe increases as the particle size increases. A calculated
Pe > 1 suggests that advection timescales are significantly shorter
than those of diffusion within an LFIA, making diffusion the rate-
limiting step in label transport to the test line.

_ Reactionrate  k{ CR

Da=—— =
@ Diffusion rate D.

)

Meanwhile, Da can be determined by eqn (4), where & is
effective forward reaction rate constant, C is surface density of
antibodies at the test line."”* k. can be scaled as 1k, where ko,
is forward reaction constant for individual antibody-antigen
interaction in the NC membrane (~7.26 x 10> M~ * s~ ),"* and
n reflects the effective number of antibodies that bind the test line
per label, which can be estimated by dividing the label surface
area (4nR”) by the IgG docking area (166 nm?)."”* Based on the
above equations, Da increases as the particle size increases. The
calculated Da « 1 indicates that diffusion timescales are much
shorter than those of reaction within an LFIA. Therefore, reaction
is the rate-limiting step in the binding of label at the test line.
For colloidal Au labels with size less than 100 nm, Pe > 1
and Da « 1 indicate that the reaction ultimately restricts the
binding of label at the test line (Fig. 14A). Considering that
the small-size Au labels (size <100 nm) do not settle before
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Fig. 14 (A) Architecture of LFIA, assuming that the NC membrane is conceptually simplified as bundles of cylindrical pores with radius R; scale bar is
5 um. Pe is the ratio of diffusion time to convection time of a colloidal Au label, where Pe > 1in LFIA implies the transport of the colloidal Au label to the
test line is diffusion-limited, and Da is the ratio of reaction flux to diffusion flux, where Da « 1in LFIA implies the capture of the colloidal Au label at the
test line is reaction-limited. Reprinted with permission from ref. 171. Copyright 2017 American Chemical Society. (B) The QD loading capacity and binding
quantity of DMSN-QD as a function of their particle size, and the scheme of DMSN-QD-based LFIA test strip for the detection of CRP. Reprinted with

permission from ref. 116. Copyright 2021 John Wiley and Sons.

reaching the test line, a larger Au label can improve the binding
efficiency due to increased n-k,,, associated with a larger surface
area.'”’ When maintaining the same label concentration at
various sizes, the binding quantity of a larger size label at the
test line increases. In this context, the increase in particle size
(size <100 nm) simultaneously heightens the signal intensity
and the binding quantity of the label at the test line, thereby
improving the detection performance of LFIA.'"*

In contrast, the nanoparticle-label composite typically has
a size exceeding 100 nm, prompting a re-evaluation of the
correlation between the binding quantity and the particle
size.”>''%1%¢ The particle size increment may lead to a transi-
tion of Da(k[,CR/D,) to over 1 at a certain point as k/ enlarges
and D, diminishes with increasing particle size, shifting the
rate-limiting step of nanocomposite binding from reaction to
diffusion. In cases where Da > 1, further enlarging nanocom-
posite size decreases its binding efficiency due to slower diffu-
sion (Fig. 14B). According to the colloid filtration theory,"”
the binding efficiency influenced by diffusion (ng) can be
determined as 0.487As'?Pe %2, As depends on membrane

porosity:
As=2(1 — )2 — 3y + 3)° — 2%) (5)

where 7 = (1 — ¢)*°. In addition, increased n for large nano-
composite (e.g. 400 nm) elevates the risk of non-specific inter-
actions between antibodies on nanocomposite surface and
pre-immobilised antibodies on the LFIA membrane, potentially
causing false positives.”>'*®%® Thus, decreasing the concen-
tration of large nanocomposite is essential to mitigate false
positives. In this context, the binding quantity of larger size
nanocomposite at the test line decreases as both the binding
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efficiency and concentration decrease with growing particle
size. Consequently, the ultimate LFIA performance hinges on
the signal intensity and binding quantity of nanocomposites at
test line, with contrasting tendencies relative to particle size
(Fig. 14B). The optimal LFIA performance is achieved by utiliz-
ing a medium-sized nanocomposite with a balanced signal
intensity and binding quantity.”>"*¢1%¢

1.2.2. Surface chemistry-controlled signal amplification
strategies in LFIA. To effectively develop the LFIA platform
for detecting low-concentration biomarkers, it is essential that
the nanocomposite possess high signal intensity, excellent
water dispersibility and strong interaction efficiency and
specificity.">'"”*%” In this regard, the surface chemistry of
the nanoparticles must be meticulously engineered to meet
these criteria and accurately indicate biomolecular recognition
events with high precision and a low LoD."”*'’> This section
reviews the key role of surface chemistry of nanoparticles in
LFIA optimization.

