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Abstract

Surface enhanced Raman spectroscopy (SERS) has been attractive for enhancing the sensitivity of
lateral flow immunoassays (LFA). A format that has enabled specific detection of biomarkers is to
use Raman reporter molecules linked to gold nanoparticles (NPs), which are conjugated to
antibodies specific for the target of interest. Many factors such as the NP and Ab properties and
the method of signal readout impact the sensitivity of a SERS based immunoassay. To understand
how to optimize assay sensitivity, we studied SERS readouts of multiplexed sandwich
immunoassays for the zika and dengue non-structural protein 1 (NS1) biomarkers as a test case.
We investigated the effect of NP shape on the SERS enhancement of the reporter molecules 1,2-
bis(4-pyridyl)ethylene (BPE) and 4-mercaptobenzoic acid (MBA). We also performed SERS
imaging of test lines to map the spatial distribution of signal in test lines on the nitrocellulose.
Finally, we used a modified least squares analysis to differentiate reporter contributions.
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INTRODUCTION

Surface enhanced Raman spectroscopy (SERS) is an attractive technique because of its high
sensitivity in detecting analytes. The enhancement of the Raman spectrum of an analyte
when it is in proximity to a roughened or nanoscale metallic surface can reach as high as
109, which has led to detection of molecules down to attomole levels. Because of this, there
has been great interest in engineering gold and silver structures to detect analytes by SERS.

However, detection of biological species is not as straightforward with SERS compared to
other applications, as proteins have complex vibrational spectra compared to small
molecules, so defining a unique fingerprint of a protein is difficult. One solution to this
problem is a format of SERS that specifically recognizes the target of interest by utilizing
antibodies, peptides, or DNA conjugated to a gold nanoparticle with a reporter molecule that
is detected by SERS, or a “nanotag.” The reporter can be a small molecule with a narrow
Raman spectrum, facilitating detection. SERS nanotags? have been used successfully for
biological imaging in cells. In addition, by using multiple reporters, it can enable
multicolour SERS imaging®.

One promising area for SERS nanotags is in sandwich immunoassays, which are used for
biomarker sensing in paper-based point of care diagnostics for infectious disease®. Here, a
target antigen is detected at the test line, which has immobilized antibodies specific for the
antigen. In addition, an antibody tagged with a nanoparticle binds to the target, resulting in
the formation of a sandwich (Figure 1). Thus, antigen can be detected by the presence of the
nanoparticle at the test line, which results in a red band due to the gold nanoparticles’.

For a readout using SERS, the gold nanoparticle conjugated to the antibody is tagged with a
small Raman reporter molecule, and thus the nanoparticle-reporter-antibody can act as a
nanotag, exhibiting the characteristic spectrum of the reporter when shining a 785 nm-laser
on the test line>®. Using SERS to detect binding at the test line instead of a visual readout
exploits the high sensitivity of SERS, which can be improved by 1000 fold compared to
ELISAS. For zika, increasing sensitivity is critical, as NS1 levels are estimated to be very
low based on initial reports of low viremia®, and expected to be below the typical LFA limit
of detection when read out by eye. Thus, a SERS readout could also aid in detecting co-
infections of zika and dengue and other flavivirus, where viral NS1 levels are lower than in
single infections®, in early and late stages of the diseases, when NS1 concentration drops
down some days after the onset of symptoms, or on secondary infections®10,

In addition, using SERS in a multiplexed format can be used for a multiplexed biomarker
assay, where multiple nanotags can be used to recognize different biomarkers of multiple
diseases. This is especially interesting for flavivirus co-infections because a single patient
can be co-infected with both zika and dengue as they share the same transmission vectorll,
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A multiplexed platform could allow the detection of both infections, reducing the required
amount of sample.

However, using SERS nanotags for paper-based immunoassays poses unigque challenges.
While there is an abundance of information on how to optimize LFAs and dipstick assays
that use a visual readout, equivalent information does not exist for SERS, as its use in LFAs
is still emerging. For instance, what are the optimal nanotag or immobilized Ab properties
for SERS in immunoassays? LFA readout when using SERS depends on multiple factors in
addition to those typical of LFA, such as the NP physical properties (shape, extinction
coefficient), the reporter’s concentration and its inherent Raman intensity (Figure 1), having
an impact on the final test intensity and thus on the analyte detection.

