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Abstract

Colorimetric lateral flow assay (CLFA) is one of a handful of diagnostic technologies that
can be truly taken out of the laboratory for point-of-care testing without the needs of any
equipment and skilled personnel. Despite the simplicity and practicality, it remains a grand
challenge to substantially enhance the detection sensitivity of CLFA without adding complexity.
Such a limitation in sensitivity inhibits many critical applications such as early detection of
significant cancers and severe infectious diseases. With the rapid development of materials
science and nanotechnology, signal amplification techniques that hold great potential to break
through the existing detection limit barrier of CLFA have been developed in recent years. This
article specifically highlights these emerging techniques for CLFA development. Rational,
advantages, and limitations of each technique are discussed. Perspectives on future research

directions in this niche and important field are provided.
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1. Introduction

Lateral flow assay (LFA, also known as test strip) is one of the most widely used point-of-
care diagnostic technologies owing to its simplicity, rapidness, and cost-effectiveness. The most
commonly known LFA might be the "over-the-counter pregnancy test" that became
commercially available in the 1980s.!? Over the past several decades, a vast variety of LFAs
have been developed for clinical, agricultural, bio-defensive, and environmental applications.>”

A typical LFA works on a set of wettable materials that are assembled on a strip of plastic
backing card (see Fig. 1a). All required chemicals and reagents are pre-stored in the test strip.
Using antibodies as bioreceptors and "sandwich type" assay as a model system, Fig. 1b illustrates
the general principle of a LFA. Other forms of LFA (e.g., nucleic acids as bioreceptors and
"competitive type" assay) and more technical details could be found in previously published
comprehensive review articles.!%!? Briefly, a small volume of sample applied to the sample pad
flows across conjugate pad, nitrocellulose membrane, and absorbent pad in turn as driven by
capillary forces. During this course, analytes are recognized by detection antibodies-conjugated
nanoparticles (which are referred to as "labels"). The resulted analyte-label complexes are then
captured by capture antibodies immobilized on the membrane to form test and control lines (see
Fig. 1b). The concentration of analyte is proportional to the signal from labels accumulated in the
test line region. Note the control line is designed to indicate the validity of test strip.

Since nanoparticle labels are responsible for signal generation, they largely determine the
category and performance of a LFA. Up to date, various LFAs based on labels of different signal-
transducer principles (e.g., colorimetric,'*!* fluorescent,'>'® magnetic,'” Raman scattering,'® and
chemiluminescent'® labels) have been extensively developed. Among them, colorimetric LFA
(CLFA) is particularly desired by the end users because it can be performed by a non-skilled
person and quickly determined with the naked eye, without the requirement of any instrument. In
contrast, most other LFAs are conducted with the assistance of complementary hardware and
software, which more or less compromises the value of simplicity and low cost of LFAs. It
should be noted that the majority of LFAs on the market are also CLFAs (most of them are based
on gold nanoparticles as the labels). Significantly, CLFAs are urgently needed for diagnosing
diseases and detecting pollution in resource-constrained areas or countries.

Nevertheless, the bottleneck of CLFA development is the relatively low detection sensitivity

compared to other diagnostic technologies. This low sensitivity of CLFA inhibits many critical



applications. For example, it is expected that the mortality rates of severe infectious diseases
such as Zika, Malaria, and Ebola could be greatly decreased if the diseases are detected in time
by CLFAs.?*22 Also, it is currently not feasible to apply CLFAs to detect significant cancers

(e.g., prostate and cervical cancers)®>*

at early stages, because CLFA requires orders of
magnitude more biomarkers than what exists in clinical samples. Taken together, it is of great
importance and urgency to develop biosensing techniques that can substantially enhance the
sensitivity of CLFAs.

