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Abstract

Zika and dengue are mosquito-borne diseases that present similar non-specific symptoms but
possess dramatically different outcomes. The first line of defense in epidemic outbreaks are

rapid point of care diagnostics. Because many outbreaks occur in areas that are resource-poor,
assays that are easy to use, inexpensive, and require no power have become invaluable in

patient treatment, quarantining, and surveillance. Paper-based sandwich immunoassays such as
lateral flow assays (LFA) are attractive as point-of-care solutions as they have the potential for
wider deployability than lab-based assays such as PCR. However, their low sensitivity imposes
limitations on their ability to detect low biomarker levels and for early diagnosis. Here, we

exploit the high sensitivity of surface enhanced Raman spectroscopy (SERS) in a multiplexed
assay that can distinguish between Zika and dengue (nonstructural protein 1) NS1 biomarkers.
SERS-encoded gold nanostars were conjugated to specific antibodies for both diseases and used in
a dipstick immunoassay, which exhibited 15-fold lower detection limits for Zika NS1 and 7-fold
for dengue NS1. This platform combines the simplicity of a LFA with the high sensitivity of SERS
and could potentially improve Zika diagnosis, but also detect diseases sooner after infection when
biomarker levels are low.
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Zika and dengue are infectious diseases that are currently a major global health threats!:2
due to climate change3 and increased international travel*°. Both diseases cause similar
initial non-specific symptoms, such as systemic febrile illness, but possess drastically
different potential complications. Infections with dengue virus (DENV) can result in

dengue hemorrhagic fever® or dengue shock syndrome, which are both life-threatening,
whereas Zika infections (ZIKV) have been linked to microcephaly in newborns’8 and

other neurological manifestations such as Guillain-Barré syndrome®. Zika and dengue can
co-circulate geographically, as they share the same transmission vector of the Aedes genus
mosquitol9. This overlap in clinical presentations and geographic co-localization in endemic
areas make it difficult to distinguish between their infections!!. Therefore, multiplexed
point-of-care (POC) assays that can differentiate the two diseases!? have been of interest
for not only patient care but also disease surveillance, emergency preparedness and rapid
response efforts. Typically, PCR is used for diagnosis!3 due to its high sensitivity and
specificity. However, as a nucleic acid amplification technique, it requires specialized
equipment and reagents and trained personnel to operate. In contrast, paper-based lateral
flow (LFA) and dipstick immunoassays can detect antigens within minutes by of a sandwich
immunoassay, and are promising point of care alternatives'#15, In a typical assay, the
sample (e.g. biological fluid) is added onto the sample pad where the antigen binds to

the detection label (e.g. antibody-conjugated gold nanoparticles). The mobile phase wicks
through the stationary phase by capillary action, passing the test line, where the antigen-
nanoparticle complex is trapped and accumulated, thus rendering a colored band6. These
assays are self-contained in that they do not require special reagents or power to run, and can
provide an answer within minutes, so they are attractive for rapid diagnostics. Furthermore,
they can be multiplexed for testing two diseases simultaneously in a single device.

Because test readout is typically by eye, low sensitivity can be a drawback. For acute dengue
this is not problematic because its biomarker, non-structural protein 1 (NS1), is known to be
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present in patient serum at high levels, ~15 pg/ml at two days post infectionl”. In contrast,
ZIKV NS1 levels are still largely not known, but based on low viremia and initial reports,
they are expected to be much lower than DENV NS118. Thus, increasing assay sensitivity
is necessary for Zika detection, and would also aid in early and late detection of both
pathogens.

There have been various approaches to improve LFA sensitivity by changing the detection
label (quantum dots1?, fluorescence??, thermal contrast?l) or by improving the interaction
between the analyte and the label by techniques such as isotachophoresis?2, or silver
staining to increase signal intensity23. One promising method is Surface-Enhanced Raman
Spectroscopy (SERS), which is a near-field effect that occurs when a metal surface

(e.g. gold) is irradiated at the metal’s plasmonic resonance, generating a strong local
electromagnetic field and resulting in enhancement of the Raman scattering of molecules
adsorbed near the surface?4. Enhancement factors as high as 104-10° have been observed?®
and can be increased by optimizing the geometry of the metal, where sharp tips and edges
can strengthen enhancement, resulting in “hot spots”26. The technique does not suffer from
photobleaching to the same extent as fluorescence, and excitation and detection can be
chosen to coincide with the tissue window?’. Thus, SERS has generated great interest for
applications such as cancer theranostics28:29 and molecular imaging30-31.