There have been many efforts to engineer lithographically patterned plasmonic shapes for
SERS hot spots12-15 put these strategies are not applicable for soluble nanoparticles. In
addition, because SERS has a high sensitivity, background signal can become a problem, as
it can obscure the analyte spectra when present at very low concentrations. Paper-based
immunoassays also pose unique challenges as the sample is migratory and binding is not at
equilibrium, resulting in non-uniform signal distribution in the strips. Finally, the most
powerful implementation of LFAs is a multiplexed POC assay® that can provide a
differential diagnosis, and which would require multiple reporter molecules. However,
differentiation of signals as the number of reporter molecules increases needs to be robust.

These issues need to be understood for optimal utilization of SERS for LFAs. Here, we
investigate different parameters influencing the behavior of a SERS dipstick immunoassay
for multiplexed detection of biomarkers, demonstrated by detection of zika and dengue
antigens. We synthesized NPs with different shapes (spherical NPs and star-shaped particles
with two different arm lengths), and compared their behavior in SERS immunoassays. We
also examined the test line by SERS mapping, and developed algorithms to optimally
separate signal in a multiplexed test. From the results, we determine a set of guidelines for
optimal implementation of SERS in paper-based immunoassays.

RESULTS AND DISCUSSION
Effect of GNP shape on SERS enhancement

The detection of the biomarker is read out by the Raman signal of the reporter molecule.
Because of this, the sensitivity of the assay is impacted by how much the signal is enhanced
by the NP. Consequently, we examined the effect of NP shape on SERS enhancement. First,
gold nanoparticles (GNPs) of three different morphologies were synthesized: gold nanostars
with long spikes (GNS900), nanostars with short spikes (GNS400) and gold nanospheres
(GNSph). Gold Nanostars (GNS) were synthesized in HEPES buffer as previously
described'”-19, and gold nanospheres were synthesized by reducing chloroauric acid
(HAUCIy) with sodium citrate, as described by Frens20. Reporter molecules 1,2-bis(4-
pyridyl)ethylene (BPE) and 4-mercaptobenzoic acid (MBA) were either adsorbed onto the
GNS NPs (BPE) or chemically conjugated via the thiol (MBA). BPE was used as a reporter
to detect zika, thus it was used for GNPs conjugated to anti-zika antibodies, resulting in
GNP-BPE-anti-zika or “Z-nanotags.” MBA was used as a reporter to detect dengue, and
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attached to GNPs conjugated to anti-dengue antibodies, yielding GNP-MBA-anti-dengue or
“D-nanotags.”

Dynamic Light Scattering showed that the hydrodynamic diameter (D) was higher for
nanostars with longer spikes (GNS900), and decreased for nanostars with shorter arms
(GNS400) and GNSph, a trend that was observed for both BPE (Figure 2a) and MBA
(Figure Sla). Zeta potential (C) (Figure 2b, S1b) of the particles were all negative. GNPs
exhibited shape-dependent optical properties. The nanostar SPR maxima red-shifted with
increasing HEPES concentration!’, with the peak at 722 and 589 nm for GNS900 and
GNS400, respectively, for BPE samples (Figure 2f), and 735 and 592 nm for GNS900 and
GNS400, respectively, for MBA samples (Figure S1f). GNSph showed a lower SPR
maximum, at 531 for both BPE and MBA (Figures 2f, S1f).

After antibody conjugation, the SPR peak red shifted for all samples due to changes in the
local refractive index upon bioconjugation to the GNS2L. The shift observed was of 20, 9
and 7 nm for Z-Nanotags of GNS900, GNS400 and GNSph, and 7, 6 and 7 nm for D-
Nanotags of GNS900, GNS400 and GNSph. These differences are most likely due to the
fact that the particles had varying antibody coverages. Zeta potential changed upon
bioconjugation for all samples, showing lower values for most of the samples, and values
depended on their antibody coverage (Figure S2) and PEG backfill.

GNP morphology of the conjugated samples was characterized by TEM, which showed star-
shaped gold cores of ~51.4 + 8.8 nm for Z900-nanotags (Figure 2¢), 31.8 + 4.5 nm (Figure
2d) for Z400-Nanotags, 55 + 7.5 nm for D900-nanotags (Figure S1c) and 28.3 + 4 nm for
D400-nanotags (Figure 2d). GNSph showed round-shaped cores of 27.9 + 4.7 nm for ZSph-
nanotags (Figure 2e) and 26.8 + 4.6 nm for DSph-nanotags (Figure S1e). GNS900 had
sharper spines compared to GNS400, confirming an expected morphology difference
resulting from the synthesis conditions.

