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Lateral flow immunoassay using plasmonic
scattering
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Min-Gon Kim3, Nan Ei Yu1, Joon Heon Kim1 & Kihyeun Kim 1,5

The lateral flow immunoassay (LFIA) is one of the most successful sensing
platforms for real-world point-of-care (POC) testing. However, achieving PCR-
level sensitivity without compromising the inherent advantages of LFIA, such
as rapid and robust operation, affordability, and naked-eye detection, has
remained a primary challenge. In this study, a plasmonic scattering-utilising
LFIA was proposed, created by transparentising a nitrocellulose membrane
and placing a light-absorbing backing card under the membrane. This LFIA
minimised the background signal from its matrix, leading to substantially
enhanced sensitivity and enabling naked-eye detection of the plasmonic
scattering signal from gold nanoparticles without optics. Our plasmonic
scattering-utilising LFIA showed an approximately 2600–4400 times higher
detection limit compared with that of commercial LFIAs in influenza A assays.
In addition, it exhibited 90% sensitivity in clinical validation, approaching PCR-
level sensitivity, while commercial LFIAs showed 23–30% sensitivity. The
plasmonic scattering-utilising LFIA plays a ground-breaking role in POC diag-
nostics and significantly boosts follow-up research.

In principle, point-of-care (POC) testing can play an important role in
facilitating timely decision-making in healthcare, leading to improved
patient outcomes and enhanced delivery of healthcare services1–3. In
practice, although lateral flow immunoassays (LFIAs) are particularly
valuable for real-world POC testing because of their simplicity, rapid
testing, naked-eye detectability, cost-effectiveness, and user-
friendliness for non-experts4–6, their relatively low sensitivity is often
seen as a critical limitation hindering expansion of its POC
application7,8. The limit of detection (LoD) of LFIAs is approximately
1000–100,000 times lower than that of PCR tests9–11. Given the
increasing attention on personalised and decentralised healthcare—
particularly highlighted by the COVID-19 pandemic—enhancing the
sensitivity of LFIAs to a level comparable to that of PCR has become
imperative12–14.

Optical nanoparticles, used as labels in LFIAs, are crucial compo-
nents that determine assay sensitivity. This is because these nano-
particles visualise the sensing signals on the LFIA platforms. Therefore,
the effectiveness of visualising these signals through individual optical
nanoparticles is critical for achieving high sensitivity. Since their early
development, gold nanoparticles (AuNPs) have been extensively uti-
lised in LFIAs because of their strong light absorption properties in the
visible spectrum15. The use of AuNPs also enables naked-eye con-
firmation of testing results, making them highly attractive for POC
testing.

Consequently, researchers have focused on developing AuNP-
based optical labels to increase the sensitivity of absorption-based
LFIAs. Two main strategies have been widely adopted: the use of i)
large AuNPs16 and ii) clusters of AuNPs17–19 as labels. Although these
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methods have increased sensitivity owing to enhanced light absorp-
tion by large AuNPs or AuNP clusters, they have generally achieved
only limited improvements in sensitivity. This limitation is often due to
the increased size of optical labels over 200 nm in diameter, which
reduces their diffusivity and adversely affects the sensitivity of the
LFIAs11,20. Therefore, alternative approaches are required to improve
LFIA performance.

LFIAs using fluorescent nanoparticles have been developed to
achieve higher sensitivity than traditional AuNP-based LFIAs21–23.
Fluorescence measurements have an advantage in sensitivity because
the use of fluorescence filters and high-intensity light sources enhan-
ces the signal-to-noise ratio (SNR) at the test lines. However, the low
fluorescence efficiency of typical fluorescent labels has been a major
obstacle in improving LFIA sensitivity (the cross-sectional absorption
intensity of an 80-nm AuNP was approximately 105 times higher than
the fluorescence intensity of a strongly fluorescing dye24). To address
this issue, fluorescent dyes have been integrated with plasmonic
nanomaterials to enhance their fluorescence efficiency via metal-
enhanced fluorescence (MEF), and these labels have been used in
LFIAs25,26.

Similarly, surface-enhanced Raman scattering (SERS) nano-
tags have been extensively developed and implemented in
LFIAs27–29. Although the intensity of the Raman signal from
Raman-active materials is generally weak (Raman scattering sig-
nals are approximately 107 times weaker than fluorescence
signals30,31), SERS nanotags that combine Raman-active molecules
and plasmonic nanomaterials emit strong SERS signals due to the
formation of plasmonic hotspots within the tags. Consequently,
various MEF-based nanoparticles and SERS nanotags have been
used to enhance the performance of LFIAs.