Because Raman is a vibrational spectroscopic technique, and proteins have a complex
vibrational signature, spectrally distinguishing between Zika and dengue biomarkers or
antibodies is not straightforward32. To overcome this limitation, molecules with unique
Raman spectra attached to nanoparticles can be used as reporters to enable detection in a
sandwich immunoassay format to distinguish between Zika and dengue. Multiplexed SERS
has been used to identify multiple protein biomarkers in cancer33, but so far the combination
of SERS and LFA has only been used for single biomarker and not multiplexed detection34.

Here, we demonstrate a multiplexed SERS-based immunoassay that can distinguish ZIKV
and DENV NS1. SERS encoded-gold nanostars using 1,2-bis(4-pyridyl)ethylene (BPE)
and 4-mercaptobenzoic acid (MBA) as Raman reporter molecules, or “nanotags,” were
conjugated to specific antibodies that can distinguish between the ZIKV and DENV NS1
biomarkers. We determine that SERS can decrease the limit of detection (LOD) relative

to colorimetric LFA assays by 15-fold for ZIKV NS1 and 7.2-fold for DENV NS1.
Because Raman instrumentation is now portable, the nanotags in combination with specific
antibodies can be leveraged for a SERS-based LFA POC platform to detect single and
multiple infections of these closely related diseases.

RESULTS AND DISCUSSION
SERS-encoded Ab-conjugated GNS synthesis.

Gold Nanostars (GNS) were synthesized in HEPES buffer35-37. Hydrodynamic diameter
(Dy) measured by Dynamic Light Scattering (DLS) to be Dy = 36.8 £ 5.7 nm (Figure
1A) and a zeta potential of ¢ =-39.9 + 1.3 nm (Figure 1B). The conjugates were GNS-
BPE-anti-Zika, or Zika nanotags (“Z-nanotags,”) and GNS-MBA-anti-dengue, or Dengue
nanotags (“D-nanotags”). TEM imaging of GNS showed star-shaped gold cores of ~47.7
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+ 12.2 nm for Z-nanotags (Figure 1C) and 54 £ 12.1 nm (Figure 1D) for D-Nanotags, in
agreement with DLS data. GNSs exhibited a SPR peak at 749 nm, confirming absorption
in the near-infrared (Figure 1E). To distinguish between the biomarkers in a multiplexed
SERS-based LFA, the molecules BPE and MBA were used as Raman reporters. BPE was
adsorbed onto the GNS surface for ZIKV detection, whereas MBA was used for DENV
detection. The amount of reporter added to the GNS was calculated to result in monolayer
coverage on the GNS, assuming all reporter molecule bound to the GNSs.

Next, monoclonal antibodies (Abs) were attached to GNSs by a heterobifunctional linker
consisting of a dithiol on one end, which binds to GNSs via a gold-thiol bond, and a
hydrazide on the other, which binds through a short polyethylene glycol (PEG) chain linker
to the antibody Fc region38:39, Afterwards, thiolated PEG (MW = 5 kDa) was added as

a backfill for remaining bare gold surface to reduce non-specific interactions. The Dy of
the GNS-Abs increased to 265 + 44 nm, for Z-nanotag, and 200 + 43 nm, for D-nanotag,
confirming conjugation (Figure 1A). Zeta potential also changed to —16.8 + 1.5 nm and
-14.3 £ 0.9 nm, for Z-nanotags and D-nanotags, respectively, showing a change on GNS
surface due to the antibody and linker attachment (Figure 1B).

A red-shift of the SPR peak was observed for conjugated GNS (8 nm for dengue Ab and
11 nm for Zika Ab, Figure 1E), also confirming conjugation. This was due to both changes
in the local refractive index after addition of the protein layer around the GNS39 and some
GNS aggregation, also observed in the peaks broadening.

Antibody coverage on the GNSs was quantified by ELISA and determined to be ~8.84 Zika
Ab/GNS and ~3.27 dengue Ab/GNS3%40 (Figure S1). Assuming an average footprint of 81.3
nm? for a typical 1gG antibody*! and that synthesized GNS have an average surface area of
2.9 X 103 nm? 35, the results suggest submonolayer coverage.

SERS signal enhancement of Ab-conjugated GNSs.

To quantify the increase in signal intensity from SERS, Raman signal enhancements of
BPE and MBA-encoded GNS were measured. Raman spectral intensities of plain reporter
molecules were compared to intensities of the reporter-encoded GNSs under excitation at
785 nm (Figure 2).

