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Magnetically Retrievable Platinum Nanoreporters for
Efficient Lateral Flow Immunoassay in Complex

Bio-Samples
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Kathleen Lupien, Ali Vaughan, Thomas Gervais, and Molly M. Stevens*

Lateral flow immunoassays (LFIAs) are widely used for point-of-care
diagnostics, but their development is challenged by the complexity and
variability of patient samples. In particular, LFIAs often exhibit reduced
sensitivity and specificity when used with patient samples, compared to their
performance with analyte-spiked idealized matrices. Patient samples are
inherently complex, with variations in physical and biochemical properties
between patients. This complexity has consequences for the performance of
LFIAs, and can result in non-specific binding on the test line, discoloration of
the nitrocellulose membrane, and incomplete sample flow along the test strip.
To address these challenges, a magnetically retrievable platinum nanoreporter
(termed Pt@Fe;0,) is developed for LFIAs. Leveraging the magnetic
properties of the Fe;O, core, magnetic separation is utilized to enable the
purification and concentration of target antigens from complex human
matrices, including serum, saliva, and even stool samples. This also
eliminates assay inconsistencies caused by inter-sample variability. Further,
the suitability of Pt@Fe; O, nanoreporters has been explored for use as
detection probes in LFIAs. Signal enhancement is demonstrated by the
utilization of the magnetic and enzyme-mimicking activity of the nanoreporter,
resulting in a marked improvement in sensitivity, as evidenced by a 2- to

rapid time to results, and cost
effectiveness.['2] Nanoreporters in LFIAs
typically consist of nanoparticles func-
tionalized with affinity agents, such as
antibodies, that bind specifically to the
target. This enables visualization of the
result through color changes* or other
signals (e.g., fluorescence intensity)l®! at
the test line.

The clinical application of LFIAs in-
volves employing patient samples, such as
serum, saliva, or stool.® Patient sam-
ples are complex matrices, where the bio-
chemical composition can vary drastically
between patients. These samples contain
varying concentrations of cells, proteins,
lipids, and other macromolecules that can
interact with the nanoreporters of the
LFIA device. These variations are influ-
enced by numerous factors, including the
time of sample collection, ethnicity, age,
gender, lifestyle, pathophysiological state,
and medication. In LFIAs, the presence

4-fold decrease in the visual limit of detection.

1. Introduction

Lateral flow immunoassays (LFIAs) are tests widely used for di-
agnostics at the point-of-care (POC) owing to their simplicity,

of biological molecules can cause nanore-
porters to aggregate, forming clusters that
may obstruct or interfere with the nor-
mal flow and detection of the antigens.[*1%]
Additionally, the biomolecular components in the sample matrix
can lead to non-specific interactions between the nanoreporters
and the nitrocellulose membrane, as well as the capture affinity
agent of the LFIA device. Such interactions contribute to a high
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background along the nitrocellulose membrane and non-specific
binding to the test line (false positives).'! The inherent hetero-
geneity between samples from different donors exacerbates the
challenges posed by matrix effects in LFIAs, potentially compro-
mising their accuracy.['>18] This is particularly crucial when de-
veloping LFIAs with quantitative readouts, such as for the detec-
tion of C-reactive protein or specific cancer biomarkers (e.g., car-
cinoembryonic antigen or prostate-specific antigen).[1%2]

A further challenge faced by LFIAs is the highly variable phys-
ical properties of biological matrices, in particular, viscoelastic
properties. Sample viscosity is highly relevant to LFIA applica-
tions, as it significantly affects the fluid dynamics of sample wick-
ing through the test strip. Increased viscosity can slow the fluid
flow along the strip, reducing the mass transfer of the nanore-
porters to the test lines.[?!l Furthermore, high viscosity can lead
to non-homogeneous sample flow, causing uneven distribution
and potential clogging of the assay.[1222-24]

Despite the significant impact of matrix effects in LFIAs, this
issue is often overlooked in the earliest stages of LFIA develop-
ment and is only addressed during translation. This leads to sig-
nificant challenges in the effective deployment of new nanore-
porters. Typically, patient samples are diluted with optimized
running buffers to standardize viscosity and reduce the concen-
tration of interfering substances.[®2>-2] However, the dilution of
patient samples also reduces the effective concentration of target
analytes used in the LFIA, therefore decreasing the sensitivity of
the assay. Use of external filtration devices or addition of filtration
membranes into the sample pad of the LFIA strip are other strate-
gies used to mitigate matrix effects. However, these approaches
may increase the complexity and cost of the device, and do not
always achieve sufficient purification.[3%]

To overcome low assay sensitivity, nanoreporters have been
engineered to amplify the observable signal, lowering the limit
of detection (LOD) and improving analytical sensitivity. One ex-
ample is the use of magnetic nanoparticles, such as iron oxide
nanoparticles. Due to their intrinsic magnetic properties, these
nanoparticles can facilitate the isolation and concentration of
target analytes by magnetic separation from a patient sample,
thereby significantly improving the sensitivity of LFIAs.[6831-33]
Less explored in the field are the advantages deriving from the
use of magnetic separation to remove unwanted components and
reduce sample-to-sample variability inherent in biological matri-
ces. Further strategies have aimed at amplifying the signal gener-
ated at the test line through the use of catalytically active nanore-
porters. This includes nanoparticles with enzyme-mimicking ac-
tivity, such as platinum nano-catalysts (PtNCs), which exhibit
peroxidase-mimicking activity. Previous work has demonstrated
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the application of such nanoparticles in LFIAs, generating an im-
proved signal at the test line through oxidation of chromogenic
substrates, such as 4-Chloro-1-naphthol/3,3’-Diaminobenzidine
(CN/DAB).[3+35]

Here, we showcase the successful development and in-
tegration of magnetically retrievable platinum nanoreporters
(Pt@Fe;0,) as detection probes in LFIAs. The developed
Pt@Fe;0, nanoreporters can address some of the shortcom-
ings associated with the direct use of patient samples in LFIAs
(Scheme 1). Specifically, we highlight the use of Pt@Fe;O,
nanoreporters to purify and concentrate the target analytes from
complex bio-samples. After magnetic recovery, the enriched ma-
terials can be resuspended in optimized assay buffer prior to run-
ning the LFIA. The developed nanoreporters also enable further
signal amplification through enzyme-mimicking reactions. The
use of magnetic separation enables us to perform LFIAs using
very challenging matrices as saliva and stool, without the need for
any dilution, while commercial products require sample dilution
up to a factor of 20. Moreover, we show how the use of Pt@Fe;0,
nanoreporters effectively minimizes variability in assay results
arising from inter-sample heterogeneity, altering fluid flow dur-
ing the assay, as supported by numerical simulations. The pro-
posed Pt@Fe,; O, nanoreporter provides a promising platform for
the design of future LFIA nanoreporters to reduce matrix effects
and improve assay robustness and reproducibility.