1.2.2.1. The impact on signal intensity. The signal intensity of
a nanoparticle-label composite depends on the loading capacity
of the nanoparticles and the preservation of label signals.
As discussed above, labels can be enriched to nanoparticles
through physical adsorption or chemical adsorption. Physical
adsorption is primarily driven by hydrophobic-hydrophobic
interactions,””*®°! and electrostatic attractions.*®** Hydropho-
bic-hydrophobic interactions predominantly occur between the
alkyl chains (e.g. oleylamine,”* octadecylamine,®® oleic acid,®®
and trioctylphosphine oxide®®) of hydrophobic labels such
as QDs and Au labels, and the hydrophobic framework of
polymeric nanoparticles consisting of amphiphilic molecules
or polystyrene. These interactions also occur between the
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aromatic functionalities of hydrophobic molecule labels (e.g.
Nile red,®" AlEgens,””*® Eu(m) chelates,”” and the hydrophobic
polystyrene). For example, polystyrene, with its hydrophobic
chains and steric phenyl rings, forms strong interactions with
the aromatic phenyl rings of AlEgen, limiting intramolecular
movements and enhancing AlEgen fluorescence considerably
(Fig. 15A). These hydrophobic interactions take place between
the native surface of the nanoparticle and the label, requiring
no post-modification of the nanoparticles.

Enzyme adsorption (e.g. artificial miniaturized peroxidase
on the surface of AuNPs involves hydrophobic and/or electro-
static interactions. In cases of electrostatic interactions, PEI, a
cationic polymer with a high positive charge density, is fre-
quently utilised to coat the surface of nanoparticles (e.g
MNPs,"?*'%5 AuNPs'*® and nonporous silica nanoparticles*®“%)
to enhance label loading efficiency and maintain nano-
structure stability in solution. The PEI-mediated layer-by-layer
coating strategy can greatly improve loading efficiency
(Fig. 15B)."**'*> Furthermore, PEI coating can prevent nano-
particle aggregation.

The nanoparticle-label integration can be achieved through
covalent bonding.*>'"*'*® The incorporation of labels with
vinyl groups®>® into polymeric nanoparticles can be achie-
ved through alkene addition polymerization. The surface
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Fig. 15 Surface chemistry of nanoparticles for label enrichment. (A) The
hydrophobic—hydrophobic interactions between AlEgens and polystyrene
enhance AlEgen fluorescence by restraining intramolecular motions.
Reproduced with permission from ref. 57, Copyright 2022 Elsevier. (B) Surface
coating of PEl to promote enhanced electrostatic interactions. Reproduced
with permission from ref. 124. Copyright 2021 American Chemical Society.
(C) Amino- and thiol-modified DMSNs for QD loading and signal preserva-
tion. Reproduced with permission from ref. 115. Copyright 2021 American
Chemical Society.
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modification of nanoparticles with amino'*® and thiol
groups'’® represents an effective strategy for enhancing label
enrichment. Amines can be coupled with carboxyl groups of
labels through carbodiimide-mediated EDC condensation,'**™3!
while thiols can coordinate with metal labels.’®*'"''%7® Fig, 15C
shows amino and thiol commodified DMSNs for QD enrichment
and fluorescence preservation. Amino groups contribute to QD
fluorescence preservation through amino-based surface passiva-
tion, while thiol groups increase the loading capacity of QDs due
to the thiol-metal coordination.

Notably, among these strategies, the hydrophobic functio-
nality,>”*® PEI coating’®"*'*® and thiol modification
strategies”®""""1%17® emerge as the top three surface chemistry
methods for the preparation of nanocomposite with high label
loading, uniform label distribution and consistent size
distribution.

1.2.2.2. The impact on binding quantity. The binding quantity
of nanocomposite at test line is greatly affected by its water-
dispersity. Carboxylation emerges as the most promising strat-
egy to enhance its water-dispersity. Currently, nearly all the
commercially available fluorescent polystyrene spheres used in
LFIA are carboxyl-modified.>>"””'”® This modification is attrib-
uted not only to the ease of conjugating carboxyl group with
antibodies through the EDC method,"”® but also to their pK,
of approximately 4,"7° facilitating deprotonation in water
and enhancing the nanocomposite dispersibility.'’® Various
approaches have been devised to introduce the carboxyl groups
onto the outer surface of nanocomposite. For example, the
carboxyl groups can be incorporated by using monomers con-
taining carboxyl or acid anhydride functionalities (e.g., acrylic
acid,””””® methacrylic acid,®® methyl methacrylate,®” and maleic
anhydride®’) during the polymerisation process. Additionally,
the maleic anhydride in an amphiphilic copolymer like poly
(styrene-co-maleic anhydride)®® or polymer PMAO®””’ that is
utilised in the emulsion assembly strategy can also contribute
carboxyl groups to nanocomposites. Besides, the saline chem-
istry enables the facile surface functionalisation of the carboxyl
groups. Typically, this involves initially coating a silica shell for
the subsequent carboxyl modification. The carboxyl groups can
be directly grafted on the silica surface by using 3-triethoxy-
silylpropyl succinic anhydride,"*”"®® or by converting the
amino groups into carboxyl groups through reactions with
the succinic anhydride™"'”® or polyacrylic acid.'®’