Although recent studies have shown an increase in the sensitivity
of LFIAs using MEF-based nanoparticles and SERS tags, novel LFIAs
with PCR-level sensitivity are still needed for real-world POC testing. In
addition, from a POC perspective, LFIAs that rely on MEF-based and
SERS tag-based technologies are not ideal because these methods
require bulky and expensive equipment for result verification, which
limits their practical use in the real world.

In this study, a plasmonic scattering-utilising LFIA was presented,
which showed similar sensitivity to PCR and enabled naked-eye
detection of testing results. Plasmonic scattering is one of the strong
signals stemming from when visible light strikes plasmonic nano-
particles, such as AuNPs. For example, the scattering intensity from an
80-nm AuNP can be up to approximately 105 and 1012 times stronger
than the fluorescence intensity from a typical fluorescence dye32 and
Raman intensity from a standard Raman reporter30–32, respectively.
Therefore, employing plasmonic scattering for signal readout in LFIAs
has potential for developing an LFIA with improved performance. To
construct a plasmonic scattering observation systemon LFIAs, two key
conditions must be met: i) minimising light reflection from the mem-
brane and backing card to reduce background signals; and ii) using
plasmonic nanoparticles that strongly scatter visible light. Notably,
this type of LFIA facilitates naked-eye detection without additional
optics by effectively eliminating background noise intensity on the
platform itself. Therefore, plasmonic scattering-utilising LFIAs can
pave the way for developing a POC testing platform with PCR-level
sensitivity for real-world POC testing.

Results
Concept of LFIAs using plasmonic scattering
The membranes used in the LFIAs reflect the full spectrum of visible
light, which explains why the LFIAs are white. In conventional LFIAs,
the plasmonic scattering (hereafter denoted as ‘scattering’) signal is
barely detectable owing to the strong light reflection from the mem-
branes. The reflected light obscures observation of the scattered sig-
nal, making it indistinguishable. Thus, minimising light reflection is
necessary to effectively observe the scattering signals from AuNPs in
LFIAs. Reflection can occur on two different components of a con-
ventional LFIA: i) nitrocellulose (NC) membranes and ii) backing cards
(Fig. 1a(i)). Thus, the scattering-utilising LFIA was designed with a
transparent membrane and light-absorbing layer located underneath
the membrane to minimise the reflection of incident light from the
matrix (Fig. 1a(ii)).

Unlike conventional LFIAs (Fig. 1b(i)), which display red lines ori-
ginating fromAuNP’s light absorptionon awhite background, our LFIA

Fig. 1 | Scattering-utilisingLFIAconcept. aVisible light path in the structures of (i)
conventional and (ii) scattering-utilising LFIAs. b Schematic illustration, digital
images, and signal intensity profiling of (i) conventional and (ii) scattering-utilising

LFIAs. c Colourimetric images taken using Chemi-doc equipment with various
dilutions of 100 nm AuNP spots on conventional and scattering-utilising LFIAs. OD
denotes optical density, AuNP gold nanoparticle, LFIA lateral flow immunoassay.
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exhibits orange lines resulting from AuNP’s light scattering on a black
background (Fig. 1b(ii)). From the perspective of the SNR, our
scattering-utilising LFIA (black background LFIA) has higher SNR
compared to conventional ones (white background LFIA) because the
black background absorbs visible light, leading to an noticeably lower
background noise signal. Owing to the higher SNR, the 100-nm AuNPs
on the black-background LFIA are more clearly visible than those on a
white-background LFIA (Fig. 1c). Thus, scattering-utilising LFIAs have
the potential to increase sensitivity by reducing noise and increasing
the scattering signal from the AuNPs.

Background signal reduction
NCmembranes (refractive index, RI, n = 1.52) are not transparent when
filled with water (n = 1.33) or air (n = 1.0) because of the diffuse
reflection caused by the porous structure of the membrane and the
differences in RIs between thesemedia. Tominimise diffuse reflection,
the RI of the medium filling the pores of the membrane must closely
match that of the NC membrane. RI matching was achieved by filling
the NC membrane with several media containing different RIs. The
membrane became transparent when the RI difference between the
medium and NC membrane was nearly zero, as shown in the digital
images in Fig. 2a. Diffuse reflection spectroscopy confirmed that the

diffuse reflection of the membrane decreased within the visible spec-
trum as the ΔRI decreased (Fig. 2b).