It is known that the sensitivity of CLFA is essentially confined by the relatively weak color
signal from the labels. Visible detection signal requires the accumulation of a large amount of
colorimetric labels in the test line region of a CLFA.!%!" With the rapid development of materials
science and nanotechnology, the color signal from a label can be drastically amplified, making it
feasible to break through the existing detection limit barrier of CLFA. This article highlights
recent signal amplification techniques designed for enhancing the sensitivity of CLFA. It should
be mentioned that, while not discussed in this article, developments of CLFA from those aspects
other than signal amplification (e.g., improvement of the qualities of bioreceptors, new materials
for assembly of test strips, and control of flow rate) can also contribute to enhanced sensitivity of
CLFA 2528

For the sake of generality and consistency, in this article, we will focus on Au nanoparticle
(AuNP) as a model colorimetric label for illustration. Note that AuNPs are used most frequently
in CLFA because of their fascinating physicochemical properties and facile production in large
scales. In particular, owing to a phenomenon called localized surface plasmon resonance
(LSPR),?>* they offer intense color signal (red, in most cases) that is orders of magnitude
stronger than the color from ordinary organic dyes.*! The signal amplification techniques, as well

as the perspectives provided in this article, may be extended to other colorimetric labels such as

34,35 36,37

carbon nanoparticles,**3* dyed beads,*** and other metal (oxide) nanoparticles
2. Signal Amplification Techniques
2.1. Increasing the density of AuNPs around an analyte
A straightforward means to enhance the sensitivity of AuNPs-based CLFA is to increase the
density of AuNPs around an analyte in the test line region. In this way, the color signal of AuNPs

can be enhanced since the collective molar extinction of AuNPs is enlarged.?’



To achieve this idea, several strategies have been developed. One of them is to prepare AuNP
aggregates as labels for CLFA. A notable example for AuNP aggregates preparation is to
interconnect AuNPs by means of oligonucleotides as reported by Hu et al. (Fig. 2a).®
Specifically, a pair of oligonucleotide sequences — an amplification probe and a complementary
probe — were conjugated to two batches of AuNPs separately. AuNP aggregates were formed
through the hybridization between the two probes. After functionalizing the AuNP aggregates
with a detection probe as a bioreceptor, they can be used as labels for CLFA. Using a nucleic
acid sequence of human immunodeficiency virus type 1 (HIV-1) as a model analyte, the AuNP
aggregates-based CLFA could achieve a detection limit of 0.1 nM. In comparison, when
individual AuNPs were employed as labels, the detection limit was increased to 0.25 nM,
indicating a 2.5-fold enhancement in sensitivity by the AuNP aggregates. In addition to
oligonucleotides, antibody pairs were also used to prepare AuNP aggregates and enhance the
detection signal. For example, in a work by Rivas et al.,*> AuNPs were conjugated to polyclonal
secondary antibodies that recognizes anti-FITC antibodies. When the secondary antibodies-
conjugated AuNPs were incubated with free anti-FITC antibodies in a solution, AuNP aggregates
were formed because polyclonal nature of the secondary antibodies on AuNPs allowed for
multiple binding to a primary antibody. Such AuNP aggregates as labels ensured enhanced color
signal and resulted in a new CLFA with improved sensitivity.

In abovementioned strategy, AuNP aggregates were performed prior to the assay. In an
alternative approach, AuNP aggregates were designed to form during the assay. For example, in a
work reported by Choi et al.,** two batches of AuNPs with different sizes were collectively used
as the labels — the small AuNPs were conjugated with anti-analyte antibodies and bovine serum
albumin (BSA) as a blocking agent, while the big AuNPs were coated with anti-BSA antibodies
(see Fig. 2b). These two AuNP labels were dispersed onto two separate conjugate pads in a single
test strip. During an assay, the small labels will flow faster and be captured first on the test line.
The big labels coming up late will then attach to the small ones through the binding between
BSA and anti-BSA antibody, forming AuNP aggregates on the test line. Using troponin I as a
model analyte, this design improved the sensitivity of CLFA by up to 100 times. The same
approach has been applied to CLFA of small molecules in a competitive-type assay.*! A similar
concept was demonstrated by Ge et al..** In this case, instead of BSA, oligonucleotides (along

with detection antibodies) were conjugated to AuNPs to form the first AuNP label. The second



AuNP label was prepared by functionalizing AuNPs with another kind of oligonucleotides that
are complementary to those on the first label. During the assay, after the first AuNP label had
been captured on the test and control lines, the second AuNP label in a solution was loaded to the
strip to bind to the first one through hybridization of oligonucleotides. A 10-fold enhancement in
sensitivity (relative to conventional AuNPs based CLFA) was demonstrated in detection of
histone methylation.