Surface enhancement factors (EF) of GNSs were calculated using the highest intensity
bands of each reporter. For BPE, the peak at 1609 cm™ corresponding to C-C/N stretch
was used?243, whereas for MBA the peak at 1584 cm~1 assigned to the vg, vibrational
mode of phenyl ring-stretching motion was used#4. EF was calculated using the following
equation?>:46

I N P t
EF = SERS % Raman X Raman X Raman

IRaman NSERS PSERS tsers

@

where I is the peak intensity, N the number of contributing reporter molecules, P the laser
power, ¢ the integration time and subscripts Raman and SERS stand for measurements
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performed on the reporter molecule or on the GNS, respectively. Assuming monolayer
coverage of the reporters and acquiring the spectra under the same conditions of laser power
and aperture, the EFs of GNS-BPE and GNS-MBA were estimated to be 6.3 X 10° and 8.6
X 10°, respectively, within the range that has been reported for similar reporter molecules on
GNSs (104-10%)4748_ These results confirm that GNSs can enhance the signal of the reporter
molecules, and that reporter spectra can be distinguished from one another.

Individvual immunoassay tests for detection of ZIKV and DENV-3.

The working principle behind immunoassays is antigen detection by a pair of antibodies

in sandwich format. Here, the viral non-structural proteins (NS1) from dengue (DENV-3)
and Zika were used as biomarkers. Monoclonal antibodies were obtained by injecting mice
with ZIKV and DENV NSL1 protein, individually in three animals, and clones producing IgG
capable of binding to ZIKV and DENV NS1 with no crossover reactivity were selected to
distinguish the viruses in a multiplex assay. Specific antibody pairs for ZIKV and DENV
were developed. Immunoassays were run in a dipstick format*®, which consisted of a
nitrocellulose strip onto which NS1 antibodies were immobilized on the test line, while a
control antibody (anti-Fc) at the control line (Figure 3A). Abs of the pair were atached to
the GNS surface?. Nanotags were mixed with NS1 in human serum, and the nitrocellulose
strip was partially submerged in this solution. Upon contact with the nitrocellulose, the fluid
migrated up the strip by capillary action to an attached wick. If a colored spot appeared

at the test area, it indicated that NS1 could successfully bind to both the immobilized
antibody at the test line and the antibody on the Nanotag. Thus, sandwich immunoassay
formation was successful, accumulating Nanotags at the test line (Figure 3B). If a colored
spot also appeared at the control area, it indicated that the anti-Fc antibodies could bind to
the antibodies on the Nanotag, probing that fluid flow properly occurred.

We investigated the ability of each antibody pair to detect each antigen individually by both
colorimetric and SERS readouts. First, we tested the ability of the nanotags to detect ZIKV
NS1 using anti-ZIKV NS1 antibodies immobilized on the test area (Figure 4A). Z-nanotags
were mixed with ZIKV NS1 in human serum. A colored spot appeared both at the test and
the control area, indicating sandwich immunoassay formation and proper fluid flow.

Controls of serum without NS1 did not exhibit a visible test line, indicating that the
Z-nanotag did not non-specifically bind to immobilized anti-ZIKV NSL1. Strips were run

at varying ZIKV NS1 concentrations (0-500 ng/ml) and test line gray scale intensities were
analyzed using ImageJ°.

Spot intensity increased with increasing ZIKV NS1 (Figure 4A, dark blue). Data was fitted
using a modified Langmuir isotherm model®° (Eq. 2) (Figure 4C, blue)

9 Kolal
T T+ KAl

@

which models the binding of a NP-Ab-Antigen complex (A) to a surface immobilized Ab
(S), forming a surface bound species (A-S) characterized by a binding affinity of K,. The
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surface coverage ¢ is thus proportional to the test line intensity. Fitting the test line intensity
using this model allowed determination of the LOD, which was calculated using standard
literature approaches of the minimum concentration that yields an average test line intensity
that exceeds 3X the standard deviation of the blank (Methods). LODs by visual readout were
determined to be 10.92 ng/ml, which is in the range of a typical LFA. Specificity of the
Zika antibody pair was probed by running the test with DENV NS1. Test line intensity was
negligible at all concentrations, indicating that the Zika antibody pair did not cross react
with dengue (Figure 4A, cyan). The calculated ZIKV binding affinity constant, K", was 2.7
nM. It was observed that control lines were not uniform throughout different strips. This
phenomenon, already reported in the literature®0, can be partially attributed to depletion of
the GNP-Ab conjugates at the first test line it encounters.

Then, we tested the ability of SERS to read out the assay. SERS measurements of the test
line resulted in a spectrum characteristic of BPE, demonstrating that the Z-nanotag can act
as a label in an immunoassay (Figure 5A). BPE SERS intensity decreased with decreasing
ZIKV NSL1, but spectral features did not completely disappear in the absence of ZIKV NS1.
As SERS is highly sensitive, apparently even trace amounts of non-specific adsorption of
the Z-nanotag on the test line are detectable. To obtain the SERS LOD, peak intensities

at 1609 and 1584 cm™1 as a function of ZIKV NS1 concentration (Figure 5C, blue) were

fit to a Langmuir fit of the titration curve, from which the LOD was determined to be

0.72 ng/ml, which is ~15 fold lower than the colorimetric readout for this particular pair.
Reported viremial® of infected patients with ZIKV and DENV and NS1 concentration in
sera of DENV-infected patientsl’, suggests that ZIKV NS1 serum levels would probably be
lower than that reported for DENV but higher than the LOD here measured. This shows that
SERS can be used to detect ZIKV NS1 in an immunoassay with higher sensitivity than a
colorimetric readout, and at concentrations of clinical relevance.