Traditionally, the backing cards used in conventional LFIAs are
white, owing to their lack of visible-light-absorbing properties. Reducing
the diffuse reflection from backing cards is important to decrease
background noise, leading to a high SNR. To demonstrate this, trans-
parent membranes—where AuNP lines were coated—were placed on
backing cards with different reflection intensities (Fig. 2c and Supple-
mentary Fig. 1). Although the sameAuNP concentrationwas captured on
all NC membranes, the AuNP-captured lines appeared differently
(Fig. 2d). When the diffuse reflectance of the backing card was 88%, the
absorption-based signal was observed as a reddish colour and detected
usingChemi-doc equipment because the scattering signal intensity from
100nm AuNPs was weaker than the background noise intensity. When
the diffuse reflectance was <12%, the scattering signal predominated
because of its stronger intensity compared with that of the background
noise signal (Fig. 2e). Consequently, the highest SNR was achieved with
the lowest diffuse reflectance (approximately 1%) (Fig. 2f).

Increase in scattering signal of optical labels
Toachieve a high SNR, increasing the scattered signalwhileminimising
background noise is essential. According to the Mie theory, the

Fig. 2 | Exploring scattering signal detection conditions in LFIAs. a Photographs
showing the transparency of the membrane as a function of RI matching
(ΔRI =RI2 −RI1) between the filling solution and the NC membrane. b Diffuse
reflectance of the membrane affected by RI matching. c Digital images of backing
cards with different diffuse reflectance. d Changes in band signal—where the same
amount of AuNPs were coated—according to the diffuse reflectance of the backing

cards. Left: images captured using a mobile phone. Right: images measured using
Chemi-doc. e Profile of the LFIA band signal intensity as a function of background
reflectivity. f SNR of the LFIA band signal based on the background’s reflectivity.
LFIA lateral flow immunoassay, NC nitrocellulose, OD optical density, RI refractive
index, SNR signal-to-noise.
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scattering and absorption signals of AuNPs increase along with their
size (Fig. 3a). As the particle size increased, the scattering signal grew
more rapidly than the absorption signal, causing their ratio to continue
increasing until the particle size reached 100nm (Fig. 3b). A digital
image of AuNP solutions was shown in Fig. 3c. Due to strong light
scattering of 100-nm AuNPs, the 100-nm AuNP solution was pale
orange-coloured. Various AuNP solutions were dropped and dried
onto the NC membranes to observe the AuNP signals depending on
their diameters (20–100 nm) (Fig. 3d). Although the optical densities
of theAuNP solutionswere initially the same, smaller AuNPsweremore
clearly observed on the white background NC membrane. This is
consistent with previous studies, which revealed that the absorption
properties of AuNPs aremore critical than the scattering properties of
those in terms of sensitivity in conventional LFIAs15,17,19. When the
AuNPs were on a black background, larger AuNPs (up to 100nm) were
observed more clearly. Table 1 shows the lowest numbers of AuNPs
that could be observable. We obtained the information on the number
of the as-purchased AuNP from the manufacturer, BBI Solutions, UK.
Based on this information and the optical densities of AuNP solutions,
we calculated the number of AuNPs. In particular, for 100nmAuNPson
a black background, at least 32 times fewer AuNPs could be detected
compared with those on a white background (Further dilution of

AuNPs on the black background might lead to the decrease in the
lowest number of AuNPs being observable). Therefore, the larger
AuNPs are the more suitable for plasmonic scattering LFIAs.

Influenza A detection using scattering-utilising LFIAs
Our scattering-utilising LFIA was operated via a two-step process
(Fig. 4a). Initially, the LFIA strip, comprising an NC membrane and
visible-light-absorbingbacking card,was dipped into a sample solution
containing influenza A targets and AuNP-antibody conjugates. Subse-
quently, a solution for RI matching was applied to the strip. Figure 4b
shows the sequentially captured digital images of our scattering LFIA
immediately after adding the RI matching solution. When the solution
passed through the test line, a transition from absorption to scattering
signal occurred. This is because the membrane became transparent
owing to RI matching, and the incident visible light was absorbed by
the black backing card.

Sensitivity tests of our scattering-utilising LFIAs were conducted
using influenza A, and then, compared with those of conventional LFIAs
(Fig. 4c, d and Supplementary Figs. 2, 3). We used 100-nm AuNPs in our
scattering-utilising LFIAs. Although larger AuNPs more strongly scatter
light (Fig. 3a), the highest performance was achieved when 100-nm
AuNP was used among 20, 40, 60, 150-nm AuNPs (Supplementary
Fig. 2a). Notably, in the LFIA, the sensitivity can depend on various
factors such as the signal intensities from the AuNPs and background
noise, the diffusivity of the AuNPs, and the number of the AuNPs used
for LFIA11. Regarding the conventional LFIA, 40-nm AuNPs were used for
the conventional LFIAs because conventional LFIA generally uses AuNPs
with 20–60nm in diameter where absorption intensity is more impor-
tant than scattering. In our conventional LFIA, the use of 40–100nm of
AuNPs showed generally good detection performance (Supplementary
Fig. 2b). In this research, we used 40-nm AuNPs for conventional LFIAs.