Another strategy for increasing the density of AuNPs is to assemble as many AuNPs onto a
carrier of larger size. For instance, in a recent work, Xu et al. demonstrated the use of silica
nanorod (SiNR) as the carrier to load AuNPs and amplify the signal of CLFA (see Fig. 2c).*
Specifically, a single SINR of 200 nm in diameter and 3.4 pm in length was capable of loading
~10* AuNPs of 16.7 nm in diameter. Detection limit of the AuNPs-SiNR-based CLFA was
lowered 50 times compared to conventional AuNPs-based CLFA when a sandwich-type assay of
rabbit IgG was performed as a model test. Similar concept was demonstrated by using branched
dendrimer as the carrier to load AuNPs.*

While this technique is straightforward, there are some limitations one may keep in mind. For
example, in the strategy of forming AuNP aggregates, the uniformity in terms of both size and
morphology of the AuNP aggregates should be important parameters to optimize. The uniformity
of labels largely determines the reproducibility and sensitivity of final CLFA. In the strategy of
using carriers to load AuNPs, one should balance the size of carriers and their loading capacity.
In general, carriers of larger sizes are able to carry more AuNPs due to their greater surface
area.*> On the other hand, however, the large size of a carrier will slow down the migration of
labels in strip membrane, thus increasing the testing time and causing high background signal.

Meanwhile, it arises the steric effect for the binding of bioreceptors to analytes.

2.2. Enlarging particle size through silver or gold enhancement

Silver enhancement (a classic electroless plating process) is a traditional technique that has
been extensively used for signal enhancement in biochemistry, especially in immunogold
assays.** In this technique (see Fig. 3a), colloidal AuNPs act as catalysts to reduce Ag" ions to
metallic Ag at room temperature in the presence of a reducing agent (typically hydroquinone
buffered to an acidic pH). The reduced Ag atoms are deposited on the surface of the AuNPs,
during which particle size of AuNPs is enlarged by up to 5 orders of magnitude.*®

Since the extinction coefficient of Au or Ag nanoparticles (which is correlated to the



3130 silver

visibility of color signal) is drastically enlarged as the increase of particle size
enhancement technique is expected to be powerful in enhancing the color signal of AuNP labels
and thus lowering the detection limit of AuNPs-based CLFAs. The pioneer work by Yang et al.
first demonstrated the feasibility of coupling silver enhancement technique with AuNPs-based
CLFA to enhance its sensitivity.’! Specifically, the assay was designed on the basis of a sandwich
immunoassay, in which abrin-a was chosen as a model analyte. After the performance of CLFA
and the accumulation of AuNPs in the test line region of strip membrane, two additional pads
that were pre-coated with AgNOs as a precursor to silver and citrate buffered hydroquinone as a
reducing agent were placed above the membrane. Both pads were then infiltrated by water,
activating the silver enhancement reaction on AuNPs. After silver enhancement (approximately
in 10 minutes, at room temperature), red lines in test strips arose from AuNPs turned into black
due to the deposition of silver on AuNPs. Visual detection limit of this technique coupled CLFA
was much lower than that of conventional AuNPs-based CLFA (Fig. 3b). The sensitivity
improvement of CLFA through silver enhancement technique has been attested by other research
groups in detecting different analytes.’>> In a comprehensive study of various colorimetric
labels by Linares et al., silver enhancement technique was demonstrated to be able to enhance
the sensitivity of CLFA by a factor of 10.3?