2. Results and Discussion

2.1. Synthesis and Characterization of Pt@Fe;O,

The Pt@Fe,O, were synthesized by decorating a positively
charged magnetic core with negatively charged PtNCs, as il-
lustrated in Figure 1A. Peroxidase-mimicking nanozymes com-
posed solely of Pt show poor stability, and most Pt atoms re-
main unexposed and catalytically inactive. Therefore, bimetallic
core—shell nanospheres with a Pt shell, particularly those with a
gold core, have been extensively studied, as gold may influence
the catalytic activity of Pt.3¢37] Here, PtNCs with Au seeds were
synthesized following a previously reported protocol with mi-
nor modifications.3* This method enables precise control of Pt-
NCs size and monodispersity (hydrodynamic diameter ~15 nm,
Figure S1A, Supporting Information) by tuning the Au seed size
and H,PtCl, amount, while the non-conformal growth of Pt on
Au produces a porous dendritic structure that provides additional
surface area and may enhance catalytic activity.?*3] The energy
dispersive X-ray spectroscopy (EDS) mapping data in Figure S1B
(Supporting Information) illustrate that these PtNCs consist of
an Au core with a porous platinum outer layer. Commercially
available silica coated Fe;O, nanoparticles (Fe;O, NPs) were em-
ployed as the magnetic component for Pt@Fe;O,, with a diame-
ter of ~#300 nm (Figure S1C, Supporting Information), and EDS
mapping demonstrates the distribution of Si, Fe and O, clearly
indicating a core—shell structure, with Fe and O corresponding
to the Fe;O, core and Si and O to the silica shell (Figure S1D,
Supporting Information). Pt@Fe;0, were then synthesized by
simply incubating Fe;O, NPs with PtNCs on a shaker overnight.
The morphology of the PtNCs, Fe;O, NPs, and Pt@Fe, 0, com-
plexes was investigated using transmission electron microscopy
(TEM) (Figure 1B). The size of the newly formed complex
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Scheme 1. lllustration of LFIA for antigen detection in biological matrices without or with magnetic separation. Conventional LFIAs using unprocessed
biological matrices often encounter high non-specific binding and nanoreporter aggregation, leading to high background and even complete loss of
signal. In comparison, LFIAs with Pt@Fe; O, nanoreporters enable the magnetic purification and concentration of analytes and catalytic amplification

of the readouts, significantly enhancing sensitivity and allowing for a high signal-to-noise ratio.

between Fe;O, NPs and PtNCs remained ~300 nm (Figure 1C),
suggesting that the PtNCs formed a monolayer on the surface of
the Fe,0, core. The binding between PtNCs and Fe;O, NPs was
primarily driven by electrostatic surface interactions, as the Fe; O,
NPs displayed a net positive surface charge, while the PtNCs dis-
played a negative zeta potential (Figure 1D). Following complex
formation, the surface potential of the Pt@Fe;0, became highly
negative (Figure 1D), indicating a high-density binding of Pt-
NCs on the Fe;0, core. EDS mapping of Pt@Fe;0, (Figure 1E)
shows the distribution of Si, Fe, O, Pt, and Au within the com-
plex, confirming the core—shell structure of the Fe,O, NPs and
the surface-bound PtNCs, with Au cores and Pt shells. Notably,
the binding of PtNCs to Fe; O, NPs enhanced the extinction cross
section in the visible light range of the Pt@Fe; O, compared to
that of the pure Fe;O, NPs (Figure S2A, Supporting Informa-
tion).

The elemental composition of Pt@Fe;O, was analyzed us-
ing inductively coupled plasma mass spectrometry (ICP-MS),
revealing that Pt@Fe;O, consisted of ~43% Fe and 17% Pt,
as illustrated in Figure 1F. To assess the activity of Pt@Fe;O0,,
which determines the catalytic signal amplification capability
of the nanoreporters, their peroxidase-mimicking catalytic prop-
erty was evaluated by monitoring the oxidation of 3,3',5,5'-
tetramethylbenzidine (TMB) in the presence of H,O,, produc-
ing blue oxidized products with an absorbance peak at around
650 nm, as shown by the schematic representation in Figure
S2B (Supporting Information).*! The ICP-MS results, together
with the particle size (Figure S2C, Supporting Information) and
catalytic activity data (Figure S2D, Supporting Information) ob-
tained from three independent particle batches, show almost no
variation, demonstrating the good reproducibility of the synthe-
sis. Further experimental data demonstrate that the Pt@Fe;0,
nanoreporter achieves specific activity (SA, 8436 U mg™, Figure
S2E, Supporting Information)*’! and catalytic efficiency (K,
7.94 x 10° s7!, Figure S2F, Supporting Information)*! that sig-
nificantly outperform those reported for a wide range of compa-
rable nanozymes. X-ray diffraction (XRD) analysis in Figure 1G
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further indicated that Pt@Fe;O, exhibited a combined crystal
structure characteristic of both Fe;O, NPs and PtNCs, with the
clear presence of peaks characteristic of both Fe;O, and Pt. The
Pt peaks appear broader than those of Fe,0,, suggesting a larger
crystallite size for the iron oxide component than for the Pt,
consistent with the particle size of the different elements of
the Pt@Fe;0,. The magnetization curves (Figure 1H) demon-
strate that these nanoreporters exhibit a strong magnetic re-
sponse, with a saturation magnetization around 90 emu gp.~".
Both Fe;O, NPs and Pt@Fe; O, displayed similar saturation mag-
netization, indicating that the Pt shell did not significantly affect
the magnetic properties of the new nanoreporters. Compared
with freshly prepared Pt@Fe,0,, the nanoparticles showed no
significant changes in stability (hydrodynamic size, Figure S2C,
Supporting Information) or catalytic activity (Figure S2D, Sup-
porting Information), even after long-term storage, drying, or ex-
posure to harsh biological conditions (extended incubation time
and elevated temperature). These results highlight their strong
potential for clinical translation and practical usability.

