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Abstract: Gold nanomaterials have become very attractive nanomaterials for biomedical research due to their unique physical and
chemical properties, including size dependent optical, magnetic and catalytic properties, surface plasmon resonance (SPR), biological
affinity and structural suitability. The performance of biosensing and biodiagnosis can be significantly improved in sensitivity,
specificity, speed, contrast, resolution and so on by utilizing multiple optical properties of different gold nanostructures. Lateral
flow immunochromatographic assay (LFIA) based on gold nanoparticles (GNPs) has the advantages of simple, fast operation, stable
technology, and low cost, making it one of the most widely used in vitro diagnostics (IVDs). However, the traditional colloidal gold
(CG)-based LFIA can only achieve qualitative or semi-quantitative detection, and its low detection sensitivity cannot meet the current
detection needs. Due to the strong dependence of the optical properties of gold nanomaterials on their shape and surface properties,
gold-based nanomaterial modification has brought new possibilities to the IVDs: people have attempted to change the morphology and
size of gold nanomaterials themselves or hybrid with other elements for application in LFIA. In this paper, many well-designed
plasmonic gold nanostructures for further improving the sensitivity and signal output stability of LFIA have been summarized. In
addition, some opportunities and challenges that gold-based LFIA may encounter at present or in the future are also mentioned in this
paper. In summary, this paper will demonstrate some feasible strategies for the manufacture of potential gold-based nanobiosensors of
post of care testing (POCT) for faster detection and more accurate disease diagnosis.
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Introduction

Post of care testing (POCT) is crucial for providing rapid diagnostic results and timely on-site treatment. Over the past
two decades, lateral flow immunochromatographic assay (LFIA) has received increasing attention and has become the
most prominent POCT."? It has been widely used in clinical diagnosis, animal and plant disease monitoring, and other
fields. The results of LFIA can be easily read with the naked eye or quantified using portable devices.>” The
immunochromatographic test strip mainly consists of sample pad, conjugation pad, nitrocellulose (NC) membrane,
absorbent pad, and plastic backing. As shown in Figure 1, the plastic backing serves as the support body, and other
parts are stacked and adhered to it in sequence, antibodies (Abs) labeled with colored nanomaterials (such as gold
nanoparticles (GNPs)) are fixed on the binding pad, two pre fixed immune reagent detection lines: test line (T line) and
control line (C line) are marked on the NC membrane. The T line is used to determine the test results, and the C line is
used to determine the effectiveness of the test strip. The sample to be tested moves forward from the sample pad due to
chromatography. According to the different number of binding epitopes of the detected target, LFIA can be divided into
two categories: double antibody sandwich method and competitive method.* The double antibody sandwich method

generally detects macromolecular targets containing multiple antigenic epitopes, such as proteins, pathogens, viruses, etc.

International Journal of Nanomedicine 2023:18 7847-7863 7847
Received: 15 September 2023 © 2023 He et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 28 November 2023
Published: 21 December 2023

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

He et al Dove

Abs labeled with GNPs
Sample pad e Absorbent pad

Testline  Control line )

\
Plastic backing Conjugation pad  Coating Ag NC membrane
Secondary Ab
Chromatographic direction

Figure | The structure of immunochromatographic test strip.
Abbreviations: Ag, antigen; Ab, antibody.

Competitive method generally detects small molecule antigen (Ag) containing only a single antigenic epitope, such as
agricultural and veterinary drug residues, hormones, toxins, etc.

LFIA has been widely used in rapid detection due to its unique advantages, but its detection sensitivity still lags far
behind other instrument measurement methods,”® such as mass spectrometry (MS), high-performance liquid chromato-
graphy (HPLC), enzyme-linked immunosorbent assay (ELISA) and so on. The improvement of sensitivity will undoubt-
edly further expand its application fields. In recent years, the main strategies to improve the sensitivity of LFIA include
the use of highly sensitive nano labeling materials’ and signal amplification strategies.

As far as we know, gold nanomaterials are the most commonly used nano labeling materials in LFIA because of their
unique physical and chemical properties,® ' such as optical absorption of light at specific wavelengths, high conductivity
with abundant surface electrons, ease of surface modification with thiol groups, and gold nanomaterials can have
different shapes and compositions at the nanoscale.'> Their nanoscale size falls within the typical size range of
biomolecules and organelles.'*'

Traditional Colloid gold immunochromatographic assay (GICA) typically uses 3040 nm GNPs as labeling
materials,'>2° but the optical signals intensity of GNPs within this particle size range is not sufficient, and the capture
rate of antibodies is not high (<5%), ultimately resulting in the detection sensitivity is not high.?' >

In order to make GICA more sensitive, more accurate, have quantitative reading ability, and better adapt to today’s
POCT demand, researchers have made a lot of efforts to introduce some new gold-based nanomaterials with stronger
optical and color signals as labelling nanomaterials, such as different forms of gold nanomaterials (gold nanoflowers,
gold nanorods and so on) and hybrid gold nanomaterials (gold magnetic nanomaterials and so on) based on adjustable
size, shape, and easy surface modification characteristics of gold nanomaterials. These new gold nanomaterials
provide ideal characteristics for chemical and biological detection, such as significant body surface area ratio, optical
properties endowed by strong surface plasmon resonance (SPR) signals,>* wide absorption in the visible light region
of the electromagnetic spectrum,?® fine tunable surface chemistry, the wide compatibility of the structure and higher
colloidal stability.*®*” LFIA biosensors based on these well-designed gold nanostructures have higher detection
sensitivity and various signal output functions. So far, various LFIA biosensors based on gold nanomaterials have
been developed and reported. We anticipate that further development of POCT techniques based on gold nanomater-
ials will provide unique analytical methods with higher sensitivity and multiplexing capabilities for modern clinical
laboratories.

