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ARTICLE INFO ABSTRACT

Keywords: Lateral flow immunoassays (LFI) have shown great promise for point-of-care (POC) sensing applications, how-
Gold “a‘fOPartide cluster ever, its clinical translation is often hindered by insufficient sensitivity for early detection of diseases, including
Plasmonic severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This is mainly due to weak absorption signals of
]sdztri;dcg\(/’z mmunoassay single gold nanoparticles (AuNPs). Here, we developed AuNP clusters that maintain the red color of isolated
Colorimetric sensor individual AuNPs, but increase the colorimetric readout to improve the detection sensitivity. The plasmon color-
COVID-19 preserved (PLASCOP) AuNP clusters is simply made by mixing streptavidin-coated AuNP core with satellite

AuNPs coated with biotinylated antibodies. The biotinylated antibody-streptavidin linker forms a gap size over
15 nm to avoid plasmon coupling between AuNPs, thus maintaining the plasmonic color while increasing the
overall light absorption. LFI sensing using PLASCOP AuNP clusters composed of 40 nm AuNPs showed a high
detection sensitivity for SARS-CoV-2 nucleocapsid proteins with a limit of detection (LOD) of 0.038 ng mL™},
which was 23.8- and 5.9-times lower value than that of single 15 nm and 40 nm AuNP conjugates, respectively.
The PLASCOP AuNP clusters-based LFI sensing also shows good specificity for SARS-CoV-2 nucleocapsid proteins
from other influenza and coronaviruses. In a clinical feasibility test, we demonstrated that SARS-CoV-2 particles
spiked in human saliva could be detected with an LOD of 54 TCIDsy mL™'. The developed PLASCOP AuNP
clusters are promising colorimetric sensing reporters that present improved sensitivity in LFI sensing for broad
POC sensing applications beyond SARS-CoV-2 detection.

1. Introduction

The worldwide COVID-19 pandemic has increased the urgency for
point-of-care (POC) testing, which can inform a preliminary test result at
the point of need (Drain et al., 2014; Price, 2001; Vashist et al., 2015;
Warsinke, 2009). Among various POC schemes presented, colorimetric
lateral flow immunoassay (LFI) has become one of the most favorable
methods because the test is cheap, fast, simple, and easy to use, which
can be detected by the naked-eye without an additional detection system
(Koczula and Gallotta, 2016; Sajid et al., 2015; Wang et al., 2016). Many
LFI platforms use 20-60 nm gold nanoparticles (AuNPs) as colorimetric
detection probes. AuNPs have strong visible light absorption induced by

localized surface plasmon resonance (LSPR), allowing for naked-eye
detection (Parolo et al., 2020; Zhou et al., 2015). Moreover, the sur-
face of AuNPs can be readily functionalized with antibodies for specific
target molecules (Parolo et al., 2020). These properties make AuNPs
highly suitable for colorimetric LFI sensing to enable rapid testing
(Zhang et al., 2020b).

While AuNP-based LFI testing is widely applicable for POC testing, it
often suffers from a low sensitivity (Diaz-Gonzalez and de la
Escosura-Muniz, 2021). There have been attempts to improve the
sensitivity by enhancing colorimetric signals using larger AuNPs or
AuNP clusters exhibiting higher optical absorption (Chen et al., 2020;
Khlebtsov et al., 2019; Li et al., 2016; Shen and Shen, 2019; Shirshahi
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and Liu, 2021). For example, Juan et al. reported that the use of 100-nm
AuNPs for LFI showed 5.3 times higher sensitivity than that of 20-nm
AuNPs (Li et al., 2016). However, increasing the size of AuNPs over
100 nm does not further enhance the sensitivity due to the light ab-
sorption leveling off above 100 nm and the low diffusivity (Chen et al.,
2020). Alternatively, the light absorption can be increased by forming
AuNP clusters, because the light absorption intensity increases in
accordance with the number of AuNPs that form a cluster.