The improvement of CLFA sensitivity achieved by silver enhancement technique is mainly
attributed to the enlargement of nanoparticles that augments their visibility in the test line of a
strip. Such a rationale could also be realized by a similar technique — "gold enhancement". In
gold enhancement, AuNPs catalyze the localized reduction of a salt precursor to Au (e.g.,
HAuCls) by a reducing agent (e.g., NH:OH-HCI**), during which the size of AuNPs is
substantially increased. When coupled with gold enhancement technique, the sensitivity of
AuNPs-based CLFA could be enhanced by several times (see an example in Fig. 3¢).>®

In both techniques, reduction and deposition of Ag or Au are localized on the surface of
AuNPs through self-catalysis. In reality, however, the reduction reaction may also be catalyzed
by certain substances other than AuNPs in the detection system because the reaction can be
easily activated thermodynamically. As a result, new Ag or Au particles outside the initial AuNPs
may form via homogeneous nucleation,’ leading to the increase of background signal in CLFA
tests and thus the decrease of sensitivity. In this regard, to achieve a desirable signal-to-noise

ratio, one may need to consider eliminating the influence of matrices from samples and test strip



materials on the catalytic reactions during silver or gold enhancement.

It should be noted that the involvement of Ag" or Au’' ions in this signal enhancement
strategy is a potential issue to consider. Both ions were found to adversely affect the environment
and have serious biological effects on human health. For instance, exposure to Ag" may lead to
argyria and severe symptoms such as stomach distress and organ edema.’’>® Au’" was
recognized to cause damages to liver, kidney, and peripheral nervous systems. Such a potential
issue caused by these toxic ions needs to be somehow addressed, especially CLFAs are generally

performed in non-laboratory scenarios.>%*°

2.3. Modifying AuNP surface with enzymes

Enzymes are macromolecular biological catalysts that catalyze the conversion of substrates
to products.®’ As a group of unique enzymes, peroxidases can effectively generate colored
products by catalyzing chromogenic substrates. A single horseradish peroxidase (HRP, a
commonly used peroxidase extracted from the roots of horseradish) is capable of yielding up to
10° colored products in one second.®?> Therefore, HRP has been widely used in colorimetric
diagnostics and imaging technologies (e.g., western blot and enzyme-linked immunosorbent
assay), wherein HRPs are conjugated to bioreceptors and specifically generate color signal.®-63

Taking advantage of its high catalytic activity, HRP has been applied to CLFA technology to
enhance the detection sensitivity. In general, AuNPs are coated with both HRP molecules and
bioreceptors and then serve as labels for CLFA (see Fig. 4a). After a complete assay, the test strip
is treated with a catalytic reaction solution containing HRP substrates. Signal amplification and
thus low detection limit are achieved through HRP-catalyzed reactions, in which colored
products with intensities higher than the color from AuNPs are generated in the test and control
lines of a strip. Note, the colored products are insoluble chromogens that cannot be moved by the
liquid flow during an assay.

In a sandwich-type CLFA of DNA analytes, Mao et al. conjugated AuNPs with both HRP
molecules and DNA probes.®® After the complete assay, a catalytic solution containing 3-amino-
9-ethyl-carbazole (AEC) and H202 was applied to the sample pad of test strip. The HRP-
catalyzed reaction was allowed to proceed for 5 minutes, during which red colored products (i.e.,
oxidized AEC) were formed on the test and control lines (Fig. 4b). Using this signal
amplification strategy, detection sensitivity of CLFA was enhanced by 10 times. In a follow-on

study by He et al.,”” the performance of the HRP-assisted CLFA was further enhanced by



optimizing the recipe of HRP-AuNP-DNA probe conjugate preparation. It was found that sodium
dodecyl sulfate and the immobilization order of HRP and DNA probes on AuNP surfaces played
key roles in determining the sensitivity of CLFA.

In addition to nucleic acid analytes, the HRP-assisted signal enhancement strategy was also
demonstrated in detecting protein analytes by Parolo et al..® Specifically, AuNPs were coated
with HRP and antibodies. Human IgG as a model analyte was detected in a sandwich-type
CLFA. Three different types of HRP substrates — 3,3',5,5'-tetramethylbenzidine (TMB), 3,3'-
diaminobenzidine tetrahydrochloride (DAB), and AEC were tested and compared. It was found
that the use of TMB and AEC as substrates of HRP allowed an improvement of CLFA sensitivity
of about one order of magnitude compared to AuNPs-based CLFA without signal enhancement
(Fig. 4c). In contrast, DAB was not able to produce appreciable increment in the sensitivity of
CLFA. It is worth mentioning that TMB, among these three substrates, gave the best limit of
quantification because TMB granted the highest contrast between the lines and the background
than the others. In addition, the catalytic solution prepared with TMB is cheaper and more stable
than those with AEC and DAB. Therefore, TMB was suggested to be the most suitable substrate
for HRP-assisted CLFA.