As a result, scattering-utilising LFIAs exhibited significantly higher
performance than conventional LFIAs. In viral particle (subtype H1N1)
detection assays, the LoD of scattering-utilising LFIAs was 2.09 pfu
mL–1, which was a considerable improvement compared to the LoD of
755.47 pfu mL–1 for conventional LFIAs (Fig. 4c, d). Similarly, in
nucleocapsid protein detection assays, the LoD of scattering signal-
utilising LFIAs and conventional LFIAs were 1.17 and 234.69 pgmL–1,
respectively (Supplementary Fig. 3). Consequently, compared with
absorption-based (conventional) LFIAs, our scattering-utilising LFIAs
showed 361 times and 201 times enhanced performance when
detecting viral particles and nucleocapsid protein, respectively. LoD
was defined as mean + 3 × standard deviation of the blank. We com-
pared the LoDs of sensitivity improvement studies for LFIAs using
various optical nanoparticles (Table 2). We also compared the com-
ponents’ costs of scattering-utilising and conventional LFIAs. Due to
the additional components, the carbon black and RI matching solu-
tion, there was approximately 11% increase in cost (Supplementary
Table 1). Additionally, our LFIA strips demonstrated stability with sig-
nal variation within 5% over one year of storage, based on six repeated
tests (Supplementary Fig. 4).

To compare our scattering-utilising LFIAs with commercialised
testing techniques, three commercial LFIA kits from three companies
(denoted as products A, B, and C; Supplementary Fig. 5) were tested
for the same viral particle detection. The LoDs were 6375.74, 5417.70,
and 9218.84 pfu mL–1 for products A, B, and C, respectively (Fig. 4e).
Additionally, qRT-PCR was conducted using the same viral particles,
and the results showed that the lowest detectable concentration by
qRT-PCR was 1.5 pfu mL–1 (Supplementary Fig. 6). Note that our the
LoD of scattering-utilising LFIAs was 2.09 pfu mL–1, which was com-
parable to the qRT-PCR test. Consequently, our scattering-utilising
LFIA showed an enhancement in LoD approximately 2600 to 4400
times greater than that of commercial LFIA products.

Selectivity tests were performed using our scattering-utilising
LFIAs towards the viral particles of SARS-CoV-2, respiratory syncytial

Fig. 3 | Signal variation with AuNP size. a Variation in extinction, absorption, and
scattering signal peak intensities as a function of gold nanoparticle size. b Change
in the ratio of scattering signal to absorption signal with increasing gold nano-
particle size. c A digital image of AuNP solutions.dColourimetric images, captured
by Chemi-doc, of AuNPs spots on a white background (upper) and black back-
ground (lower). AuNP gold nanoparticle.

Table 1 | The minimum numbers of AuNPs that could be
observable per unit area depending on AuNP sizes

Size of AuNPs The minimum number of AuNPs that could be detectable
per unit area

AuNPs on a white back-
ground (absorption signal
observation)

AuNPs on a black back-
ground (scattering signal
observation)

20nm 27,852,116/mm2 55,704,232/mm2

40nm 1,790,493/mm2 895,247/mm2

60nm 1,034,507/mm2 129,313/mm2

100 nm 445,634/mm2 13,926/mm2
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Table 2 | Sensitivity comparison of different influenza A detection methods

Optical label Probe Target (influ-
enza A)

Naked eye observation with high
sensitivity

Sensitivity of traditional LFIA
(control)