Similar investigation of the D-nanotag was performed. This time, anti-DENV NS1 was
immobilized on the test line and the test was run with D-nanotag mixed with DENV NS1
in serum. A colored spot appeared at the test line, indicating the ability of the antibody pair
to bind to DENV NS1 (Figure 4B), and titration curves determined an LOD of 55.3 ng/ml
(Figure 4C). Assay specificity with respect to ZIKV NS1 was tested (Figure 4B, dark blue),
confirming that test line intensity was negligible at all concentrations of ZIKV NS1. The
calculated DENV bhinding affinity constant, K;", was 3.15 nM.

SERS measurements of the test line resulted in a spectrum characteristic of MBA, again
demonstrating the ability of the nanotag to function in an immunoassay (Figure 5B). LOD
from SERS using the 1584 cm™1 peak was 7.67 ng/ml for DENV NS1, ~7 fold lower

than for colorimetric detection (Figure 5C). As Z-nanotags, MBA spectral features did not
completely disappear when DENV NS1 was absent (Figure 5B). Both measured LODs (by
eye and SERS) are well below those of patient levels, which can be up to 50 pg/mI1’.
These results show that SERS can be used for both ZIKV and DENV NS1 detection in
immunoassays, with LODs lower than colorimetric readout. Error bars on the data are large
and SERS signal variability can be attributed several factors, including variability of the
SERS intensity across the test line area and the nanotag physical properties.
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Multiplexed SERS-based immunoassay.

Having demonstrated individual detection of ZIKV and DENV NS1, we then tested a
multiplexed dipstick immunoassay (Figure 6). First, anti-ZIKV and anti-DENV NS1 were
immobilized at different locations on the nitrocellulose (Figure 6A,B). The dipstick was
submerged in a mixture of the Z-nanotag and D-nanotag in serum. In the presence of
ZIKV NS1, color appeared at the Zika test line but not the dengue test line, confirming
correct sandwich formation. SERS spectra of the Zika test line (Figure 6A, blue) exhibited
a BPE spectrum, demonstrating readout of the ZIKV NS1. SERS spectra of the dengue test
line (Figure 6B, blue) exhibited a BPE spectrum, showing non-specific adsorption of the
Z-nanotag. This could also be due to cross reactivity but results from the individual test
strips (Figure 4) suggested that cross-reactivity is minimal.

When DENV NS1 was present, color appeared at the dengue test line but not the Zika line.
SERS measurements of the dengue test line (Figure 6B, cyan) showed an MBA spectrum,
confirming presence of the D-nanotag and thus readout of DENV NS1. The Zika test line
(Figure 6A, cyan) showed no noticeable signal, confirming no non-specific adsorption of the
D-nanotag or cross reactivity.

When both ZIKV and DENV NS1 were present, the colorimetric readout showed colored
spots at both the Zika and dengue test lines, as expected (Figure 6A,B). The SERS spectrum
of the Zika test line showed characteristic BPE peaks (Figure 6A, yellow), indicating
presence of the Z-nanotag, and the spectrum of the dengue test line showed a mixture of
both BPE and MBA (Figure 6B, yellow). This confirmed presence of the D-nanotag but also
some Z-nanotag as well, which could be attributed to some of the non-specific adsorption as
determined with the dengue-only sample.

Control samples with no ZIKV or DENV NS1 showed no colored bands at the Zika or
dengue test lines, as expected. SERS spectra of the Zika test line had low BPE signal (Figure
6A, gray) and the dengue test line showed some BPE signal due to non-specific adsorption
(Figure 6B, gray). This shows that the sensitivity of SERS can pick up even trace amounts of
the nanotags below what is detectable by eye.