2.2. Antibody Conjugation on Pt@Fe;O, and Characterizations

The Pt@Fe;0, was then implemented in a simplified half dip-
stick lateral flow sandwich immunoassay, in which detection an-
tibodies were attached to the surface of Pt@Fe,0,, while cap-
ture antibodies were printed onto a nitrocellulose membrane,
attached beneath an absorbent pad.l*?] The conjugation of anti-
bodies to Pt@Fe; O, (Pt@Fe; 0, @Ab) was achieved through ph-
ysisorption, followed by surface blocking with polyvinylpyrroli-
done (PVP) to minimize potential non-specific interactions, as
illustrated in Figure 1I. This antibody conjugation had min-
imal impact on the hydrodynamic size and zeta potential of
the Pt@Fe;O, nanoreporter (Figure S2G,H, Supporting In-
formation, respectively). Previous studies reported that PtNCs
(120 nm in diameter) used as LFIA nanoreporters lost 65% of
their catalytic activity after antibody conjugation through direct

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 1. A) Schematic illustration showing the synthesis process for Pt@Fe;O,. B) TEM images of silica-coated Fe;O, NPs, PtNCs, and Pt@Fe;O,.
Scale bars for Fe;0, NPs and Pt@Fe;O,4 are 1 um, for PtNCs are 0.2 um or 20 nm (for the zoomed-in image). C) Hydrodynamic diameter distribution
of Pt@Fe;O, measured by dynamic light scattering (DLS). Data shown as mean + S.D. (n = 3 measurements). D) Zeta potential of Fe;O, NPs,
PtNCs, and Pt@Fe;O,4. Data shown as mean = S.D. (n = 3 measurements). E) Scanning transmission electron microscopy (STEM) (imaging and EDS
mapping showing the morphology of Pt@Fe;O,4 and the distribution of Si, Fe, O, Pt, and Au among the complexes (scale bar, 100 nm). F) Elemental
composition of Pt@Fe;O, quantified by ICP-MS. Data shown as mean + S.D. (n = 3 independently synthesized batches of Pt@Fe;O,). G) Crystal
structure of Pt@Fe;Oy4. The lines below the experimentally obtained XRD pattern show the peak positions of the reference patterns (PDF 01-088-0866
for Fe;04 and PDF 00-004-0802 for Pt). H) Magnetization curves of Fe;O, NPs and Pt@Fe; O, normalized to the amount of iron present in each sample.
1) Schematic illustration showing the antibody conjugation on the surface of Pt@Fe;O,. ) Time-resolved evolution of the absorbance at 650 nm caused
by the oxidation of TMB in the presence of H,0, catalyzed by Pt@Fe; O, @Ab, Pt@Fe; O, and Fe;O, NPs. DPBS was used as the control condition.
Data shown as mean + S.D., n = 3 separate plate wells, with a final nanoparticle concentration of 0.2 pm.
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electrostatic adsorption on the particle surface.?*l Interestingly,
the conjugated antibody layer did not affect the catalytic activ-
ity of Pt@Fe;0, (Figure 1]). This suggests that the antibody ad-
sorbed on the iron oxide surface is possibly due to its local positive
charge, rather than individual PtNCs, thus presenting minimal
restrictions on substrate access and other potential interferences.

2.3. Application of Pt@Fe;O, for Antigen Detection in Human
Serum

After the successful synthesis of the Pt@Fe;O, nanoreporters
and antibody conjugation, we sought to test them in LFIAs, chal-
lenging the reporters with several complex bio-samples. First, we
tested the magnetic separation efficiency (i.e., fraction of recov-
erable particles). The separation protocol proved to be robust and
reproducible, achieving a recovery rate of #65% in human serum
and saliva within 20 min, as shown in the quantitative data of
recovered Pt in Figure S2I (Supporting Information). The frac-
tion can likely be increased by increasing separation time; how-
ever, we fixed this timescale as a timely result is a key attribute
for POC devices following the REASSURED criteria.l** No-
tably, the peroxidase-mimicking activity of Pt@Fe;0, remained
unaffected by biological components after magnetic separation
from the matrices and redispersion in running buffer. This is
demonstrated by the curves in Figure S2J (Supporting Informa-
tion), which show identical kinetics of TMB oxidation catalyzed
by Pt@Fe;0, separated from different matrices. This confirms
the effectiveness of the magnetic separation procedure in pre-
serving the signal amplification activity of Pt@Fe;O, nanore-
porters in biological samples.

Human serum, a common sample in clinical applications, was
chosen as the initial model to evaluate the efficiency of Pt@Fe;O,
nanoreporters in LFIAs. Serum is often considered a challeng-
ing matrix in LFIAs, as particle instability and non-specific bind-
ing are often observed when transferring nanoreporters from
optimized running buffers.%*4~#7] HER2 (human epidermal
growth factor receptor 2), a marker protein overexpressed in a
subset of breast and ovarian cancers, was selected as a model
antigen for detection in human serum.*! To streamline the ex-
perimental design, a HER2-biotin conjugate was used to allow
a printed polystreptavidin line to function as a capture antibody
mimic. Trastuzumab, a HER2 antibody, was functionalized on
the surface of Pt@Fe;O,. As shown in Figure 2, Pt@Fe, 0, per-
formed effectively in detecting HER2-biotin in human serum
both with and without the magnetic separation step. Further,
applying the magnetic separation procedure and concentrating
the analytes 20-fold significantly enhanced the detection sensi-
tivity, improving the visual LOD by more than threefold. The as-
say showed similar performance in an optimized running buffer,
without or with magnetic separation and subsequent 20-fold vol-
umetric concentration of the sample (Figure S3, Supporting In-
formation), demonstrating the stability of Pt@Fe;0, in serum.