In this paper, we will provide a detailed introduction to the principles, methods, and results of improving LFIA
detection sensitivity based on these well-designed different forms of gold nanostructures and hybrid gold nanostructures,
as well as different LFIA signal output methods and amplification strategies based on different gold nanostructures.
Additionally, we will introduce some synthesis methods that have been reported in recent years to improve the stability of
these gold nanomaterials.
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Carefully Designed Gold Modified Nanomaterials for LFIA Sensitization

Multimodal Gold Nanostructures

Multimodal gold nanostructures in this paper refers to adjusting the size, morphology, and aggregation state of gold
nanomaterials. At the nanoscale, gold can have different shapes and compositions,'* and their very small size endows them
with unique physical and chemical properties,'*'* such as significant specific surface area and optical performance endowed
by strong SPR signals.”*** In addition to the widely researched and applied spherical gold nanomaterials, some different forms
of gold nanostructures are also worth paying attention to, such as**** gold nanoflowers (GNFs),*'*? gold nanorods (GNRs),
etc. These structures tend to have complex three-dimensional structures, rough irregular surfaces and larger specific surface
area,”*>>3* which can further improve the binding efficiency of biological molecules on their surfaces. At the same time, some
irregular protrusions on the surface of nanostructures can bring more SPR effects, higher molar extinction coefficient and
stronger optical signal.>*>> These well-designed plasma nanostructures have generally improved the sensitivity and colloidal
stability of gold nanomaterials in IVD technology.®

Gold Nanoflowers

GNFs are a kind of multi-branched nanostructure. Compared with the traditional GNPs, the multi-branched GNFs has higher
extinction performance because the interaction between the tip and the core tip acts as an antenna, resulting in enhanced
electromagnetic field and SPR, resulting in strong light extinction at visible wavelengths.?**%*” In addition, because of its
complex three-dimensional structure, GNFs have higher colloidal stability and larger total surface area than GNPs of the same
size, and because the spatial resistance of protein to the surface of GNFs is reduced, the large specific surface area of GNFs is
beneficial to improve the immobilization rate of Abs.*® In recent years, the use of GNFs as a Surface Enhanced Raman
Scattering (SERS) probe and colorimetric method in chemical and biological analysis has been reported.>*** Because of its
high signal-to-noise ratio (S/N) (blue-black/white), it has more obvious color signal under the aggregation of the same number
of NPs. Ji et al*' reported a technique for improving the sensitivity of immunochromatographic strip (ICS) using large multi-
branched GNFs. Blue GNFs with an average diameter of 75 + 5 nm were synthesized and used as a signal amplification probe
for ultra-sensitive quantitative detection of aflatoxin B1 (AFBI1) in rice. Ren et al*> used GNFs of about 60 nm as detection
markers for sensitive detection of fumonisin Bl (FB1) with ICS. The sensitivity of this method is 5.0 ng/mL, which is four
times higher than that of conventional test strip using CG as Ab labelled probe. Based on the fact that large GNFs show higher
light absorbance than small GNFs, Zhang et al® synthesized five different sizes of GNFs: 33,47,79,152 and 195 nm and used
them as report markers of ICS to detect human chorionic gonadotropin (HCG) in order to clarify the effect of GNF size on the
sensitivity of sandwich LFIA (Figure 2). The results showed that the sensitivity of medium GNFs with a diameter of 47-79 nm
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Figure 2 Schematic of strips based on GNFs with different sizes for HCG detection. (A) Fabrication of GNFs probes. (B) Relationship between GNFs probe size and
detection sensitivity in LFIA.
Abbreviations: GNSs, Gold Nanoseeds; EDC, |- (3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride.

International Journal of Nanomedicine 2023:18 https: 7849
Dove:


https://www.dovepress.com
https://www.dovepress.com

He et al Dove

was the highest, which was 9 mIU/mL. These results suggest that medium-sized GNFs can be used as the best LFIA marker
for highly sensitive detection of disease-related protein biomarkers.

However, the performance of traditional GNFs is not ideal because of its complex synthesis, lack of uniformity
and general optical properties. Zhang et al** provided a new scheme for the synthesis of GNFs. A novel chry-
santhemum-like gold@polydopamine (GNC@PDA) prepared by one-pot method was compared with
GNF@polydopamine (GNF@PDA) prepared by traditional three-step method. These GNFs synthesized by one-
pot method have more branching structure, more uniform petal shape and narrower particle size distribution. The
gray value of GNC@PDA in aqueous solution and NC membrane is about three times higher than that of
GNF@PDA. And because of the polydopamine (PDA) coating, the stability and coupling efficiency of
GNC@PDA are much higher than those of traditional nanoprobes. These results show that GNC@PDA has
excellent morphological and optical properties. When GNC@PDA was applied to the detection of HCG by LFIA,
compared with LFIA based on GNPs and GNF@PDA, the limit of detection (LOD) of LFIA based on GNC@PDA
increased by 6.0 times and 3.3 times, respectively. These results can provide a basis for future researchers to develop
new probes in practical LFIA applications.