The efficiency and specificity of the antibodies attached to
the nanocomposites in recognizing the target analyte affects
the amount of binding of the nanocomposites on the test
line. The oriented immobilization of the antibodies on the
nanocomposite surface played a pivotal role in improving the
reaction efficiency and specificity. The accessibility of antigen
binding sites (Fab fragment) determines the efficiency of anti-
body-antigen binding. A nucleophilic addition reaction
between the hydrazide group of the nanocomposites and the
aldehyde group of the Fc region of the antibodies enables the
specific attachment of antibodies to the surface of the nano-
composites (Fig. 16A). Compared to the carbodiimide method,
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Fig. 16 Strategies for enhancing reaction efficiency and specificity.
(A) The hydrazide mediated oriented coupling strategy. Reprinted with
permission from ref. 66. Copyright 2021 Elsevier. (B) Utilization of zwitter-
ionic ligands to reduce nonspecific binding. Reproduced with permission
from ref. 180. Copyright 2024 Elsevier.

this hydrazide-mediated oriented coupling strategy reduced the
LoD by approximately fourfold in the detection of the hepatitis
B surface antigen.®®

Effective surface blocking of antibodies also benefits the
reaction efficiency and specificity. The incorporation of zwitter-
ionic ligands, which simultaneously possess positive and nega-
tive charges, leading to high hydration capacity and antifouling
properties, can further reduce nonspecific binding. Fig. 16B
depicts the introduction of zwitterionic groups through a
nucleophilic addition reaction using 1,3-propanesultone fol-
lowing the co-hydrolysis of the silica precursor N,N-diethyl-3-
(trimethoxysilyl) propylamine and tetraethyl orthosilicate. The
zwitterionic groups effectively prevent nonspecific adhesion.
Moreover, antibody-modified nanocomposites are usually
blocked with 1-10% (w/v) bovine serum albumin (BSA) to
prevent undesired non-specific binding.’®'®" Alternative block-
ing regents include other protein products (e.g. casein™" and
skim milk®®) and polymers (e.g. PEG 20 000"°° and PEG-400"**).
Additionally, quenching reagents such as glycine'® and
ethanolamine,'® along with Tween-20,"** are often combined
with BSA to enhance blocking performance.

In general, surface chemistry plays a crucial role in deter-
mining the binding quantity of nanocomposites by influencing
water dispersibility, reaction efficiency and specificity.

This journal is © The Royal Society of Chemistry 2024
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Carboxylation acts as a fundamental strategy to enhance water
dispersibility, while the oriented immobilization of antibodies
and effective surface blocking techniques are pivotal in improv-
ing reaction efficiency and specificity. The integration of recog-
nition antibodies onto nanocomposites can be achieved
through noncovalent or covalent bonding, with the latter
providing control over orientation and stability. Furthermore,
the introduction zwitterionic ligands and the use of agents to
block antibody-modified nanocomposites can effectively reduce
nonspecific binding.

2. Conclusion and perspectives

The utilization of nanocomposites for signal amplification in
LFIA detection systems represents a significant advancement in
the field of modern biosensing. Nanocomposites possess
unique optical, electronic, catalytic, and magnetic properties
that can markedly enhance detection sensitivity and specificity.
This review delves into the engineering of nanoparticles for
LFIA signal amplification, emphasizing the importance of
comprehensively understanding the relationship between the
physicochemical properties of nanoparticles and their perfor-
mance in LFIA applications. The advantages and potentials of
these nanoparticle-assisted strategies in LFIA can be summar-
ized into five aspects: (1) high sensitivity: nanocomposites
amplify detection signals, enabling the identification of ana-
Iytes at lower concentrations. (2) Multifunctionality: certain
nanoparticles can be employed for both signal amplification
and target pre-concentration. (3) Diverse signal outputs: nano-
composites offer various signal outputs, such as optical, and
electrochemical signals, and (4) quantitative detection: through
integration with digital health technologies, highly sensitive
nanoparticle assisted LFIA can offer more precise quantitative
analyses, whereas traditional lateral flow strips only provide
qualitative or semi-quantitative results.

Despite the numerous advantages of nanoscale signal ampli-
fication technologies, its application continues to encounter
various limitations and challenges to be urgently addressed,
including the following.

2.1. Balancing sensitivity and specificity

While enhancing sensitivity, precautions must be taken to
avoid increasing the risk of false positives.

2.2. Stability

Nanocomposites may aggregate or degrade over time due to
prolonged storage or extreme environmental conditions, affect-
ing their functionality. Therefore, there is a need to develop
more stable nanocomposites and optimize storage conditions.

2.3. Batch consistency

Maintaining high reproducibility and consistency in the pre-
paration of nanocomposites is crucial to ensure the accuracy of
detection results.
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2.4. Ease of operation

The use of nanocomposites should not overly complicate the
detection process, as it could impact the user-friendliness of
LFIA detection systems.

2.5. Cost-effectiveness

Nanocomposites may elevate testing costs, necessitating the
development of cost-efficient synthetic methods.

With the development of new materials and technologies, it
is believed that addressing these limitations and fully harnes-
sing the advantages of nanocomposites could lead the LFIA to
achieve greater breakthroughs in sensitivity, stability, and
applicability in the future.
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