Sensitivity

SERS49 AuNP H1N1 X −
5 × 104 pfu mL–1

−
1.9 × 104 pfu mL–1

SERS50 Au Nanostar H1N1 X 67ngmL-1

−
6.7 ngmL–1

−

SERS51 Fe3O4@Ag H1N1 X −
1 × 104 pfu mL–1

−
50 pfu mL–1

SERS52 MGITC + AuNP H1N1 X −
1008 HAU mL–1

−
23 HAU mL–1

Quantum Dot53 CdSe/CdS/ZnS QD H1N1 X −
160 HAU mL–1

−
2.5 HAU mL–1

Quantum Dot54 MnFe2O4 H1N1 X −
5 × 104 pfu mL–1

−
22 pfu mL–1

Quantum Dot55 Latex bead@QD H5N3 X −
80 HAU mL–1

−
10 HAU mL–1

Quantum Dot56 Si@Triple QD H1N1 X −
5 × 103 pfu mL–1

−
50 pfu mL–1

Fluorescence57 Latex@Red dye 53 H7N1 X −
160 HAU mL–1

25 ngmL–1−
80 HAU mL–1

Fluorescence58 Cy5-doped silica NP H1N1 X −
8.8 × 10 TCID50 mL–1

250 ngmL–1−
1.1 × 10 TCID50 mL–1

Fluorescence59 Europium NP H1N1 X −
320 HAU mL–1

−
20 HAU mL–1

UCNP60 NaYF4:Yb,Tm@NaYF4:Ca H5N6 X −
102.5 EID50 mL–1

−
103.5 EID50 mL-1

This work AuNP H1N1 O 234.69 pgmL–1

755.47 pfu mL–1
1.17 pgmL–1

2.09 pfu mL–1

Fig. 4 | Lateralflowassay for influenzaAdetection. a Illustration of assay process
for the scattering-utilising LFIA. b Photograph showing the signal transition from
absorption-based to scattering-utilising. t1 =0 s, t2 = 15 s, t3 = 18 s, t4 = 27 s. c Graph
showing the performance of detecting influenza A viral particles with a black-
background LFIA (scattering-utilising LFIA) and conventional LFIA. The intensities
were calculated as | the average signal value within 10% of the peak intensity—the
average background signal value |. The spots and error bars indicate average and
standard deviation, respectively. Three independent sampleswere analysed (n = 3).
d Colourimetric images of LFIAs after detecting influenza A viral particles.
e Comparison of LoD and detection range of scattering-utilising LFIA, commercial
LFIA kits (the products were approved by the Ministry of Food and Drug Safety in

the Republic of Korea), and qRT-PCR. In the graph, the three products were
denoted as products A-C; conventional LFIA (fabricated in our group), scattering-
utilising LFIA, and qRT-PCR were denoted as D, E, and F, respectively. Boxes indi-
cate the detection range. f Selectivity test results for the scattering -utilising LFIA.
Concentrations of viral particles: SARS-CoV-2 at 1000 TCID50 mL–1, RSV at 1000
TCID50 mL–1, influenza B at 1000 pfu mL–1, influenza A H1N1 at 1000 pfu mL–1 and
H3N2 at 1000 pfu mL–1. Mix contains all samples of the same concentration. The
data in the graphs are presented as the mean ± standard deviation (s.d.); n = 3
independent samples. LFIA lateral flow immunoassay, LoD limit of detection, RSV
respiratory syncytial virus.
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virus (RSV), influenza B, and influenza A (subtypes H1N1 and H3N1).
Among the various respiratory viruses, only influenza A virus particles
were selectively detected (Fig. 4f).

Our scattering-utilising LFIAs were validated using clinical sam-
ples collected frompatients (n = 30) infectedwith influenzaAvirus and
healthy individuals (n = 12). qRT-PCR confirmed that the 30 patients’
samples were obtained from infected individuals. The cycle threshold
values of the clinical samples are listed in Supplementary
Tables 2 and 3. The sensitivity and specificity of our scattering-utilising
LFIAs were 90% (27 positive results out of 30 infected patient samples)
and 100%, respectively (Fig. 5a). Sensitivity and specificity were cal-
culated using Eq. (1) and Eq. (2).

Sensitivity = ðtrue positiveÞ=ðtrue positive + false negativeÞ ð1Þ

Specificity = ðtrue negativeÞ=ðtrue negative + false positiveÞ ð2Þ

To compare the performance of the scattering-utilising LFIAs,
conventional LFIA and three LFIA products from three different com-
panies (Supplementary Fig. 7) were tested using the same clinical
samples as those used in the scattering-utilising LFIA. The sensitivities
of the commercial LFIAs ranged from 23% to 30%, significantly lower
than that of our scattering-utilising LFIA. Additionally, the conven-
tional LFIA using the same antibody demonstrated a sensitivity of 40%
(Fig. 5b). Regarding the receiver operating characteristic (ROC) curves,
the products A, B, and C had AUCs of 0.51, 0.59, and 0.54, respectively,
and conventional LFIA demonstrated an AUC of 0.62 (Fig. 5c). In
contrast, the scattering-utilising LFIA showed improved results, with
anAUCof0.99.Note that the sensitivity of commercial productsmight
appear too lowbecause the clinical sampleswere swabbed, diluted in a

viral transportmedium, and subsequently diluted in a buffer, resulting
in very low concentrations. The clinical samples were tested at the
same concentration across all platforms. In other words, our
scattering-utilising LFIAs showed 90% sensitivity despite the use of
diluted clinical samples for clinical validation.