2.4. Application of Pt@Fe, O, for SARS-CoV-2 N-Protein
Detection in Artificial Saliva

After demonstrating the use of Pt@Fe;0, in serum, we moved
to investigate its use in saliva. While saliva appears as an at-
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tractive sample type for LFIAs, due to its non-invasive and eas-
ily accessible nature,[* its highly variable physical, chemi-
cal, and biological properties—such as pH, viscosity, and diges-
tion enzyme contents—pose significant challenges. In particu-
lar, saliva viscosity fluctuates considerably between donors and
over time, further complicating LFIA design.!'31423] These varia-
tions, influenced by factors such as collection time, diet, ethnic-
ity, age, gender, lifestyle, pathophysiological state, and medica-
tion intake, can impact the reliability and consistency of LFIA-
based diagnostics.[**?] Given its relevance in saliva-based diag-
nostics, the SARS-CoV-2 nucleocapsid protein (N-protein) was
chosen as the model antigen for this part of the study. First, the
efficiency of the Pt@Fe,O,-LFIA platform was tested in detecting
N-protein using the running buffer as a matrix. In the magnetic
separation assay, two strategies were employed to enhance the
signal-to-noise ratio. The first involved increasing the concentra-
tion factor during separation from one to five, while the second
utilized catalytic amplification. To this last purpose, the peroxi-
dase substrates CN/DAB were employed, which, in the presence
of H,0,, were oxidized by PtNCs, leading to the formation of
dark precipitates on the test line and thus amplifying the colori-
metric readout, as shown in the schematic representations of the
reactions in Figure S4A,B (Supporting Information).l**! Figures
S5-S7 (Supporting Information) demonstrate that the Pt@Fe; 0,
nanoreporters for N-protein detection performed efficiently both
without and with magnetic separation in running buffer. In the
magnetic separation experiment, the signal was successfully en-
hanced either by increasing the analyte concentration or by em-
ploying catalytic amplification, without introducing additional
background noise. To evaluate the specificity of our LFIA, we
tested the cross-reactivity of the selected antibody pair with three
other influenza N-proteins. As shown in Figure S8 (Supporting
Information), at a concentration of 20 nm, only our target antigen
(40588-V08B) produced a distinct signal on the test line, while all
other antigens yielded no false-positive results.

Due to the challenges posed by saliva’s highly variable viscos-
ity in LFIA applications,['*!*23] we investigated how viscosity af-
fects the LFIA performance. Here, we mimicked saliva by prepar-
ing solutions of DPBS and different concentrations of sodium
carboxymethyl cellulose (SCMC) to achieve varying viscosities.
Rheometry analysis confirmed that the viscosity of artificial saliva
increased with higher SCMC concentrations, matching the range
expected for saliva,l>>>*l as shown in the viscosity values  and 17
in Figure S9A,B (Supporting Information). We then spiked N-
protein (20 nMm) in and used Pt@Fe,;0, nanoreporters as a detec-
tion probe. The results in Figure 3A reveal that the direct LFIAs
(i-e., assay performed without magnetic separation, by simply
having the sample wick through the membrane) were signifi-
cantly impacted by the varying viscosity of the matrix, with lower
signals observed when the viscosity increased. Statistical anal-
ysis further confirms that the LFIA signals obtained from ar-
tificial saliva samples with varying viscosities exhibited signifi-
cant differences (Welch’s ANOVA test, p = 0.0134). In contrast,
when the magnetic separation procedure was applied, the signals
across all viscosity groups became equivalent, as demonstrated
in Figure 3B. This resulted in no statistically significant varia-
tion in LFIA signals among the groups (Welch’'s ANOVA test, p
= 0.2612). Additionally, the recovery ratio and reproducibility of
Pt@Fe;0, nanoreporters through magnetic separation were not
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Figure 2. A) Detection of HER2-biotin with Pt@Fe;O,@Ab in human serum without magnetic separation. The eye icons represent the visual LOD.
B) Detection of HER2-biotin with Pt@Fe; O, @Ab in human serum with magnetic separation and 20-fold volumetric concentration (20x) of the sample.
For each magnetic separation procedure, the particles were separated from 1400 pL of human serum and resuspended in 70 pL of running buffer. The
eye icons represent the visual LOD. C) Normalized intensity of the lateral flow strip test lines in the detection of HER2-biotin with Pt@Fe; O, @Ab in
human serum without or with magnetic separation and 20-fold volumetric concentration of the sample. Data shown as mean + S.D., n = 3 independent
experiments (magnetic separation procedures) with different batches of nanoparticles. The concentrations shown in the figure represent the initial
values, i.e., before magnetic separation and concentration.
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Figure 3. A) Detection of SARS-CoV-2 N-protein with Pt@Fe; O, @ADb in artificial saliva without magnetic separation. Data shown as mean +S.D., n =3
independent experiments with different batches of nanoparticles. The LFIA signals obtained from artificial saliva with varying viscosities showed signifi-
cant differences (Welch’s ANOVA test, p = 0.0134). SCMC = sodium carboxymethyl cellulose. B) Detection of SARS-CoV-2 N-protein with Pt@Fe; O, @Ab
in artificial saliva with magnetic separation but no subsequent volumetric concentration. Data shown as mean + S.D., n = 3 independent magnetic sep-
aration procedures with different batches of nanoparticles. For each magnetic separation procedure, the particles were separated from 200 pL of artificial
saliva and resuspended in the same amount of running buffer. The LFIA signals obtained from artificial saliva with magnetic separation showed no sig-
nificant difference among the groups (Welch’s ANOVA test, p = 0.2612). The assays in A and B were conducted with 20 nm N-protein and with CN/DAB
amplification. C) Schematic illustration of the 2D model of Pt@Fe; O, nanoreporter transport and reaction kinetics on an LFIA strip. D) Average convec-
tion velocity of Pt@Fe;O4 nanoreporter transport through the LFIA strip as a function of sample matrix viscosity. E) COMSOL simulated concentration

of antigen delivered by Pt@Fe; O, nanoreporters and captured on the test line after the full sample running period (10 min), as a function of sample
matrix viscosity.

affected by the viscosity of the matrices (Figure S9C, Support-  ters, variables, and values used in the simulations are listed in
ing Information). This result demonstrates that the Pt@Fe;O,  Table S1 (Supporting Information).

nanoreporters, combined with the magnetic separation proce- The LFIA process is simplified into two sequential reactions:
dure, can eliminate the influence of varying matrix viscosity on
LFIAs.

To better understand how sample matrix viscosity influences
the transport and reaction kinetics of Pt@Fe; O, nanoreporters in
LFIA, we developed a simplified 2D model (Figure 3C), assuming
homogeneous flow along the z-direction. Details of the parame- Ab, + Ag — Ab,Ag (1)

1) Antigen (Ag) binds to detection antibody (Ab,) on the nanore-
porter to form a complex (Ab,Ag):
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Table 1. Characteristic times for nanoreporter diffusion, reaction, convec-
tion, and sedimentation in the 2D LFIA model.