In this technique, the improvement of CLFA sensitivity is considerable. The signal
enhancement procedure is simple (e.g., room temperature, aqueous solution, and 5-minute
reaction time). Nevertheless, there are some drawbacks to take into consideration. For instance,
the relatively poor thermal and chemical stabilities of enzymes is a potential issue,*’° which
may shorten the shelf life of CLFA and affect the detection accuracy. Enzyme molecules will
compete with bioreceptors for the surface area of a AuNP. The reduced loading amount of
bioreceptors on AuNPs and the steric effect caused by the neighboring enzymes are likely to
affect the efficiency of label in recognizing and binding to analytes. On the other hand, the
loading amount of enzymes and thus the magnitude of signal amplification are confined by the

limited surface area of a AuNP.»

2.4. Coating AuNPs with a catalytic metal
Within the past decade, nanoparticles made of platinum-group metals have been

7175 These nanoparticles as

demonstrated to possess intrinsic peroxidase-like activities.
peroxidase mimics (or artificial peroxidases) provide two major advantages compared to their

natural counterparts. First, their catalytic efficiency in terms of catalytic constant Kcat, which



measures the maximum number of chemical conversions of substrate molecules per second per
enzyme or mimic, are much higher than natural peroxidases. For example, Kcat of ~20 nm Pd-Ir
nanoparticles is as high as 10° s!, while Kcat of HRP is only at the regime of 10° s7'.°>72 Second,
they exhibit excellent stabilities owing to the inertness of noble metals. In contrast, natural
peroxidases are relatively unstable since they are essentially made of proteins and therefore are
subject to denaturation and protease digestion.”® These two distinctive features make peroxidase
mimics attractive to be integrated to CLFA, amplifying the detection signal and thus enhancing
the sensitivity of CLFA.

In a recent work, our research group designed a novel label for CLFA by taking advantage of
the superior peroxidase-like activity of Pt nanocrystals.”” As shown by the schematics in Fig. 5a,
conventional AuNPs of ~40 nm in diameter as the seeds were coated with conformal, ultrathin
shells of Pt to form unique Au@Pt.L core@shell NPs (nL: 1-10 atomic layers). The successful
coating of Pt shells with controlled thicknesses at the atomic level relies on careful manipulations
of the reaction kinetics during the synthesis. Au@Pta. NPs as an example are shown in Fig. 5b,
which will be used as a model sample in following discussions. We demonstrated that so long as
the Pt shell was ultrathin (within several atomic layers), the plasmonic activity of the AuNP
seeds underneath Pt would be well retained, making the resultant Au@Pt NPs as red as the initial
AuNPs. On the other hand, Pt shells over AuNPs endowed the Au@Pt NPs with high peroxidase-
like activities, allowing them to generate highly intense blue colored molecules (i.e., oxidized
TMB) within several minutes by catalyzing the reaction between TMB and H20z. It should be
emphasized that the intensity of blue color from catalysis was 3 orders of magnitude stronger
(catalytic reaction time = 5 minutes) than that of the intrinsic red color from plasmonics,
providing enhanced detection signal. Significantly, the surface properties (e.g., chemical ligands
and charge on the surface) of the Au@Pt NPs were similar to initial AuNPs, making it
convenient to label antibodies on their surface using those well-established procedures for
conventional AuNPs.