Gold Nanorods

GNRs are also one of the most studied precious metal nanomaterials in recent years. The different aspect ratio of GNRs
enables it to display different absorption spectra or different colors, which is very suitable for rapid screening and visualiza-
tion, and has been widely used in a variety of biological detection applications.*'*> GNRs has two plasma peaks, one around
520 nm (transverse SPR) and the other at 800 nm (longitudinal SPR). In addition, GNRs also have excellent photothermal

conversion effect, which can support their thermal comparison to obtain higher detection sensitivity. Pang et al*®

developed
a LFIA based on GNRs to quickly detect C-reactive protein (CRP) by simultaneously monitoring colorimetric and
temperature signals. The detection signal can be directly observed by the naked eye or read directly by the thermal imager.
Pan et al*’ introduced the progress in the determination of zearalenone (ZEN) in cereals by LFIAs with GNRs as
signal. The developed LFIAs can detect the analyte ZEN in a short time (10 min) and reach LOD. Yu et al*®

a transversely mobile nucleic acid biosensor using AuNRs of about 60 nm as a color tag to detect DNA probe. It has the

developed

characteristics of short detection time and high sensitivity for visual detection of DNA. The optimized ICS can detect 10
pM DNA without using the instrument. Quantitative analysis can be established by using portable strip meter to measure
the strength of testing strip. The LOD of this method is 250 times lower than that of GNPs. This work not only provides
a sensitive, rapid and economical strategy for nucleic acid detection, but also opens up new prospects for disease
diagnosis and clinical application.

In the traditional synthesis, cetyltrimethylammonium bromide (CTAB) is used to prepare GNRs, which results in poor
biocompatibility and cytotoxicology, so it is difficult to further functionalize. However, traditional methods usually require

1* describe

multiple centrifugal cycles to completely remove CTAB. This can lead to unexpected GNR aggregations. Tao et a
a dialysis assistance scheme for ligand exchange on GNR. CTAB was separated from aqueous solution by concentration
gradient driven dialysis. The concentration gradient of CTAB in the dialysis bag could avoid GNR aggregation caused by
drastic environmental changes. It also supports the ligand exchange rate on the surface of GNR. The modified GNR was used
for LFIA of food pathogen Escherichia coli (E. coli) O157:H7. Compared with the GNR prepared by ligand exchange through
multiple centrifugal cycles, the GNR prepared by dialysis-assisted ligand exchange showed better binding to Abs and
enhanced the visual signal of the test line in ICS. Its detection performance is better than that of conventional test strips

using centrifugally modified GNR. Tao et al*®

also skillfully took advantage of the different photothermal capabilities of
GNRs with different aspect ratios to develop a unique thermal sensor. In the presence of glucose oxidase (GOX), glucose can
react with dissolved oxygen to form hydrogen peroxide (H,0,). With the help of Fe**, H,O, can etch GNRs into different
aspect ratios. With the decrease of the aspect ratio of GNR, the LSPR peak blue shifts, resulting in the weakening of NIR

photothermal effect and the decrease of system temperature. A simple thermometer is used as a reading to detect glucose.
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Aggregation of Gold Nanostructures

A transformative idea for improving the sensitivity of LFIA detection is to amplify GNP’s plasmons. The most
commonly used strategy for plasmon amplification is to assemble a large number of GNPs on larger carrier particles.
The first method is to gather a large number of gold nanomaterials on the carrier or be wrapped in the carrier with the
help of an intermediate carrier to form a new signal labeling material, which is used in the test strip. The aggregation of
gold nanomaterials makes the label have stronger luminous intensity, so a darker strip color can be obtained on the test
line during the detection to realize signal amplification®'~%. Table 1 lists the ICS which is the first method to aggregate
gold nanomaterials to achieve signal amplification, and summarizes the intermediate carriers, performance improvement
multiples (vs ICS based on spherical gold nanomaterials), detection targets and detection limits.

The second method of aggregating nanomaterials is bilayer method, that is, a pair of specifically binding substances
are used to bind nanomaterials respectively. At present, these substances are mainly Abs-anti-Abs, biotin and streptavidin
(SA) and bovine serum albumin (BSA)-anti-BSA Abs. The interaction between these substances is used to realize the
aggregation of gold nanomaterials and enhance the luminous intensity of the detection signal. Chen et al>® labeled gold
nanomaterials with Abs and anti-Abs respectively, and immunochromatography formed nanogold-Ab-anti-Ab-nanogold
complex on the test strip, thus realizing the aggregation of gold nanomaterials. This method was used to detect E. coli
0157:H7. The LOD is 1.14 x 10> CFU/mL. Yan et al® realized the aggregation of magnetic nanomaterials by using the
interaction between Abs and anti-Abs, and LOD for furazolidone metabolites was 0.044 ng/mL, which was 10 times
higher than that of traditional methods. Fang et al®' labeled gold nanomaterials with SA and biotinylated monoclonal
antibodies (mAbs) respectively to form nanogold-SA- biotin-Ab-nanogold complex. The sensitivity of this method for
the detection of imidacloprid is 160 times higher than that of the traditional method. Although the bilayer method
improves the detection sensitivity of ICS, the tedious double labeling process increases the preparation time of the test
strip and affects the large-scale production of the test strip. At the same time, there is a certain steric hindrance effect that
affects the binding efficiency between the target and Ab to be tested, and affects the repeatability of the test results.