While forming AuNP clusters, however, strong plasmon coupling
occurs when the inter-particle gap distance becomes shorter than 10 nm,
shifting the resonance to a near-infrared (NIR) region and lowering the
absorption in the visible range (Barr et al., 2021; Liu et al., 2016; Liu and
Lu, 2006; Mohsin and Salim, 2018; Tabor et al., 2009). Unlike other
plasmonic applications harnessing plasmonic hot spots from nanogaps
of AuNP clusters, for colorimetric LFI sensing, it is desired to construct
AuNP clusters with a reproducible visible color by ensuring sufficient
interparticle gap between AuNPs to avoid plasmon coupling. A few
studies reported that the fabrication of AuNP-based clusters maintaining
their red color for lateral flow assay (Hu et al., 2013; Li et al., 2020);
however, they had a few limitations: i) complicated fabrication
methods, ii) difficulty in conjugation with antibodies, and iii) relatively
low sensitivity despite high absorbance of the AuNP-based clusters,
which have limited the application of AuNP-based clusters for conven-
tional LFIs.

Herein, we developed plasmon color-preserved (PLASCOP) AuNP
clusters using streptavidin- and biotinylated antibody-adsorbed AuNPs
to ensure an interparticle distance of ~15 nm; this preserves the plas-
monic color of individual AuNPs after clustering (Scheme 1). The
streptavidin (StA)-conjugated AuNP was used as the core; it was sur-
rounded by biotinylated antibody (b-Ab)-conjugated AuNPs, bound
through streptavidin-biotin interaction. Our PLASCOP AuNP cluster has
four principal advantages: i) the use of StA (~5 nm) and b-Ab (~10 nm)
enables maintaining enough interparticle gap for commercially avail-
able AuNPs, to prevent plasmonic coupling; ii) b-Ab, used as a linker for
the cluster, functions as a bioreceptor for target detection, thereby
alleviating the need for an additional step for antibody conjugation after
cluster fabrication; iii) the cluster increases sensitivity, and the fabri-
cation is easy, simple, and highly reproducible, because all the tech-
niques are the gold standard methods for LFIs and the materials used for
the fabrication are commercially available; and iv) this method can be
applied to any AuNP-based conventional LFIs by changing the
antibodies.

To demonstrate the potential of PLASCOP AuNP clusters, they have
been incorporated within an LFI for the detection of SARS-CoV-2
exhibiting a significant improvement in sensitivity (compared to single
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AuNPs). In the context of the current pandemic and the detection of
SARS CoV-2, early disease detection is essential for effective contact
tracing (Kretzschmar et al., 2020). The utilization of LFI-based self--
testing kits with improved sensitivity (i.e., incorporating novel PLAS-
COP AuNP clusters as proposed herein) could ameliorate the false
negative rate associated with conventional LFI testing, particularly
when such test kits are used during the early or late stages of infection (i.
e., when the viral load is low) (Griffin, 2021).

2. Results and discussion

2.1. Plasmon color-preserved (PLASCOP) gold nanoparticle (AuNP)
clusters

A key consideration for designing PLASCOP AuNP clusters is to form
sufficient interparticle gaps to prevent the plasmon coupling between
AuNPs. The optimal interparticle distance could vary depending on the
size of AuNPs (Barr et al., 2021; Mohsin and Salim, 2018; Tabor et al.,
2009). In general, the bigger AuNPs, the larger interparticle distance
was required for the preservation of plasmonic properties (Barr et al.,
2021). In the case of 40 nm AuNPs, which are commonly used in
AuNP-based immunoassays, 10-20 nm gaps between AuNPs are regar-
ded as sufficient, since the electromagnetic field weakens dramatically
beyond 10 nm from the surface (Barr et al., 2021; Mohsin and Salim,
2018; Tabor et al., 2009). Thus, to fabricate PLASCOP AuNP clusters, we
selected biotinylated antibodies and streptavidin (StA) in order to
ensure sufficient interparticle distance, since in general, the sizes of the
antibody and StA are approximately 10 nm and 5 nm, respectively
(Kuzuya et al., 2008; Reth, 2013).