It has been observed that GNP geometry can influence the Raman signal enhancement of
reporter molecules in solution?2 and in cancer imaging223. Therefore, SERS enhancement
of the different nanoparticle shapes were measured in the sandwich immunoassays. Raman
spectral intensities of the plain reporter molecules were compared to their respective SERS
intensities with 785 nm excitation (Figure 3).

SERS enhancement factors (EF) were calculated using the highest intensity peaks
characteristic of each reporter. In the case of BPE, the C-C/N stretch at 1609 cm~1 was
used?425 whereas for MBA, it was the vg, vibrational mode of phenyl ring-stretching
motion at 1584 cm~1 26, The EF was calculated using standard equations (Supporting
Information, Equation 1)13:27 assuming monolayer coverage of the reporter on the
nanoparticle surfaces. Calculated EFs of GNP-BPE (Figure 3c) varied from 10%-10°, which
are within the range for similar reporter molecules on GNPs found in the literaturel4:28.29,
GNS900 EF values with both BPE and MBA, were 2.95 X 104 and 1.31 X 10°, respectively,
while GNS400 had values of 1.12 X 10° and 5.79 X 10%. GNSph EF values were calculated
to be 3.55 X 104 and 3.8 X 104. However, EFs were found to vary between batches, and we
sometimes encountered EF for GNS900 that were as high as 6.32 X 10° and 8.66 X 10° for
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BPE and MBA (Figure S3), showing that the SERS intensities can be variable depending on
measurement conditions. We expected that GNS900 would have the highest EFs due to the
smaller radius of curvature of their arms compared to GNS400 and GNSph, which increases
the induced electric fields, thus increasing SERS enhancement3%-32, This trend was observed
for MBA-encoded GNPs, but did not always occur for BPE samples, where GNS400 showed
the highest enhancement for some samples (Figure 3c).

Because SERS enhancement is due to the high electric fields around curved or roughened
surfaces, we quantified the radii of curvature of the GNS900, GNS400 and GNSph by
measuring tip curvature of nanostars and nanospheres in TEM images (Figure 4a).

Average radii of curvature for GNS900 were 2.88 + 0.35 and 2.72 + 0.45 nm, with BPE and
MBA, for GNS400 were 3.41 + 0.62 and 3.17 + 0.68 nm, and for GNSph were 11.96 + 1.38
and 11.8 + 1.52 nm (Figure 4b). As expected, the radii of curvature for GNS900 was the
smallest of the GNPs tested, followed by GNS400 and GNSph, for both BPE and MBA
samples. However, the measured difference between the radii of curvature of the two types
of nanostars was found to be insignificant, which could explain the variability of their EFs
between them (Figure 3c). In addition, the reporters on the GNS are most likely distributed
all over the GNS surface, where some are not near the particle tips where the enhancement is
the strongest. These results show that all the GNPs can enhance the reporter molecule
signals, and that GNS with longer spires tend to exhibit higher EFs. For this reason, GNS900
were selected for this SERS-based immunoassays.

SERS signal processing

Although the reporter molecules used in this work were chosen based on the minimal
overlap of their principal Raman peaks, both BPE and MBA have non-negligible Raman
scattering contributions at the wavelength of the other reporter’s main peak. This means that
the combined Raman scattering at the main peaks cannot simply be regarded as having a
contribution from only one of the reporters. Moreover, the presence of other components in
the Raman signal, like that of the glass sample holder or the nitrocellulose support can
further alter the Raman intensity on these main peaks.

To overcome these problems, we used a broad region of the spectra (from 800 to 1800 cm™,
~ 2000 measured wavelengths) in our Raman measurements. We investigated the use of a
Non-Negative Least Squares (NNLS) algorithm that separates an input signal into a non-
negative linear combination of pure components in an optimal way with respect to the mean
squared error33:34. The pure components used were BPE (Z-Nanotag), MBA (D-Nanotag),
nitrocellulose and glass (Figure S6). From now on, ZIKV-NNLS and DENV-NNLS refer to
the components of each reporter obtained by the described NNLS analysis.