One advantage of our scattering-utilising LFIAs is that the naked
eye can detect the scattering signals without optics. One advantage of
our scattering-utilising LFIAs is that the naked eye can detect the
scattering signalswithout additional optics. Nonetheless, an extra light
source—such as a mobile phone LED—may be required: i) to achieve a
strong scattering signal without a dark box, and ii) to avoid inter-
ference from ambient light (the intensity of this additional light source
should exceed that of the ambient light). Digital images of the clinical
validation results were obtained using amobile phone camerawithout
optics (Fig. 5d, e). Remarkably, the positive detection rate from the
imageswas 90%, the same as that obtainedwith Chemi-doc equipment
(Fig. 5f). Although we used the Galaxy Z-flip 3—launched in 2021—for
the comparison, the older Galaxy S8—launched in 2017—also demon-
strated similar performance (Supplementary Fig. 8). Themobile phone
camera can adjust the exposure time and ISO. Thus, faster image
capture is possiblewhen using amobile phone camera (exposure time:
1/125 s, ISO: 800), compared with that of the Chemi-doc equipment
(exposure time: 30 s). Notably, the smartphone performance was
similar to that of the Chemi-doc when used with our scattering-
utilising LFIAs (Supplementary Fig. 9).

Discussion
Our scattering signal-based LFIA is a type of LFIA beyond those based on
absorbance (colourimetric)16–19, fluorescence21–23, SERS26–28, photothermal
effect33–35, chemiluminescence36–38, and electrochemiluminescence39–42.
To the best of our knowledge, this study reports the concept and rea-
lisation of scattering-utilising LFIAs for the first time. Compared with

Fig. 5 | Clinical validation. a Clinical validation results of the scattering-utilising
LFIA. b Clinical validation results using three commercial products (A to C), our
conventional LFIA (D), and comparison with the scattering-utilising LFIA (E). c ROC
curve of clinical validation for three commercial products, our conventional LFIA,
and the scattering-utilising LFIA. Data for the ROC curve are obtained using Scikit-

learn functions. d Method for measuring the scattering signals of an LFIA band
using a mobile phone. e Image comparison of the scattering-utilising LFIA mea-
sured with a Chemi-doc equipment and mobile phone. f Clinical validation results
of the scattering-utilising LFIA captured with a mobile phone. LFIA lateral flow
immunoassay, ROC receiver operating characteristic.
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previous LFIAs, scattering-utilising LFIAs offer several advantages in
terms of sensitivity, stability, reproducibility, naked-eye detection, and
ease of integration withmobile phone cameras. The detailed advantages
are as follows:

First, plasmonic light scattering from an 80-nm AuNP is 105 times
higher than light emissions fromconventional fluorescent dyes24,32 and
1011–13 times higher than Raman scattering30,31. Moreover, plasmonic
light scattering of an AuNP increases when the diameter of the AuNP
increases (Fig. 3a). Therefore, scattering-utilising LFIAs using AuNPs
with diameters over 80 nm take advantage of enhancing sensing sig-
nals among various LFIA platforms.

Second, in scattering-utilising LFIAs, sensing signals are generated
from the inherent properties of AuNPs themselves. The nature of AuNPs
is highly stable and biocompatible, which is why AuNPs have been
widely used in commercialised LFIAs until now15,43. Thus, scattering-
utilising LFIAs with AuNPs are highly advantageous for achieving high
stability and reproducibility. Meanwhile, MEF-based nanoparticles and
SERS nanotags, which have recently attracted much attention as optical
labels, are difficult to apply in real-world POC testing owing to
uncontrollable stability and reproducibility of production44,45.

Third, scattering-utilising LFIAs enable naked-eye detection
without requiring optical filters or laser-based light sources, making
them ideal for POC testing. Meanwhile, research on developing high-
performance LFIAs is currently based on fluorescence, SERS, photo-
thermal effect, chemiluminescence, and electrochemiluminescence.
Those approaches require large and expensive equipment for signal
readout in general23,26–28,33–35,40,41.