Variable  n=1.1mPa-s[min] 5 =6.6mPa-s[max]
Diffusion coefficient Dyp 1.30 X 1072 >m?/s 2.17x 1073 m?/s
Diffusion time ty 6 days 34 days
Reaction time t, 0.205 s 0.205 s
Convection time t, 3.40s 11.94s
Sedimentation time t 4878 s 29630s

2) The Ab,Ag complex is captured by immobilized capture anti-
bodies (Ab,) at the test line:

For,
Ab,Ag+ Ab, = Ab, Aghb, 2)

Equation (1) occurs in solution before entering the strip and is
assumed to be at equilibrium, given the kuffp of 1.79 x 107> s7,
yielding an Ab,Ag complex half-life of ~#11 h. Thus, only Equa-
tion (2) is considered during the test, assuming negligible Ag
desorption within the duration of the assay (t,, = 10 min). The
concentration of Ab,Ag entering the strip is calculated using the
equilibrium equation:

([Abp]o - [Aprg])([Ag]O - [AprgD
b, = G)
‘ [Ab, Ag]

where [Ab,], is estimated from nanoparticle concentration Cy,,
and antibody equivalence (500 per nanoparticle). This yields
[Ab,Ag] ~ 0.68 nM, indicating that nearly all detection antibod-
ies are saturated.

To determine the dominant transport mechanism, we com-
pared characteristic times for nanoreporter diffusion, reaction,
convection, and sedimentation across matrices of varying viscosi-
ties (Equations S1-S6, Supporting Information). The average dif-
fusion time for a nanoparticle to reach an antibody was also esti-
mated to ensure that particles diffuse quickly enough to be cap-
tured at the test line (Equation S7, Supporting Information).

Among all transport mechanisms, convection is identified as
the dominant mode of nanoreporter flow through the strip, while
diffusion and sedimentation are negligible.*>! All characteristic
time scales are summarized in Table 1. Notably, convection ve-
locity (Equation S5, Supporting Information) is found to be in-
versely related to viscosity, as shown in Figure 3D.

At the test line, convection remains the limiting process as
long as the available capture antibodies are not saturated. We as-
sessed whether saturation occurs by calculating the total number
of nanoparticles reaching the nitrocellulose membrane during
the test via convection:

— Dwt 0! L
Nyp =ty v, A- [Aprg] =A <7£t * E) [AbPAg] *)

where A = h - wis the cross-sectional area of the strip.
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The total number of capture antibodies on the test line is given
by:

NAbF=CAbC'V=CAbL-h-w~e (5)

Thus, the fraction of capture antibodies bound to Aprg com-
plexes is:

N
g= e 1 (6)
Ny, n

For the fastest convective transport and highest capture frac-
tions, which occur with the least viscous sample (y = 1.1 mPa -
s), we calculate £ ~ 2.98%, given t,, = 10 min. Since the major-
ity of the capture antibody sites remain unoccupied (over 97%),
the effective reaction time ¢, does not change significantly toward
the end of the assay and remains much shorter than the convec-
tion time t, confirming that the reaction is convection-limited
throughout the process.

As evident from Equation (4) and Figure 3D, ¢ is inversely
proportional to the sample matrix viscosity (¢ & #7!). Given that
the colorimetric signal is proportional to the amount of captured
Ab,Ag complexes, the measured signal is also inversely propor-
tional to viscosity, which is consistent with the trend observed in
Figure 3A.

We further confirmed the proposed scaling with a numerical
simulation performed using COMSOL. We implemented a 2D
model with creeping flow and transport of diluted species mod-
ules. As shown in Figure 3E, the simulated Ag concentration cap-
tured on the test line after 10 min is indeed inversely correlated
with sample viscosity, consistent with the theoretical predictions.
These results indicate that variations in matrix viscosity signifi-
cantly affect the reproducibility and reliability of LFIA results, un-
derscoring the importance of our Pt@Fe; O, nanoreporter com-
bined with magnetic separation for use in complex bio-samples,
particularly in eliminating the influence of viscosity variability.

2.5. Application of Pt@Fe; O, for SARS-CoV-2 N-Protein
Detection in Human Saliva

We then applied our nanoreporters to human saliva. Surprisingly,
using the direct LFIAs approach, no signal was observed, regard-
less of the N-protein concentration or whether catalytic amplifi-
cation was applied (see Figure 4A for non-amplified assay strips
and Figure S10 (Supporting Information) for catalytically am-
plified assay strips). We hypothesized that magnetic separation
could be used to mitigate this issue. As shown in Figure 4B,
with the incorporation of the magnetic separation procedure af-
ter antigen capture in saliva, the test lines reappeared, indicating
that the Pt@Fe;O, nanoreporters successfully detected the N-
protein in human saliva, and the signals were further enhanced
Dby catalytic amplification. This stark contrast highlights the crit-
ical role of magnetic separation in overcoming the matrix ef-
fect of saliva. This allows the Pt@Fe; O, nanoreporters to flow
through the LFIAs strips and form a sandwich structure with
the N-protein antigen and capture antibody on the test line for
a colorimetric readout. This finding is particularly significant,
as it demonstrates the necessity and effectiveness of combining
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Figure 4. A) Detection of SARS-CoV-2 N-protein with Pt@Fe; O, @Ab in human saliva without magnetic separation and without catalytic amplification.
Data from three independent experiments with different batches of nanoparticles (n = 3). B) Detection of SARS-CoV-2 N-protein with Pt@Fe; O, @Ab
in human saliva with magnetic separation but no subsequent volumetric concentration, with or without catalytic amplification with CN/DAB substrates.
Data shown as mean + S.D., n = 3 independent magnetic separation procedures with different batches of nanoparticles. For each magnetic separation
procedure, the particles were separated from 200 L of human saliva and resuspended in the same amount of running buffer. The eye icons represent

the visual LOD in these experiments.
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Pt@Fe;0, nanoreporters with magnetic separation to achieve
successful antigen detection in LFIAs within complex biological
matrices. Currently, only a few studies have investigated the use
of magnetic or non-magnetic nanoreporters for LFIA systems in
saliva samples. However, most of them require saliva dilution
with an optimized buffer.[222>56-8] In this study, we demonstrate
that, when combined with a magnetic separation procedure, the
Pt@Fe;0, nanoreporters could effectively capture antigens di-
rectly from undiluted saliva and produce a clear test line on a lat-
eral flow strip. This, in turn, can lead to improved performance
of the assay, as the dilution step would lead to a significant re-
duction in the effective concentration of antigens in the solution
during the first capture step of the sandwich assay, one of the
performance-determining steps. Previous studies have also re-
ported the use of magnetic nanoreporters for LFIA to detect anti-
gens in undiluted saliva; however, such approaches typically re-
quire additional readout devices (e.g., UV lamps or portable flu-
orescence readers) rather than direct visual inspection, whereas
our platform enables simple naked-eye readout, which is partic-
ularly advantageous in resource-limited settings.l*”!