Hybrid Gold Nanocomposites

Nanoparticles (NPs) based on single element do not have perfect detection function to a certain extent, so many
researchers focus on multi-element NPs in order to obtain immune signal carriers with better properties.®> Researchers
have found that multi-component nanomaterials can obtain better properties than single-component nanomaterials, and

Table |1 ICS of Signal Amplification Realized by Aggregation of Gold Nanomaterials

Enriched Intermediate Carrier Performance Detection Detection References
Nanomaterials Improvement Target Limit
Multiples
Gold PAMAM 50X Bisphenol A 10 ng-mL™"' [52]
nanomaterials 4
Bacteria 20X Clenbuterol 0.1 ng'-mL [53]
hydrochloride
Zirconium metal organic - Furazolidone metabolite 0.6 ng mL™' [54]

framework structure

Carbon nitride 3X 17 B-estradiol 0.5 ng mL™ [55]
Polymeric material - Ochratoxin A 0.094 ng mL™"' [56]
Manganese dioxide 58X Deoxynivalenol 0.013 ng-mL™"' [57]

nanoflower
Polystyrene latex 64X Influenza virus 0016 HAU [58]

microspheres

Abbreviation: PAMAM, Polyamidoamine.
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the diversity of their composition and structure can greatly enrich their applications in various fields. Recently, there are
also a large number of reports about the attempt of hybrid gold nanomaterials as biosensors for LFIA. Some inorganic
non-metallic nanomaterials, such as carbon and silicon, have high physical stability, loading capacity, and are easy to
modify on the surface. They can be hybridized with gold nanomaterials to amplify signals while improving probe

6667 and copper®® on

stability and biocompatibility.”>%>~%3 The deposition of inorganic metal nanomaterials such as silver
the surface of gold nanomaterials or their hybridization with gold nanomaterials can amplify the size and enhance the
SPR effect, further enhancing molar extinction and amplifying optical signals;® the hybridization of iron NPs with gold
not only amplifies the SPR effect, but also serves to concentrate and enrich samples, making it possible to achieve

7071 in addition, some macromolecular organic structures such as metal frameworks’?

hypersensitive disease detection;
and bacterial fungi, as carriers of GNPs, can also significantly improve the optical performance of gold nanomaterial

probes and enhance the sensitivity of LFIA.

Inorganically Modified Gold Nanostructures

Carbon nanomaterials show great potential in biomedical applications, mainly due to their unique chemical and physical
properties.”> Carbon nanotubes are one of the most widely used carbon nanomaterials because of their physical and
chemical stability and their high surface area-to-weight ratio. Song et al’* coupled single-walled carbon nanotubes
(SWCNT) with GICA. It was used for identification of mycoplasma pneumoniae in children. The LOD was 1 x 10°

copies/mL. Jia et al”

established a low-cost, sensitive, intuitive and rapid immunochromatographic method for the
detection of carcinoembryonic antigen (CEA) on cotton thread using a novel carbon nanotube/gold nanoparticles (CNT/
GNPs) nanocomposite reporter probe. The principle of cotton thread biosensor immunochromatographic detection was
demonstrated by using CEA, a biomarker of lung cancer protein, as the analyte. Compared with traditional GNPs or
carbon nanotubes (CNTs) as reporter probes, the sensitivity of this method is improved by 2-3 orders of magnitude.
Under the optimum conditions, the biosensor can detect 2.32 ng/mL CEA (S/N>3) and has sufficient sensitivity for
clinical diagnosis.

Thanks to its inertia, high load capacity, biocompatibility and good surface modification, silicon is often used to
modify gold to develop highly sensitive biosensors and biometrics. Xu et al’® constructed a fast and highly sensitive
visual detection method for protein by using silica nanorods to modify GNPs (GNP-SiNRs) tags. Compared with the
traditional GICA, LOD is reduced by 50 times.

Silver-enhanced labeling technique is developed from immunogold silver staining technique. Silver staining techni-
que was first put forward by Holgate et al in 1983. They applied it to Ag display in tissue sections under light
microscope, resulting in a great increase in sensitivity (up to 200 times). Although silver staining has been successfully
applied in immunohistochemistry, it has not been widely used in the field of in vitro diagnostics (IVDs) until recent years.
The specific step is to increase the size of GNPs by depositing layer by layer of silver around GNPs. In addition, visually,
under the background of white NC membrane, the black that generates from metallic silver is stronger than the original
red of GNPs. Yu et al”’ reported a silver staining LFIA for simultaneous detection of FB1 and deoxynivalenol (DON) in
corn samples. The test is based on competition between the target mycotoxin and the corresponding coating Ag fixed on
the test line to bind to a limited number of GNPs labeled Abs. The detection signal was further amplified by silver
staining of GNP. In this process, silver ions are catalyzed by GNP to form metallic silver, which is deposited on the
surface of GNP, which can not only expand the particle size of GNP, but also form a clearer black in the test area. Under
the optimized conditions, the cut-off value of silver staining LFIA for FB1 is 2.0 ng/mL, and for DON is 40 ng/mL. For
DON in the buffer, it is at least 2 times higher than the GNPs-based method. This method is further used to detect FB1
and DON in naturally contaminated corn samples, which is consistent with the data obtained by HPLC-MS/MS. Liao

etal’®

developed an LFIA for rapid screening of AFB1 in food using corresponding mAbs immobilized on nanoparticles
with silver nuclei and gold shells (Ag@Au) as detection reagents. The membrane-based test strip consists of a test line
containing AFB1 conjugated to BSA and a control line containing goat anti-mouse immunoglobulin G (IgG). By using
red Ag@Au NPs coated with anti-AFB1 mAb as signal reagents, one or two color lines were formed on the membrane.
Under the best conditions, the LOD of AFB1 is lower, which is 0.1 ng/mL. Compared with GNPs, Ag@Au NPs greatly