In PLASCOP AuNP clusters, we used streptavidin-coated AuNPs
(AuNPs/StA) as a core and AuNPs conjugated with biotinylated anti-
bodies (AuNPs/b-Ab) as satellites. This configuration ensures sufficient
physical gaps between AuNPs and has antibodies exposed to the outer
surface of clusters for immunoassays. We used AuNPs/StA and AuNPs/b-
Ab at aratio of 1:3 to enable the encapsulation of AuNPs/StA by AuNPs/
b-Ab, while minimizing excess AuNPs/StA or AuNPs/b-Ab after clus-
tering. We screened clusters fabricated at ratios of 1:3, 1:1, 3:1, etc (Data
are not shown in this article.), and the 1:3 conjugate exhibited good
sensitivity. It is possible that this ratio is not optimal; however, it pro-
vided consistent and promising results with good sensitivity. There is
scope for further optimizing the ratio by altering the sizes of the core and
satellite AuNPs, pore size of the membrane, and composition of running
buffer. This should be explored in future studies.

We used transmission electron microscopy (TEM) to confirm the
structure of PLASCOP AuNP clusters (Fig. 1). Using 40 nm AuNPs/StA

AuNP cluster w/o gap

Small
molecule
S~

— Single
= Cluster

(b)

Absorbance

Visible Wavelength

— Change in plasmonic color

< 7 : Biotinylated

antibody . : Streptavidin

Scheme 1. Schematic illustration of AuNP-based clusters and their absorption properties when using (a) proteins such as streptavidin and biotinylated antibodies as

proposed herein, and (b) a typical small molecule.
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Fig. 1. Schematic illustrations (i) and TEM images (i, iii, iv) of (a) 15 nm and (b) 40 nm individual AuNPs; (c) 40 nm AuNPs/StA and 15 nm AuNPs/b-Ab conjugate-
based PLASCOP AuNP clusters; and (d) 40 nm AuNPs/StA and 40 nm AuNPs/b-Ab conjugate-based PLASCOP AuNP clusters. (e) Hydrodynamic diameters of 15 nm

and 40 nm single AuNPs and 40-15 and 40-40 AuNP clusters.

and 15 nm AuNPs/b-Ab (Fig. 1a and b), we successfully made PLASCOP
AuNP clusters (40-15 clusters; Fig. 1c¢). On average, seven numbers of
15 nm AuNPs/b-Ab were bound to single 40 nm AuNPs/StA (Fig. 1c (ii)).
In some cases, multiple AuNPs/StA-based clusters were formed, leading
to form larger PLASCOP clusters, as shown in Fig. 1c (iii). Interparticle
gaps can also be clearly seen in Fig. 1c (iv). It should be noted that it is
difficult to measure the exact interparticle distance between AuNPs from
TEM images because TEM is only capable of projecting two-dimensional
images. In other words, the interparticle distance between the AuNPs is
not exactly measurable unless all of the AuNPs at the clusters are located
on the same two-dimensional plane.
We also made another PLASCOP AuNPs using 40 nm AuNPs/StA and
40 nm AuNPs/b-Ab (40-40 clusters; Fig. 1d). Unlike the 40-15 clusters
(Fig. 1c¢), differentiation of the core/shell structure in clusters with 40
nm AuNPs/StA and 40 nm AuNPs/b-Ab was more difficult, as they are
the same size. Nevertheless, similar shapes were observed for 40-40
clusters (Fig. 1d (ii &iii)), compared to that of 40-15 clusters (Fig. 1 (ii

& iii)). Similar to 40-15 clusters, some of the 40-40 clusters were formed
based on single AuNPs/StA (Fig. 1d(ii)) and some others were formed
based on multiple AuNPs/StA (Fig. 1d (iii)). In addition, interparticle
gaps can be clearly seen in Fig. 1 (iv). Hence, the PLASCOP AuNP
clusters were successfully fabricated in terms of (i) core and satellite
formations based on AuNPs/StA and AuNPs/b-Ab, respectively; and (ii)
interparticle gap formations (approximately 15 nm) using antibodies
and StA.