2.6. Application of Pt@Fe, O, for Cholera Toxin Detection in
Stool Samples

Encouraged by the results obtained in saliva, we decided to chal-
lenge our nanoreporters with stool samples. Human stool sam-
ples exhibit significant variability, not only between different indi-
viduals but also within the same individual over time, influenced
by factors such as diet, water intake, gut microbiota composition,
overall health status, and lifestyle choices.["®] This variability in-
cludes the ratio of solid to liquid components and the concentra-
tion of various constituents, like undigested food residues, inor-
ganic salts, pigments, fats and cholesterol, dead cells, and bacte-
ria, making stool a highly complex matrix with complicated fluid
properties. In this case, we selected cholera as a disease model:
this is an acute diarrheal illness caused by Vibrio cholerae, trans-
mitted through contaminated water or food. It leads to severe de-
hydration and can be fatal without prompt treatment. Rapid POC
diagnostics are crucial for the timely identification and manage-
ment of cholera outbreaks.lC%!] As one of the commonly used
diagnostic methods in POC testing, currently available LFIA kits
for cholera rapid diagnostic tests, such as the Crystal VC kit and
the Bioline™ Cholera Ag 01/0139 test, require extensive dilu-
tion of stool samples to mitigate sample complexity, %2631 which
in turn significantly reduces the LOD. To simplify the experi-
mental design and focus on investigating the performance of
the nanoreporters through the LFIA strip, we used biotinylated
cholera toxin beta subunit (CTB-biotin) as a model antigen in the
stool matrix.

As an initial validation, Pt@Fe;O, nanoreporters conjugated
with a detection antibody were employed to detect the model
antigen CTB-biotin in the running buffer. The Pt@Fe;0, sys-
tem demonstrated effective CTB-biotin detection both without
and with magnetic separation, and the catalytic amplification suc-
cessfully enhanced the signal level (Figure S11A,B, Supporting
Information), consistent with results observed in saliva. Next, we
proceeded to evaluate the system using human stool samples.
As shown in Figure 5A, when the magnetic separation step was
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omitted, no detectable signal was observed for CTB-biotin in hu-
man stool samples from various sources (including liquid stools
and pooled solid stools from different donors; solid stool sam-
ples were mixed and diluted in a 1:20 ratio with DPBS before
the assay was performed to mimic diarrhea samples). This re-
sult aligned with our observations in pure saliva samples, where
the matrix effect posed significant challenges to the consistent
flow of nanoreporters through the assay strips. In the stool, we
observed large and unidentified solids, which further hindered
nanoreporter flow.

We then investigated whether the implementation of magnetic
separation could enhance the performance of Pt@Fe; O, nanore-
porters and facilitate the detection of target antigens in human
stool samples. As demonstrated in Figure 5B, the combination
of Pt@Fe,; 0, nanoreporters and magnetic separation enabled the
successful detection of CTB-biotin in human stool samples. All
test lines appeared clear and distinct, indicating a uniform flow
of the particles across the membrane, even when analytes were
present in stool samples with complex fluid properties. Notably,
the test line intensity remained consistent regardless of sam-
ple consistency (whether more solid or liquid) or variations be-
tween different batches of patient samples. The well-defined cal-
ibration curves of CTB-biotin concentration vs test line intensity
in Figure 5C demonstrate the excellent antigen concentration-
dependent response of the Pt@Fe; O, nanoreporters in a com-
plex stool matrix with magnetic separation. Catalytic amplifica-
tion reduced the visual LOD to as low as 25 ng mL~!. Moreover,
we confirmed that increasing the concentration factor could fur-
ther enhance the signal (Figure 5D). This approach can be partic-
ularly useful in compensating for the loss of detection sensitivity
caused by diluting solid stool samples in typical LFIA applica-
tions, ensuring even sample flow.

The results obtained using the magnetically retrievable
Pt@Fe;0, nanoreporters in highly complex human stool sam-
ples further highlight the potential of Pt@Fe;O0, combined with
magnetic separation in LFIA for samples containing challenging
biological matrices. Our system effectively reduced background
noise from biological impurities, ensured smooth flow of the
nanoreporters, and minimized variability caused by sample het-
erogeneity, ultimately achieving robust analyte detection in bio-
samples with a high signal-to-noise ratio.

3. Conclusion

In this study, we developed a magnetically retrievable Pt@Fe,O,
nanoreporter for LFIAs, consisting of an Fe;O, core decorated
with PtNCs bound to its surface. The Pt@Fe;0, nanoreporters
exhibit strong magnetic properties from the Fe;O, NPs and high
peroxidase-mimicking activity from the PtNCs. The nanoreporter
is robust under various conditions—including drying, long-term
storage, and different sample matrices.

By leveraging the magnetic properties of Pt@Fe;0,, analytes
can be efficiently purified and concentrated from challenging bi-
ological samples. Magnetic separation of nanoreporters-antigen
complexes effectively mitigates matrix effects. Without this pu-
rification step, the complexity of biological fluids and patient-to-
patient heterogeneity would otherwise cause high background
noise, reduced sensitivity, and poor reproducibility. While the ad-
dition of a magnetic separation step increases the complexity of
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the assay, technologies are availablel® to facilitate this process,
allowing POC deployment of the tests. In addition to magnetic
separation and enrichment, the catalytic activity of PtNCs en-
ables further enhancement of the colorimetric readout through
the catalytic oxidation of CN/DAB, leading to dark precipitates on
the test line. While practical considerations remain for the use
of amplifying reagents such as CN/DAB, given their associated
hazards, future work could address this through careful packag-
ing design and integration into lateral flow tests, ensuring safe
handling and incorporation of these reagents.

The bio-samples tested in this study span multiple matrices,
including serum, saliva, and, notably, stool, which is rarely ana-
lyzed directly without dilution with LFIAs. Such broad applica-
bility suggests potential extension to additional matrices, such
as tears or nasopharyngeal swabs, as well as those associated
with pathological conditions that can interfere with LFIA perfor-
mance, including hematuria or hyperlipidemic blood.