In summary, anAuNP-based scattering-utilising LFIA platformwas
produced by placing a light-absorbing backing card under an NC
membrane andmatching the RI of theNCmembranewith that of a 2nd
assay solution. Scattering-utilising LFIA platforms were designed to
achieve high sensitivity by considering three factors: maximising the
transmittance of the NC membrane within the visible wavelength
range, minimising background signals, and utilising plasmonic nano-
particles that exhibit high scattering signals. Our scattering-utilising
LFIAs showed superior performance compared with conventional
LFIAs. The LoDs of the scattering-utilising LFIAs were 2600–4400
times higher than those of commercialised LFIAs. In clinical validation,
our scattering-utilising LFIAs exhibited 90% sensitivity, which was
approaching PCR-level sensitivity, whereas that of the commercialised
LFIAs was within 23–30%.

Apotential questionmayarise regarding thediscrepancybetween
the improved visibility of 100 nm particles on a black background
compared to a white background—at least a 32-fold enhancement
(Fig. 3d)—and the 361-fold enhancement in the LoD observed in the
influenza A assay (Fig. 4c). This discrepancy can be attributed to dif-
ferences between dry and wet membrane conditions. Figure 3d
represents the membrane in a dry state, whereas in the influenza A
assay (Fig. 4c), the membrane is saturated with a buffer solution,
resulting in a lower ΔRI under assay conditions (RI: air = 1.0, water =
1.33, NC membrane = 1.52). As illustrated in Fig. 2e, a high background
reflectance combined with strong light absorption by gold nano-
particles is required inwhite-background LFIA to achieve a high SNR. A
wet membrane exhibits a lower SNR compared to a dry membrane,
thus reducing sensitivity. Consequently, the scattering-utilising mea-
surement method demonstrates a greater improvement in sensitivity
under actual assay conditions than in the dry membrane state.

Scattering-utilising LFIAs can be further developed by enhancing
the scattering properties of plasmonic nanoparticles used as optical
labels. In influenza A assays, 100-nm AuNPs were used because the
scattering signal of the 100-nm AuNP is stronger than that of
20–40nm AuNPs (Fig. 3a). Beyond AuNPs, silver nanoparticles exhibit
much stronger scattering intensity compared with the AuNPs (Sup-
plementary Fig. 10). According to the Mie theory, silver nanoparticles
exhibit significantly greater scattering cross-section than AuNPs of the

same diameter. Compared to 100-nm AuNP, 100-nm AgNP exhibits a
75% increase in scattering area in the visible range.

A carbon-based dye was used to make black backing cards, which
have a diffuse reflectance of approximately 1%. A higher signal-to-noise
ratio can be achieved if the reflectivity of the background is further
minimised. Reducing thediffuse reflectance of a backing cardbelow1%
can be achieved by incorporating nano- and microstructures onto the
black backing card46, leading to a further increase in sensitivity47,48.

Thus, those strategies—the enhancement in scattering intensity
and the minimisation of the backing card’s reflectivity—suggest that
with further improvements and optimisations, the sensitivity of
scattering-utilising LFIAs could be comparable to that of qRT-PCR. In
addition, to develop a reliable quantitative analysis, we are currently
working on designing suitable housing for both the scattering-
utilising LFIA and the camera. Scattering-utilising LFIAs have great
potential for further development as a next-generation LFIA platform
with PCR-level sensitivity, which can be used by non-expert users
worldwide.

Methods
Black-background optimisation
To optimise the background condition via RI matching, a solution
composed of 2,2-thiodiethanol (#166782, Sigma-Aldrich) and deio-
nised water was used as the filling medium. The refractive index of
filling solution was measured using a refractometer (MyBrix, Mettler
Toledo), and the diffuse reflectanceof the RI-matchedmembraneswas
assessed using UV-Vis spectroscopy (UV-2450 spectrophotometer,
Shimadzu). To investigate the characteristics of the black background,
a mixture of a carbon-based dye (Musou black, KOYO Orient Japan)
and white paint was applied to glass slides to fabricate light-absorbing
backgrounds with varying levels of reflectivity. The properties of these
backgrounds were analysed using UV-Vis spectroscopy, and their
reflectance was compared with BaSO4 as a reference. Subsequently,
membranes made transparent through RI matching were placed on
these backgrounds to analyse the scattering properties of the nano-
particles coated on the membranes.

Conjugate preparation
To prepare the conjugate in a borate buffer environment, 100mL of
0.1MpH 8.5 borate buffer (#28341; Thermo Fisher Scientific) was
mixed with 1mL of a 1 OD AuNP solution (BBI). Subsequently, 10μg of
detection antibody (#BRJINFS103, 20220622-1, Fapon) was added, and
themixture was incubated at room temperature (21–23 °C) for 1 h on a
rotator. Afterwards, 10μL of 10% Casein (#C8654, Sigma-Aldrich) was
introduced as a blocking reagent and incubated under the same con-
ditions for an additional hour. The final mixture was centrifuged at
3393 g for 15min and washed three times with 10mM borate (pH 8.5)
buffer to remove unbound reagents.