Effect of GNP shape on spatial distribution of SERS signal

In LFA and dipstick assays, non-uniform test lines can sometimes be observed3®. Typically,
the intensity is higher at the bottom edge of the test line band where the fluid containing the
NP-Ab conjugate first encounters the immobilized antibody. We investigated the spatial
distribution of the SERS signal in the assays and compared it to bright field imaging (i.e.,
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visual). First, tests were run with ZIKV NS1 using the three different GNPs with BPE
(Figure 5a—f).

Bright field images showed positive tests for all samples (Figure 5a—c). SERS mapping of
ZIKV test lines when run with GNS900 (Figure 5d) and GNS400 (Figure 5e) nanotags
exhibited images similar to bright field images, with higher GNSs concentration and SERS
signal at the lower part of the test line, which is the area where GNS-Ab-antigen complexes
first encounter the immobilized Ab. We observed that the signal intensity varied across the
same spot for GNS900 ZIKV by a factor of 4 and 2.4 in bright field (Figure S5a) and SERS
image (Figure S5c¢), respectively. Profile plots for all samples are shown in Supporting
Information (Figure S5). GNS400 (Figure 5e) exhibited higher intensity than GNS900
(Figure 5d), which is in good agreement with EFs estimated in Figure 3c. On the contrary,
SERS mapping of GNSph ZIKV did not exhibit a significant Raman signal (Figure 5f),
despite the fact that their bright field image and visual readout showed a positive test. This
discrepancy between readouts suggested that SERS enhancement by GNSph was not high
enough to show signal on the image (Figure 3c).

Then, tests were run with DENV NS1 using the three different GNPs with MBA (Figure 5g—
1). Both GNS900 (Figure 5g) and GNS400 (Figure 5h) showed positive tests, although
intensity of the GNS400 assay was much lower, probably due to a lower Ab coverage on
those particles. This was also the case of GNSph, which showed a negative test in the bright
field (Figure 5i). MBA-encoded GNS exhibited similar signal distributions in the test line for
both bright field and SERS (Figure 5j and Figure 5k) images compared to BPE samples.
However, overall signal for GNS900 was higher than for GNS400, which correlates with the
EFs shown in Figure 3c. Visually, GNSph DENV did not provide a bright field signal
(Figure 5i), but did exhibit SERS signal with a spatial distribution fairly uniform across the
test area (Figure 5I). It should be of note that the SERS spectrum of 4-MBA is pH
dependent, so variations in pH across the strip could also contribute to the intensity
variation.

In order to investigate the non-uniformity of the signal observed in ZIKV samples (Figure
5a—c), immobilized Ab was line-dispensed on the nitrocellulose using an automated
dispenser system so that the entire eluting front, and thus all nanotags, would reach the Ab
area at the same time. The resulting signal from ZIKV samples and compared spotted and
line-dispensed Ab by bright field and SERS mapping for the same sample, GNS400-Ab with
ZIKV. The overall intensity was lower when the Ab was line-dispensed, both in bright field
(Figure 6b) and by SERS (Figure 6d) mapping for the same concentration of immobilized
Ab. However, distribution of the SERS signal was much more homogeneous when it was
line-dispensed, and more concentrated towards the center of the test line (Figure 6d),
demonstrating that a horizontal front aids in a more homogeneous Ab sandwich formation
and minimizes inhomogeneous signal distribution.

These results show that the spatial distribution of the SERS signal is non-uniform, even
when the bright field image appears to be homogeneous. One potential explanation is an
interparticle effect, where nanostars in proximity with each other can further increase
reporter signal. This can have important consequences on quantifying the amount of antigen,
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as signal varies with location. In addition, it suggests that the highest signal is at the front
edge of the spot, and that the back edge of the spot does not contribute significantly to the
signal, so that judicious choice of test line spotting can result in economic use of the
immobilized antibody.

SERS mapping in multiplexed tests

Multiplexed LFAs and dipstick immunoassays provide differential diagnosis by using
multiple lanes, or spatial separation of test lines on a given strip16. However, multiplexing
within a single test line would enable increased miniaturization, which could minimize the
sample volume required for the assay. In fact, multiplexed LFA has been achieved using
multiple colors of nanoparticles when they are co-localized at the same test line36:37 where
RGB analysis of the test line is critical for signal differentiation. Because the signal is the
spectra of the individual reporter molecules, the ability to distinguish between different
spectra is key for multiplexed detection. Thus, we investigated the ability to differentiate
between the BPE vs. MBA SERS signals in a multiplexed test by using the Z-nanotags and
D-nanotags together.