The hydrodynamic diameters of the 40-15 and 40-40 clusters were
around 229 nm and 244 nm, respectively, and those of the commercial
15 nm and 40 nm AuNPs were 18 nm and 42 nm, respectively (Fig. 1e).

We next characterized the optical properties of PLASCOP AuNP
clusters (Figs. 2 and S1). The forty nanometers single AuNPs showed
absorption peaks (1yax) at 529 nm; 531 nm for 40 nm AuNPs/StA, and;
531 nm for 40 nm AuNPs/b-Ab. PLASCOP AuNPs clusters (40-40 clus-
ters) showed Apqx at 532 nm, only shifted by 1 nm from the core AuNPs/
StA (Fig. 2a). 40-15 clusters also showed no plasmon coupling after
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Fig. 2. (a) Absorption spectra of bare 40 nm AuNPs, 40 nm AuNPs/StA, 40 nm AuNPs/b-Ab, and 40-40 clusters (Maximum LSPR peak intensity values of each sample
were normalized to a value of 1.0.). (b) A photograph of 40 nm AuNPs and 40-40 nm cluster solutions in tubes. (c-f) FDTD simulation results include: (c) single AuNP,
and dual AuNPs with interparticle gaps: (d) 2 nm, (e) 8.5 nm, and (f) 15 nm at a wavelength of 530 nm in water. The size of the AuNPs was 40 nm. The wave vectors
of K and E represent the incident direction of the monochromatic light and the polarization direction, respectively.

clustering (Fig. S1). As a result, PLASCOP AuNP clusters maintain the
same color as single AuNPs (Fig. 2b). To better understand the optical
properties, we utilized electrodynamic computation with the finite-
difference time-domain (FDTD) method to simulate electric field dis-
tribution of single and dual AuNPs (Fig. 2c—f). The FDTD simulation
shows weak plasmon coupling between AuNPs when the interparticle
gap size becomes 15 nm. This aligns with the expected gap distance
(~15 nm) with StA and b-Ab linkers, which avoids the plasmon coupling
phenomenon and maintains the plasmonic property of individual AuNPs
in the PLASCOP AuNP clusters.

To demonstrate the gap size effect, we made AuNP clusters using a
small molecule, melamine, which is known to induce AuNP clusters with
a small gap size of <2 nm (Ma et al., 2014; Siddiquee et al., 2021). As
expected absorbance of melamine-induced AuNP clusters decreased in
LSPR peak intensity at 530 nm (visible wavelength) and increased in the
intensity for wavelengths >700 nm (near-infrared (NIR) region)
(Fig. S3a), resulting in a color change from red to pale purple (Fig. S3b).
In Fig. S4, the TEM images show AuNP clusters with no distinct inter-
particle gap between the AuNPs. Consequently, AuNP clusters with
narrow interparticle gaps are not suitable for colorimetric
immunoassays.

2.2. Detection of SARS-CoV-2 nucleocapsid proteins using PLASCOP
AuNP clusters in LFI

Severe acute respiratory syndrome-associated coronavirus (SARS-
CoV, 2002; China) (Zhong et al., 2003), Middle East respiratory syn-
drome coronavirus (MERS-CoV, 2012; Saudi Arabia) (Alyami et al.,
2020), and severe acute respiratory syndrome coronavirus 2 (SAR-
S-CoV-2, 2019, China) have emerged over time and triggered global
pandemics (Lai et al., 2020). In particular, SARS-CoV-2 is very conta-
gious with a much higher transmission rate and asymptomatic infection
(Chan et al., 2020; World Health Organization (WHO)), causing over
230 million confirmed cases and 4.7 million deaths as reported by the
World Health Organization at the time of writing (World Health Orga-
nization (WHO)). As the vaccination rate has increased, the number of
infected cases were expected to decrease; however, the confirmed cases