The dual functionalities, plasmonics and catalysis, along with the appropriate surface
properties of the Au@Pt NPs make them extremely suitable for CLFA. They can offer two
detection alternatives (see Fig. 5c¢): one produced just by the red color of AuNP cores (low-
sensitivity mode) and the other more sensitive blue color generated from the Pt shells through

catalysis (high-sensitivity mode), providing an "on-demand" tuning of the detection
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performance. Note, the high-sensitivity mode is less straightforward than the low-sensitivity
mode because it requires an additional signal enhancement procedure (i.e., S-minute treatment
with TMB/H20: catalytic solution at room temperature). Using human prostate-specific antigen
(PSA) as a model analyte, the performance of Au@Pt NPs-based CLFA was evaluated. Fig. 5d
compares the detection results of PSA standards in buffer solution using conventional AuNPs-
based CLFA and Au@Pt NPs-based CLFA under low- and high-intensity modes. It can be seen
that the naked eye detection limit was ~2 ng/mL for both AuNPs- and Au@Pt NPs-based CLFA
(low-sensitivity mode). In contrast, a much lower detection limit of ~20 pg/mL was achieved by
Au@Pt NPs-based CLFA under high-intensity mode, enhancing the sensitivity of CLFA by
approximately 100 times. It is worth noting that the cost of Pt in this case should not be an issue
to concern because the Pt shell on a AuNP is ultrathin (sub-10 atomic layers) and the materials
usage of Au@Pt NPs in a CLFA test is rather tiny (at the level of microgram per test).”’

Most recently, similar concept of signal amplification has been reported by Loynachan et
al..’”® In this work, ~15 nm AuNPs as the seeds were coated with thick shells of Pt with rough
surfaces to form ~120 nm Au@Pt NPs. The Au@Pt NPs were then functionalized with
antibodies and used as labels for CLFA. Nanobody modified biotin-polystreptavidin system was
employed to capture the target analyte. After completion of an assay, the strip was immersed in a
solution containing peroxidase substrates (in this case, 4-chloro-1-naphthol/3,3'-
diaminobenzidine tetrahydrochloride, CN/DAB, and H202). Pt shells on the surface possessing
peroxidase-like activities were able to catalyzing the oxidation of CN/DAB by H20z, yielding an
insoluble black product which was clearly visible by the naked eye. An important biomarker —
p24 as the viral capsid protein of human immunodeficiency virus (HIV) was detected. The
sensitivity of such Au@Pt NPs-based CLFA was enhanced by 2 orders of magnitude after signal
amplification through catalysis, enabling the detection of p24 down to a level of 0.8 pg/mL.

This signal amplification technique established by decorating AuNPs with Pt shells as
peroxidase-mimicking materials is highly efficient. The storage and utilization of resultant
Au@Pt core@shell NPs are similar to conventional AuNPs, making it straightforward to apply
them to CLFA. In contrast to the approach achieved by coating AuNPs with enzymes (see section
2.3), this strategy is more robust because Pt shells are more catalytically active than enzymes in
this particular case. In addition, Pt as a type of noble metal is more stable than enzymes. The

extraordinary stability of Pt enables the label survive harsh environment, making the CLFA
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suitable for on-site detection. The superior stabilities of Pt shells have been demonstrated in the
work by Loynachan et al..”® Notably, this signal amplification technique is not limited to Au@Pt
NPs. Other nanoparticles with peroxidase-like activities are also applicable. For example, in the
work by Jiang et al., nanoparticles of Pt-Pd alloy have been employed as labels to enhance the
sensitivity of CLFA.” It is worth noting that, in this technique, the nanoparticles used as labels
may not be as compatible as AuNPs in CLFA platform. One needs to carefully control the surface
properties of nanoparticles to ensure an efficient bioreceptor conjugation, low non-specific

binding, and smooth migration across the membrane.

3. Summary and Outlook

In this article, we have highlighted recent signal amplification techniques that were designed
to enhance the detection sensitivity of colorimetric lateral flow assay (CLFA). Au nanoparticles
(AuNPs) as a model type of colorimetric label for CLFA were used for illustration. Specifically,
four signal amplification techniques were elaborated: increasing the density of AuNPs around an
analyte through particle aggregation, dual AuNP labels, and the use of AuNP carriers; enlarging
the size of AuNPs by coupling with silver or gold enhancement; modifying AuNP surfaces with
enzymes that can generate colored molecules by catalyzing chromogenic substrates; and coating
AuNPs with a catalytic metal that serves as enzyme mimic. In the first two techniques, color
signal from AuNPs themselves is enhanced (via particle enrichment and size enlargement). The
latter two techniques rely on the generation of secondary color signal that is more intense than
the primary color signal from AuNPs. Pros and cons of each technique have been discussed.