To test the accuracy of the SERS-based immunoassay, two different multiplexed experiments
were performed. Anti-ZIKV and anti-DENV antibodies were mixed and immobilized onto
the same test line. Strips were run with a mixture of ZIKV and DENV NS1 and both
nanotags.

First, the NS1 concentration was fixed at 500 ng/ml and 5000 ng/ml, for ZIKV and DENV
respectively, while the Z-nanotag:D-nanotag ratio was varied from 1:0 to 0:1 (Figure 7a—e).
Bright field images showed a uniform gray spot, indicating that nanotags were distributed
over the entire test area (Figure 7a—e). NNLS algorithm was used to differentiate the nanotag
signals in SERS mapping images. The test area had only BPE signal (blue) for the Z-
Nanotag:D-Nanotag ratio of 1:0 (Figure 7f), which turned purple as BPE amount decreased
and MBA increased (0.8:0.2, 0.5:0.5 and 0.2:0.8) (Figure 7g-i), and showed only MBA (red)
for Z-Nanotag:D-Nanotag of 0:1 (Figure 7j), as expected.

Then, we investigated whether the nanotag signal would vary when the NS1 concentration
was changed (Figure 6k—t). ZIKV and DENV NS1 concentrations were varied from 1:0 to
0:1 ZIKV:DENV for a fixed Z-nanotag and D-nanotag concentration (0.05 nM). Bright field
imaging exhibited gray spots for all ratios, as expected (Figure 7k—0). The resulting signal in
SERS mapping (Figure 7p-t) also changed from a high BPE contribution (blue) (Figure 7p)
to the signal to a high MBA contribution (red) (Figure 7t). This shows that the spectral
contributions exhibit an expected trend for when the biomarker concentration is varied,
though the relative BPE:MBA contribution does not vary.

Quantitative spectral analysis

To estimate the NS1 concentration using the Raman scans, signal intensity based on a
Langmuir curve was estimated because GNP intensities have been observed to exhibit
Langmuir-like concentration dependences38:3%. Experiments were run at 5 different NS1
concentrations (Figure S5). Then, the total reporter contribution in each assay is taken from
the Raman scanning measurements (Figure S6 and Figure S7), and a Langmuir curve is
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estimated by relating these contributions with the initial NS1 concentration. It should be of
note that the modified Langmuir isotherm is an equilibrium binding model, and thus makes
several approximations to describe a binding event in a dipstick flow format.3°

Afterwards, the total reporter contribution for each reporter in the multiplex assay (Figure
7p-t) is computed and their apparent NS1 concentration was estimated using the
aforementioned Langmuir curve. The agreement between the real concentration of each
multiplex assay versus the estimated concentration using this method is shown for each
biomarker, in Figure 8, where ideal concentration measurements would lie in the 1:1 dashed
diagonal line.

The NNLS algorithm used to estimate NS1 concentration showed a good performance, with
a maximum deviation from the real concentration by a factor of 1.6 for ZIKV NS1 (Figure
8a) and 9.6 for DENV NS1 (Figure 8b), and thus was considered acceptable. Nevertheless,
this approach is intended to give a false-negative result, indicating whether the virus is
present or not, and which one of the viruses is, either ZIKV or DENV. These results indicate
that the quantitative contributions of the nanotags to the SERS spectra agree with specific
recognition of each biomarker. Thus, quantification of the biomarker using NNLS would
allow distinguishing reporters in mixtures with multiple reporters.

SUMMARY AND CONCLUSIONS

In summary, several factors need to be considered for design of nanoparticle-antibody
conjugates for SERS detection of sandwich immunoassays. For the nanotag, nanoparticles
with sharp tips such as nanostars and other similar morphologies can have higher
enhancement factors compared to spherical particles due to the strong electric fields at the
tips. This can be used to increase immunoassay sensitivity and potentially enable detection
of lower antigen levels and/or earlier detection when antigen concentrations are still low.