Beyond demonstrating applicability across diverse complex
bio-samples, we also conducted experiments using artificial
saliva combined with numerical simulations, which revealed
that viscosity is a key factor underlying matrix effects and sub-
stantially impacts LFIA reproducibility. Although viscosity can
strongly influence assay performance, it is often overlooked dur-
ing product development, leading to variability in real-world test-
ing. By elucidating the mechanisms through which viscosity af-
fects LFIA performance, our study provides valuable guidance for
designing more reliable LFIA devices for practical applications.

Overall, these Pt@Fe; O, nanoreporters, enabling magnetic
separation, offer a promising approach to improving LFIA per-
formance with complex bio-samples, effectively addressing chal-
lenges that traditional systems often face.

4. Experimental Section

Preparation of PENCs:  Following a modified protocol from Loynachan
et al.l*¥] gold nanospheres (5 nm) were diluted into 10 mL of Milli-Q wa-
ter to a final concentration of 0.017 mg mL™", serving as seeds. To this
solution, 200 pL of 200 mg mL~" PVP (10 kDa) was added and stirred for
1h to allow the polymer to coat and stabilize the gold seeds. The resultant
solution was then heated to 80 °C. Subsequently, 400 uL of 100 mg mL~" L-
ascorbic acid was introduced to the mixture, followed by 400 uL of 100 mm
chloroplatinic acid hydrate. The solution was mixed thoroughly and imme-
diately incubated at 80 °C while stirring at 300 rpm. After a 45-min reaction,
the synthesized PtNCs were rapidly cooled in an ice bath and stored at 4 °C
for further use.

Preparation and Characterization of PP@Fe;O,: Pt@Fe;O4 was pre-
pared by adding 25 uL of 50 mg mL™" Fe;O, NPs to 500 uL of PtNCs
(synthesized as described above), followed by immediate vortexing and
continuous shaking at 500 rpm overnight. The product was magnetically
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washed twice with Milli-Q water, redispersed in 100 pL of Milli-Q water,
and stored at 4 °C for further use. The hydrodynamic size and zeta poten-
tial of nanoparticles were characterized using DLS (Zeta Sizer Nanoseries,
Malvern Instruments Ltd., UK). For electron microscopy characterization,
the nanoparticle solution was deposited onto carbon-coated copper grids
(Agar Scientific, UK) and allowed to dry. The procedures followed a previ-
ously established protocol.3#! Specifically, TEM imaging was carried out
using a JEOL 2100F microscope (JEOL, Ltd., Japan) at 200 kV, fitted with a
Gatan Orius SC 1000 SD camera (Gatan, Inc., USA). Elemental composi-
tion mapping of the nanoparticles was performed through EDS in STEM
mode, using the JEOL 2100F equipped with a Gatan annular bright field
detector, a Gatan high-angle annular dark field detector, and an EDS de-
tector (Oxford Instruments, UK). The Pt and Fe content in Pt@Fe; O, was
quantified using an iCAP6000 ICP spectrometer (Thermo Fisher Scientific,
USA). The samples were prepared by digesting the nanoparticles in aqua
regia, followed by dilution with Milli-Q water. Gradient-diluted Pt and Fe
ICP standard solutions (Thermo Fisher Scientific, USA) were used for cali-
bration. The crystal structure of Pt@Fe; O, was analyzed with a D2 Phaser
X-ray diffractometer ((Bruker, Germany), with a scan type of coupled Two-
Theta/Theta, a scan mode of continuous PSD fast, and a scan speed of
0.5 s per step. Magnetization curves of Fe;O4 NPs and Pt@Fe; O, were ob-
tained using an MPMS3-SQUID-VSM magnetometer (Quantum Design
International, USA).

Detection Antibody Conjugation on Pt@ Fe;O 4 Nanoreporters:  To conju-
gate detection antibodies onto the Pt@Fe; O, surface, 50 uL of Pt@Fe; O,
stock was mixed with 50 pL of Milli-Q water, 10 uL of HEPES buffer
(pH 8.2, 100 mm), and 10 pL of DPBS containing 3.125 um detection
antibodies (equivalent to 500 antibodies per nanoparticle). The mixture
was incubated for 3 h on a shaker at 500 rpm. Next, 100 pL of 2 wt.%
PVP (10 kDa) in DPBS was added to the mixture to block the antibody-
conjugated Pt@Fe;O,. After an additional 1-h incubation, the products
were magnetically washed three times with 2 wt.% PVP (10 kDa) in DPBS
and then redispersed in 100 uL of 2 wt.% PVP (10 kDa) in DPBS.

Detection of N-Protein in Human Saliva using Pt@ Fe;O,4 Nanoreporters:
All saliva samples used in this study were obtained from commercial
sources (Lee BioSolutions, St. Louis, USA) and provided as pooled, fully
anonymized products without individual-level information. The provider
obtained the samples under informed consent.

Without magnetic separation: 1.06 uL of Pt@Fe; O, stock (conjugated
with antibody 40143-MMO08) was added to 63 L of human saliva or run-
ning buffer (fetal bovine serum (FBS) with 1 wt.% PVP, 10 kDa) contain-
ing different concentrations of N-protein. After a 40-min incubation, lat-
eral flow strips with a 40143-R001 antibody test line were dipped into a
non-binding Corning 96-well plate, with each well containing 64 pL of dif-
ferent samples. After allowing the solution to wick through the strips for
10 min, the strips were transferred to another well containing 100 pL of
running buffer and incubated for an additional 10 min. Finally, the strips
were immersed in 500 pL of amplification solution (50 uL CN/DAB kit,
250 pL stable peroxide substrate buffer, and 200 uL 30 wt.% H,0,) for 10
min. The strips were washed in Milli-Q water for 5 s to quench the ampli-
fication reaction.