of COVID-19 have shown signs of increasing and this trend is associated
with the emergence of the delta variant (2020, India) (Kupferschmidt
and Wadman 2021; O’Dowd 2021; World Health Organization (WHO)).
In this difficult situation, LFI-based diagnostic kits that can be easily
used by patients or the general public for screening have emerged as an
important solution; however, the disadvantages of low sensitivity and
insufficient quantitation capability still remain to be solved. Thus, the
novel PLASCOP AuNP clusters (as discussed in the previous section)
were incorporated within LFI sensors for the colorimetric detection of
the SARS-CoV-2 nucleocapsid protein, in order to demonstrate the
extent to which LFI sensitivity can be enhanced.

The PLASCOP AuNP clusters were applied to LFI for the detection of
SAVS-CoV-2 nucleocapsid proteins. We validated the diffusion property
of the synthesized clusters through the membrane under lateral flow
(Fig. S5). All synthesized clusters were prepared in Tris (0.1 M, pH 8)
with 1% Triton X-100, and applied to the membrane. All the clusters
exhibited diffusion through the membrane without any nonspecific
sedimentation. There was no significant difference between the colori-
metric images from samples using our clusters and those prepared with
the individual 40-nm AuNPs. We validated the activities of antibodies
before and after biotinylation. When the antibodies were applied to
detect SARS-CoV-2 nucleocapsid proteins on LFIs, there was no differ-
ence in sensitivity (Fig. S6). This confirmed that the activity of the an-
tibodies was maintained even after biotinylation.

We tested the detection sensitivity of PLASCOP AuNP clusters (40-15
and 40-40 clusters) in comparison to two different AuNPs sizes (15 nm
and 40 nm) on LFI strips. The colorimetric images were captured using a
ChemiDoc MP system after applying SARS-CoV-2 nucleocapsid proteins
to LFI strips (Fig. 3a). The images were analyzed using Image Lab soft-
ware (6.0.1) to quantify the colorimetric signal intensities on the strips
(Fig. 3b). In the case of PLASCOP AuNP clusters (40-15 and 40-40
clusters), the color of both test and control lines on the strips is red
(Figs. S7a and S7b), which is the same as that with individual 40 nm
AuNPs (Fig. S7c). From the colorimetric signal intensities, a calibration
plot of intensity versus SARS-CoV-2 nucleocapsid proteins concentration
(from 0.01 to 1000 ng mL 1) was obtained based on a sigmoidal func-
tion. All the individual AuNPs and PLASCOP AuNP clusters showed
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Fig. 3. (a) Colorimetric images after detection of SARS-CoV-2 nucleocapsid proteins using individual AuNPs (15 nm and 40 nm) and PLASCOP AuNP clusters (40-15
and 40-40 clusters) within the concentration range of 0-1000 ng mL~!. C and T denote control line and test line, respectively. (b) Comparison of colorimetric in-
tensities of test lines on each paper strip shown in Fig. 3(a). The colorimetric intensities were obtained from a ChemiDoc MP system and Image Lab software (6.0.1).

increasing colorimetric intensities with increase in SARS-CoV-2 nucle-
ocapsid protein concentration. The LFI sensing with PLASCOP AuNP
clusters showed significantly improved detection ranges was from 30 pg
mL ™! to 1,000 ng mL~! while the detection ranges of individual 15 nm
AuNPs, 40 nm AuNPs, and 40-15 clusters were from 1 ng mL~! to 1,000
ng mL L. Moreover, the limits of detection (LODs) of 15 nm AuNPs, 40
nm AuNPs, 40-15 clusters, and 40-40 clusters were calculated as 0.910,
0.226, 0.551, and 0.038 ng mL’l, respectively (based on S/N = 5). The
LOD was calculated using Eq. (1):
30

LOD = 5 (€D)]
where ¢ and S are the standard deviation of the response and the slope of
the calibration curve, respectively.