Secondly, results here illustrate the non-homogeneity of the test line signal, which is often
greater compared to bright field/visual imaging. This non-uniform distribution could be due
to interparticle enhancement effects, which impacts the SERS intensity distribution much
more than that of the bright field intensity. Because the SERS signal is concentrated in the
area where the fluid first encounters the immobilized antibody, strategic design of the paper
strip or antibody spotting could potentially economize the use of the biological reagents.
These factors can be used to decrease strip cost, which is a significant parameter in strip
deployability.

Finally, for multiplexed SERS immunoassays, the multiple reporter signals need to be
spectrally distinguished if the nanotags are not spatially separated. The method here used,
enables the detection and distinction between both viral biomarkers tested. Multiplexing
within a test area on a single strip is attractive because it could help decrease the required
sample volume for the assay, which is an important factor for patient samples. This is key
for when several reporter molecules are used in a single assay have overlapping Raman
spectra.
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All of these studies show that optimization of the properties of the NP-Ab conjugate and
understanding their properties can be used to optimize SERS signal when used in LFAs.
These factors can be used to economize the use of antibodies or increase the sensitivity of
the assays.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Scheme of a sandwich immunoassay in a SERS-based LFA. Factors influencing the

immunoassay sensitivity.
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Figure 2.

GNP characterization of Z-nanotags. a) Hydrodynamic size of GNS900, GNS400 and

600 800
Wavelength (nm)

f

—Plain GNS900
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—Plain GNSph
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Page 12

GNSph. b) Zeta potential of GNS900, GNS400 and GNSph. TEM images of ¢) GNS900, d)
GNS400, and €) GNSph, scale bar =200 nm,.f) UV-vis spectra of plain GNPs (solid line)

and Ab-conjugated GNPs (dashed line).
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Figure 3.
SERS enhancement by nanospheres and nanostars. a) Raman spectrum of pure BPE (gray)

and SERS spectra of BPE-encoded samples: GNS900 (dark blue), GNS400 (light blue) and
GNSph (red). b) Raman spectrum of pure MBA (gray) and SERS spectra of MBA-encoded
samples: GNS900 (dark blue), GNS400 (light blue) and GNSph (red). ¢) Enhancement
factor for GNS900, GNS400 and GNSph encoding BPE (solid) and MBA (hashed), error
bars represent mean + SD, n=25, **p<0.01, two-sample Student’s t-test.
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Figure 4.
Radii of curvature. a) Scheme of the radius of curvature of a GNS900 tip. b) calculated radii

of curvature, n = 44, ****p<0.0001, two-sample Student’s t-test. TEM images used for the
calculation of the radius of curvature of ¢) GNS900, ) GNS400 and g) GNSph with BPE,
and d) GNS900, f) GNS400 and h) GNSph with MBA. Scale bar = 25 nm.
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Figure5.
Distribution of signal in sandwich immunoassays. Bright field images of test area for a)

GNS900-ZIKV, b) GNS400-ZIKYV, ¢) GNSph-ZIKV, g) GNS900-DENV, h) GNS400-
DENYV, i) GNSph DENV. SERS mapping of the ZIKV-NNLS component at 1609 cm™1 of d)
GNS900-ZIKV, e) GNS400-ZIKV, f) GNSph ZIKV and DENV-NNLS component at 1584
cm™~1 of j) GNS900-DENV, k) GNS400-DENV, ) GNSph DENV. Color bars show Raman
Intensity (au).
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Figure®6.
Diffusion of GNP depending on the immobilized Ab area. BPE-encoded GNS400 spotted

with micropipette (a) and painted with inject printer (b) at the same immobilized Ab
concentration. ZIKV-NNLS component from the SERS mapping of GNS400-ZIKYV for
spotted Ab (c) and printed Ab (d). Color bars show Raman Intensity (au).
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Figure 7.
SERS mapping of test lines in a multiplexed test for fixed ZIKV and DENV NS1

concentration varying Z-nanotag:D-nanotag ratio in a) bright field and b) SERS mapping.
Assays for varying ZIKV NS1: DENV NS1 ratio at fixed Z- and D-Nanotag concentration in
c) bright field and d) SERS mapping. Blue: ZIKV-NNLS component red, Red: DENV-
NNLS component.
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Figure8.
Quantitative spectral analysis. Performance of the NNLS algorithm to estimate the

concentration of a) ZIKV NS1 and b) DENV NS1 present in the test line. The dashed line
shows the theoretical 100% good prediction of the algorithm.
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