improve the sensitivity, reproducibility and stability of detection. The natural pollution samples including rice, wheat,
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sunflower, cotton, pepper and almond were evaluated and found to have a good correlation with the data obtained by
ELISA. The simple and non-instrumental test strip method can be further extended to the screening of other mycotoxins
in food. Silver can effectively increase the extinction coefficient of gold nanomaterials. Deng et al’® reported an LFIA
method based on SERS for the determination of Sudan I in food samples. Au-silver core-shell bimetallic nanorods
(Au@AgNRs) were synthesized and characterized and used as substrates for the preparation of LFIA (Figure 3). Sudan
I polyclonal antibody was immobilized on the surface of Au@AgNRs carrying Raman reporter gene 5-dithiobenzene
(2-nitrobenzoic acid). Sudan red I was quantified by Raman scattering intensity on the detection line. The determination
was done in 15 min. The half maximal inhibitory concentration (ICsp) and LOD were 30 pg/mL and 0.2 pg/mL,
respectively. There is no large cross reaction (CR) with sunset yellow, lemon yellow, bright blue, but only 3.53-9.74%
CR with Sultan II, IIT and IV. The detection recovery of Sudan I in food samples ranged from 88.9% to 107.6%, with
a relative standard deviation of - 8.7% to 3.7% (n = 3).

Kim et al*” established a semi-quantitative LFIA platform for prostate specific antigen (PSA) detection in blood using
Au-Ag NPs assembled on silica (SiO,@Au-AgNPs) as a signal reporting factor. The synthesized SiO,@Au-AgNPs has
high absorbance in a wide wavelength range (400~800 nm), and the color intensity of the test line depends on the PSA
concentration (0.3-10.00 ng/mL).

Magnetic NPs (MNPs), such as Fe; O, NPs, are particularly useful for imaging and separation techniques. It has the
ability to extract analytes by magnetic pre-concentration, but compared with GNPs, it is not feasible to attach biometric
elements to MNPs by passive adsorption. A simple strategy is to coat MNPs with GNPs. This gold magnetic
nanoparticles (GMNs) can bind with biomolecules due to hydrophobic attraction and ion interaction.*' They can

cooperatively combine the advantages of two kinds of nanoparticles,** 4

which can be used as an optical reporter for
visual detection while realizing the pre-concentration of analytes. It has aroused great interest in diagnostic applications.
For example, Tang et al®> developed GMNs consisting of MNPs as the core, GNPs as the shell, and biological
functionalization with monoclonal anti-AFB2 Abs for the detection of aflatoxin B2 (AFB2). The experimental results
show that the visual LOD (vLOD) of GMNs-based LFIA is about three times lower than that of conventional
immunoassay using GNPs as detection reagent (Figure 4). Qualitative results (yes/no) can be obtained within 15 minutes
without expensive equipment. GMNs usually need to be modified because of their low surface binding activity. For

example, GMNs are coupled with anti-human immunoglobulin M (IgM, mucosa specificity) after being modified by

<Y F U,
A
* o - o _»-/,{xi.t/xx

> AuNRs DTNB D Au"™*@Ag NRs

*7’7

Y Antibody  BSA (=) Au™@Ag-DTNB-Ab NRs
T AN

B Laser

6w “ega““e T A
) l **17* Lateral flow direction /

(/7N
Conjugate pad DN L

PVC bottom plate

¢ Sudan | ;:_:J AuP™E@Ag-DTNB-Ab NRs probe

Figure 3 (A) Schematic preparation of immunoprobe (Au®™™2@Ag-DTNB-Ab NRs); (B) Assemble of the ICS and the scheme of the SERS-based ICS for Sudan .
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Figure 4 The fabrication process of the synthesized GMNs and principle of the detection method.

polymethacrylic acid (PMAA)® to construct a lateral flow detection device. This device is used to detect IgM of four
types of pathogens. Compared with commercial GICA, this method has higher sensitivity. Yang et al®’ developed
a simple coating program for GMNs and polyacrylic acid (PAA). GMNs coated PAA (PGMNs) is stable and mono-
disperse. Based on this, a new LFIA system was established. The recombinant Treponema pallidum antigen (r-Tp) was
combined with PGMNs to construct a probe for the detection of anti-Tp Ab. The LOD was as low as 1 national clinical
unit/mL (NCU/mL).

Copper modified GNPs also have application cases in LFIA. Shao et al®® proposed a new GNPs-LFIA system to
detect E. coli O157:H7 by metal growth mediated by polyallylamine hydrochloride (PAH). The developed method relies
on the height-controlled growth of the copper shell on the GNP core and allows a highly enhanced chromaticity signal to

188

be achieved by controlling PAH as a growth framework. The introduction of polycyclic aromatic hydrocarbons
eliminates the non-specific adsorption of copper ions on NC membrane to provide the maximum S/N, so that the
LOD of E. coli O157:H7 is 9.8 CFU/mL. In addition, the newly developed detection method has good repeatability
(coefficient of variation <13%), remarkable stability and practicability. PAH-mediated signal enhancement system paves
the way for stable metal growth methods based on gold, silver and other metals, and is very suitable for rapid, stable and
sensitive detection of foodborne pathogens using GNPs-LFIA platform.