Collectively, the results demonstrate that the PLASCOP AuNP clus-
ters show high sensitivity in the immunoassay. Table 1 summarizes the
sensing performances of the individual AuNPs and PLASCOP AuNP
clusters for the detection of SARS-CoV-2 nucleocapsid proteins. We
speculate that there are two main reasons for the higher sensitivity of
PLASCOP AuNP (40-40) clusters compared to individual AuNPs. First,
the clusters can react with more antigens because more antibodies are
exposed on the surface than that in single particles. Second, a single
AuNP/detection antibody conjugate is immobilized on capture antibody
attached to a membrane via a single antigen in individual AuNP-based
conjugates. However, in the case of the cluster-based conjugates, a
group of AuNPs is immobilized on the capture antibody via a single
antigen. There was one exception; the sensitivity of the 40-15 cluster
was lower than that of the individual 40-nm AuNP but higher than that
of the 20-nm AuNP. This possibly indicates the lower sensitivity of the
40-15 nm AuNP clusters compared to that of the single 40 nm AuNPs.
This could be due to the lower density of the antibody attachment on the
15 nm AuNPs in the 40-15 cluster and the low diffusivity.

2.3. Specificity test using other nucleocapsid proteins

We next tested the specificity of the PLASCOP AuNP cluster-based
LFI sensors by detecting various nucleocapsid proteins (10 ng mL™})
from the following: SARS-CoV-2, influenza A, influenza B, Middle East

Table 1
Comparison of the detection performance of individual AuNPs and PLASCOP
AuNP clusters toward SARS-CoV-2 nucleocapsid proteins.

Labels Detection range (ng R? LOD (ng
mL’l) mL’l)
Individual 15 1 to 1,000 0.993 0.910
AuNPs 40 1 to 1,000 0.964  0.226
Clusters 40-15 1 to 1,000 0.993  0.550
40-40 0.3 to 1,000 0.974  0.038

respiratory syndrome coronavirus (MERS-CoV), and human coronavirus
229F (HCoV-229E). Characterization methods were the same as those
described above; briefly, colorimetric images were captured and
analyzed using a ChemiDoc MP system and Image Lab software (6.0.1).
Specificity test results revealed that the PLASCOP AuNP cluster-based
LFI sensors could only detect SARS-CoV-2 nucleocapsid proteins, as
shown in Fig. 4. Thus, our PLASCOP AuNP cluster-based LFI sensors
show promising selectivity platform for the detection of SARS-CoV-2
nucleocapsid proteins.

2.4. Detection of the SARS CoV-2 virus particles from saliva samples

We next tested the sensitivity of the PLASCOP AuNP cluster-based
LFI sensors with virus-free human saliva samples spiked with SARS-
CoV-2 particles. The samples were prepared by spiking known
amounts of virus particles at concentrations ranging from 12 to 355
TCIDsq mL ! (50 percent tissue culture infectious doses per milliliter).
The virus-spiked human saliva was directly applied to the LFI sensors,
and after immunoassay, colorimetric images of the LFI sensors were
captured and analyzed using a ChemiDoc MP system and Image Lab
software (6.0.1). The results confirmed that the PLASCOP AuNP cluster-
based LFI sensors could detect SARS-CoV-2 virus particles in a complex
saliva matrix with a detection limit corresponding to 54 TCIDsq mL~!
(Fig. 5). The LOD was calculated using Eq. (1) given above. In addition,
we have summarized and compared the performance and features of our
PLASCOP AuNP cluster-based LFI sensors with previous studies
(Table 2). In addition, we also compared the sensitivity with commer-
cialized COVID-19 rapid test kits, obtained from two companies
(Fig. S8). Our cluster-based LFI exhibits improved performance
compared to those from earlier studies. It exhibits similar or higher
sensitivity compared to that of commercial test kits which are sold
worldwide. The sensitivity of LFIs is generally determined using an
optical probe, the affinity of an antibody pair, composition of an assay
buffer, or the pore size of a membrane. The commercial test kits are well-
optimized. We focused on developing a highly sensitive optical probe;
therefore, there is excellent potential for further improvement of the
sensitivity of our PLASCOP clusters-based LFI platform.