It should be mentioned that, while not focused in this article, those signal amplification
techniques designed for labels other than AuNPs are also effective in improving the sensitivity of
CLFA. For example, exonuclease III (Exo III) — an enzyme that can catalyze the stepwise
removal of mononucleotides from 3'-hydroxyl terminus of double-stranded DNA — was used to
establish a powerful signal amplification technique for CLFA.% With the assistance of Exo III,
DNA probe along with analyte could be regenerate, resulting in the recycling of probe-analyte
recognition event and the formation of amplified signal. In another example, cross-linking of
polymers could be employed as a new mechanism for signal amplification. In a work by Liu et
al. 3! carboxyl groups-modified Fe3O4 nanoparticles that present a dark brown color were

prepared. Then, poly-L-lysine (PLL) was added to the Fe3O4 nanoparticle suspension to induce
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aggregation of Fe3Os nanoparticles through the cross-linking between carboxyl groups on
particles and amine groups of PLL. The resultant aggregates of Fe3Os nanoparticles displayed
enhanced color signal and resulted in a CLFA with improved sensitivity. Notably, in this method,
the size of particle aggregates could be controlled by altering the ratio of nanoparticle to
polymer.

While new techniques for enhancing the sensitivity of CLFA are being developed, one may
take following aspects into consideration. Firstly, sensitivity and simplicity need to be balanced.
In particular, since those diagnostic technologies with higher sensitivities than CLFA are
available in resource-rich settings, simplicity as a unique feature of CLFA should not be
compromised too much. Involvements of multiple steps, complicated procedures, and major
instrument in a new technique are discouraged. Secondly, all the components of a test strip,
including materials and reagents (see Fig. 1), as a whole have impacts on the sensitivity of a
CLFA. In this regard, to achieve an optimized performance, innovation of one component may
need to be associated with the adjustments of the others. For example, substitution of individual
AuNPs as labels with AuNP aggregates could enhance the color signal of AuNPs. On the other
hand, however, the large size of AuNP aggregates will slow down the migration of labels across
the membrane, causing high background and thus a low signal-to-noise ratio.!! This issue may be
addressed by choosing a different type of membrane with larger pores. Thirdly, the influences of
matrices from real samples on the performance of a new technique for CLFA need to be
considered and evaluated. The matrices in a real sample are oftentimes rather complex and may
cause unexpected side effects (e.g., non-specific binding and noise signal). Such influences
should be evaluated and eliminated through systematic optimizations, in which the test results
may be benchmarked against those obtained from commercially available diagnostic Kkits.
Fourthly, shelf life and stability of a new technique should be carefully assessed. In particular,
since CLFAs are expected to be performed in non-laboratory scenarios, materials and
methodologies that are invulnerable to the change of surrounding environments (e.g.,
temperature, humidity, and pH value) are especially desired.

In view of future technological advancement, integrating the scientific discoveries and novel
techniques from those emerging fields into CLFA might be a promising direction. For instance,
with the rapid development of nanoscience and nanotechnology over the past few decades, it’s

now feasible to design and synthesize nanomaterials with precisely controlled sizes, shapes, and
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compositions at the atomic level.®>®* Those functional nanomaterials with outstanding properties
may substantially enhance the performance of CLFAs. Moreover, nanomaterials with novel
signal-transducer principles may create new opportunities for CLFA in the future.3*¥ High-tech
microfluidic platforms that were developed in recent years hold great potential to be applied to
CLFAs.*-°! Through a set of fluidic unit operations, microfluidic platforms are able to finely
tune the rate of liquid flows and the migration of nanoscale particles in a channel. Analytes of
interest from a sample can be separated and concentrated by means of a microfluidic system.
Moreover, microfluidics is extremely suitable for high-throughput screening applications. These
capabilities of microfluidic technology make it promising candidate to be integrated to CLFA,
lifting current limitations in CLFA. Recent advancement in optics and electronics also provide
great opportunities to enhance the performance of CLFA.?>®® For instance, the color signal of
CLFA may be amplified and quantified by smart and portable electronic devices. We hope this