Inorganic Nanocatalytic Materials Modified Gold Nanostructures

Although many efforts have been made to improve the extinction coefficient and optical properties of gold nanomaterials
as much as possible, these strategies are simple and practical, it is still a challenge to greatly improve the sensitivity of
GNP-based colorimetric LFIA without increasing complexity. Because the detectable color signal in GNP-based LFIA
comes from the plasma polaritons of GNP, the detection sensitivity is basically limited by the inherent plasma activity. In
order to avoid the limitation of the inherent plasma characteristics of gold, it is considered that some inorganic
nanocatalytic materials, also known as metal NPs with enzyme mimic activity (inorganic nanoenzymes). Their catalytic
performance is less affected by external environmental conditions, their chemical properties are stable, they are easy to
surface modify, and their production cost is lower than that of proteases.® The signal amplification of LFIA can also be
achieved by utilizing the color generated by the substrate catalyzed by these inorganic nanoenzymes to enhance the
signal of the test line. Among them, platinum-containing nanocatalytic materials showed high peroxidase and catalase

mimic activity, and had significant stability®*""

192

in the extreme range of pH, temperature and inhibitor concentration. Gao
et al’” first reported a unique bifunctional Au nanoparticles (AuNPs) to greatly improve the detection sensitivity of
GICA. This bifunctional AuNPs is based on a 10-atomic layer of ultra-thin platinum coating on traditional AuNP
(Au@PtNPs) (Figure 5A). This Au@PtNPs retains the plasma activity of the initial AuNP and has the ultra-high catalytic
activity achieved by the platinum atomic layer. The dual functions of plasmon and catalysis provide two different
detection options: one is generated only by the color generated by plasmon (low-sensitivity mode), and the other more

sensitive color is catalyzed by chromogenic substrate (high-sensitivity mode) (Figure 5B). The detection performance can
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Figure 5 Schematics showing (A) the fabrication of Au@PtnL NPs in which Pt atoms are deposited onto an AuNP to form a conformal, thin Pt shell with thicknesses of |-
10 atomic layers and (B) two types of color signal generated from Au@PtnL NPs under different mechanisms. In (a), the rate of atom deposition is controlled to be slower
than that of surface diffusion (Vdep. < Vdiff.).

Abbreviations: V., velocity of deposition; V., velocity of diffusion.

be adjusted “on demand”. Compared with conventional AuNP, Au@PtNPs can increase the sensitivity of PSA by two
orders of magnitude.

Considering that platinum is mostly produced on gold seeds by seed-mediated method, the process is tedious and difficult
to control. Panferov et al” proposed a new method for the synthesis of inorganic nanoenzymes, which can effectively disperse
platinum atoms on the surface of the GNPs. The synthesis of inorganic nanoenzyme includes three steps: the synthesis of
GNPs, the overgrowth of silver layer on GNPs (Au@AgNPs, 6 kinds of silver shell with different thickness), and the
replacement of silver with PtClg couple, resulting in the formation of trimetal. Au@Ag-Pt nanoparticles. The Au@Ag-Pt NPs
have uniform deposition catalytic center and high platinum utilization efficiency. Au@Ag-Pt NPs combined with mAb were
used as a colorimetric and catalytic marker in LFIA of CRP, a biomarker of inflammation. The LOD of CRP in serum with
Au@Ag-Pt NPs-based LFIA (15 pg/mL) is 65 times higher than that of GNPs-based LFIA.

Bai et al** developed citrate capped tricrystal Au@Ag-Pt NPs by using seed-mediated growth and electrical substitution
reactions under convenient conditions, which can be directly converted into industrial production. Human cardiac troponin
I (cTnl), one of the most specific markers of heart injury, was selected as a detection model. The hypersensitive colorimetric
detection of human cTnl has been successfully achieved, and the LOD of ¢Tnl is as low as 20 pg/mL. This strategy is robust,
can ensure the stability and repeatability of peroxidase activity without precise control, and can be directly docked with the
industrial production of traditional ICS, and is easy to adapt to on-demand clinical diagnosis.

However, considering that this detection model may not be accurate when detected in high endogenous peroxidase
activity (EPA) samples. Panferov et al’® reported the detection of samples with high EPA using Au@Pt core@shell NPs.
Unlike the inhibition of EPA in plant extracts by high concentration of H,O, (>20 mM), the EPA of nanoenzyme
remained stable at high concentration of H,O, (up to 4 M), and the stability of Au@Pt NPs to substrate can eliminate the
interference of EPA. This method was used to detect virus X (PVX) in the extracts from leaves and tubers of potato in
order to reach the lower LOD and eliminate the interference of LFIA background. The established peroxidase inhibition
method is a general method for bioanalysis, and its applicability is confirmed by eliminating EPA in three substrates
(serum, potato leaf and tuber extract).

These examples show that LFIA enhanced by inorganic nanoenzymes show a good prospect. During the epidemic of
coronavirus disease 2019 (COVID-19), Fu et al®® used Au@Pt NPs with excellent peroxidase-mimic catalysis (PMA) to
detect severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) spike protein (S1) by colorimetry. This
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method was developed for rapid and accurate diagnosis of COVID-19 caused by SARS-CoV-2. The linear range of
protein concentration was 10~100 ng/mL and the LOD was 11 ng/mL.

This method is a new type of sensitization method in immunochromatography and has been widely studied, and
research has shown that it can significantly improve detection sensitivity. However, this method requires a secondary
operation after conventional immunochromatography, which will increase analysis time and reduce efficiency. It cannot
be denied that this is also a worthwhile research direction for LFIA. The future focus is to find a balance between
sensitization and acceleration of detection, as well as achieve stable output of detection results.