Then, we tested an assay where Zika and dengue test lines were co-localized (Figure

6C). Anti-Zika and anti-dengue antibodies were mixed and then immobilized at the same
location, and the strips were run with a mixture of Z-nanotags and D-nanotags. When
ZIKV NS1, DENV NS1, or their mixture was present, color appeared at the test line. SERS
spectra of the test line confirmed specific sandwich immunoassay formation. When ZIKV
NS1 was present, only the two characteristic peaks of BPE, at 1609 and 1640 cm™1, were
observed (Figure 6C, blue); for DENV NS1, only the MBA peak at 1584 cm™1 could be
seen (Figure 6C, cyan). When the mixture of NS1 was run, three peaks due to both BPE
and MBA reporters were observed (Figure 6C, yellow), demonstrating the feasibility of
this SERS-based LFA test to detect both biomarkers in a multiplexed test. For the control
when neither ZIKV or DENV NS1 was present, spectra of the reporters could also be seen.
Furthermore, reporter signals could also be detected when analyzing other areas of the strip
where no antibody was immobilized (Figure S2), indicating that there was non-specific
interaction between the nanotags and the nitrocellulose. To avoid these interactions, the use
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of blocking agents for either the strip or in the eluting buffer are required. In order to probe
crossover reactivity between antibodies, other controls have been run in individual Zika
tests, dengue tests and multiplexed test with physically separated test areas for each virus
(Figure S3).

Quantitative spectral analysis.

BPE and MBA were chosen as reporters because their Raman spectra have minimal
spectral overlap and can be easily distinguished. However, there can be situations where

it is difficult to distinguish between the signals of the two reporter molecules due to
proximity of their peaks in the Raman spectrum, or when reporter signal is so low that it is
difficult to distinguish from noise, which can affect the LOD. For this reason, a classical
Least Squares algorithm was used to analyze the Raman spectra®l. To test algorithm
accuracy, two different multiplexed experiments were performed. First, the relative nanotag
concentrations were varied from 0:1 to 1:0 Z-nanotag:D-nanotag, with ZIKV and DENV
NS1 concentrations fixed. MBA and BPE contributions to the Raman spectra were
calculated using the least squares analysis from 425 cm™1 to 1800 cm™. The prediction
performance of the algorithm was evaluated by plotting the predicted Z-Nanotag:D-nanotag
ratio against the true Z-Nanotag:D-Nanotag ratio (Figure 7A), showing that the algorithm
performed a good prediction of the real BPE:MBA ratio. Prediction was better at lower
BPE:MBA ratios, i.e., lower BPE and higher MBA concentrations, due to the fact that MBA
Raman signal per seiis half of the intensity of BPE spectrum at the same concentration.

Then, the ZIKV and DENV NSL1 concentrations were varied for fixed Z-nanotag and D-
nanotag concentrations. The predicted ZIKV NS1:DENV NS1 ratio was plotted against the
true ZIKV NS1:DENV NS1 ratio to evaluate prediction performance (Figure 7B). In this
case, least squares performance was not as good as in the previous experiment, as in this
situation it is the antigen concentration that varies. Thus, the affinity between antigen and
the nanostars conjugate has a higher influence. These results indicate that the quantitative
contributions of the nanotags to the SERS spectra agree with specific recognition of each
biomarker. This quantification method would enable distinguishing among other reporters
in mixtures with a larger number of reporters to detect among a larger number of closely-
related viruses in future work. The assays are functional in full human serum, which is
the same sample matrix used in fieldable assays, but actual patient samples often present
unforeseen challenges.

CONCLUSIONS

The outbreaks of Zika in 2015 in Brazil or Ebola in 2014 in West Africa have underscored
the need for multiplexed POC devices that can provide differential diagnosis for closely
related diseases that co-circulate. The main drawback of LFA has traditionally been their
low sensitivity, making it challenging to detect low concentrations of biomarkers. In this
work, we demonstrate a novel SERS-based LFA platform that can distinguish between Zika
and dengue, with lower LOD than those achieved by colorimetric readout. SERS has been
promising for enhancing the sensitivity of analyte detection and we show here that the use of
multiple nanotags can enable discrimination between Zika and Dengue NS1. A multiplexed
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assay is particularly valuable in the case of zika and dengue viruses. As they share the same
transmission vector, they can co-localize geographically, meaning that in an endemic area
an infected patient can either have zika, dengue, or a co-infection of both. In addition, both
diseases exhibit similar non-specific symptoms, but the disease outcomes are dramatically
different, impacting patient treatment. Enhancement by the GNS, ~10° for both reporter
molecules, allowed detection and distinction of Zika and dengue, even when the test line
was not visible on the strip. This combined SERS-LFA platform resulted in a decrease in
the LOD of 15 fold for Zika, and 7 fold for dengue, allowing the detection of down to 0.72
ng/ml of ZIKV NS1 and 7.67 ng/ml of DENV NS1. Because the LOD is dependent on

the GNS-Ab conjugate properties, the amount of reporter on the GNS, and the GNS size,
future work will include optimization of the nanotag properties for improved sensitivity.