With magnetic separation and either no volumetric concentration (1)
or 5-fold volumetric concentration (5x): 3.26 pL (or 1.14 uL for 5-fold
volumetric concentration) of Pt@Fe;O, stock was added to 200 uL (or
350 uL for 5-fold volumetric concentration) of human saliva or run-

Figure 5. A) Detection of 400 ng mL™" CTB-biotin with Pt@Fe;O,@ADb in stools without magnetic separation. Data shown as mean + S.D., n = 3
independent experiments with different batches of nanoparticles. B) Detection of 400 ng mL~! CTB-biotin with Pt@Fe; O, @Ab in stools with magnetic
separation but no subsequent volumetric concentration. Data shown as mean + S.D., n = 3 independent magnetic separation procedures with different
batches of nanoparticles. Post-catalytic amplification signals show no significant difference among group means by Welch’s ANOVA tests, i.e., p =
0.9390. C) Detection of different concentrations of CTB-biotin with Pt@Fe; O, @Ab in pooled solid stools with magnetic separation, but no subsequent
volumetric concentration. Data shown as mean + S.D., n = 3 independent magnetic separation procedures with different batches of nanoparticles.
The eye icons represent the visual LOD in these experiments. D) Detection of 50 ng mL~' CTB-biotin with Pt@Fe;O,@Ab in pooled solid stools with
magnetic separation and either no volumetric concentration (1x) or 3-fold volumetric concentration (3x) of the sample. Data shown as mean + S.D., n
= 3 independent magnetic separation procedures with different batches of nanoparticles. All assays were performed in either liquid stool (single donor)
or pooled solid stool (a mixture from 11 donors, 20 pL per donor, diluted 1:20 in DPBS to mimic diarrhea samples). For each magnetic separation
procedure, the particles were separated from 180 pL of stool samples and resuspended in 180 pL (B, C, D-1x) or 60 uL (D-3x) of running buffer.
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ning buffer containing different concentrations of N-protein. After a 20-
min incubation, the Pt@Fe;Oy4-antigen complexes were collected us-
ing a DynaMag-2 magnetic rack and resuspended in 200 uL (or 70
uL for 5-fold volumetric concentration) of running buffer. Lateral flow
strips with a 40143-R001 antibody test line were then dipped into a
non-binding Corning 96-well plate, with each well containing 65 plL
of different samples. After allowing the solution to wick through the
strips for 10 min, the strips were moved to another well contain-
ing 100 pL of running buffer and wick for an additional 10 min.
Finally, the strips were immersed in 500 pL of amplification solu-
tion (50 uL CN/DAB kit, 250 pL stable peroxide substrate buffer, and
200 pL of 30 wt.% H,0,) for 10 min. The strips were washed in Milli-Q
water for 5 s to quench the amplification reaction.

Detection of CTB-Biotin in Human Stool Samples using Pt@Fe;O,
Nanoreporters:  Ethical approval for stool collection was granted by an
NHS Research Ethics Committee, reference 17/LO/1420, as part of work
on the development of rapid diagnostics. This approval covers the use of
routinely collected samples processed by the John Radcliffe Hospital Mi-
crobiology laboratory, and due to be discarded at the end of routine clinical
workflows, for research into the development and evaluation of diagnos-
tic assays, without patient-level consent. The collection was performed by
trained personnel, including biomedical scientists, apprentices, and med-
ical laboratory assistants from OUH Microbiology. Samples were stored
at 4 °C for up to two weeks prior to use.

For experiments, a liquid stool sample from a single donor was used
directly. For pooled solid samples, stool from 11 different donors (20 uL
per donor, collected using a Pasteur microloop) was combined in 4.4 mL
of DPBS and vigorously vortexed to mimic diarrhea samples.

Without magnetic separation: 0.90 uL of Pt@Fe; O, stock (conjugated
with antibody F5), MA5-18188) was added to 54 pL of stool sample or
running buffer (FBS with T wt.% PVP, 10 kDa) containing different con-
centrations of CTB-biotin. After a 40-min incubation, lateral flow strips
with a poly-streptavidin test line were dipped into a non-binding Corning
96-well plate, with each well containing 54.9 pL of different samples. Af-
ter allowing the solution to wick through the strips for 10 min, the strips
were transferred to another well containing 100 L of running buffer and
incubated for an additional 10 min. Finally, the strips were immersed in
500 L of amplification solution (50 uL CN/DAB kit, 250 pL stable perox-
ide substrate buffer, and 200 uL 30 wt.% H,O,) for 10 min. The strips were
washed in Milli-Q water for 5 s to quench the amplification reaction.

With magnetic separation and either no volumetric concentration (1x)
or 3-fold volumetric concentration (3x): 2.93 pL (or 0.98 uL for 3-fold
volumetric concentration) of Pt@Fe;O, stock was added to 180 uL of
stool sample or running buffer containing different concentrations of CTB-
biotin. After a 20-min incubation, the Pt@ Fe; O4-antigen complexes were
collected using a DynaMag-2 magnetic rack and resuspended in 180 uL
(or 60 pL for 3-fold volumetric concentration) of running buffer. Lateral
flow strips with a poly-streptavidin test line were then dipped into a non-
binding Corning 96-well plate, with each well containing 55 pL of different
samples. After allowing the solution to wick through the strips for 10 min,
the strips were moved to another well containing 100 pL of running buffer
and run for an additional 10 min. Finally, the strips were immersed in 500
uL of amplification solution (50 uL CN/DAB kit, 250 pL stable peroxide
substrate buffer, and 200 L of 30 wt.% H,0,) for 10 min. The strips were
washed in Milli-Q water for 5 s to quench the amplification reaction.

Image Analysis:  For lateral flow strip experiments, two images were
captured for the strips: one immediately after removal from the 10-min
running buffer wicking (no amplification), and the other immediately after
the Milli-Q water washing (catalytic amplification).

Images of lateral flow strips were captured using an Apple iPhone
14 and analyzed with Image) 1.54f software. The images were first con-
verted into 8-bit format. A rectangular region of interest of 80 x 200 pix-
els was drawn around the test line using the gel analysis function. The
peak area of the plotted lanes was then used to determine the signal
intensity of the test line. The intensity of the test line was normalized
against the intensity of the background grid to mitigate potential interfer-
ence caused by variations in imaging conditions, such as lighting. Specif-
ically, the normalized intensity was calculated as the ratio of the inten-
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sity of the test line to the intensity of the background grid, i.e., normal-
ized intensity = peak area of the test line/peak area of the background
grid.

Statistics:  All statistical analyses were performed using GraphPad
Prism 10.1.2. Group comparisons were conducted using Welch’s ANOVA
tests, which are appropriate for datasets with unequal variances among
groups. The resulting p-values are reported in the corresponding figure
captions.

Data are presented as mean + standard deviation (SD) unless other-
wise specified. The sample size (n) for each experiment is provided in the
corresponding figure captions.

Normalization of the strip test line intensity is described under the sub-
head “Image Analysis” of the Experimental Section.

The LOD for all antigen detection experiments was determined based
on the minimum visible colorimetric signals observed under experimental
settings.

All other experimental details are shown in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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