Organically Modified Gold Nanostructures

Some researchers have begun to attempt to apply some new organic polymeric materials or organic compounds to the
sensitization experiments of LFIA. Organic polymeric materials include novel biomimetic adhesive polymers such as
polydopamine (PDA) and metal organic frameworks with large specific surface area and high loading capacity. At the
same time, organic compounds such as bacteria also exhibit strong flexibility, high loading capacity, and biocompat-
ibility. The excellent properties of these materials applied to gold nanostructures can also increase the sensitivity of LFIA
to varying degrees.

Studies have shown that after coating the surface of NPs (such as silica NPs (SiNPs) and MNPs) with PDA,
significantly higher UV Vis absorption levels can be observed.”®®” Therefore, some researchers have applied this
characteristic of PDA to GNPs to enhance their color intensity and facilitate the detection of test strips. In Xu’s
work,”® PDA-coated GNPs (Au@PDAs) were synthesized by the oxidative self-polymerization of dopamine (DA) on
the surface of GNPs and applied for the first time as a signal-amplification label in LFIAs for the sensitive detection of
ZEN in maize. The PDA layer functioned as a linker between GNPs and anti-ZEN mAbs to form a probe (Au@PDA-
mAb). Compared with GNPs, Au@PDA had excellent color intensity, colloidal stability, and mAb coupling efficiency.
The LOD of the Au@PDA-based LFIA was 7.4 pg/mL, which was 10-fold lower than that of the traditional GNP-based
LFIA (76.1 pg/mL).

Metal organic frameworks (MOFs), a new class of crystalline porous material with flexible structures,”® are usually
formed on the basis of the connection between organic linkers and metal nodes.'®® Featured with extremely high surface
area and tunable pore size,'°” MOFs have exhibited significant application potentials in various fields, such as separation,
19" Yuan et al®* synthesized MOF@GNPs with significantly enhanced color
signal intensity by in situ growth of GNPs on MOFs skeleton. Taking advantage of high surface area of MOFs, numerous

catalysis, sensing, imaging, and drug deliver.

densely packed GNPs were embedded in the surface and interior of MOFs, showing ultrahigh loading capacity and
uniform distribution of GNPs on the MOF@GNPs. Accordingly, compared with the traditional 40 nm GNPs (GNP40),
the absorbance of MOF@GNP is 16.7 times higher. As a signal amplification tag of HCG, the LOD of enhanced LFIA is
1.69 mIU/mL, which is about 10.6 times higher than that of traditional GNP40-LFIA.

As novel signal carriers, the bacteria are not only the correct size (1-3 pm) and uniformity, are stable and can be
dispersed, but they are also naturally occurring and biocompatible, and exhibit a better protection for the antibody.
Additionally, the bacteria have an ultrahigh capacity for nanomaterials, owing to the abundant functional groups
distributed on their surface, eg polysaccharides and proteins, which can be easily modified and activated. Huang et al’>
constructed a new type of probe by loading a large amount of GNPs on the surface of bacteria which used as signal
carriers. Bacteria can load large amounts of GNPs on their surfaces, which means that much fewer Abs are needed to
produce visible results (Figure 6). After optimizing the analytical conditions such as bacterial species, coupling method
and concentration, the vLOD for clenbuterol is 0.1 ng/mL, which is 20 times higher than that of traditional GICA. This
work opens a new way for signal amplification and improving the performance of LFIA and proves that inactivated
bacteria can also be environmentally friendly and powerful signal carriers for other biosensors.

Different Signal Output Strategies Used in LFIA
After introducing the different gold nanomaterials applied to LFIA, we need to further introduce the different signal
output strategies for these well-designed gold-based nanoprobes.
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Figure 6 lllustration of the improved LFIA: comparison of the traditional GICA and novel bacteria@Au based LFIA for the detection of weakly positive sample.

GICA has some disadvantages, such as low sensitivity and uncertainty in quantitative analysis, and it is difficult to
explain the visual reading.'%'%* At present, the quantitative strategy of LFIA is to record the optical density of the signal
by testing the strip reader.'®® The basis of detection using the reader signal is to convert the color density of the T line or
line into optical density (OD), which can be used to accurately quantify the signal. In early studies, most quantitative test
strip analysis was achieved by recording the OD of the corresponding test line (OD). However, the ODs of the test and
control line depend not only on the analyte concentration, but also on the immune reaction time, operating temperature,
immune reaction time, signal changes between bands, and the influence of the sample matrix.'’® In addition, the pH
value, ionic strength and matrix of the sample also affect the efficiency of immune reaction between Ab and Ag.
Therefore, the test results determined only by the OD of the test line are not very accurate with low reproducibility, which
usually used as semi-quantitative test. The researchers found that the ratio of OD to the OD of the control line (OD()
can effectively offset the effects of these parameters. A research team has previously reported quantitative detection of
clenbuterol using LFIA through OD{/ODc ratios and portable note readers. LOD in standard pig urine samples reached
220 pg/mL in 10 minutes.