In addition, advancements with SERS instrumentation have resulted in the availability of
many portable handheld Raman readers, which opens up the possibility of in-the-field
measurements of biomarkers at levels too low to be read by eye in a conventional LFA strip.
This portable system can be connected wirelessly to a PC or the cloud, where data would
be analyzed and report new disease cases in real-time during an outbreak, allowing a better
management of the epidemic, outbreak mapping and proper patient treatment.

METHODS

Reagents.

Antibodies.

Gold chloride trihydrate (CAS: 16961— 25-4), N-(2-Hydroxyethyl)piperazine-N"-(2-
ethanesulfonic acid) (HEPES) (CAS:7365-45-9), 1,2-bis(4-pyridyl)ethylene (BPE)
(CAS:3362-78-2) , 4-mercaptobenzoic acid (MBA) (CAS:1074-36-8), Sucrose
(CAS:57-50-1) and Tween-20 (CAS:9005-64-5) were purchased from Sigma-Aldrich. 5kD
thiolated mPEG was from nanocs. The hydrazide dithiolalkanearomatic linker (PEG6-
NHNH,) was from Sensopath Technologies. Goat anti-mouse IgG, Fc, was purchased from
Millipore (AQ127). ZIKV and DENV-3 NS1 native protein was from Native Antigen.
Phosphate buffer saline (1x PBS, pH 7.4) was from Gibco (CAT: 10010- 049). Filtered
human serum was obtained by filtering 1 mL of human serum from Sigma-Aldrich (H4522)
through a 0.2 pm cellulose acetate syringe filter (Pall, Acrodisc 25 mm Syringe Filter, with
0.2 um HT Tuffryn Membrane).

Hybridoma cells producing antibodies against ZIKV NS1 were obtained by injection of
mice with recombinant native NS1 protein of ZIKV and DENV-3 (purchased from Native
Antigen). After hybridomas were screened using ELISA and FACS analysis of ZIKV and
DENV infected cells, selected cell cultures were harvested and concentrated using Millipore
centrifugal units (30 kDa MW). Protein L columns were used to purify the kappa light

chain mouse antibodies that were specific to ZIKV and DENV NS1. After purification, the
antibodies were buffer-exchanged into PBS, concentrated, and stored at 4 °C. A NanoDrop
2000 UV-vis spectrophotometer at 280 nm was used to calculate the concentration of the
purified antibody, and a TapeStation with a P200 ScreenTape from Agilent Technologies was
used to confirm the purity of the monoclonal antibodies.
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Synthesis and conjugation of nanostars.

To synthesize gold nanostars (GNS), 1800 uL of 140 mM HEPES (pH 7.4) were mixed
with 200 uL of 18 MQ deionized (Milli-Q) water, followed by the addition of 32 uL of 10
mg/ml HAuCl4- 3H,0 and further vortexing. The solution sat undisturbed for 1 h for the
nanostar formation. Afterwards, GNS were separated from excess reagents by centrifugation
at 4000 rcf for 20 min. Supernatant was then removed, and the nanostar pellet resuspended
in 2 ml Milli-Q water. Then, the solution was divided into two equal parts of 1 ml, one

for each Raman reporter. The Raman reporter molecule of interest was added and vortexed,
~6 uL of BPE and ~8 uL of MBA (depending on GNS concentration) in order to have a
reporter monolayer on the nanostars’ surface, assuming a maximal footprint of 70.18 and
49.89 A for each reporter, respectively, calculated with MarvinSketch. The solution was left
undisturbed for 30 min, and was further centrifuged for 20 min at 4000 rcf. Supernatant
was removed and the pellet resuspended in 100 pL of 40 mM HEPES and 300 pL Milli-Q
water. For covalent, directional conjugation, the OH groups of the antibody’s Fc region
were first oxidized to aldehydes by mixing 200 uL of a 1 mg/mL solution of antibody in

40 mM HEPES (pH 7.4) and 20 pL of 100 mM sodium periodate (NalOg4, Sigma) and
allowed to react while shaking (in Clay Adams Nutator from Marshall Scientific) for 45
min at room temperature protected from light. Then, 1 mL of PBS and an excess of linker
(2 pL of 33.3 mg/mL in ethanol) were added to the oxidized antibodies and agitated for

30 min, during which time the aldehyde group of the antibodies bound to the hydrazide on
the linker. To remove unreacted linker, antibodies were buffer-exchanged into PBS using

a 10 kDa centrifugal filter column (Amicon) and resuspended to a 1 mg/mL solution in
PBS. To conjugate the linker-Ab to nanostars, 10 pL of 1 mg/ml linker-Ab were added to
the nanostars’ solution previously prepared, vortexed and further shaken overnight at room
temperature. Afterwards, 10 pL of 0.01 mM mPEG 5 kDa were added, vortexed and further
shaken for 30 min. Lastly, the solution was centrifuged at 4000 rcf for 20 min to remove
excess reagents and was ready to use.