3. Conclusions

In this study, we demonstrated the plasmon color-preserved (PLAS-
COP) gold nanoparticle (AuNP) clusters using a simple and reproducible
method. This could be easily and widely applied to colorimetric
immunosensors to enhance sensitivity. The preservation of the plas-
monic color after AuNP clustering was ensured using streptavidin (StA)-
loaded AuNPs and biotinylated antibody (b-Ab)-loaded AuNPs. These
had sufficient interparticle distance between the AuNPs, theoretically
about 15 nm. Structurally, the AuNPs/StA were surrounded by several
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Fig. 5. Virus sample detection using 40-40 clusters on LFI sensors. Colorimetric (a) images and (b) intensities of the strips used for SARS-CoV-2 virus particle-spiked
human saliva samples within the concentration range of 12-355 TCIDso mL~". C and T denote the control line and test line, respectively.

Table 2

Comparison of the specificities of the PLASCOP AuNP cluster-based LFI sensor with previously developed lateral flow immunoassay (LFI).
No. Probe Limit of detection (LOD) Assay time Detection method Ref.
1 Gold nanoparticles 250 pg mL 15 min - Mertens et al. (2020)
2 Latex beads 650 pg mL~! 30 min Optical reader Grant et al. (2020)
3 Fluorescent microparticles - 10 min Fluorescence analyzer Diao et al. (2021)
4 Fluorescent microsphere 100 ng mL ! 15 min UV-LED/detector Zhang et al. (2020a)
This study PLASCOP AuNP clusters 38 pg mL ™! 10 min Optical reader -

AuNPs/b-Ab via streptavidin-biotin interaction, at an AuNPs/b-Ab:
AuNPs/StA ratio of 3:1. The antibodies were naturally exposed to the
surrounding media and could readily bind to target molecules. The
number of AuNPs constituting the PLASCOP AuNP clusters ranged from
a few to several tens, which was observed by TEM.

As a model study, the novel PLASCOP AuNP clusters were used to
detect SARS-CoV-2 nucleocapsid proteins; in particular, the 40-40
clusters showed the highest performance with an LOD of 0.038 ng
mL~}, and detection range from 300 pg mL™! to 1,000 ng mL~*. The
LOD of the 40-40 clusters was, at least, 5.9 and 23.9 times lower than
that of individual 40 nm and 15 nm AuNPs conjugate, respectively. We
compared our relatively simple platform with commercially available
COVID-19 test kits; it showed similar or higher sensitivity in each case. It
is vital that the test kits are sensitive to detect low viral loads, which is
essential for detecting the early and late stages of infection. The sensi-
tivity of our approach, using PLASCOP AuNP clusters for LFI, could be
enhanced further by i) controlling the size and the number of AuNPs
within the PLASCOP AuNP clusters, ii) using membranes with different
pore sizes, and iii) optimizing the composition of the running buffer.

Our PLASCOP AuNP clusters could selectively detect the SARS-CoV-2
nucleocapsid protein relative to those of influenza A and B viruses,
MERS-CoV, and HCoV-229E. The PLASCOP AuNP clusters were further
applied to detect SARS-CoV-2 in virus-spiked human saliva with a
concentration range of 12-355 TCIDs5g mL~}, and the LOD was found to

be 54 TCIDso mL L. Such an approach that uses PLASCOP AuNP clusters
could improve sensitivity further by controlling the number of AuNPs
contained within the PLASCOP AuNP clusters. Therefore, we can
conclude that the PLASCOP AuNP clusters show exceptional potential as
highly sensitive and general-purpose colorimetric signal reporters,
which can be incorporated within LFIs to enable earlier diagnosis of a
variety of diseases not limited to SARS-CoV-2 as demonstrated herein.
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