It has been reported that by correlating the temperature change with the target concentration, many biosensors using

thermometers as readout devices have been developed. The heat sources of these reports, such as iron oxide NPs,'*”'% new

infrared (NIR) sensitive dye'% and aggregating GNPs,'!*!!!

all have significant photothermal effects. All these studies show
that the thermometer can be used as an accurate reading device for POCT. The thermal signal produced by antibody-labeled
GNPs as a contrast agent can be amplified and detected by a thermal detector''? (Figure 7). The laser wavelength can be
matched with SPR peak of GNPs, and the temperature rise can be detected by NIR detector, and finally the quantitative
detection of GNPs signal can be realized. In addition, many nanomaterials with excellent photothermal properties also provide
more options for the development of in vitro detection technology based on thermal signals.>°

The excellent SERS signal sensing ability of gold nanomaterials cannot be ignored. Some studies have shown that using the
thermal and SERS signals of nanomaterials to analyze target substances can improve the sensitivity of ICS.""*>"''> SERS is an
ultra-sensitive vibration spectrum technology, which has the advantages of anti-photobleaching, short response time, high band
resolution, rich information and so on. The immunochromatographic method based on SERS not only has the high sensitivity and
spectral resolution of SERS, but also has the specificity and convenience of immunochromatography. Lin et al''® adsorbed
4-aminophenylthiophenol molecules on the surface of gold nanostars, using them as signal labels for the test strip. By collecting
raman signals from the test strip, the LOD for bisphenol A (BPA) was 0.073 ng/mL, and the sensitivity was 20 times higher than
that based on colorimetric methods.

International Journal of Nanomedicine 2023:18 hetps: 7857
Dove:


https://www.dovepress.com
https://www.dovepress.com

He et al Dove

Test line Control line
> N/
~
&= ¥ Y
9 . VI
. Yf Y __
Sample pad  copiygate pad NG membrane Absorption pad
Flow
p B =
p B ®
T i .
= s High sensitivity mode
Q
Irradiation h

2]
owm A

Super sensitivity mode

Figure 7 Schematic illustration of the dual-signal immunoassay.

Notes: The high sensitivity mode uses a CG quantitative analyzer to convert color signals into optical density signals for quantitative analysis; The super sensitivity mode
uses laser to Irradiate the test line and control line after the immunochromatography is completed, and the infrared camera records the degree of temperature rise for
quantitative analysis.

In recent years, LFIA based on fluorescent signal has also been one of the research hotspots. Fluorescent nanomater-
ials, including gold nanoclusters (AuNCs), could significantly enhance the sensitivity of test strips owing to their
excellent photoluminescent characteristic, good photostability, easy synthesis, and good biocompatibility.''”'*

In addition, quantitative detection of magnetic flux through the magnetic properties of GMNss is also a very sensitive
strategy. GMNs is a promising composite material in LFIA,”" not only because of its excellent colorimetric sensitivity,
but also because of its magnetic sensitivity brought by iron oxide NPs.”” MNPs is a key factor in the development of
a new generation of biosensors based on LFIA. They can be coupled to an external reader to monitor changes in the

magnetic flux in order to sensitively detect analytes for quantitative measurement.'2*-'?!

Conclusion

LFIA is one of the most widely used real-time detection reagents. Generally, an ideal POCT detection reagent should have the
following characteristics: fast diagnosis, easy to use, low cost, and reliability. The size dependent optical properties, diversity
of surface functionalization, and high optical extinction coefficient of GNPs have driven the development of various
sensitization and signal amplification strategies, making highly sensitive real-time detection possible. These detection
methods are expected to be used for early diagnosis and monitoring of some diseases. However, there are still many barriers
that need to be overcome to achieve the clinical transformation of gold nanomaterial diagnostic technology in the field of
POCT. The main problems at present and the development direction in the future are briefly described as follows:

a. GNPs as a biosensor structure played a crucial influence on detection performance, and with the deepening of the
research, a variety of composite materials have been applied due to their excellent properties, but these nanomaterials mostly
have the disadvantages of complex synthesis process and poor reproducibility, which violates the original intention of IVDs
technology development. In the main text, we also introduced different synthesis methods for some types of gold nanomater-
ials to improve stability and achieve mass production. Developing more stable, green, and batch synthesized synthesis
methods and surface modification methods for gold nanomaterials remain a key focus at present and in the future; b. at the
same time, we do not yet have a mature theory on the intrinsic mechanism of the binding of gold nanomaterials to
biomolecules, often relying on past experience. Generally, covalent binding and electrostatic adsorption are commonly
used. What we currently know is that the successful binding of traditional GNPs (3040 nm) with some proteins depends
on pH value. Before labeling, the pH value of the gold dispersion must be adjusted to a slightly alkaline PI of the protein to be
labeled. Finally, the degree of binding can be determined by the depth of color development. However, the binding between
gold nanomaterials and proteins is not only influenced by electrostatic forces, but also by hydrophobic forces, van der Waals
forces, etc. In addition, their binding is also influenced by protein spatial conformation and amino acid sequence. Therefore,
this method does not have universality, and cannot guarantee the stability of multiple experimental results; at present, there are
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also some methods that can accurately measure the binding efficiency of proteins with gold, such as Bicinchoninic Acid Assay
(BCA), sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and other methods; however, the interaction
between gold and proteins cannot be explored through simple binding or not. We need to study and discuss the forms in which
proteins bind to gold nanomaterials, the most suitable forms, and the factors that affect the binding between gold nanomaterials
and proteins to better control the process of binding; many methods are now used to study protein—nanoparticle interactions,
such as radio-labeled proteins, spectrophotometry to measure shifts in plasmon resonance and dynamic light scattering (DLS)
to measure hydrodynamic diameter, require separation of unbound protein from the conjugate prior to analysis and are
therefore not truly a measure of the system at equilibrium. Alternatively, fluorescence correlation spectroscopy (FCS) and
differential centrifugal sedimentation (DCS) have been introduced for the in situ analysis of protein adsorption on NPs. In
recent years, nanoparticle tracking analysis (NTA) has also been used to quantitatively evaluate the adsorption of Abs on GNP
as a function of pH; c. LFIA based on photothermal and raman signals require corresponding sensors, which increases the cost
of LFIA. Developing portable and inexpensive sensors is the trend of future development.
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