GNS Characterization.

Optical absorption spectra of the GNS were obtained on a Cary 100 UV-vis Dual-Beam
Spectrophotometer (Varian, Inc.). GNS morphology was characterized with a FEI Tecnai G2
TEM at 120 kV. ImageJ was used to measure the dimensions of the GNS in TEM images.

A Zetasizer Nano ZS from Malvern Instruments was used to measure the hydrodynamic
diameter (Dy) and the C of plain GNS and their Ab-conjugates. Zeta-potential values are
dependent on pH. ELISA quantified the antibody attached per GNS. Briefly, ELISA was
performed by incubating 96-well plates with ZIKV and DENV NS1 (at 1 pg/ml and 100 pL/
well) separately overnight at room temperature. After washing free NS1, wells were blocked
with 300 uL/well of Blotto 5% (2 g non-fat milk, 2 ml washing solution 20X and 38 ml
H,0) for 1 hr at room temperature. Then, solution was discarded and wells were incubated
for 2 hr with conjugated GNSs samples at 20% (v/v) in blotto 5%. Standard curves were
performed with initial concentrations of 2000 ng/ml of viral NS1 with subsequent 2-fold
dilutions to obtain 10 points. Samples were discarded and washed 3 times with washing
buffer (for 20 ml of buffer mix 1 ml of washing solution 20X and 19 ml H,O). Then

100 pL/well of HRP- anti-Fc was added and incubated for 1h. After washing 3 times, 100
pL/well of TMS was added and let react till blue color appeared. Then, 50 pL/well 0.1 M
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H,SO,4 were added to quench the reaction and absorbance was measured at 450 nm with a
TriStar Berthold Technologies plate reader.

Dipstick LFA.

Antibodies were immobilized on the nitrocellulose strip by manually pipetting 0.3 pL of a

2 mg/mL antibody solution onto the nitrocellulose paper and further allowed to dry for at
least 30 min. In the test line, monoclonal antibodies against ZIKV or DENV NS1 protein
were immobilized. The control line was spotted with goat antibody that could bind to the Fc
fragment of the mouse 1gG antibodies on the GNS. To run the test, the strip was submerged
at its lower end in the test solution containing 4 pL of 50% wi/v sucrose in water, 8 UL of
1% v/v Tween 80 in PBS, 1 pL of the GNS-Ab conjugates, 30 pL of human serum and

the analyte (NS1), rendering a total of 45 L. Then, the solution migrated through the strip
upwards via capillary action to the absorbent pad attached to the upper end of the strip.
When all the solution had been absorbed, the strip was washed with 80 pL of 0.1% v/v
Tween 80 in PBS through the same procedure to eliminate unbound conjugates, and allowed
to dry.

ImageJ analysis.

Once the tests had dried, images of the tests were obtained by scanning the strips and
quantified with ImageJ*® in 8-bit grayscale. Gray values of the test area were normalized

gray—gray,
2rayn,,, — gray,’

where gray, is the measured gray value of the blank, gray,,, is the gray value of the highest

by subtracting the grayscale values of the background as follows: Gray, =

concentration point and gray is the gray value at each concentration.

SERS measurements.

Raman and SERS spectra were acquired using a Raman Senterra Il microscope (Bruker
Optiks GmbH, Germany). A Ne laser with a power of 10 mW operating at A = 785 nm

was utilized as the excitation source. A thermoelectrically cooled CCD detector was coupled
to a spectrograph. Raman spectra were obtained using a Raman point method with a 10x
objective lens, with a total of 10 points per sample measured. The data integration time

at each point was 5 s with 5 co-additions. The numerical aperture of the objective lens

used in this work is 50 x1000 um. The spectra acquired for each spot were decoded using
OPUS software v 7.0 (Bruker Optiks GmbH, Germany). Baseline correction was performed
by concave Rubberband correction method using 15 iterations and 64 baseline points.
Mathematical calculations on the spectra such as spectral averaging, intensity, area, or peak
shift measurements were performed in Matlab.

LOD and K" calculations.

In the case of optically analyzed strips (ImageJ), normalized gray values were plotted
K[A]
T+ K[A]’

concentration of antigen present in the 45 L of sample in the solution, K is the effective
binding constant in a Langmuir-like system and o is a normalization constant to scale the
curve between 0 and 1. For SERS-based LFA, intensity values of peaks at 1609 cm™! (BPE)

and fitted in a Langmuir equation of the form: Intensity = « where [A] is the
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and 1584 cm~1 (MBA) were also plotted and fitted in a Langmuir isotherm model, without
normalization. The limit of detection (LOD) was defined as the minimum concentration that
yielded an average test area intensity that exceeded by 3 times the standard deviation of

a blank (test area intensity running sample without antigen) over the average intensity of

the blank38:52, To obtain, K, values, test line intensities vs NS1 concentration (colorimetric
LFA) were fitted to the aforementioned equation using matlab’s curve fitting toolbox.