Strip preparation
The LFIA backing card (TWO HANDS) was initially coated with a
carbon-based dye. After the dye had dried, a nitrocellulosemembrane
(#SHF180UB25,Millipore)was attached. Subsequently, anti-mouse IgG
(#M8642, Sigma-Aldrich) at a concentration of 1.0mg/mL and capture
antibodies (#BRCINFS107, 20221130-1, Fapon) at 0.8mg/mL, both
diluted in PBS, were dispensed onto the NC membrane to form the
control and test lines, respectively, and allowed to dry (37 °C, 40%)
thoroughly. Finally, an absorbent pad (#grade 222, Ahlstrom) was
secured, and the completed assembly was cut into individual strips
measuring 3.8mm in width.

Immunoassay
Influenza A H1N1 viral particles (Korea Bank for Pathogenic Viruses)
and nucleocapsid protein (#11675, Sino Biological) were detected
using the fabricated strips. The assay buffer consisted of 1% Triton
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X-100 (#H5142, Promega), 0.4M NaCl (#S7653, Sigma Aldrich), and
5mM EDTA (#ER2007-001-80, Biosesang) in 0.1M Tris-HCl at pH 8.5
(#TR2016-050-85, Biosesang). Test samples were prepared in a buf-
fer containing 10% virus or nucleocapsid protein and a 1 OD con-
jugate. Next, 50μL of test sample was dispensed into each well of a
96-well plate (#32096, SPL), and the dipstick assay was conducted
for 15min. After the assay, the strips were rendered transparent using
the RI-matching solution (100% 2,2ʹ-thiodiethanol). Results were
captured using a Chemi-doc (#12003153, Bio-Rad Laboratories) and
analysed using the Image Lab software (v4.0, Bio-Rad Laboratories).
Commercialised products were also tested for sensitivity compar-
ison with our plasmonic scattering-utilising LFIA. Immunoassay using
commercialised products was performed using the as-purchased
buffers and following the instructions for use (IFU). Results were
captured using a Chemi-doc (exposure time 30 s) and a Z-Flip
3 smartphone camera (exposure time: 1/125, ISO: 800; Samsung) and
analysed using the Image Lab and Image J software (v1.54 f, NIH),
respectively. The intensity of the band signal was obtained by sub-
tracting the average background signal from the average value of the
signal within 10% of the peak value (Supplementary Fig. 11). The
obtained data were analysed using the Origin program (v10.0.0.154,
OriginLab). LoDs were defined as mean + 3 × standard deviation of
the blank.

Clinical validation
Nasopharyngeal and oropharyngeal specimens collected in a viral
transport medium were obtained from Chonnam National University
Hwasun Hospital (Republic of Korea). All clinical specimens were
leftover samples following patient testing. In this case, the Institutional
Review Board (IRB) waived the requirement for obtaining informed
consent, and the study was approved by IRB of Chonnam National
University Hwasun Hospital (CNUHH #: 2023-054). The specimens
were anonymized, and since this study focuses on detecting viruses
that cause infectious diseases regardless of gender, gender roles were
not taken into account in the study design.

In the clinical validation, clinical samples confirmed as positive via
qRT-PCR (#CFX96, Bio-Rad Laboratories) were used at a 10% con-
centration (Supplementary Tables 2 and 3). Regarding the qRT-PCR,
the clinical Influenza A samples were extracted using a viral RNA
extraction kit and quantified using qRT-qPCR. The primer sequence is
the following: The forward primer was 5ʹ-CTT CTA ACC GAG GTC GAA
ACG TA-3ʹ. The reverse primer was 5ʹ- GGT GAC AGG ATT GGT CTT
GTC TTT A-3ʹ. The probe was 5ʹ- FAM- TCA GGC CCC CTC AAA GCC
GAG-BHQ1-3ʹ. The qRT-PCR results were analysed by CFX Connect
Real-Time PCR Detection System (Bio-Rad Laboratories).

Regarding the comparison of LFIAs, an assaybufferwas employed
for scattering-utilising LFIA, while commercial products were tested
using each manufacturer’s specific buffer, following their IFU. The
results of tests using clinical samples were measured with Chemi-doc
and a smartphone camera (#Z-Flip 3, Samsung) and analysed using the
Image Lab and Image J software, respectively.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data presented in this manuscript and generated for this work are
included in the written text and figures, as well as provided in the
Supplementary Information. Source data are provided with this paper.
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