article will serve as a useful source to inspire future research work in this niche field.
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Figure 1. Schematics showing the general principle of a lateral flow assay (LFA). (a) Major

components of a LFA test strip; and (b) Events involved in a sandwich-type LFA of analytes, in
which analyte-bound nanoparticle labels are captured by antibodies in test line (signal of

detection) and control line (proof of validity).
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Figure 2. Amplifying the detection signal of Au nanoparticles (AuNPs)-based colorimetric
lateral flow assay (CLFA) through the uses of: (a) AuNP aggregates as the labels; (b) two AuNP
labels with different sizes; and (c) AuNPs decorated silica nanorods (SiNRs) as the labels.
Performance of these three CLFAs in detecting model analytes are compared with conventional
AuNPs-based CLFAs (see the right columns). (a-c) were adapted and reproduced from Refs. 38,
40, and 43, respectively, with permissions from the Royal Society of Chemistry, Elsevier, and

Copyright 2014 American Chemical Society (ACS).
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Figure 3. Silver and gold enhancement techniques for enhancing the signal of AuNPs-based
CLFA. (a) Schematics showing the mechanisms of silver and gold enhancements. AuNPs act as
catalysts to accelerate the reaction in an enhancer solution (i.e., reduction of Ag or Au precursor
by a reducing agent). The newly formed Ag or Au atoms are deposited on the surface of initial
AuNPs, during which particle size is enlarged; (b, c) Representative examples showing the
performance of silver and gold enhancements-coupled CLFAs, respectively, in detecting model
analytes. (b) and (c) were adapted and reproduced from Refs. 51 and 55, respectively, with
permissions from the Elsevier and Copyright 2011 American Chemical Society (ACS).

23



(a) (c)

Colored produc

HRP E
HRP
substrates mi AEC
Bioreceptor
T
C line AEC
> "
C line—»
Target DNA HIgG conc.
conc. (nM) 10 0 (ng/mL) 505050

Figure 4. Signal amplification for CLFA by using HRPs- and bioreceptors-dually functionalized
AuNPs as the labels. (a) Schematics showing the mechanism of signal amplification, where
HRPs effectively generate colored products by catalyzing chromogenic substrates; (b) Detection
results of a target DNA by the HRP-assisted CLFA. 3-amino-9-ethyl-carbazole (AEC) was
chosen as a HRP substrate; (c) a comparison study of different HRP substrates (including TMB,
AEC, and DAB) in HRP-assisted CLFA, where AuNPs-based CLFA was set as a benchmark. (b)
and (c) were adapted and reproduced from Refs. 66 and 68, respectively, with permissions from

the Copyright 2009 American Chemical Society (ACS) and Elsevier.
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Figure 5. Au@Pt.L core@shell NPs (nL: 1-10 atomic layers) as a type of novel label for CLFA.
(a) Schematics showing the fabrication of Au@Pt,L NPs. Pt atoms resulted from the reduction of
a Pt precursor are deposited onto an AuNP to form a conformal Pt shell with thicknesses of 1-10
atomic layers; (b) Representative transition electron microscope image (left) and energy-
dispersive X-ray (EDX) mapping image (right) of Au@Pts. NPs as a representative sample; (c)
Schematics showing the utilization of Au@Ptsr NPs as labels in CLFA for signal amplification.
In the "low-sensitivity mode", the color signal (red) arises from the plasmonic AuNP cores. In
the "high-sensitivity mode", a secondary color signal (blue) is generated from Pt shells as highly
efficient peroxidase mimics; (d) Detection results of prostate-specific antigen (PSA) standards by
conventional AuNP-CLFA and the Au@Pts. NP-CLFA under two different modes. The asterisks
(*) indicate detection limits by the naked eye. Adapted and reproduced from Ref. 77 with
permission from the Copyright 2017 American Chemical Society (ACS).
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