Quantitative spectral analysis.

A Least Squares (LS) method was used in this work to perform a quantitative analysis of
Raman spectroscopy®3. LS finds the weights of the linear combination of spectra from the
pure components contained in the sample that minimizes the squared difference with the
Raman spectrum of the sample. Pure component spectra of Z-nanotag and D-nanotag were
acquired from 0.3 pL of nanostars solution in water at the same concentration deposited on a
nitrocellulose strip.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Characterization of nanostars (GNSs) used for SERS immunoassay. Dy, (a) and Zeta

potential (b) of agueous solutions of plain GNSs, Z-nanotags and D-nanotags (error bars
are measurements of n=5; mean + SD) (*p<0.05, **p<0.01). TEM images of Z-nanotags (c)
and D-nanotags (d), Scale bar = 100 nm. e) optical absorption of plain GNSs (blue), GNSs
conjugated to anti-Zika antibodies (yellow) and GNSs conjugated to anti-dengue antibodies
(orange).
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Figure 2:
Raman spectroscopy of reporter molecules and nanotags. a) BPE Raman (gray) and SERS

(red) signal at 785 nm and 100 mW on a glass slide. The SERS enhancement is 6.3X10°.
b) MBA Raman (gray) and SERS (red) signal at 785 nm and 100 mW on a glass slide. The
SERS enhancement is 8.6X10°. All spectra shown are the average of 10 measurements.
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Figure 3:
Sandwich immunoassay. a) Schematic of dipstick sandwich immunoassay. b) Sandwiches

formed by each antibody pair, NS1 and GNS-Ab conjugate, for both ZIKV and DENV NS1,
at the test line.
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Individvual immunoassay tests for detection of ZIKV and DENV-3. Zika (a) and dengue

(b) test line normalized intensity when running ZIKV and DENV NS1, at decreasing

concentration of NS1, from 500 to 0 ng/ml of the strips shown in the images. Control =
0 ng/ml NS1. c) Langmuir isotherm fitting for ZIKV and DENV individual tests (mean +
SD, n= 3) including a and b. All plots show the colorimetric analysis of the test line using

ImageJ.
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Figure5:
LOD measurements for SERS. a) SERS spectra of Zika test line of individual Zika test

with decreasing concentration of ZIKV NS1, from 500 to 10 ng/ml. b) SERS spectra of

dengue test line of individual dengue test with decreasing concentration of DENV NS1,

from 500 to 10 ng/ml. Control = 0 ng/ml NS1. Averaged spectra of 10 measurements for
each concentration. ¢) LOD measurement for ZIKV and DENV NS1 by SERS, plotting

1609 cm~1 peak intensity (BPE) and 1584 cm~1 (MBA\) for each NS1 concentration and
fitting a Langmuir isotherm. Error bars represent mean = SD, n= 10 measurements.
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Figure6:

SERS Multiplexed assay. Multiplexed assay with Zika and dengue test line painted
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separately. SERS spectra of Zika (a) and dengue (b) test line. ¢) SERS spectra of multiplex
assay with Zika and dengue in the same test line. Samples that are run are control (0 ng/ml
NS1) (gray), ZIKV NS1 (blue), DENV NS1 (cyan) and a mixture of ZIKV and DENV NS1

(yellow). Averaged spectra of 10 measurements for each spot.
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Quantitative spectral analysis. Ratio of BPE:MBA from multiplexed SERS spectra at the test
line, at varying Z-Nanotag:D-Nanotag (a) and varying ZIKV NS1:DENV NS1 (b). Large
spheres: the mean (n=10), small spheres: individual measurements. Dashed line: theoretical

100% prediction of the algorithm.

ACS Infect Dis. Author manuscript; available in PMC 2024 August 14.



	Abstract
	Graphical Abstract
	RESULTS AND DISCUSSION
	SERS-encoded Ab-conjugated GNS synthesis.
	SERS signal enhancement of Ab-conjugated GNSs.
	Individvual immunoassay tests for detection of ZIKV and DENV-3.
	Multiplexed SERS-based immunoassay.
	Quantitative spectral analysis.

	CONCLUSIONS
	METHODS
	Reagents.
	Antibodies.
	Synthesis and conjugation of nanostars.
	GNS Characterization.
	Dipstick LFA.
	ImageJ analysis.
	SERS measurements.
	LOD and KDeff calculations.
	Quantitative spectral analysis.

	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:

