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Nanoplasmonic biosensors exploit the unique properties that arise from the
interaction of light with free electrons of metallic nanostructures. They offer several
advantages over the currently most employed methods of detection. These biosensors can
be used for screening of infectious diseases, early diagnosis, management of chronic
conditions, food quality and safety, among others. In this dissertation, the focus is on the
development of surface-enhanced spectroscopy (SERS) and localized surface plasmon
resonance (LSPR)- based immunosensors. A SERS-based immunoassay was developed for
detection of IgG from human serum. A method for the sensor construction using
poly(dimethylsiloxane) (PDMS) masks in 3D-printed platform, and extrinsic Raman labels
(ERLSs) were developed. SERS-based immunoassays are well-established in the research
community. However, SERS-based sensors are questioned regarding their reproducibility
and robustness. This is due to the large fluctuations in intensities in SERS measurements

caused by inhomogeneous hotspots distributions in the sensing areas. The substantial local



optical field variation within nanometers can affect reliability and reproducibility of these
sensors. This effect particularly affects assays at low to ultralow concentrations (pM and
lower) since there are less probed species per area in those conditions. Additionally, the
common assumption that the analytical SERS intensities at all concentrations follow a
Gaussian distribution can be detrimental to the reliable implementation of SERS-based
assays. In this work, extensive SERS measurements were taken from the constructed
sensors and the SERS intensities were shown to be log-normal distributed, particularly at
low concentrations. Assessment of the number of measurements (sample size) per sensor
at a particular concentration taken at different positions on the sensor surface were
discussed. This study is a step forward towards the determination of best practices for a
more reliable and robust employment of quantitative SERS-based immunoassays. A digital
SERS protocol was also developed for the determination of SARS-CoV-2 (2019-nCoV)
spike S1 + S2 ECD-His recombinant protein in saliva. In general, SERS-based
immunoassays rely on a linear relationship between the average Raman intensity of a
molecular reporter embedded in a SERS probe with the concentration of the analyte. As
the concentration of the analyte decreases, the probability of a statistically significant
number of SERS probes to be illuminated by the laser excitation also decreases.
Additionally, there is large variation of intensities inherent to SERS and the
inhomogeneous distribution of hotspots in the sensor being probed. These factors
contribute to a loss in linearity of the assay at low concentrations of analyte and/or extrinsic
Raman labels (ERLs). Here, an immunoassay was developed for determination of
concentration of SARS-CoV-2 in saliva, and the conventional data treatment was

compared to a digital protocol. The digital protocol generated a calibration curve with good



linearity whereas the conventional approach did not. This approach is simple and can be
employed in heterogeneous SERS immunoassays to improve both the limit-of-detection
(LOD) and the dynamic working range. Finally, a low-cost localized surface plasmon
resonance (LSPR)-based sensor was developed for SARS-CoV-2 screening in saliva. The
sensor was built on plastic well plates for high throughput, but they can also be constructed
in individual (discardable) plastic strips. The results were accessed using a plate reader, a
ubiquitous equipment in laboratories and research centers. The sensor was challenged with
16 patient samples, being half COVID positive and half COVID negative. The sensor was
developed in two modalities: 1) viral detection in saliva; and 2) antibody against COVID
in saliva. Both sensors successfully classified all COVID positive patients (among
hospitalized and non-hospitalized), and 7/8 COVID negative patients. This sensor is of low
cost and of easy construction and is an alternative for SARS-CoV-2 screening in
underserved communities. This sensor can be adapted to be used with other screening tests,

by changing the element of recognition for other viral particles or antigens.
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Chapter 1: Overview

1.1 Context

Biosensors are ubiquitous in biomedical diagnosis, screening tests, chronic diseases
management, environmental monitoring, food safety, forensics, biomedical research and
drug development.* According to WHO (World Health Organization), cancer is the second
leading cause for deaths, causing more than 10 million deaths per year.? Detection of
cancers in advanced stages leads to a significant number of deaths. The vast heterogeneity
of this disease requires ultrasensitive biosensors for early diagnosis and personalized
treatment.® Diabetes is chronic disease that is present in 8.5% of the population above 18
years of age and that also requires biosensors for constant glucose monitoring.* Recently,
policy makers relied on screening tests results to make informed decisions to control the
highly contagious severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) global
pandemic. The disproportion of tests distribution, specifically to low-income countries
affected how the disease was dealt with and contributed to the higher death toll in those
communities.

The first biosensor was developed in 1956 by Leland C. Clark. His invention of a
functional oxygen detector for blood, water and other liquids earned him the moniker
“father of biosensors”.®> The modern-day glucose sensor, used by millions of diabetics for
daily glucose monitoring, is based on his research. Glucose monitors have evolved to
wearable, minimally invasive subcutaneous devices called continuous glucose monitoring

(CGM) sensors, providing real time measurements every 1-5 minutes.® It relies on indirect



detection of glucose oxidase, fluorescence intensity or skin dielectric properties.®” Other
point-of-care (POC) biosensors are screen printed and lateral flow assay (LFA) biosensors.
There are several types of biosensors, such as enzyme, tissue or DNA-based, thermal and
piezoelectric.® There is a trend of miniaturization of biosensing systems for point-of-care
(POC) testing with integration to existing handheld devices or microfluidic systems. Sensor
specificity is determined by the target recognition and sensitivity is significantly influenced
by the transducer and amplifier, which translate molecular recognition into measurable
signal. Specificity is the ability of the biosensor to differentiate the analyte from non-targets
in the sample.® The sensitivity is the relationship between the change in analyte
concentration with the signal generated by the transducer.® Ideally, small changes in
analyte concentration should generate large responses in the transducer. Figure 1-1 shows
the molecular recognition of the target and types of handheld instruments and microfluidic

platforms used for miniaturization.*
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Figure 1-1. Biosensor principle in a POC setting. Target recognition determines the
specificity and the transducer and amplifier determine the sensitivity of the biosensor.
Some examples of the miniaturization in handheld instruments and microfluidic

platforms.'! [Used with permission from Reference 11]

Nanotechnology has been employed in the development of biosensors.
Nanostructured materials have at least one dimension in the nanoscale range (< 100 nm),
and can be made of one material (e.g metals, different types of carbon, polymers) or
composites  (e.g. polymer-metal, silica-metal, graphene-metal).’>  Engineered

nanomaterials can have superior electrical conductivity, mechanical performance, capacity



of surface functionalization, large surface area, tunable porosity and enhanced diffusivity.®
Additionally, they can be compatible with biological molecules, making them ideal
candidates for biosensor transducers.'*

New medical diagnosis strategies in the last decade focus on plasmonic
materials.*>® Plasmonic materials are metallic nanostructures with unique optical and
electronic properties due to the collective oscillation of free electrons known as localized
surface plasmons resonance (LSPR).” Plasmonic-based sensors are being studied with the
promise of higher sensitivity and selectivity, easy of operation, minimal sample treatment,
broad linear range relative to the current state-of-the-art.® There are different sensing
platforms that rely on plasmonic behaviour, such as surface plasmon resonance (SPR),
localized surface plasmon resonance (LSPR), surface-enhanced fluorescence (SEF),
surface-enhanced Raman scattering (SERS), surface-enhanced infrared absorption
spectroscopy (SEIRA).'8 Each platform has distinct features that make them suitable for
different applications. For instance, in SEF-based biosensors, there is an increase in the
fluorescence intensity of a fluorophore material by having it in a proximity of a metallic
nanostructure. The associated local plasmonic electric field couples with the fluorophore
electrons. This causes an enhanced fluorescence emission.'® SERS-based biosensors have
the Raman signal enhanced by attaching a reporter (e.g. dye) directly to a metal
nanoparticle. The difference between these phenomena is the distance of the molecule and
the nanostructure. For SERS, the fluorescence emission is quenched whereas for SEF a
molecular spacer sits between the nanostructure and the fluorophore.'® SEF has been used
to detect DNA strands, oligonucleotides, RNA, toxins (Ochratoxin A, microcystin-LR,

anthrax toxin), virus (e.g influenza A) and bacteria (e.g E. coli).?® SERS-based biosensors



have been used to detect bacteria, toxins, oligonucleotides, viral particles, DNA, cell

surface antigens and others.?!

1.2 Objectives

In this work, the focus will be on SERS-based and LSPR-based immunosensors.
SERS-based immunoassays have advantages over traditional methods based on
fluorescence and chemiluminescence (e.g ELISA). These advantages are higher sensitivity,
multiplexing, and ability to perform detection in blood and other biological matrices.??
However, SERS-based sensors are considered a “poorly reproducible and insufficiently
robust analytical technique”.?® This is due to a high signal variation caused by the
inhomogeneous distribution of hotspots on the sensor. Non-standardized sample
preparation, different approaches to data analysis, different types of substrates, variations
in instrument settings, among other factors also contribute to the large variations in the
sensor response.2* Chapters 3 and 4 are describe approaches to improve the characteristics
of SERS-based immunosensors. Considerable effort was devoted to improve analytical
procedures in SERS.? Those include studies on the variability of SERS substrates 26-28
and on the reproducibility between SERS methods applied in different laboratories?.
Chapter 3 has the objective of developing a reliable SERS-based immunosensors with a
robust statistic to verify the population distribution of the SERS measurements for different
tested concentrations of the analytes. The observation of these distributions provided a
better understanding for the best practices for data analysis in SERS, since they reveal the
relationship between number of measurements and % error compared to a quality control

sample.



Next, the focus is on exploring a better method to apply a new type of data analysis
to assays in the low concentration range (pM). The conventional data analysis relies on
creating calibration curve using relationship between the average of the SERS intensity of
a Raman reporter to the antigen concentration.?® This approach works well in systems
with high concentration of analyte. However, as the concentration of analyte decreases, the
probability of a statistically significant number of SERS probes (extrinsic Raman labels —
ERLSs) under the excitation laser decreases and it becomes challenging to correlate SERS
intensities to concentration of analyte reliably.! In Chapter 4, a SERS-immunoassay was
developed for determination of concentration of SARS-CoV-2 in saliva at very low
concentrations (pM range). A new digital protocol method was applied to the dataset to
tackle the lack of linearity between SERS intensities and analyte concentrations described
above. The approach consisted of attributing 1 and 0 to SERS intensities above and below
(respectively) a defined threshold. This method was compared to the conventional data
treatment used in SERS-based immunoassays and it showed a better linearity for the tested
concentrations (pM range).

The necessity for cheap and widely available screening tests were evident with the
health crisis that started in 2019 as the SARS-CoV-2 virus spread around the world. The
availability of screening tests for COVID-19 is still a challenge, especially for low-income
countries and communities. Chapter 5 is dedicated to a development of a low-cost LSPR-
based sensor for SARS-CoV-2 screening in saliva. The sensor was developed in two

modalities, for viral screening and immunological response (antibody against the virus).



1.3 Dissertation Outline

This dissertation is organized in article-style format.

Chapter 2 presents a context and introduction to the topics of biosensors and
immunoassays, the different types of immunoassays, an introduction to plasmonic
biosensors and the use of SERS and LSPR to construct immunosensors.

Chapter 3 is based on the published work: Ariadne Tuckmantel Bido, Arash
Azarakhshi, and Alexandre G. Brolo, “Exploring Intensity Distributions and Sampling in
SERS-Based Immunoassays.” Analytical Chemistry 2022 94 (49), 17031-17038.

Chapter 4 is based on the work: “A Digital SERS Protocol for the Determination
of SARS-CoV-2 in Saliva Samples”, which is under review at the time of the submission
of this document, manuscript ID: se-2023-001727.

Chapter 5 is based on the work: “Detection of SARS-CoV-2 in Saliva by a Low-

cost LSPR-based Sensor”, that is ready for submission.
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Chapter 2: Introduction

2.1 Biosensors and Immunoassays

A chemical sensor contains two components: a molecular recognition system
(receptor) and a physico-chemical transducer. In a biosensor, the receptor is a biological
element such as enzymes, antibody/antigen, oligonucleotides (nucleic acids) or whole
cells.»? Additionally, organelles (chloroplasts, mitochondria), microorganisms, tissues
(animal and vegetable) and mimetic molecules can be immobilized onto the transducer.®#
The transducer is the device that will convert the chemical information into a signal that
can be detected (electrical or optical, for instance). Figure 2-1 shows the components
necessary for signal generation in a biosensor. There are four main parts in a biosensor: a
bioreceptor, a transducer, a signal processor, and an interface display. The analytes can be
measured in a variety of samples such as body fluids (e.g. blood, serum, urine, tears, saliva),

food samples and cell cultures.®
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Figure 2-1. Biosensor principle, depicting the components necessary for signal

generation: a biological receptor, a transducer, an amplifier, a processor and a display.®

There are many different types of transducers, including electrochemical
(potentiometric, amperometric or conductimetric), optical, gravimetric and piezoelectric.’
For example, a biocatalytic sensor based on a molecular recognition element can monitor
a chemical conversion of an analyte into products. Whereas in an antibody/antigen
interaction, the recognition is related to its affinity.> Some label-free transducers for
antigen/antibody-based biosensors measure a change in resonance frequency (QMC),
refractive index (RIU) or electrical impedance (EIS) upon the binding of these elements.®

Immunoassays are a specialized type of biosensors. Immunoassays are analytical
methods for quantitative or qualitative analysis based on specific antigen-antibody
interactions. Examples of immunoassays are electrophoretic immunoassay (EIA), enzyme-
linked immunosorbent assay (ELISA), radioimmunoassay (RIA), fluorescence
immunoassay (FIA), electrochemical immunoassay (ECIA), electrochemiluminescence

immunoassay (ECLIA) and chemiluminescence immunoassay (CLIA).°
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Immunoassays are used worldwide in many vital areas, such as diagnostics'®?,

drug monitoring®>4, quality control'® and clinical pharmacokinetics® and bioequivalence
studies'’. The widespread use of immunoassays methods is attributed to their specificity,
high throughput and high selectivity for the analysis of a wide range of targets in biological
samples.*®

Immunoassays are classified as non-competitive (immunometric) and competitive,
as shown in Figure 2-2. Non-competitive or immunometric immunoassays are commonly
used for detection of proteins and viruses. They resolve two specific antibodies and are
referred as a two-site or sandwich assay.'® Figure 2-2A depicts this design, where
immobilized antibodies are in excess and they capture the analyte that binds to one of its
epitopes. Next, a second labeled antibody binds to the analyte. The second antibody is
conjugated with a detection molecule (enzyme or fluorophore). The analyte molecules
generate an optical signal that can be read out by colourimetry, chemiluminescence, or
fluorescence. The magnitude of the optical signal is directly related to the antigen
concentration. Competitive immunoassays are commonly used for small molecule
detection. These assays are based on the competition between an labeled (tracer) and non-
labeled analyte for a limited number of available antibody sites, as depicted in Figure 2-2
B.?% The analyte is added with a known amount of the tracer containing an enzyme or a
fluorophore that generates a detectable signal. The signal is inversely correlated to the

analyte concentration in this case.
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Figure 2-2. A) The non-competitive assay design where the amount of analyte is related

to the signal generated by the detection molecule conjugated to the secondary antibody.
The analyte is sandwiched between two antibodies. B) The competitive assay design
where the signal is generated by a labeled analyte that competed for available sites with a

non-labeled analyte.?! [Used with permission from Reference 21]

Another common form of classification of immunoassays are homogenous or
heterogeneous. Either homogeneous or heterogenous assays can be performed in
competitive or non-competitive modalities.

Homogeneous immunoassays distinguish between the free and the bound label used
for detection without a physical separation step. The properties of a selected label is
modified due to the binding to an antibody, causing a measurable increase or decrease in

signal that is proportional to the analyte concentration in the matrix.??> An example of a
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homogeneous immunoassay is based on Forster resonance energy transfer (FRET) as
shown in Figure 2-3. This type of assay is based on a distance-dependent energy transfer
from a donor to an acceptor; those are FRET compatible fluorescent dyes, fluorescent
proteins or quantum dots (QDs).?* The donor emission spectra overlaps with the acceptor
absorption spectra and when they are positioned closely to each other (distance R < 10 nm)
FRET happens (Figure 2-3 A).2 A immunoassay can be constructed in such a way that
FRET is only enabled when the donor molecules get close to the acceptor molecules due
to the binding of the analyte to antibodies/antibody fragments, as depicted in Figure 2-3 B.
In Figure 2-3 B, an analyte-specific Fab fragment, labelled with a donor fluorophore, forms
an immunocomplex with a second analyte-specific Fab fragment, labeled with an acceptor
fluorophore. FRET only happens when the analyte enables the formation of the
immunocomplex. In the absence of the antibody-antigen interaction, the emission comes
only from the fluorophore donor.?* There are some drawbacks to this type of assay, such
as autofluorescence of biological samples and photobleaching of fluorescent dyes for
FRET.2* This type of assay is most common for small molecule detection, such as

morphine (opiate)?®, ochratoxin A% and deoxynivalenol?’ (food-contaminant mycotoxins).
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Figure 2-3. An example of homogeneous immunoassay, based on FRET. A) Schematics

of the FRET process. A donor fluorophore is excited and transfers energy to an acceptor

fluorophore at a distance R (<10 nm) through a nonradiative process. The acceptor

releases the energy in either a fluorescent or nonradiative manner. J(A) represents the

degree of spectral overlap between the donor emission and the acceptor absorption. B)

Schematics of a homogenous one-step FRET immunoassay for a small analyte. FRET

occurs when the immunocomplex-specific Fab fragment binds to the primary Fab

fragment-analyte complex bringing the donor and acceptor fluorophores to a distance

R.2428 [Used with permission from Reference 24]
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Heterogeneous immunoassays require physical separation of a labeled
antigen/antibody complex from unbound components. Antibody/antigen binding is
considered irreversible when ki (rate of the binding process) is much greater than k.1 (rate
of dissociation).?? This separation can occur through precipitation of antigen/antibody
complexes with a precipitating chemical or crosslinking with other antibodies and
analyzing the precipitate.?® Antibodies can also be bound to a solid support and the removal
of unbound components are done via various washes.'® Enzyme-linked immunosorbent
assay (ELISA) is an example of heterogenous assay (Figure 2-4).

ELISA is the predominant immunoassay method utilized today, and it is considered
a gold standard for detection and quantification of protein biomarkers, antigens, antibodies,
glycoproteins and hormones.3*3! This method was developed by van Weeman and Schuurs
in the late 1960s.3? Figure 1-5 illustrates the different types of ELISA. There are three main
types of ELISA: direct (Figure 2-4 A), indirect (Figure 2-4 B), and sandwich (Figure 2-4
C) assays, being the latter the most used method. The direct and indirect types are
competitive and the sandwich is a non-competitive assay.*

ELISA has advantages such as high specificity and sensitivity, simultaneous
analysis of samples, and ease of execution. However, ELISA has some drawbacks, such as
being labour-intensive, time-consuming and results cannot be reassessed (endpoint

assay).**
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Figure 2-4. lllustration of the three main types of enzyme-linked immunosorbent assay
(ELISA), a heterogeneous assay. A) Direct competitive, B) Indirect competitive and C)

Sandwich.%® [Used with permission from Reference 35]

Drawbacks with commonly used platforms in a clinical setting, such as ELISA and
PCR have driven researchers to explore the development of plasmonic based sensors. This
has led to a rise in the number of publications over the past 20 years. They can offer label-

free and real-time molecular analysis with less reagent consumption.3®
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2.2 Plasmonic Biosensors

Biosensors can be classified based on the transducer principle, namely
electrochemical (amperometric, conductimetric, impedance and potentiometric),
piezoelectric, thermometric, magnetic and optical.!  Optical biosensors exploit the
interaction of the optical field with the biorecognition element. In an optical biosensor, the
biorecognition element is conjugated with an optical transducer system.3” The chemical or
physical changes in the biorecognition elements induces a change in absorption,
transmission, reflection, refraction, phase, amplitude, frequency or light polarization.®
Among the optical biosensors, plasmonic-based sensors have advantages such as low limit-
of-detection (LOD), broad linear range, high sensitivity and selectivity that make them
ideal candidates for POC devices.*

The field of plasmonics is based on the interaction of light with free electrons of a
noble metal and its in the crossroads of optics and nanotechnology.*° Plasmonics are related
to surface plasmons (SPs). SPs are the collective oscillations of free electrons confined
evanescently on a metal surface.** SPs are of two kinds: i) localized SPs (LSPs) and ii)
propagating SPs (PSPs; or plasmonic waveguide).*? LSPs are confined to the surface of a
metallic nanoparticle and PSPs propagate along the smooth continuous surface of a metal
layer.* In LSPR, the length of the metallic nanostructure is smaller than the wavelength of
the interacting light, resulting in non-propagating oscillations of free electrons. The
associated electromagnetic field expands into the medium (around 30 nm) and decays
exponentially (depicted in Figure 2-5 as 8q).%° Figure 2-5 A illustrates the classical example
of LSPR, a single spherical gold nanoparticle excited by an external light field.*” The LSPR

phenomenon constrains the energy to the nanoparticle surface, magnifying the local
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electromagnetic field (light intensity). This effect underlies the principles for the
mechanism for surface enhanced spectroscopy, such as surface-enhanced Raman scattering
(SERS).*® PSPs are traveling optical waves along a dielectric metal boundary and penetrate
about 10 nm into the metal and more than 100 nm along the dielectric material ** The
optical waves propagate until the energy dissipates either by heat loss or radiation into free
space.*® Figure 2-5 B depicts the Kretschmann configuration, the most common scheme

for prism coupling.*’

‘ B‘ Analyte (biomolecule to be detected/quantified) Y “Capture"molecule (surface immobilized) ‘

Figure 2-5. The fundamentals of LSPR vs. SPR. A) The particle diameter is much
smaller than the wavelength of the incident light. The decay of the plasmon field (8) is of
the order of 30 nm. B) Depiction of a Kretschmann configuration, in which the PSPs
propagate parallel to the surface of the metal film. The decay of the plasmon field (8q) is
of the order of 100 nm. In the colour gradients, red represents more intense field

enhancement and blue less intense.*” [Used with permission from Reference 47]
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The difference in the decay length of the plasmon field reflects on the strategies
used to develop biosensors based on these SPs. Figure 2-6 summarizes the main differences
in SPR and LSPR-based sensors, using as an example viral detection, but the same features
are involved in other bio-analytes such as proteins, DNA and bacteria.*® SPR biosensors
are usually constituted by a prism bonded to a metal film in a Kretschmann configuration,
first demonstrated in 1983 by Nylander and Liedberg.**>° The light passes though a
dielectric prism, under total reflection and onto the thin metal film evaporated onto a glass
containing the analyte.®® The properties of the thin metal film are important for a highly

sensitive detection of analytes.
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Figure 2-6. Summary of differences of substrate, measurement methods, and
relevant factors in the construction of SPR and LSPR- based biosensors with viral

detection as an example.*®
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A schematic of this SPR-based biosensor is shown in Figure 2-7 A. The interacting
light is totally internally reflected and the SPR effect results in a sharp resonant dip in the
reflected light at a distinct angle (0).** Changes in the interface due to binding to the
recognition elements cause a change in refractive index resulting in change of the optimal
angle for excitation. The changes in the optical properties of the medium can be monitored
as changes in wavelength, intensity, phase, or angle of incidence (Figure 2-7 B).> In the
example of Figure 2-7, the quantification is related to the adsorption and dissociation of

analyte to the recognition elements in real-time (Figure 2-7 C).>
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Figure 2-7. The SPR principle used in biosensor for a food allergen detection. A) A
schematic of a Kretschmann-type prism coupling configuration. B) Monitoring of the
change in signal upon binding of an analyte. C) Real-time sensorgram of the binding

events of the analyte to the recognition elements.>® [Used with permission from Reference

53]
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In 1993, Jorgenson and Yee reported the first SPR arrangement using a optical-
fiber rather than a prism.** Figure 2.8 shows a scheme of an optical fiber SPR sensor. In
this sensor, the prism, arranged in a Kretschmann configuration, was replaced by the core
of an optical fiber °* In a standard SPR optic fiber sensor the cladding in the core of the
sensing area is etched and coated with a thin metal layer, usually Au or Ag which can have
an additional coat with a buffer layer. Lastly, there is a sensing layer. The light input is
coupled to one of the ends of the fiber and the modulated light is perceived at the other
end. The light has then information after interaction with the sensing layer. The sensing
efficiency depends on the metal layer properties, optical fiber geometry and light
wavelength.**

Optical fiber SPR sensors have advantages over the prism-based SPR sensors such
as being of simple and robust design, flexible, capable of in-situ monitoring and continuous
analysis.>® Additionally, they have high degree of miniaturization, low cost and can be
deployed in remote areas.*

For LSPR, the strong plasmons generated locally on the nanoparticles are used as
a signal or as an enhancer for intensity of fluorescence materials or Raman probes.*® The
nanoparticle shape and size are important parameters that are related to the localization of
the plasmons and are therefore related to the intensity of the signal. This dissertation
focuses on SERS and LSPR-based immunoassays. Two sections will be dedicated to
providing some background for those techniques in this document, under Application of

Plasmonics in Biosensing, 2.3.1 and 2.3.2, respectively.
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Figure 2-8. Optical fiber SPR sensor. The cladding of a portion of an optical fiber is
removed followed by coating with a thin metal layer. The evanescent field of the light
guided into the optical fiber excites surface plasmons at the metal coated region, that

interacts with the medium to be sensed.>*

SPR sensors are routinely used for food quality®”®8, fuel adulteration®®®°,
pregnancy test®!, temperature monitoring®%, alcohol detection®® smartphone
diagnosis/telemedicine®®°, bioimaging’®’2 and medical diagnosis”®>"°. For pathogen
detection SPR has been used to detect leptospirosis’, dengue virus E protein”’, SARS-
CoV-2787° nhepatitis B8, vibrio fischeri® , pseudomonas®, rotavirus®®, Epstein-Barr
virus®, Escherichia coli®®, foot-and-mouth disease virus®, among others®’. Early disease

detection, especially for cancer markers are being constantly developed and improved.®-

92

2.3 Application of Plasmonics in Biosensing

The major plasmonics methods utilized for construction of immunosensors are
SERS (Surface-Enhanced Raman Scattering), SPR (surface plasmon resonance), LSPR
(localized surface plasmon resonance), SEF (surface-enhanced fluorescence) and SEIRA

(surface-enhanced infrared absorption spectroscopy).3® They have been used for detection
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of viral particles®®, proteins®®, food allergens®, mycotoxins®*, among others*. In this

dissertation, our focus is on immunoassays utilizing SERS and LSPR.

2.3.1 Surface-enhanced Raman Spectroscopy (SERS)

Surface-enhanced Raman spectroscopy (SERS) is the enhancement of the Raman
signal, first reported in 1974 for pyridine adsorbed on roughened silver electrodes.® The
SERS effect has electromagnetic (EM)% and charge-transfer (CT)®" contributions to the
overall intensification of the Raman response. The EM enhancement is generally the
dominant mechanism in the SERS enhancement and involves the localization and
amplification of the optical excitation by surface plasmon resonances (SPRs).% Molecules
adsorbed within the plasmon field experience an increased electric field (light intensity)
contribution to the induced polarization, thereby enhancing the Raman scattering.®® The
enhancement attributed to EM fields are commonly in the order of 10%-108 9101 with the
highest recorded up to 101419219 The CT mechanism is the grouping of the resonant and
non-resonant electronic processes between the adsorbed molecules and the nanoparticle
surface, dependent on the laser excitation wavelength and site of attachment.%

Adrian'® and Lippitsch'® described two distinct CT models in the 1980’s, namely
the excited-state charge-transfer and the ground-state charge-transfer model, respectively.
In the excited-state charge-transfer, a charge-transfer complex is formed by chemical
bonding between the probe molecules and the metallic substrate, causing a substantial
change in the intrinsic polarizability of the probed molecule.!®® The molecule/substrate
complex creates new electronic states in resonance with the excitation laser, enhancing

the Raman signal.%’ In the ground-state charge-transfer model, the probed molecules do
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not form a chemical bond with the metallic substrate. The charge transfer happens when
both are in the ground state and it depends on the electronic structure of the probed
molecule itself.1%19” The CT enhancement contributions are in the order of 10-103,108.109
An incremental enhancement of 102-10*is achieved when the maximum absorbance of the
Raman scatterer is close to or in resonance with the wavelength of the exciting laser, termed
surface-enhanced resonance Raman spectroscopy (SERRS).*® This process is attributed to
the large SERS cross sections of resonant molecules, e.g dyes such as Rhodamine 6G
excited with green laser.!°

SERS/SERRS have high sensitivity allowing even single-molecule detection. The
method is non-destructive and possesses vibrational chemical specificity (fingerprint),
allowing for direct detection of target analytes.'! Fluorescence-based assays are by far the
most employed in optical biosensors. The sensor response can be based on fluorescence
intensity, lifetime, anisotropy, quenching efficiency, non-radiative and luminescent energy
transfer.!'? Individual spectral lines in Raman are, on average, 10-100 times narrower than
the emission profiles of fluorescent compounds. The highly resolved spectra promotes
multiplex ability for SERS-based sensors.®® Additionally, Raman-active reporters are less
prone to photobleaching compared to fluorescent ones.*** It has been reported that SERS
is more intense and stable compared to fluorescence in the single-molecule regimen.1%
Additionally, Raman is performed in the visible, and near-infrared spectral range (400 -
1064 nm), making it ideal for aqueous environment and therefore, biomatrices.'** These
characteristics makes the use of SERS/SERRS an interesting tool for immunoassay

development.
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2.3.2 SERS-based Immunoassays

There are several reports on the development of immunoassays based on SERS.11>-
117 The development of SERS-based immunoassays requires two critical components: 1)
the substrate modified with targeting molecules (i.e. antibodies, aptamers); and 2) an
external reporter label (ERL).1!8

The ERLs specifically recognize and bind to the analytes captured by the
functionalized substrate and provide SERS/SERRS signals for the quantitative detection of
the analytes. SERS-based immunoassays can be classified as heterogenous, homogeneous,
competitive, and non-competitive, in a similar fashion as aforementioned (Figure 2-2), but
with the employment of an ERL as element of detection rather than
fluorescence/colorimetry probes. Moving forward, the focus will be on the sandwich
scheme, which rivals with the most used type of ELISA, and it is the main topic in Chapters
3and 4. amino or carboxylic acid type of SERS immunoassay. In Figure 2-9A the substrate,
in this example a gold (Au) covered slide, is modified with a linker molecule that serve to
anchor the antibodies to the substrate. The linker can contain, for example, thiol groups,
since sulphur strongly interact with Au.*® Next, capture antibodies are attached to the
substrate via linker. The linker can contain, for example, carboxyl groups that form amide
bonds with primary amides present in the antibodies, via N-ethyl-N'-(3-
(dimethylamino)propyl)carbodiimide (EDC)/ N-hydroxysuccinimide (NHS)
conjugation.'?

The ERLs (Figure 2-9B) is a plasmonic core, typically spherical gold nanoparticles,
modified with a Raman label or reporter and a detection antibody.'?* The assay is

conducted (Figure 2-9C) by adding the analyte, present in aqueous matrix or biological
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fluid to the substrate. After washing step(s), the ERL is added to the immunosensor. The
analyte is then sandwiched between the substrate and the ERL. The final step is to
interrogate the substrate by Raman measurements. The presence of the Raman adsorbed to
the ERL surface (metallic nanoparticle) generates enhanced Raman signals (SERS/
SERRYS), that are related to the amount of ERLs and therefore, to the amount of analytes

captured.t?

A Capture substrate preparation

Au substrate ¢
linker molecule

capture
antibody

B Extrinsic Raman Label (ERL) preparation

» Y
Raman detection

reporter antibody

C Assay procedure

i !
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Al v Sl L
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Figure 2-9. SERS-based immunoassay sandwich scheme. A) The substrate is
functionalized with a capture antibody. B) The ERL is synthesized, and C) the assay is
conducted, reaching a sandwiched analyte between the substrate and the ERL.'?3 [Used

with permission from Reference 123]
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This SERS type of immunoassay has been used to detect hepatitis B virus with
limits of detection (LOD) of 0.5 pg/mL*?*, carcinoembryonic antigen with LOD of 10

126 protein and prostate-specific antigen®?’ in the

pg/mL'% and for Alzheimer’s Tau
femtomolar range. Our research group developed a SERS-based immunoassay, in a
sandwich format, for zika virus (ZIKV) detection with LOD of 10 ng/mL, in 2015. At that

time, ZIKV was a public health emergency and this sensor had LOD four orders of

magnitude below the ELISA-based assays commercially available then.?®

2.4 Localized Surface Plasmon Resonance (LSPR)

When metallic nanoparticles are irradiated by light, the oscillating electric field
causes a collective oscillation of the metal’s conduction electrons. This oscillation of the
electron cloud is due to the Coulombic attraction between the negatively charged electrons
and the positively charged nuclei and the repulsion among electrons that causes a restoring
force to arise when the electron cloud is displaced relative to the nuclei. This displacement
causes a dipole to arise. This phenomenon is called the dipole plasmon resonance or
localized surface plasmon resonance (LSPR).*

Gustav Mie presented a solution to Maxwell’s equations that described the
extinction spectra (extinction spectra = scattering + absorption) of particles of arbitrary
size. Mie’s work, later coined Mie’s theory, was the starting point for understanding the
phenomena for other nanoparticles shapes. Some assumptions can be made for
nanoparticles that are considerably smaller than the wavelength of the incoming light.
Briefly, the propagating electric field is constant (or static) around the nanoparticle, and

the LSPR response is governed by electrostatics rather than electrodynamics. These
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assumptions are referred to as quasistatic approximation and give rise to an equation that
predicts the polarizability and extinction cross-section of spherical particles up to 100 nm
in diameter.° In this approximation, the magnetic component is negligible, and only the
electric component of the EM field is considered. The solution to Maxwell’s equation for
a quasistatic approximation have two components: the incident field term and an induced
dipole term, which is proportional to the polarizability. The polarizability is a measure of
the distortion of the electron cloud in response to an external field.'?® In other terms, it
represents the ease in which charges distribute and form partial dipoles. The basis for
surface plasmons in metallic nanoparticles can be understood by looking at the
polarizability. Equation 2-1 defines the polarizability component, «, where ¢in and eout are
the external and internal dielectric constants of the metal particle and a is the radius of the

spherical particle.**

a= (%:Zzutt ) a®  Equation 2-1

The internal dielectric constant, €in, IS highly dependent on the wavelength of the
incident light. When &in = -2 &out, the electric field is enhanced compared to the incident
field. When the dielectric constants are maximized, a peak (Amax) is observed in the
extinction spectrum of the particles. For Au and Ag nanoparticles this resonance condition
happens for wavelengths in the visible spectrum and is the basis for LSPR and EM field

enhancement mechanism for SERS.1%0
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2.5 LSPR-based Immunoassays

Surface plasmon resonance (SPR)*! is found in materials with negative real and
small positive imaginary dielectric constant (Equation 2-1), mainly gold, silver, and
copper. The enhanced field surrounding the metallic nanoparticle is a result of the LSPR.
The enhanced field decays exponentially away from the nanoparticle surface as seen in
Figure 2-5. The LSPR is sensitive to the external dielectric environment in proximity to
the surface. Therefore, adsorbate layers change this external environment and,
consequently, the refractive index of the environment leading to a change in the LSPR
resonance conditions that can be monitored.t*

Equation 2-2 shows the dependency of the refractive index of the external medium
with the shift of its resonant wavelength, where na is the refractive index of the adsorbate
layer, ne is the refractive index of the bulk environment, d is the adsorbate layer thickness,

and Id is the decay length of the electric field.
Adpax = m(ng —n.)[1 — exp(—zl—d )]  Equation 2-2
d

Immunoassays can then be constructed in a nanoparticle-coated platform monitored
before and after interacting with the antigen of interest. Typically, discrete particles are
attached to a solid support via covalent and/or noncovalent strategies. For immunoassays,
an element of recognition (e.g antibodies) is then adhered to the anchored nanoparticles.
Next, the assay is conducted, and the analytes interact with the elements of recognition.
The measurements are usually conducted in transmission-mode configuration, as depicted

in Figure 2-10."*2 The optical extinction (absorption plus scattering of the light) is
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measured before and after interaction with the analyte. The maximum of the optical
extinction, Amax is accessed and the change in position is related to the concentration of

analyte. The Amax does not change if there is no interaction with the analyte and it red

shifts when it does.
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Figure 2-10. LSPR-based principle in biosensing. The anchored nanoparticles in a
substrate are accessed before and after the analyte binding event. The change in the Amax
of the LSPR signal is proportional to the analyte concentration.**? [Used with permission

from Reference 132]
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The sensitivity of the LSPR sensor depends on the type of material, shape and size
of the nanoparticle used in the platform. The sensitivity of a LSPR sensor is defined as the
spectral shift of the peak wavelength (AL) resulted from a refractive index change (An) of
the environment surrounding the nanostructure and is reported as refractive index units per
nanometer (nm/R1U).1%

For instance, Ag nanoparticles show a higher nm/RIU then Au nanoparticles and
sharp Ag bipyramids have higher nm/RIU than rounded Ag bipyramids for the same
size.’® In contrast to spherical particles, nanoparticles with sharp tips and edges have high
electromagnetic confinement and exhibit strong electromagnetic field enhancement.*3> Au
nanostars show a higher nm/RIU compared to Au nanocubes and nanorods'®, whereas
nanocubes have higher nm/RIU compared to nanospheres. Figure 2.11 shows an example
of a LSPR wavelength shift for gold nanospheres (AuNS) and gold nanocubes (AuNC).
Figure 2.11A and 2.11B shows the red shift of the LSPR scattering spectra for AUNS and
AUNC, respectively with the change in the media from air to water and oil. The wavelength

is plotted in relationship to the local refractive index (RI) in Figure 2.11C.*%"
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Figure 2-11. Change in LSPR scattering spectra for A) AuNS and B) AuNC in air, water,

and oil. C) LSPR wavelength shifts for AuUNS (red) and AuNC (blue) as a function of

local RI of the medium.**” [Open access from reference 137]

LSPR-based sensors can also be constructed with fiber optics, in a similar manner

as the optical fiber SPR sensor (Figure 2.8). Figure 2-12 depicts this configuration. A

portion of the optical fiber cladding is stripped and covered with a monolayer made of

metal nanoparticles, surrounded by the sensing medium. Resonant plasmons are excited on

the metallic nanoparticles by the evanescent field of the light that is guided inside the fiber.

A portion of the guided spectral range is absorbed by the nanoparticle layer and a peak is

observed in the absorption spectrum of transmitted optical power.>*
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Figure 2-12. Schematic of a LSPR-based fiber optic sensor. A portion of the optical fiber

cladding is stripped and covered with metallic nanoparticles.>*

In our research group, a LSPR-based plastic strip platform was developed for
biosensing.**® Figure 2-13 shows a schematic of the strip preparation. A plastic strip made
of a common plastic, polyethylene terephthalate (PET), is activated via plasma, inserting
amino groups into the strip’s surface. Next, the strips are incubated with AgNPs and further
modified by either amino or carboxylic acid groups, using (3-aminopropyl)
trimethoxysilane (APTMS) or 3-aminopropanoic acid (APA), respectively. These groups
are further modified for protein/antibody conjugation via EDC/NHS conjugation. The
strips were conjugated with IgG antibodies and detected anti-IgG with linear response in

the range 9.5 — 189.4 nM. The LOD was estimated as 3.5 nM.
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Figure 2-13. Steps on the fabrication of a LSPR-based biosensor. The plastic is modified
via plasma activation to adhere silver nanoparticles on its surface, followed by

conjugation of a recognition element.!3 [Used with permission from Reference 138]
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Chapter 3: Exploring Intensity Distributions and Sampling in
SERS-Based Immunoassays

This chapter is based on the published work: Ariadne Tuckmantel Bido, Arash
Azarakhshi, and Alexandre G. Brolo, Exploring Intensity Distributions and Sampling in
SERS-Based Immunoassays. Analytical Chemistry 2022 94 (49), 17031-17038. Copyright:

Reproduced with permission.

ATB performed all the experiments, developed the codes for the data analysis, analyzed
the data and wrote the first draft of the manuscript. Arash Azarakhshi programmed the

%RMSE and chi-square calculations.

Surface-enhanced Raman scattering (SERS) is a sensitive, widely used
spectroscopic technique. However, SERS is perceived as poorly reproducible and
insufficiently robust for standard applications in analytical chemistry. Here we
demonstrated that reliable SERS immunoassay quantification at low concentrations (pM
range) can be achieved by careful experimental design and appropriate data analysis
statistics. A SERS-based immunoassay for IgG in human serum (3.1 to 50.0 ng.mL™! or
20.6 to 333 pM) was developed as a proof-of-concept. Calibration curves were created
using the population median of the band area, centred at 592 cm™!, of a SERS reporter (Nile
Blue A). Histograms of seventy-two thousand SERS spectra show lognormal distributions.

Scanning electron microscope (SEM) images of the sensor platform confirm a correlation
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between the number of SERS probes (ERLs) at the surface and the SERS intensity
response. The IgG immunosensor reported here presented a LOD of 1.11 ng.mL™! or 7.39
pM and LOQ of 9.04 ng.mL"! or 60.30 pM, within a 95% confidence level. The % error
of the predicted versus the actual response of a quality control (QC) sample was 0.13%.
The percent error of the QC sample decreases exponentially with the number of
measurements. Randomly selected spatially separated measurements provided lower QC
% error than a larger number of measurements that were closely spaced. We propose that
it is necessary to describe the measured populations using an appropriate sample size for
good statistics and consider the interrogation of sufficiently large and well-separated areas

of the sensor surface to achieve a reliable sampling.

3.1 Introduction

Surface-enhanced Raman scattering (SERS) is broadly explored for biomedical research
in a variety of areas, such as diagnosis, bio-imaging, bio-molecule analysis, single-cell and
pathogenic bacteria detection.!? A wide variety of SERS substrates have been developed
and used for specific analytes and biomedical methods.>> SERS-based sensors have a
small footprint, enable multiplexing and their high sensitivity permits single-particle,
single organism and single-molecule detection®’. These characteristics make them ideal
for incorporation into microfluidics devices.® !

SERS-based immunoassay is among the most explored biomedical application of SERS.
SERS immunoassays of different formats have been developed in many labs and their
sensitivity rival the state-of-the-art ELISA method.!'"'® Although SERS immunoassays are
now well-established, there are still aspects that must be considered to make it competitive

to the widely used fluorescence-based methods in ELISA. Large fluctuations in intensities
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caused by heterogeneously distributed electromagnetic hotspots in the sensing area are
inherent to the SERS technique. There are substantial local optical field variations within
nanometers that are predicted by theory and observed in experiments.'? These fluctuations
can affect the reliability and reproducibility of the SERS readout, particularly at low
concentrations (pM and lower). A considerable effort has been devoted to obtain reliable
assay quantification, but those were mostly focused on the optimization of the SERS
substrate or the quality of the SERS probe reporters.®!>17:18

SERS immunoassays at low concentrations require the evaluation of signal from a
surface containing a small number of nanoparticle probes that support the enhancement
effect. Those probes are known in the literature as extrinsic Raman labels (ERLs).!” As
the number of probes present in the sensing surface decreases, the minor dissimilarities and
clustering result in a considerable effect on the magnitude of the SERS intensity response
that may directly interfere with the reproducibility and reliability of the assay.?’ Typically,
a few spectra from different regions of the sensing surface are obtained and their intensities
are averaged and symmetric error bars are reported. This assume that the SERS intensity
from different regions of the sensing surface follows a Gaussian (normal) distribution,?!
which could not be the case at low concentrations. In fact, the sparse distribution of ERLs
along the sensing surface in comparison to the area probed by the laser in a single spot
constitute a classical analytical chemistry sampling issue.® Some groups have attempted to
tackle this problem by increasing the probing area by either using the Raman mapping or
the Raman global imaging technique.?>?* There is a trade-off between the number of
spectra taken and the variation in the assessed relative standard deviation (RSD) of the

areas (intensities) of SERS signals. A decrease in RSD from 20% to 5% when increasing
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the number of spectra from 180 to 2040 was reported for SERS measurements of
rhodamine 6G in thin films.**

Here we examined the spatial distribution of SERS intensities for immunoassays at low
analyte concentrations using a relatively large dataset. The goal is to verify the effect of
the SERS intensity variations, their distribution and the sampling conditions in the accuracy
of the assay. As a proof of concept, a SERS immunoassay for IgG in human serum
detection was developed and the accuracy in the determination of a quality control sample
was evaluated. The sensing surface consisted of a gold-covered glass slide coated with
protein A which was used as a mediator to anchor the anti-human IgG Fc specific antibody.
Various concentrations of IgG from human serum were added to the sensing surface, while
IgM from human serum was used as control. Next, the ERLs containing the Raman reporter
Nile Blue A and anti-human IgG Fc specific were added to the substrates. The ERLs
present in the sensing surface correlated with the amount of adsorbed IgG. A large SERS
dataset was obtained for each IgG concentration through Raman mapping of randomly
chosen regions of the sensing surface. The distribution of SERS intensities for the tested

concentrations of IgG in this assay were all lognormal rather than Gaussian.

3.2 Materials and Methods

3.2.1 Materials

Glass slides (1" x 1" x 0.040") coated with Cr 50 A and Au 100 nm were acquired from
Evaporated Metal Films (EMF Dynasil). PBS pH 7.2 (1X) was purchased from Gibco.
Sodium azide, Protein A from Staphylococcus aureus and Dimethyl sulfoxide (DMSO)

HPLS grade were purchased from Sigma-Aldrich. IgG and IgM from human serum were
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purchased from Sigma. Anti-Human IgG (Fab specific) antibody produced in goat and
Anti-Human IgG (Fc specific) antibody produced in rabbit was purchased from Millipore
Sigma. Nile Blue A perchlorate (NB) and chloroauric acid (HAuCls-3H>0) were purchased
from Aldrich. Sodium citrate salt dihydrate, and polyoxyethylene-20 (tween 20) were
purchased from Biotech. Dithiobis-succinimide propionate (DSP) was purchased from
Thermo Scientific. Ethyl alcohol anhydrous was purchased from Commercial Alcohols.
The Sylgard 184 silicone elastomer kit was purchased from Dow Corning Corporation. All
aqueous solutions were prepared with ultrapure water obtained from a Nanopure
Diamond™, 18.2 MQ.cm at 25 °C. Centrifugation was conducted using an accuSpin Micro

17 from Fisher Scientific.

3.2.2 Synthesis of Gold Nanoparticles (AuNPS)

Colloidal gold nanoparticles (AuNPs) were fabricated by reducing chloroauric acid
(HAuCls-3H,0) with citrate as described elsewhere, with minor changes.”> In a 150 mL
beaker, 99 mL of ultrapure water was brought to boil, covered with a watch glass. Next, 1
mL of a 1% m/v HAuCl4-3H>O solution was added at 800 rpm stirring. After one minute,
I mL of a 1% m/v trisodium citrate solution was added at once and left boiling covered
with the watch glass for 5 minutes. Finally, 1 mL of a 5% m/v sodium azide solution was
added dropwise, and the heat was turned off. The colloid was left stirring until it reached
room temperature (around 45 minutes) and was stored in a glass vial at 4 °C. This synthesis

yields a 31 = 4 nm particle with approximately 2 x 10'® AuNPs/mL.
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3.2.3 Preparation of the extrinsic Raman labels (ERLS)

Briefly, 300 uL. of a 5 uM freshly prepared NB solution in water is added dropwise to 2
mL of the AuNPs at 1000 rpm stirring. After 20 minutes, 230 pL aliquots were separated
into small glass vials. To each aliquot, it was added dropwise 100 pL of a 10 pg.mL"!
antibody solution (i5260-anti-human IgG Fc specific), made from a 20 pg.mL! stock in
PBS 10 times diluted in ultrapure water (PBS-10). This dilution of the PBS was done to
prevent nanoparticle aggregation that happened with the high salt content. The solution in
the vials was left stirring for 30 min. Then, 8 uL of a 5% BSA solution in PBS-10 was
added to each vial and left stirring for 20 minutes. The aliquots were centrifuged for 20
min at 7000 g, then resuspended in 200 puL of PBS-10.

As noted from the description above, the ERLs were prepared by adsorption of the
Raman reporter (NB) to the AuNPs, followed by the adsorption of the antibody anti-human
IgG Fc specific, via electrostatic interactions with the capping agent on the AuNPs. Azide-
functionalized gold nanoparticles are used for click-chemistry with alkynes.?®” The azide
promotes NB adsorption with higher efficiency than the same citrate-reduced colloid
without the azide addition. Nile Blue A perchlorate is a cationic oxazine dye that has
properties of both the donor and electron acceptor.?® Azide can act as a hydrogen bond
acceptor,” and we suggest that it interacts with the amine portions of the dye, forming a
hydrogen bond that increases the NB coverage onto the gold nanoparticle. Next, the
antibody associates with the AuNPs through noncovalent forces such as hydrogen bonding,
van der Waals and hydrophobic interactions related to protein structure and surface

charge.® The ERLs contain approximately 100 antibodies per gold nanoparticle. The
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number of antibodies per gold nanoparticle was calculated based on the amount of
antibodies added to the gold nanoparticles.

To investigate if the binding capacity of the ERLs is adequate, a lateral flow assay
(LFA)*! was conducted (see Appendix A - Figure A-S1). The results from the LFA
confirmed that the ERLs had a high affinity to the antigen with no significant cross
reactivity with the IgM referenced as negative control. The LFA results suggest that the
distribution of orientations of the antibodies adsorbed on the ERLs allow sufficient
exposure of the Fab specific regions to interact with the antigen IgG from human serum.
Other control experiments confirmed that the adsorption of the antibody does not decrease
the Raman signal from NB. Therefore, there is no evidence of displacement of the NB after

the antibody is attached to the probe.

3.2.4 PDMS Fabrication

A silicon wafer was used as a base to prepare poly(dimethylsiloxane) (PDMS) masks to
define the sensing surface on the gold-coated glass slide. A 10:1 mixture of a silicone
elastomer base and an elastomer curing agent were poured into a silicon wafer. After
degassing in a desiccator under vacuum, the PDMS was baked at 150 °C for 1 h to
polymerize. The PDMS was then peeled and cut into the same size as the gold-covered
slides, and holes with 5 mm-diameter holes were made to superpose the marked regions in
the slides. A schematic of the assembly is presented in Appendix A (Figure A-S2). The

PDMS masks were washed with water and soap, then rinsed with ethanol and N dried.
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3.2.5 Sensor Surface Modification and SERS-based Immunoassay

A schematic of the assembled platform used in this work is presented in Figure A-S2 of
Appendix A. The gold-covered slides were first marked with an electric pen to determine
regions to be modified and to define the regions for Raman and scanning electron
microscopy (SEM) measurements. The slides were cleaned with piranha solution for 10
min, washed abundantly with ultrapure water and N> dried. The PDMS mask was added
on top of the slides. The holes were superposed with the marked regions. The slide and the
mask were then sandwiched in a 3D-printed platform (Figure A-S2) and clamped together
with a binder clip. To each region of exposed Au, a 50 puL of a 0.002M dithiobis-
succinimide propionate (DSP) solution in dimethylsulfoxide (DMSO) was added for 2
hours. Each well was washed 4x with 50 pL of ultrapure water, followed by the addition
of 20 uL of a 1 mg.mL"! protein A in PBS-10. All the platforms were then put inside of a
humidity chamber and left at 4 °C overnight. Each well was washed with PBS-10 3X, 50
uL/ well followed by the addition of 30 uL of a I mg.mL"! anti-human IgG Fc specific
produced in rabbit, whole antiserum and left 4 °C overnight. The wells were washed with

PBS-10 3X, 50 pL/ well.

3.2.6 Instrumentation

AuNPs and ERLs (AuNPs/NB/antibody) were characterized by dynamic light scattering
(DLS), C-potential, ultraviolet-visible (UV-Vis) and transmission electron microscopy
(TEM). Anton Paar LiteSizer 500 was used to measure the hydrodynamic radius (DLS)
and surface charge ((-potential). The size and shape of the particles were estimated from

UV-Vis spectroscopy measured using a Biotek Cytation 5 (Agilent) plate reader. TEM
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images were taken using a JEOL 1011 Transmission Electron Microscope. SEM images of
the sensor surfaces after the assays described in Figure 3-1E were taken by Hitachi S-4800
scanning electron microscope at 1kV. Raman measurements were recorded on a Renishaw
inVia Raman Microscope. The excitation laser was at 633 nm (He—Ne), and a 50 X Leica
Germany 5660 objective (NA=0.75) was used. SERS maps were recorded in 30 by 30 um?
regions, with 1 uM step size, using a Renishaw MS 20 Encoded stage 100 nm. Each SERS
map consisted of 900 spectra taken using the StreamLine™ image acquisition, 10 seconds
integration time, 10 mW laser power, grating 1200 I/mm, and the Renishaw CCD camera.
StreamLine™ uses a laser line rather than a laser spot to illuminate the surface to be
mapped. Each imaged point of the sample transverses the laser line once with a
synchronized stage motion with the movement of signal on the detector. The detector
accumulates the signal and then reads it, generating an image. The area of the spread beam
is around 0.22 mm? and the power density is around 45.5 mW/mm?. The same assay was
done conventionally, using a laser spot to raster the surface, with 3 seconds integration
time without StreamLine™ maintaining all the other parameters and the results are
comparable. The time required to record a SERS map was reduced from 55 minutes with
a laser spot rastering to 6.5 minutes with StreamLine™. The rapid measurement of the
samples permits an extensive data collection, improving the accuracy of the sensor. Each

pixel size was about 1.1 um? for both mapping modalities.
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3.3 Result and Discussion

3.3.1 Overview of the Immunoassay

Figure 3-1 shows a general scheme for the chemical modification procedures of the
sensing surface and the main concept of the immunoassay. The sensor surface modification
was based on a procedure reported in the literature with a few modifications (Figure 3-1A
- D).>%¥ Oriented antibody immobilization is achieved using protein A as a facilitator.
Protein A has a region that specifically recognizes and binds to the Fc domain of some
mammalian IgG subclasses, such as human, rabbit, pig, and monkey. This antibody
immobilization leaves the Fab region of the antibody well accessible for interaction with

the antigen.>**

Protein A also has a cysteine-rich region opposite to the Fc binding domain region
containing thiol groups. The cysteine-rich region contains thiol groups that have high
affinity to gold and can be linked directly to it through chemisorption. DSP (Figure 3-1A)
is a homo-bifunctional cross-linker containing a disulphide bridge that covalently attaches
to the gold substrate via a thiol bond, forming a self-assembled monolayer (SAM). The
ester moiety of the DSP reacts with the amine functionality on proteins forming stable
amide bonds.*> The amine groups of the cysteine residues in protein A reacts with DSP and
this interaction anchors the protein onto the sensing surface (Figure 3-1B). Figure 3-1D
shows that the immobilized protein A can then interact with the antibody (Figure 3-1C)

forming an IgG-capturing layer on the sensing platform.
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Figure 3-1E shows a scheme for the SERS immunoassay. In the modified areas of the
sensor surface, 30 puL of the desired antigen concentration, IgG from human serum, was
added. Duplicates of seven IgG concentrations were used, ranging from 3.1 to 50.0 ng.mL"
!. Duplicate of two controls, IgM from human serum at 25 ng.mL™' and only PBS-10 were
also run. The platforms were put inside of a humidity chamber for 3 hours and then washed
with PBST-10 (0.1% tween 20 in PBS-10) 3X, 50 puL/ well, followed by PBS-10 2X, 50
uL/ well. Lastly, 30 uL of the freshly prepared ERLs were added to each well for incubation
inside of a humidity chamber for 30 minutes, resulting in the sandwiched architecture
presented in Figure 3-1E. The PDMS mask was then removed, and the whole sensor
surface was washed abundantly with ultrapure water using a wash bottle and N> dried. The
sensor slides were left in a slide box, protected from light, and the marked regions were
then eventually interrogated using a Raman Microscope. The sensors were evaluated
several times, showing no evidence of degradation during an 8-months period. SEM

images of the sensor areas were also obtained.

A second assay was conducted in the same manner, but with higher concentrations of
IgG, ranging from 12.5 to 200.0 ng.mL", and a control, IgM at 25.0 ng.mL". The
calibration curve is on Appendix A, Figure A-S3. After 100.0 ng.mL™! the sensor is not
quantitative anymore and the signal plateaus. Although reliable quantification was not
possible, the SERS-based sensor is still useful as a screening tool in the high concentration

range.
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Figure 3-1. A) DSP structure. B) Scheme of the two protein A regions being a cysteine-
rich that reacts with DSP and a Fc binding domain, that anchors the antibody to the
sensor. C) Representation of the Fab and Fc regions in an antibody. D) Representation of
the sensor chip after modification with DSP, protein A and the antibody. E) Scheme of
the sensor steps for antigen binding and Raman reporter interaction, resulting in the

finalized assay.

3.3.2 ERLs Characterization

Figure 3-2 shows the data for the AuNPs characterization before and after NB and
antibody adsorption to the surface. The UV-Vis maximum absorbance in Figure 3-2A is
due to the excitation of localized surface plasmon resonances (LSPR band). A redshift of

the LSPR peak from 517.4 + 0.1 to 523.2 + 0.1 is evident in Figure 3-2A, suggesting that
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the antibodies have replaced the citrate. The LSPR redshift is caused by a change in the
dielectric constant of the environment around the AuNPs due to the antibody adsorption.*
Similarly, in Figure 3-2B, the dynamic light scattering (DLS) results show an increase in
hydrodynamic diameter due to the adsorption of the protein on the AuNPs.*¢ Figure 3-2C
shows the (- potential of the AuNPs and ERLs. TEM images of AuNPs before and after
IgG adsorption to the particles (ERL) are shown in Figure 3-2A. Only the AuNPs core are
evident in the TEM due to the high density of the gold and the presence of the adsorbed
protein cannot be inferred by TEM. The TEM images were analyzed using Image J
software to determine the AuNPs size. The diameters of 2065 AuNPs were measured, and
an average value of 31 + 4 nm was determined. Table 3-1 summarizes the averages of

triplicate DLS, (- potential and UV-Vis measurements for both AuNP and ERLs.
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Figure 3-2. A) Normalized UV-Vis and TEM images, B) Dynamic light scattering (DLS)
and C) - potential for the gold nanoparticles and the gold nanoparticles with anti-human

IgG adsorbed on the surface (ERLS).
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(AUNP/NB/AD).
. Hydrodynamic | Zeta Potential / UV-Vis peak
Nanoparticle 2
diameter / nm mV wavelength
AuNP 36.8+0.4 -37.6+14 517.4+0.1
AUNP/NBYanti- 53.9 + 0.5 181409 523.2:+0.1
human IgG

3.3.3 SERS Mapping and Intensity Distribution

Typical Raman mappings obtained for different concentrations of antigens are
presented in Figure 3-3A. The advantage of using NB as a Raman reporter for the ERLSs is
that it is a chromophore with a large Raman cross-section. Additionally, the excitation laser
line at 632.8 nm overlaps with the absorption spectrum of NB, centred at 630 nm, resulting
in a resonance Raman (RR) condition. Therefore, the Raman spectra contains a double
enhancement contribution (SERS and RR, also known as surface-enhanced resonance
Raman scattering - SERRS) providing the very strong Raman signature required for the
detection of single particles in this assay.”’ Each spectrum in a Raman mapping was
individually baseline corrected using the Savitsky-Golay signal removal method, described
elsewhere (Figure A-S4 of Appendix A).*® The area under the NB phenoxazine ring mode,
centered at 592 cm’!, was identified using the Peakfit function in the MATLAB® software
followed by integration. Peakfit was applied to cover a range of 15 wavenumbers in each
side of the centered peak, with Lorentzian peak shape and 20 iterations to fit until the fitting
error was minimized. Hence, the color scale in Figure 3-3A indicates the area under the
NB SERS peak (dubbed in this work as “SERS intensity”) at different positions on the

sensor surface. Eight 900 pm? random regions of the 7.1 mm? sensor surface were mapped,
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and duplicate measurements were performed in at least four of them. In total, 7200 spectra
were recorded for each sensor surface totaling sixty-four thousand measurements (7200 for
sample, and 9 sensor surfaces at different concentrations of the analyte plus the controls).
Figure 3-3B shows representative distributions of SERS intensities with a lognormal fitting
(NB SERS Intensities) produced from the SERS maps (Figure 3-3A) obtained at different
concentrations. SEM images were also obtained for all sensing surfaces containing the
ERLs for the different concentrations investigated. Representative SEM images are shown

in Figure 3-3C, for three concentrations of IgG.
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Figure 3-3. A) Color Maps of Intensity of Raman measurements for selected
concentrations (3.1, 19.0 and 50.0 ng.mL™?). B) Population distribution, bin size for each
histogram was around 60, with experimental and log normal fitting, and %RMSE (% root
mean square error) displayed for selected populations. C) SEM of an area of the selected

populations at 50 K and 1kV.
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The number of ERLSs on the sensor surface scales with the concentration of the analyte
(see Figure 3-4). It is also important to notice that, as the concentration of the analyte
decreases, there are less ERL particles probed within the 1.1 um? laser spot. The small
number of particles probed by the laser leads to intensity variations and a skewed
(lognormal) intensity distribution. The number of ERLs were further quantified for eight
2.5 x 1.9 um? SEM images of random areas of the sensor surface for each concentration of

the IgG analyte.

3.3.4 Population Distribution

The SERS intensity distribution histograms (Figure 3-3B and Figure A-S4 in Appendix
A) indicate that a small number of ERLs have highly efficient hotspots, generating SERS
signals that are several orders of magnitude higher than the normal Raman scattering
measured for the rest of the population, resulting in a SERS intensity population
distribution skewed towards a long tail. This type of lognormal intensity distribution has
been reported for single-particle SERS measurements.?>"** A lognormal distribution was
also described for SERS experiments at low concentrations, but non-single molecule
regime, in which small clusters or multiple separated probes are interrogated under the
laser beam.'33” Coupled particles, clusters, and protrusions strongly affect the local field
enhancement and introduce strong variations. These variations become more apparent for
surfaces that are not densely packed with the ERLs probe. The use of a gold film as a
support substrate for the assay also potentially influence the statistic of the distributions
through the creation of additional hotspots between the ERL probes and the metal film.
These additional hotspots arise from a coupling between the LSPR of the AuNPs and the

thin gold film.*’ In densely ERL-packed substrates, the rare events are less significant
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relative to the total amount of ERLs under a single laser spot in each measurement;
therefore, a Gaussian distribution is more likely.>® Percent root mean square error (%
RMSE) was calculated for all the measured populations and some representative examples
are listed in Figure 3-3B. The %RMSE shows the percent deviation of the fitted data points
over the mean for each population. The numbers range from 1.6 to 3.6% for the different
IgG concentrations. These low %RSME values confirm that the lognormal populations fits
are accurate.

The population distributions displayed in Figures 3-10 and 3-3B reflect the statistics of
rare events due to a small number of highly enhanced ERL probes. Typically, SERS
immunoassays reports from the literature involves the collection of a certain number of
single point SERS data from different areas of the sensor surface, and the average intensity
is reported with symmetric error bars. This procedure is correct when the ERL
concentration of the probe is high enough for a normal distribution, but a lognormal

behavior is dominant at low concentrations.

3.3.5 Sensor Performance

Figure 3-4A is the calibration curve generated from the SERS intensity distributions for
each concentration of the analyte. A linear calibration curve was constructed with the
median SERS intensity of the populations with superposed box plots for each detected
concentration.*! Box plots represent the distribution within the dataset and enables to
visualize the data in a more integrated way.*? The middle line corresponds to the median
value of a dataset, the box comprises of the 25" to 75" percentiles, and the whiskers
represent Sth and 95th percentiles. The mean is also shown in Figure 3-4 as the small

squares above the median (see also Figure A-S3). Since the SERS intensity distributions
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for the assay are non-Gaussian (Figure 3-3B), it is a more accurate way to represent the
range of variations of the measurements within a population. When a calibration curve is
constructed with mean values and symmetric error bars based on standard deviation of the
populations, the large distribution of intensities is not shown, and the error bars are often
smaller than the variations of the data points. The datasets have a considerable spread of

values due to the SERS effect.

SEM images were taken for all the IgG concentrations. Eight images, making up 38.1
um? of substrate per concentration were used to construct the plot in Figure 3-4B. The
number of ERLs were counted (example of images on Figure 3-3C) within that fixed area
and correlated to the median SERS intensity of the populations. The number of ERLs are
displayed as a box plot for each concentration, so the spread of values is readily seen. The
results of Figure 3-4B show a linear relationship. This direct relationship indicates that
even when high variations in SERS intensities is observed, it is still possible to correlate

their median value with the number of ERLs probed within the laser spot.
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Figure 3-4. A) Box Plot superposed with a calibration curve generated by the median of
the intensities under the NB peak for the 7200 measurements for each related 1gG
concentration. A control, IgM 25 ng.mL™, and a validation point (19 ng.mL™ 1gG) were
also measured. B) Box plots superposed with calibration curve for number of ERLS

(within 38.1 pm?) on the substrate surface correlated with the signal median of the assay.

A quality control sample (QC) with a known concentration of IgG equals to 19.0
ng.mL"! was also measured to further validate the assay (indicated in Figure 3-4A). The %
error of the predicted versus the actual concentration value determined by our assay for the
QC sample was 0.13%. The limit of detection (LOD) and limit of quantification (LOQ)
were calculated at a 95% confidence level. LOD was defined as the analyte concentration
that produces a signal three times larger than the standard deviation and LOQ as 10 times
the standard deviation of the blank. LOD was determined to be 1.11 ng.mL"! or 7.39 pM

and LOQ as 9.04 ng.mL"! or 60.30 pM for IgG, within a 95% confidence level.

3.3.6 Impact of Number of Measurements in the Assay’s Accuracy

Figure 3-3B demonstrated that the intensity distributions in SERS immunoassays at

low concentrations do not follow a normal behavior. The use of medians and boxplots
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provides a better representation of the calibration curves that explicitly shows the intensity
variations for the ERLs distributed on the sensing surface. The robust statistics in Figure
3-3 were obtained by several maps and a large number of SERS spectra (at least 7200
spectra per sample). This massive number of data/spectra led to better accuracy in the
SERS-based immunoassay presented here. Since minor variations in the arrangements of
the atoms in the ERLs may generate substantial fluctuations of SERS intensity, more
measurements are required to account for the large uncertainties that translate to the
analytical calibration curves when under-sampled. However, it is important to explore the
sampling limitations a bit further to find a compromise between accuracy and the time
required for the assay. This information is essential for a wide application of SERS

immunoassays.

Figure 3-5 shows the % error in the QC sample when 10, 25, 50, 200 single
measurements are selected for each population and for the validation sample and used to
construct calibration curves. This is compared with the assay with the total number of
measurements (7200) and its QC % error. Each of the random measurements represent a
single point spectrum obtained in different areas of the sensor surface. Typically, in the
SERS field, researchers use 10 to 20 random spectra to account for SERS intensity

variations.
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Figure 3-5. Percent error in the QC sample with assays constructed with 10, 25, 50, 200
randomly selected measurements out of the measurement pool compared with the 7200

measurements of the full assay.

Figure 3-5 shows that, for immunoassays at low concentrations, this level of sampling
is not enough to provide an accurate determination. Figure 3-5A shows that % error
improves asymptotically with the number of measurements, going from 62.6% to 0.13%
error with more measurements. A good compromise between time used to measure and
low % error is 200 spectra measured, with an % error of 1.61%. This result agrees with
previous studies that indicate that 100s of measurements are necessary to obtain
statistically relevant parameters for SERS reproducibility.?* Another interesting aspect is
that the quality of the determination improves when the sampling is distributed over a wide
area. For instance, a single SERS map with 900 spectra (covering an area of 30 x 30 pm?)
region can lead to a relatively large error in the determination because all 900 spectra were
obtained close to each other. Even 4 maps from different areas (42.4 % error) were not

enough to recover the same level of accuracy than compared to only 25 random
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measurements of very distinct regions on the sensor surface. It seems that randomly
interrogated spots may better account for the non-homogeneity of the ERLS response and
distribution in different regions of the sensor surface. Although the level of variability
depends on the substrate and ERLs, this study indicates that fewer measurements of
spatially distant regions provide better accuracy than many measurements that are close
together, increasing the quality of the immunoassay with less time spent on the data
acquisition. The presented experimental data is comprised of duplicate experiments, done
separately, and following the same procedure. When QC is calculated for the two datasets,

the % difference between the obtained QC values was 3.8%.

3.4 Conclusion

We propose that an approach to improve the application of SERS as an analytical tool
lies in embracing the inherent variations of the method and a better understanding of the
SERS sampling limitations. This contrasts to a large body of previous investigation that
focused on improving the homogeneity of the SERS substrates. In the case of
immunoassays, a sufficiently large number of measurements accounts for the SERS effect
inherent over-expression of minor dissimilarities and clustering in the sensor surface. Not
only the size but also the distance between interrogated areas should be considered for a
more reliable sampling. In addition, a more thorough population description and
appropriate statistical analysis of each concentration regimen (low to ultra-low regimens -

pM and smaller), and high concentrations (nM to uM and up) of SERS reporters should be

considered.



78

3.5 References

Q) Liang, X.; Li, N.; Zhang, R.; Yin, P.; Zhang, C.; Yang, N.; Liang, K.; Kong, B.
Carbon-Based SERS Biosensor: From Substrate Design to Sensing and Bioapplication.
NPG Asia Mater 2021, 13 (1), 8.

(2 Pang, Y.; Wan, N.; Shi, L.; Wang, C.; Sun, Z.; Xiao, R.; Wang, S. Dual-
Recognition Surface-Enhanced Raman Scattering (SERS) Biosensor for Pathogenic
Bacteria Detection by Using Vancomycin-SERS Tags and Aptamer-Fe304@Awu.
Analytica Chimica Acta 2019, 1077, 288—296.

3) Hu, B.; Pu, H.; Sun, D.-W. Multifunctional Cellulose Based Substrates for SERS
Smart Sensing: Principles, Applications and Emerging Trends for Food Safety Detection.
Trends in Food Science & Technology 2021, 110, 304-320.

(4)  Wu, X.; Wu, P.; Gu, M.; Xue, J. Ratiometric Fluorescent Probe Based on AuNCs
Induced AIE for Quantification and Visual Sensing of Glucose. Analytica Chimica Acta
2020, 1104, 140-146.

(5) Li, J.; Yan, H.; Tan, X.; Lu, Z.; Han, H. Cauliflower-Inspired 3D SERS Substrate
for Multiple Mycotoxins Detection. Anal. Chem. 2019, 91 (6), 3885-3892.

(6) Fan, M.; Andrade, G. F. S.; Brolo, A. G. A Review on Recent Advances in the
Applications of Surface-Enhanced Raman Scattering in Analytical Chemistry. Analytica
Chimica Acta 2020, 1097, 1-29.

(7 Langer, J.; Jimenez de Aberasturi, D.; Aizpurua, J.; Alvarez-Puebla, R. A.; Auguie,
B.; Baumberg, J. J.; Bazan, G. C.; Bell, S. E. J.; Boisen, A.; Brolo, A. G.; Choo, J.; Cialla-
May, D.; Deckert, V.; Fabris, L.; Faulds, K.; Garcia de Abajo, F. J.; Goodacre, R.; Graham,

D.; Haes, A. J.; Haynes, C. L.; Huck, C.; Itoh, T.; Kall, M.; Kneipp, J.; Kotov, N. A;;



79

Kuang, H.; Le Ru, E. C.; Lee, H. K,; Li, J.-F.; Ling, X. Y.; Maier, S. A.; Mayerhofer, T.;
Moskovits, M.; Murakoshi, K.; Nam, J.-M.; Nie, S.; Ozaki, Y.; Pastoriza-Santos, |.; Perez-
Juste, J.; Popp, J.; Pucci, A.; Reich, S.; Ren, B.; Schatz, G. C.; Shegai, T.; Schlicker, S.;
Tay, L.-L.; Thomas, K. G.; Tian, Z.-Q.; Van Duyne, R. P.; Vo-Dinh, T.; Wang, Y.; Willets,
K. A.; Xu, C.; Xu, H.; Xu, Y.; Yamamoto, Y. S.; Zhao, B.; Liz-Marzan, L. M. Present and
Future of Surface-Enhanced Raman Scattering. ACS Nano 2020, 14 (1), 28-117.

(8) Zhang, X.; Zhang, H.; Yan, S.; Zeng, Z.; Huang, A.; Liu, A.; Yuan, Y.; Huang, Y.
Organic Molecule Detection Based on SERS in Microfluidics. Sci Rep 2019, 9 (1), 17634.
9) Litti, L.; Trivini, S.; Ferraro, D.; Reguera, J. 3D Printed Microfluidic Device for
Magnetic Trapping and SERS Quantitative Evaluation of Environmental and Biomedical
Analytes. ACS Appl. Mater. Interfaces 2021, 13 (29), 34752-34761.

(10)  Panneerselvam, R.; Sadat, H.; Hohn, E.-M.; Das, A.; Noothalapati, H.; Belder, D.
Microfluidics and Surface-Enhanced Raman Spectroscopy, a Win—-Win Combination? Lab
Chip 2022, 22 (4), 665-682.

(11) Lopez, A.; Lovato, F.; Hwan Oh, S.; Lai, Y. H.; Filbrun, S.; Driskell, E. A.;
Driskell, J. D. SERS Immunoassay Based on the Capture and Concentration of Antigen-
Assembled Gold Nanoparticles. Talanta 2016, 146, 388-393.

(12) Granger, J. H.; Granger, M. C.; Firpo, M. A.; Mulvihill, S. J.; Porter, M. D. Toward
Development of a Surface-Enhanced Raman Scattering (SERS)-Based Cancer Diagnostic
Immunoassay Panel. Analyst 2013, 138 (2), 410-416.

(13) Wang, G.; Lipert, R. J.; Jain, M.; Kaur, S.; Chakraboty, S.; Torres, M. P.; Batra, S.

K.: Brand, R. E.; Porter, M. D. Detection of the Potential Pancreatic Cancer Marker MUC4



80

in Serum Using Surface-Enhanced Raman Scattering. Anal. Chem. 2011, 83 (7), 2554—
2561.

(14) Wang, G.; Park, H.-Y.; Lipert, R. J.; Porter, M. D. Mixed Monolayers on Gold
Nanoparticle Labels for Multiplexed Surface-Enhanced Raman Scattering Based
Immunoassays. Anal. Chem. 2009, 81 (23), 9643-9650.

(15) Camacho, S. A.; Sobral-Filho, R. G.; Aoki, P. H. B.; Constantino, C. J. L.; Brolo,
A. G. Immunoassay Quantification Using Surface-Enhanced Fluorescence (SEF) Tags.
Analyst 2017, 142 (15), 2717-2724.

(16) Camacho, S. A.; Sobral-Filho, R. G.; Aoki, P. H. B.; Constantino, C. J. L.; Brolo,
A. G. Zika Immunoassay Based on Surface-Enhanced Raman Scattering Nanoprobes. ACS
Sens. 2018, 3 (3), 587-594.

(17) Nolan, J. P.; Duggan, E.; Condello, D. Optimization of SERS Tag Intensity,
Binding Footprint, and Emittance. Bioconjugate Chem. 2014, 25 (7), 1233-1242.

(18) Freeman, L. M.; Pang, L.; Fainman, Y. Self-Reference and Random Sampling
Approach for Label-Free Identification of DNA Composition Using Plasmonic
Nanomaterials. Sci Rep 2018, 8 (1), 7398.

(19) Narayanan, R.; Lipert, R. J.; Porter, M. D. Cetyltrimethylammonium Bromide-
Modified Spherical and Cube-Like Gold Nanoparticles as Extrinsic Raman Labels in
Surface-Enhanced Raman Spectroscopy Based Heterogeneous Immunoassays. Anal.
Chem. 2008, 80 (6), 2265-2271.

(20) Crawford, A. C.; Skuratovsky, A.; Porter, M. D. Sampling Error: Impact on the
Quantitative Analysis of Nanoparticle-Based Surface-Enhanced Raman Scattering

Immunoassays. Anal. Chem. 2016, 88 (12), 6515-6522.



81

(21) Limpert, E.; Stahel, W. A. Problems with Using the Normal Distribution — and
Ways to Improve Quality and Efficiency of Data Analysis. PLOS ONE 2011, 6 (7), e21403.
(22)  Schliicker, S.; Schaeberle, M. D.; Huffman, S. W.; Levin, I. W. Raman
Microspectroscopy: A Comparison of Point, Line, and Wide-Field Imaging
Methodologies. Anal. Chem. 2003, 75 (16), 4312-4318.

(23) Tian, Y.; Wu, P.; Liu, Q.; Wu, X.; Hou, X. Mapping for Total Surface-Enhanced
Raman Scattering to Improve Its Quantification Analysis. Talanta 2016, 161, 151-156.
(24) Mabbott, S.; Xu, Y.; Goodacre, R. Objective Assessment of SERS Thin Films:
Comparison of Silver on Copper via Galvanic Displacement with Commercially Available
Fabricated Substrates. Analytical Methods 2017, 9 (33), 4783-4789.

(25) Shaw, C. P.; Fan, M.; Lane, C.; Barry, G.; Jirasek, A. I.; Brolo, A. G. Statistical
Correlation Between SERS Intensity and Nanoparticle Cluster Size. J. Phys. Chem. C
2013, 117 (32), 16596-16605.

(26) Brennan, J. L.; Hatzakis, N. S.; Tshikhudo, T. R.; Razumas, V.; Patkar, S.; Vind,
J.; Svendsen, A.; Nolte, R. J. M.; Rowan, A. E.; Brust, M. Bionanoconjugation via Click
Chemistry: The Creation of Functional Hybrids of Lipases and Gold Nanoparticles.
Bioconjugate Chem. 2006, 17 (6), 1373-1375.

(27)  Elliott, E. W.; Ginzburg, A. L.; Kennedy, Z. C.; Feng, Z.; Hutchison, J. E. Single-
Step Synthesis of Small, Azide-Functionalized Gold Nanoparticles: Versatile, Water-
Dispersible Reagents for Click Chemistry. Langmuir 2017, 33 (23), 5796-5802.

(28) Douhal, A. Photophysics of Nile Blue A in Proton-Accepting and Electron-

Donating Solvents. J. Phys. Chem. 1994, 98 (50), 13131-13137.



82

(29) Lockhart, C. L.; Conger, M. A.; Pittman, D. S.; Liptak, M. D. Hydrogen Bond
Donation to the Heme Distal Ligand of Staphylococcus Aureus IsdG Tunes the Electronic
Structure. J Biol Inorg Chem 2015, 20 (5), 757-770.

(30) Kozlowski, R.; Ragupathi, A.; Dyer, R. B. Characterizing the Surface Coverage of
Protein-Gold Nanoparticle Bioconjugates. 2019, 24.

(31) Koczula, K. M.; Gallotta, A. Lateral Flow Assays. Essays Biochem 2016, 60 (1),
111-120.

(32) Hirlekar Schmid, A.; Stanca, S. E.; Thakur, M. S.; Thampi, K. R.; Raman Suri, C.
Site-Directed Antibody Immobilization on Gold Substrate for Surface Plasmon Resonance
Sensors. Sensors and Actuators B: Chemical 2006, 113 (1), 297-303.

(33) lijima, M.; Kadoya, H.; Hatahira, S.; Hiramatsu, S.; Jung, G.; Martin, A.; Quinn,
J.;Jung, J.; Jeong, S.-Y.; Choi, E. K. Nanocapsules Incorporating 1gG Fc-Binding Domain
Derived from Staphylococcus Aureus Protein A for Displaying IgGs on Immunosensor
Chips. Biomaterials 2011, 32 (6), 1455-1464.

(34) Turkova, J. Oriented Immobilization of Biologically Active Proteins as a Tool for
Revealing Protein Interactions and Function. Journal of Chromatography B: Biomedical
Sciences and Applications 1999, 722 (1-2), 11-31.

(35) Lua, B.; Smytha, M. R.; O’Kennedyb, R. Oriented Immobilization of Antibodies
and Its Applications in Lmmunoassays and I m m u Nosensors. 1996, 121, 4.

(36) Zimbone, M.; Baeri, P.; Calcagno, L.; Musumeci, P.; Contino, A.; Barcellona, M.
L.; Bonaventura, G. Dynamic Light Scattering on Bioconjugated Laser Generated Gold

Nanoparticles. PLOS ONE 2014, 9 (3), e89048.



83

(37) lzumi, C. M. S.; Moffitt, M. G.; Brolo, A. G. Statistics on Surface-Enhanced
Resonance Raman Scattering from Single Nanoshells. J. Phys. Chem. C 2011, 115 (39),
19104-19109.

(38) Schulze, G.; Jirasek, A.; Yu, M. M. L.; Lim, A.; Turner, R. F. B.; Blades, M. W.
Investigation of Selected Baseline Removal Techniques as Candidates for Automated
Implementation. Appl Spectrosc 2005, 59 (5), 545-574.

(39) dos Santos, D. P.; Temperini, M. L. A.; Brolo, A. G. Intensity Fluctuations in
Single-Molecule Surface-Enhanced Raman Scattering. Acc. Chem. Res. 2019, 52 (2), 456—
464.

(40)  Sisco, P. N.; Murphy, C. J. Surface-Coverage Dependence of Surface-Enhanced
Raman Scattering from Gold Nanocubes on Self-Assembled Monolayers of Analyte. J.
Phys. Chem. A 2009, 113 (16), 3973-3978.

(41) Limpert, E.; Stahel, W. A.; Abbt, M. Log-Normal Distributions across the Sciences:
Keys and Clues: On the Charms of Statistics, and How Mechanical Models Resembling
Gambling Machines Offer a Link to a Handy Way to Characterize Log-Normal
Distributions, Which Can Provide Deeper Insight into Variability and Probability—
Normal or Log-Normal: That Is the Question. BioScience 2001, 51 (5), 341-352.

(42) Moeini, B.; Haack, H.; Fairley, N.; Fernandez, V.; Gengenbach, T. R.; Easton, C.
D.; Linford, M. R. Box Plots: A Simple Graphical Tool for Visualizing Overfitting in Peak
Fitting as Demonstrated with X-Ray Photoelectron Spectroscopy Data. Journal of Electron

Spectroscopy and Related Phenomena 2021, 250, 147094.



84

Chapter 4: A Digital SERS Protocol for the Determination of

SARS-CoV-2 in Saliva Samples

This chapter is based on the work: “A Digital SERS Protocol for the Determination of
SARS-CoV-2 in Saliva Samples” by Ariadne Tuckmantel Bido and Alexandre G. Brolo
currently under review - manuscript ID: se-2023-001727.

ATB performed all experiments, data treatment and helped with writing of the

manuscript.

Surface-enhanced Raman (SERS)-based immunoassays are emerging as a solution
for early diagnosis and screening of diseases. SERS as a readout strategy brings high
sensitivity, the possibility of simultaneous detection of distinct markers, sensor stability
and limits of detection that extend to ultra-low concentrations (pM range). Here, we
focused on SERS-based heterogeneous immunoassays, in which the number of extrinsic
Raman labels (ERLS) at the sensor surface is related to the concentration of the intended
target. The ERLs are selective to the target and boost the signal of a Raman reporter.
However, as the concentration of the target biomarker decreases, the number of ERLS per
unit of area (mm?) also decreases, leading to a small number of ERLs being probed within
an exciting laser spot. This poor sampling adds to the large intensity variations inherent to
the SERS effect, resulting in a loss in the linearity between the SERS signal and the
marker/target analyte concentration. This characteristic has rendered SERS-based

immunoassays unreliable for quantification at low bioanalyte concentrations (pM or less).
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We propose the use of a digital quantification protocol to overcome this problem. A SERS-
based sandwich immunoassay was developed for the detection of the SARS-CoV-2 S1-S2
spike protein in saliva. A conventional data analysis was compared to the digital protocol
for the same dataset. The digital protocol recuperated good linearity for the calibration
curve of S1-S2 Spike protein determination. The digital quantification protocol is simple
and can be applied to any labeled SERS-based heterogeneous immunoassays in low-

concentration regimens (pM or less).

4.1 Introduction

SERS-based immunoassays have unique advantages over other methods.! Firstly,
SERS-based systems can reach sensitivities up to the single molecule (SM) regimen due to
the large enhancement of the Raman signal caused by the localization and amplification of
the optical excitation (and scattering) by surface plasmon resonances.” This phenomenon
enables the construction of assays with very low limits of detection.’ Secondly, Raman
bands are narrow (a few nm), permitting efficient spectroscopic encoding and high
throughput multiplexing assays.*® This feature contrasts with the widely used fluorescent-
based assays, such as ELISA, in which the broad emission bands lead to large spectral
overlap.>’ Thirdly, SERS is less prone to sample bleaching and quenching as long as the
laser power is properly controlled.®® The high stability of these sensors permits a vast
number of measurements without a time limitation. Fast and sensitive SERS immunoassays
have been employed for SARS-CoV-2 detection in saliva, with results better than the
commercially available lateral flow tests, by aggregation of immunocomplexes with gold-

coated magnetic nanoparticles.'”
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There are different formats of SERS-based immunoassays, namely heterogeneous,
homogeneous, competitive and noncompetitive assays and they can be either labeled or
non-labeled.!! Here we focus in a labeled, heterogeneous and noncompetitive assay.® The
SERS probes are called extrinsic Raman labels, or ERLs.!? It consists of gold nanoparticles
that contains Nile Blue (NB), a strong Raman scatterer, and an antibody against the S1
subunit of the SARS-CoV-2 spike protein as a recognition element. Generally, in these
types of two-site or sandwich immunoassays, the SERS intensities of the Raman reporter
present on the ERLs are directly correlated to the antigen concentration.

SERS-based sandwich immunoassays have been used quantitatively.*!*!* They usually
rely on a linear relationship between the average Raman intensity of a particular spectral
feature of a SERS reporter and the concentration of the target analyte.*!>!® However, this
approach becomes challenging as the concentration of the analyte decreases and the
probability of a statistically significant number of SERS probes to be illuminated by the
laser excitation also decreases.!>!” Additionally, there is large variation of signal intensities
attributed to the non-homogenous distribution of hotspots around the Raman reporters
present at the surface of the ERLs.'®2

In this study, we constructed a SERS-based sandwich assay for detection of SARS-
CoV-2 (2019-nCoV) spike F + S2 ECD-His recombinant protein, dubbed S1-S2 spike
protein, in saliva in the pM range. A conventional data analysis using SERS intensities was
compared to a digital quantification protocol for this system. The digital protocol counts or
“digitizes” the SERS signal by attributing 1 or 0 for intensity values above or below a
threshold.?! The rationale for this procedure assumes a high probability of having either

none or one (or a small number) of ERL under the illuminated laser at ultralow
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concentrations. This approach was introduced by our group in the context of ultralow
quantification (pM) in single-molecule SERS (SM-SERS) conditions.?? Later, similar
approaches were implemented by other groups even in SERS-based immunoassays. For
instance, the digital protocol was used to filter the background noise on signal
quantification for a sensing platform for SARS-Cov-2.> The calibration curve was
constructed by plotting the digital counts multiplied by the Raman intensities, filtering the
signal below a defined threshold. A second group used the digital protocol to filter false
signals by applying a classical least squares (CLS) approach in a dual-reporter SERS
bioassay for detection of human o-thrombin.?* A signal was considered true only if the
measurement contained the peak of the Raman reporter present on the sensor and the
second Raman reporter present in the ERL.

In this paper, we developed a purely digital SERS protocol that relates the count
number to antigen concentration. The procedure does not require expert statistical
knowledge and was applied to a single Raman reporter present in the ERLs. The sensor
was used to detect S1-S2 spike protein in human saliva samples. The assay presented a
LOD of 6.3 ng/mL or 34.9 pM and a LOQ of 19.0 ng/ mL or 105.7 pM, within a 95%

confidence level.

4.2 Materials and Methods

4.2.1 Materials

Glass slides (1" x 1" x 0.040") coated with Cr 50 A and Au 100 nm were purchased from

Evaporated Metal Films (EMF Dynasil). SARS-CoV-2 (2019-nCoV) Spike S2 Antibody
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and SARS-CoV-2 (2019-nCoV) Spike S1 + S2 ECD-His Recombinant Protein, dubbed in
this manuscript as S1-S2 Spike Protein for simplicity, were purchased from Sino
Biological. Anti-Spike S1 Monoclonal Antibody (SARS-CoV-2) was purchased from BPS
Bioscience. SARS wt Spike (TEV foldon his) used as a control was provided by
ImmunoPrecise Antibodies (IPA). PBS pH 7.2 (1X) was purchased from Gibco. Sodium
azide, Bovine Serum Albumin (BSA), 3-mercaptopropionic acid (3 MPA), 11-
mercaptoundecanoic acid (11 MUA) and ethanolamine-hydrochloride were purchased from
Sigma-Aldrich. Nile Blue A perchlorate, or Nile Blue (NB) and chloroauric acid
(HAuCl4-:3H2O) were purchased from Aldrich. Sodium citrate salt dihydrate, and
polyoxyethylene-20 (tween 20) were purchased from Biotech. N-ethyl-N’-(3-
diethylaminopropyl) carbodiimide (EDC) and sulfo-(N-hydroxysulfosuccinimide sodium
salt (sulfo NHS) were purchased from ProteoChem™; HS-PEG-COOH, MW 3000 and
methoxy -PEG-thiol, MW 5000 were purchased from Rapp Polymere. Ethyl alcohol
anhydrous was purchased from Commercial Alcohols. The Sylgard 184 silicone elastomer
kit was purchased from Dow Corning Corporation. Disposable sterile biopsy punches 5
mm were purchased from Ted Pella, Inc. Tissue culture dishes,35 mm, surface treated and
sterile was purchased from VWR (Avantor).

All aqueous solutions were prepared with ultrapure water obtained from a Nanopure
Diamond™, 18.2 MQ.cm at 25 °C. Centrifugation was conducted using an accuSpin Micro

17 from Fisher Scientific.
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4.2.2 Synthesis of Gold Nanoparticles (AuNPS)

Colloidal gold nanoparticles (AuNPs) were fabricated by reducing chloroauric acid
(HAuCls-3H,0) with citrate as described elsewhere.? Briefly, 99 mL of ultrapure water
was brought to boil in a 150 mL beaker covered with a watch glass. Next, | mL of a 1%
m/v HAuCls-3H>0 solution was added at 800 rpm stirring for 1 minute, followed by 1 mL
of a 1% m/v trisodium citrate solution. After 5 minutes under stirring, | mL of a 5% m/v
sodium azide solution was added dropwise, and the heat was turned off. The colloid was
left stirring until it reached room temperature and was stored in a glass vial at 4 °C. This
synthesis yields a 31 = 4 nm particle. This size was determined by averaging the diameter
of 2065 AuNPs in TEM images using Image J software. The concentration was estimated
considering the average size of the nanoparticles and the amount of gold added to the

reaction as 2 x 10! AuNPs/mL.

BRED EDC/sulfo-NHS,

HS-PEG-COOH, < K, Anti-SARS-Cov2 81,
HS-PEG- OCH3 i () BSA
—

‘ Nile Blue

(Bare)
AuNP

AuNP+NB
A AuNP+NB+PEG

B ERLs

(AuNP+NB+PEG+Antibody)
(o3

Figure 4-1. Preparation of ERLs. Nile Blue (NB) is adsorbed onto bare gold
nanoparticles (A), followed by PEGylation (B) and covalent biding of anti-SARS-CoV-2

antibody against S1 subunit (C).
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4.2.3 Preparation of the extrinsic Raman labels (ERLS)

The preparation of the ERLSs is depicted in Figure 4-1. To 2 mL of the AuNPs, 300 uL
of a 5 uM freshly prepared NB solution in water was added dropwise at 1000 rpm, under
stirring. NB acts as a Raman reporter and is adsorbed to the AuNPs. The bare AuNP
containing adsorbed NB is called AuNP+NB (Figure 4-1A). Directional conjugation of the
antibody was achieved by pegylating the AuNPs using two thiolated PEGs as described by
Qian et al.?® After 20 minutes of the NB solution addition to the gold colloid, 160 pL of a
200 uM HS-PEG-COOH (3 KDa) PEG solution was added and left stirring for 30 minutes.
Then, 160 pL of a 200 uM methoxy -PEG-thiol (5 Kda) PEG solution was added and let
stirring for 2 hours. Then the nanoparticles were centrifuged at 8000 g for 15 minutes. The
supernatant was discarded, and the nanoparticles were resuspended in 2 mL of ultrapure
water. The particles now have NB adsorbed and a PEG layer and they are referenced as
AuNP+NB+PEG (Figure 4-1B).

The PEG ligands are heterobifunctional, containing a dithiol group that anchors onto the
gold surface and a terminal carboxyl group that is available for a crosslinking reaction with
EDC/sulfo NHS.?” Following the pegylation of the particle (AuNP+NB+PEG), 1 mL
aliquots were separated in glass vials. To each 1 mL aliquot, it was added 8 puL of a freshly
prepared 1 mg.mL™! EDC solution, followed by 16 uL of freshly prepared 1 mg.mL! sulfo
NHS solution, under stirring, for 35 minutes. Then the nanoparticles were centrifuged at
8000 g for 15 minutes and resuspended in 2 mL of PBS-10 (PBS 10 times diluted in
ultrapure water). The colloid was then separated into 500 pL portions, in small glass vials,
and put into vigorous stirring (1600 rpm). 25 uL of anti-SARS-CoV-2 antibody against S1

subunit 0.2 mg.mL"! was added to each vial and then the vials were stirred for 2.5 hours,
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under a specimen cup covered with aluminum foil. The carboxylic moiety of the PEG
reacts with the primary amines in the lysine residues of the antibodies, forming an amide,
anchoring the antibodies in an oriented manner, in which the Fab fragments can be assessed
for antigen binding. 2® This step is very important and if the stirring is not adequate, it can
lead to aggregation of the particles. To each vial, it was then added 50 uL of a 1% BSA
solution in PBS-10 and let stirring for 30 minutes. Then the nanoparticles were centrifuged
at 8000 g for 15 minutes and resuspended in 1 mL of PBS-10. The nanoparticles now are
referenced as ERLs and consist of AuNP+NB+PEG+Antibody (Figure 4-1C).

The binding capacity of the ERLs to the antigen was investigated by a lateral flow assay
(LFA)"2° developed in parallel. The results for the LFA are presented in Appendix B,
Figure B-S1. The LFA indicates that there is a high affinity between the ERLs and the
antigen, S1-S2 Spike protein and no significant cross reactivity with the control, SARS wt

Spike (TEV foldon his).

4.2.4 Sensor Surface Preparation

The sensor surface preparation was based on Holzer et al.*® A self-assembled monolayer
(SAM) is formed on a gold-covered glass slide through the chemisorption of 3-
mercaptopropionic acid (3 MPA) and 11-mercaptoundecanoic acid (11 MUA) via their
thiol functional groups. A SARS-CoV-2 (2019-nCoV) Spike S2 antibody was then
covalently linked to the SAMs via carboxyl to amine crosslinking using EDC/sulfo NHS.
First, the gold-covered glass slides were marked with an electric pen, to demark regions
where the assay would be conducted. Next, the slides were cleaned with piranha solution

for 10 minutes and washed abundantly with ultra-pure water and dried under a N> stream.
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Each clean slide was fit to the lid of a 35 mm tissue culture dish and then put inside a 60 x
15 mm plastic petri dish with 4 mL of the self-assembly forming solution added to the lid.
The SAM forming solution consists of a mixture of 3 MPA and 11 MUA at 10 x 10> M

in 10:1 volume ratio, respectively, in ethanol.

Step 1 Step 2
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Figure 4-2. Functionalization of the gold-covered glass slide showing the stepwise

formation of the self-assembled monolayers (SAMs).

The petri dish was covered with its lid, then covered with aluminum foil and left
undisturbed at room temperature for at least 24 hours for the SAMs formation. The slides
were then washed with ethanol abundantly with a squirt bottle and dried under a N> stream.
The stepwise functionalization of the SAMs is shown in Figure 4-2. A clean gold-covered

glass slide (A) is added to a mixture of 3-mercaptopropionic acid (3-MPA) and 11-
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mercaptoundecanoic acid (11-MUA) in a 10:1 (v:v) ratio (Step 1). This ratio results in a
close-packed, ordered monolayer by chemisorption of the thiol moieties in the gold on the
sensor that offers less steric hindrance and provides better immobilization efficiency of the
antibodies (B).%! The carboxylic terminal ends of the SAMs were activated with EDC/sulfo
NHS (Step 2) for conjugation with the primary amines of the SARS-CoV-2 (2019-nCoV)
spike S2 antibody (C), forming an amide bond (Step 3), and anchoring the antibodies to
the sensor (D).%?*% Nonreacted activated functionalities were blocked with ethanolamide
(Step 4), resulting in an antibody-covered sensor (E).*!

Next, the slides were mounted into a 3D printed assay platform with a PDMS mask
demarking the areas for reactions, described elsewhere.!® Details on this platform are in the
Appendix B (Figure B-S2). Using the PDMS mask A (Figure B-S2A), 600 uL of an
EDC/sulfo-NHS solution (0.2 M EDC and 0.05 M sulfo-NHS) was added to the platform.
The system was placed inside a humidity chamber and left to react for 2 hours. The slides
were then taken out of the platform, washed abundantly with ultra-pure water, and dried
under a N stream. The system was re-assembled with PDMS mask B (Figure B-S2B),
containing 5 mm holes, cut with biopsy punches, and aligned with the marked regions in
the slides. 25 puL of a 100 ug.mL™* SARS-CoV-2 (2019-nCoV) Spike S2 in PBS-10 was
added to each demarked region. The platforms were placed in a humidity chamber, closed
with parafilm overnight at 8 °C. The aqueous contents of the wells were then sucked gently
with a micropipette, and each well was washed with 30 pL of PBS-10, three times. Then,
30 puL of 1M ethanolamide solution was added to each well, and the platforms were left
into the humidity chamber for another one hour. The wells were washed again three times

with 30 uL. of PBS-10. Then 30 pL of 0.5% BSA solution in PBS-10 was added to each
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well for 1 hour and the system was again placed inside the humidity chamber. Then each
well was washed three times with 30 uLL of PBS-10. The finalized sensor surface was stored

in the fridge immersed in PBS-10 for later use.

4.2.5 SERS Immunoassay

30 pL of the spiked antigen in the desired concentrations, ranging from 1.6 ng.mL™ to
50.0 ng.mL* or 1.6 ng.mL™ to 200.0 ng.mL™, prepared in either PBS-10 or diluted saliva,
were added to the sensor surface. Each experiment was performed in duplicates. The
experiments with PBS-10 were performed first, so the protocol could be developed using
a simpler matrix. The results for the assay conducted in PBS-10 together with details of the
data analysis are present as Appendix A. To prepare the diluted saliva, 3.5 mL of saliva
from a healthy volunteer was collected in a 15 mL Falcon tube using the drool method.
The saliva donor volunteer refrained from consumption of anything, but water 45 minutes
before collection. 3.5 mL of PBS-10 was added to the raw saliva samples and the mixture
was vortexed. Aliquots were added to Eppendorf tubes and centrifuged at 6 G for 20
minutes, to remove any cellular debris. The supernatant was collected and spiked with the
appropriated concentration of S1-S2 spike protein. The dilution of the saliva matrix was
required to decrease the viscosity of the sample. It is important to have the same dilution
for all the concentrations. The final dilution ratio was 4X PBS-10 to pure saliva in volume.
For instance, an example of dilution consisted of adding 300 pL of 100.0 ng.mL™ of antigen
(S1-S2 spike protein) prepared in PBS-10 to 300 pL of the 2X diluted saliva, leading to a
50.0 ng.mL™ final solution. Similarly, a 25 ng.mL™ solution was made by adding 300 pL

of 50.0 ng.mL"* of antigen in PBS-10 to 300 pL of the 2X diluted saliva.
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Additionally, a variety of controls were run in duplicates for each assay, including only
PBS-10 or diluted saliva (blank), SARS wt Spike at 25.0 ng.mL™? in either PBS-10 or
diluted saliva (negative control).

The sensor platforms were incubated with the samples for 3 hours inside the humidity
chamber, at room temperature. The slides were washed with 30 uL of PBS-10T (PBS-10
with 0.1% tween 20), twice. This is done by gently aspirating the contents of the PDMS
wells (PDMS mask B, Figure B-S2B), with a micropipette and adding the washing
solutions. Followed by three 30 pL washes with PBS-10 to each PDMS well. The slides
were then stored at this point in a fridge, with 50 pL PBS-10 in each well, inside the
humidity chamber for later use, or conduct the next step straightaway.

The last step of the assay was adding 30 pL of freshly prepared ERLs to each PDMS
well, for 2 hours, inside the humidity chamber, at room temperature. Followed by two 30
uL washes with PBS-10 to each PDMS well. The PDMS was then discarded, and the
sensors were washed abundantly with ultrapure water with a squirt bottle and gently dried

in N2 stream. The slides were then ready to be measured in the Raman system.

4.2.6 Assay Overview

The SERS-based sandwich immunoassay principle is depicted in Figure 4-3. The sensor
surfaces contain anti-SARS CoV-2 antibody against the S2 subunit of the SARS-CoV-2
virus. Different concentrations of the S1-S2 spike protein in either PBS-10 or diluted saliva
plus two controls were added, in duplicates, to separate wells in the PDMS. The antigen
interacts with the antibodies present in the sensor. ERLs are later added to the assay,

containing anti-SARS-CoV-2 antibody against S1 subunit. The antibodies in the ERLs
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interact with the antigen and the amount of ERLs on the surface of the sensor will be lower
for a lower concentration of antigen (Figure 4-3A) and higher for a higher concentration of
antigen (Figure 4-3B). Controls were run to determine background noise from nonspecific

binding and to determine the level of cross-reactivity.
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Figure 4-3. SERS-based sandwich assay principle. Gold-coated glass slides contain anti-
SARS-CoV-2 antibody against S2 subunit. Slides were incubated with different
concentrations of S1-S2 spike protein (antigen) in diluted saliva. Next, the slides were
incubated with modified gold nanoparticles with anti-SARS-CoV-2 antibody against S1
subunit (ERLSs). A) Areas exposed to lower antigen concentration have fewer ERLS on
the sensor surface. B) Areas exposed to higher antigen concentration have more ERLS on

the sensor surface.
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4.2.7 Instrumentation

All nanoparticles were characterized by ultraviolet-visible (UV-Vis), dynamic light
scattering (DLS), (-potential, and transmission electron microscopy (TEM). The size and
shape of the particles were estimated from UV-Vis spectroscopy measured using a Biotek
Cytation 5 (Agilent) plate reader and from TEM images, taken in a Joel 1011 Transmission
Electron Microscope. An Anton Paar LiteSizer 500 was used to measure the hydrodynamic
radius (DLS) and the surface charge ({-potential).

Raman measurements were recorded on a Renishaw inVia Raman Microscope with a
633 nm (He—Ne) excitation laser, and a 50 X Leica Germany 5660 objective (NA=0.75),
10 seconds integration time, 10 mW laser power, grating 1200 I/mm. SERS maps of
random areas of the sensors consisted of 900 spectra of 30 by 30 pm? regions, 1 pm step
size, using StreamLine® image acquisition. The collection time was 6.5 minutes per map,
with the beam spread around 0.22 mm?, the power density of 45.5 mW/mm?, and the pixel
size was 1.1 um®. SEM images were taken from the Raman interrogated surfaces using a
Hitachi S-4800 scanning electron microscope at magnification 50.0k and 1kV. Figure B-
S3 in Appendix B shows an example of SEM image for the PBS-10 sensor surface at 1.56

and 50 ng.mL"! S1-S2 Spike Protein concentration.
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4.3 Results and Discussion

4.3.1 ERLSs Characterization

The particle characterization is presented in Figure 4-4. Figure 4-4A, 4-4B and 4-4C
presents UV-Vis, dynamic light scattering (DLS) and (- potential for the bare AuNP
(denominated AuNP), AuNP+NB-+PEG and ERLs (AuNPs+NB+PEG+Antibody). Table
3-1 compiles the averages of triplicate measurements of UV-Vis and DLS and duplicates
of (- potential measurements for the modified stages of the particle. There was a redshift
of the LSPR peak as the particles were modified, from 523.2 + 0.1 for the bare AuNPs, to
525.1 £ 0.1 for AuNP+NB+PEG and to 525.6 + 0.1 for the ERLs. Similarly, there was an
increase in the DLS from 36.8 + 0.4 to 54.3 £ 0.3 and finally to 80.3 £ 0.2 as the particles
were progressively modified. This increase in size distributions is expected as the particles
are coated with a thiol-PEG layer that then have the COOH moieties covalently linked to
the anti-SARS-CoV-2 antibody forming amide bonds. The (- potential changed from -37.6
+ 1.6 to -30.7 £ 1.2 as the PEG layer was added to the particles. The increase in the C-
potential is an indication of replacement of the citrate layer to the thiol-PEG layer in the
particle. 3¢ After antibody conjugation, the {- potential further increases to -17.3 £ 0.7.
This trend is in accordance to previous observations reported in the literature. 3% Figure
4-4D and 4-4E show TEM images of the bare AuNP and the ERLs. The bare AuNP
particles have an average size of 31 + 4 nm, and there is no change in size of the AuNP

core after conjugation, indicating that there was no significant aggregation.
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Figure 4-4. A) Normalized UV-Vis B) Dynamic light scattering (DLS) and C) (-
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potential for the bare AUNP (AuNP), pegylated (AuNP+NB+PEG) and covalently linked

anti-SARS-CoV-2 antibody against the S1 subunit (ERLSs). D) and E) shows TEM

images for the bare gold nanoparticles and ERLS, respectively.

Table 4-1. UV-Vis and DLS triplicates and (- potential duplicates for bare AuNP,

pegylated AuNPs (AuNP+NB+PEG) and ERLSs.

. UV-Vis peak | Hydrodynamic | Zeta Potential /
Nanoparticle 2
wavelength diameter / nm mV
AUNP 523.2+0.1 36.8+0.4 -37.6+1.6
AuNP+NB+PEG 525.1+0.1 54.3+0.3 -30.7+1.2
ERLs 525.6 +£0.1 80.3+0.2 -17.3+0.7




100

4.3.2 Digital Protocol and Assay Considerations

The assay was first developed in PBS-10, without the saliva matrix. The saliva
introduces a more complex media, with lipids, proteins, and inorganic substances, and is
prone to unspecific binding in the system.*** The results for the assay in saliva will be
presented here, while the data for the experiments conducted in PBS-10 are presented in
Appendix B.

Raman mappings were obtained from immunoassays using all the different tested
concentrations of the S1-S2 spike protein. Three random 30 by 30 pm? maps, with 900
measurements per map, were taken from each sensor surface. The assays were conducted
in duplicate, and each sample was measured twice; therefore, the analyzed dataset
consisted of a total of twelve maps, or 10,800 SERS measurements per concentration of
the analyte in the saliva matrix.

The data analysis (more details are available as Appendix B, Figure B-S4) consists of
baseline correcting each individual spectrum using the Savitsky-Golay signal removal
method, described elsewhere.*' Then, the Peakfit function in the MATLAB software was
applied for NB phenoxazine ring mode, centered at 592 cm’, followed by integration.
Peakfit used a Lorentzian line shape covering a range of 15 wavenumbers around the
centered peak. 20 iterations were used for the fit. A threshold was defined for the digital
quantification protocol, i.e., the attribution of values of 0 (no counts) and 1 (counts) to each
pixel in the mappings. The goal of the digital protocol is to account for the large variation
of the SERS signal observed when the amount of ERLs at the surface illuminated by the
probing laser is small (ultralow concentrations). In this case, the assay considers the

number of counts, rather than SERS signal intensity, for the generation of a calibration
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curve. Figure B-S2 in Appendix B shows an example of the data treatment. The area of the
background (between 610 and 640 cm™) in the vicinity of the NB peak of interest was
measured using a trapz function on MATLAB. The values for this background were
recorded in each spectrum (pixel) and compared to the areas recorded under the NB
phenoxazine ring mode at 592 cm™!. A count of 1 was assigned to the pixel in the mapping
when the NB peak area was three times higher than the background; otherwise, a value of
0 was assigned to the pixel. The signal detection limit set at 3 standard deviations above
the background signal was decided considering the IUPAC definition commonly used in
analytical chemistry for limits of detection (LOD).*?

Figure 4-5 shows representative digital maps for the assay conducted in saliva at
different concentrations of the S1-S2 spike protein. The white squares in Figure 4-5
represent the pixels that were assigned the value of 1, while the black squares indicate the
pixels assigned with a value of 0 (no counts). Additionally, the number of ERLs per um?,
determined independently by scanning electron microscopy (SEM) are shown in red in
Figures 5. The slides were plasma cleaned for 30 minutes before the acquisition of the SEM
images to improve imaging quality and resolution. It is important to emphasize the stability
of the sensor surface. Reproducible results were obtained from the SERS maps even 8
months after the assay (for sensors stored in the fridge, as described above). However, the
plasma cleaning step, required for the SEM, rendered the sensors unresponsive in future
SERS determinations. Six SEM images were taken for each concentration of S1-S2 spike
protein in saliva. In contrast to the experiments with PBS-10 (presented in the Appendix B
file), the use of saliva as matrix made it harder to focus the electron beam on the ERLs for

SEM images, probably due to other proteins and contaminations that remained on the
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sensor surface. Each SEM image was 2.55 um by 1.90 um. As expected, the estimated
number of ERLs per um? increased with the increase of antigen concentration, as denoted

in Figure 4-5. A maximum of ~2.2 ERLs/mm? was reached at 25 ng.mL™" of S1-S2 spike

protein.
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Figure 4-5. Representative digital maps for the saliva assays. The white squares represent
the positive events (assigned as 1), and the black squares are the negative events
(assigned as 0). The estimated number of nanoparticles per um? based on SEM images

are indicated in red.
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The SEM images were further analyzed to estimate the total number of ERLs for each
specific concentration of the antigen. The digital assignment presented in Figure 4-5
assumes that each pixel assigned “1” contains 1 (or a small number of) ERL. Therefore, a
linear relationship between the number density of ERLs and the digital count is expected.

This linear relationship is confirmed in Figure 4-6.
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Figure 4-6. Linear relationship between the number of ERLS on the surface of the sensor

determined by SEMs and the SERS digital counts for the assay in saliva.

It is worth noticing some clustering of the positive events on the digital maps in Figure
4-5. This phenomenon can be explained by two characteristics of the system: 1) a non-
homogeneity of SAMs formation on the sensor surface; and 2) the effect of attinebility.
Next, we will discuss each of those contributions to the clustering observed in the digital
maps (Figures 4-5 and Figure B-S5). SAMs are known to have defects that originate from
imperfections in the arrangement of the molecules at the gold film. The gold film itself
contains coverage imperfections that lead to grain boundaries.** These defects are

attributed to misaligned and missing molecules in the assembly, agglomeration due to self-
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reacted molecules and island formations of SAMs separated by grain boundaries.***> The
idea that SAMs consists of a long range ordered arrays linked by S-Au bonding is an
inaccurate assumption.*® Other than grain boundaries, reported defects on COOH-SAMs
are bilayer formation through hydrogen bonding, laying down “striped” phases, gauche
defects (tangled chains) and non-covered areas (vacancies).*’#*’ XPS measurements for
different SAM preparations, that measured improperly bound thiol for studies of SAMs
quality formation shows large variability on spots of the same sample.*’ The antibodies are
covalently linked to the SAMs and these defects propagates to the distribution of antibody
coverage on the surface of the sensor. Proper orientation of antibodies on the surface of the
assay is critical for biosensor performance, alongside with good coverage.’® Therefore, if
the SAMs are not formed homogeneously, the antibody coverage on the surface would not
be a perfect monolayer in the whole area of the assay. The defects on the COOH-SAMs
suggest a patched formation of antibody coverage on the gold substrate. Additionally, the
attinebility might play a role in this system. Attinebility refers to a localized change in the
dissociation constant of clustered receptors on surfaces.’! The antigen rebinds to proximal
receptors after an unbinding event, without further decrease in localization entropy.>!> It
was experimentally shown that the apparent dissociation constant is significantly lowered
for additional receptors in proximity to DNA hybridization complexes bound to the sensor
and that these conclusions can be extended to other interactions such as antibody-antigen.>
This phenomena was documented for clustered carbohydrates on surfaces>* and for DNA-
functionalized gold nanoparticles®>*® This effect was dubbed density-dependent
cooperative binding since the affinity is higher if a ligand is concurrently bound to multiple

adjacent targets.>
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In summary, the defects on the SAMs layers, the patched antibody coverage and the
attinebility effect could cause the clustering seen in Figure 4-5. However, as these effects
play arole in all samples, the linearity of the assay is maintained, as long as there is enough
number of measurements done to account for the variability in the system. When using a
50x objective, around 50 measurements are necessary to meet a tolerance of 5% relative

standard deviation (RSD) for ERL-based immunoassay substrate.!”

4.3.3 Digital Calibration Curves

Figure 4-7 shows calibration curves in saliva from 1.6 ng.mL™ to 12.5 ng.mL™. Figure
4-7A shows the conventional way of data analysis, which relates SERS intensities to the
S1-S2 spike protein concentration. Figure 4-7B applies the digital protocol to the same
dataset. Figure 4-7A is shown superposed to a box plot showing the median, mean, the 25
to 75 percentile and the range within 1.5 IQR (interquartile range) for the SERS intensities
for each concentration and the control. The full range of concentrations, 1.6 ng.mL™ to

200.0 ng.mL of S1-S2 spike protein, is shown in Figure B-S6 (Appendix B).
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Figure 4-7. A) Calibration curve generated by the median of the intensities considering

phenoxazine ring mode related to the concentration of the S1-S2 spike protein in saliva,

superposed on a box plot with the range within 1.5 IQR shown. B) Calibration curve

generated by the digital protocol, being counts (positive events) related to the

concentration of the S1-S2 Spike Protein in saliva. In Figure B-S6, the box plot also

shows the minimum and maximum of the SERS measurements for each S1-S2 spike

protein concentration (the breaks in the y-axis were used to accommodate the

representation of all variations in one plot). The box plot representation was chosen to

show not only the large variation of the SERS intensities within the dataset but also the

asymmetry in the distribution of SERS intensities.

The linearity of the relationship between the median of the SERS intensities and S1-S2

spike protein concentration, shown in Figure 4-7A, presented a R? of 0.67 The median of

the intensities was chosen for the plot in Figure 4-7A instead of the mean, due to the nature

of the lognormal distributed population for both assays (see Figure B-S8).!° The linearity
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of the digital protocol for the same dataset (Figure 4-7B) was much better, reaching an R?
01 0.93. The error bars in Figure 4-7B are the standard deviations of the counts in the maps.
Figures 4-7A and 4-7B show that the digital approach decreased the variations and
improved linearity. The effect of the improved linearity is even more dramatic in the
experiments realized with PBS-10 and presented in the Appendix B file (Figure B-S7).
Note that the range of linearity of the digital plots was smaller when in saliva (Figure 4-
7B) than compared to PBS-10 (Figure B-S7B). Saliva is a complex fluid, with a library of
proteins (102 identified), hormones, and antibodies.>’ Nonspecific binding, and therefore
blocking of part of the available sites probably cause the assay to saturate at lower
concentrations compared to a clean matrix such as PBS-10. However, the data in Figure 4-
7B fits almost perfectly with the concentration in a log scale (R? = 0.99) that accounts for
the slight curvature at higher concentrations in Figure 4-7B. The log concentration scale
obviously also improves the linearity of the common (Figure 4-7A) SERS intensity
calibration plots (to R?> = 0.77). In any case, the digital procedure presents better
performance than the common SERS intensity calibration method for the low concentration

conditions explored here.

4.3.4 Summary of the Assay Performance

The digital assay in PBS-10 has a limit of quantification, LOQ, of 13.7 ng.mL™! or 76.0
pM and a limit of detection, LOD, of 41.4 ng.mL"! or 230.2 pM, within a 95% confidence
level. The digital assay for saliva has LOQ of 19.0 ng.mL"! or 105.7 pM and LOD of 6.3

ng.mL™! or 34.9 pM, within a 95% confidence level. LOD was defined as the analyte
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concentration that produces a signal three times larger than the standard deviation and LOQ

as 10 times the standard deviation of the blank.

4.4 Conclusion

Proof-of-concept assays for detection of SARS-CoV-2 spike protein S1-S2 subunit (S1-
S2 Spike Protein) in PBS-10 and in saliva were described for a SERS-based digital
protocol. The sensor was based on a gold covered glass that had SARS-CoV-2 (2019-
nCoV) Spike S2 antibodies. The antigen, SARS-CoV-2 spike protein S1-S2 subunit was
added to the sensor, followed by ERLs. The ERLs were modified gold nanoparticles that
contained a Nile Blue (NB), a Raman reporter, and SARS-CoV-2 S1 antibodies. The
sensors were mapped using line focus mapping, which allow the collection of an
appreciable number of Raman measurements in minutes. A conventional data treatment
was compared to a digital protocol for all datasets. The conventional data treatment was
insufficient to generate calibration curves with a good linearity whereas the digital protocol
was adequate. This is due to both the large variation in SERS intensities at lower surface
concentrations of ERLs and the non-uniformity of hotspot intensity distributions.'® The
digital protocol is an effective and direct approach to analyze bioassays in the low
concentration range (pM or less) that can be successfully applied to labeled SERS-based

heterogenous immunoassays.
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Chapter 5: Detection of SARS-CoV-2 in Saliva by a Low-cost
LSPR-based Sensor

This chapter is based on the work: “Detection of SARS-CoV-2 in Saliva by a Low-cost
LSPR-based Sensor” by Ariadne Tuckmantel Bido, Katherine J.I. Ember, Dominique
Trudel, Madeleine Duran, Frederic Leblond and Alexandre G. Brolo, ready to be
submitted.

ATB developed the sensors and performed all the measurements and data analysis. KJIB
tested the sensors in patient’s saliva at Centre hospitalier de I'Université de Montréal
(CHUM) and sent them back to UVic for measurements. Madeleine Duran was responsible
for patient’s saliva collection. ATB wrote the first draft of the manuscript and all authors

contributed with editing and suggestions.

The SARS-CoV-2 pandemic started more than 3 years ago, but the containment of the
spread is still a challenge. Screening is imperative for informed decision making by
government authorities to contain the spread of the virus locally. The access to screening
tests is disproportional, due to the lack of access to reagents, equipment, finances or
because of supply chain disruptions. Low and middle-income countries have especially
suffered with the lack of these resources. Here, we propose a low cost and easily
constructed sensor based on localized surface plasmon resonance, or LSPR, for the
screening of SARS-CoV-2. The sensor was constructed in two modalities: 1) viral

detection in saliva and 2) antibody against COVID in saliva. Saliva collected from 18
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patients were tested. Both sensors successfully classified all COVID positive patients
(among hospitalized and non-hospitalized). From the COVID negative patients 7/8 patients
were correctly classified. For both sensors, sensitivity was determined as 100% (95% CI
79.5-100) and specificity as 87.5% (95% CI 80.5-100). The reagents and equipment used
for the construction and deployment of this sensor are ubiquitous and low-cost. This sensor
technology can then add to the potential solution for challenges related to screening tests

in underserved communities.

5.1 Introduction

The severe acute respiratory syndrome (SARS)-coronavirus 2 (CoV-2) is spreading
worldwide since the late 2019, and it has already caused more than 6.7 million deaths as
of January 13, 2023.! There are reported increase in depression, anxiety, loneliness??, food
insecurity and job losses due to pandemic. The direct medical cost (Monte Carlo
simulation, 20% infection rate) was estimated to be of 163.4 billion in the United States,
with projections of the total cost in the order of $16 trillion.** The key preventative measure
to deal with the ongoing SARS-CoV-2 is the deployment of vaccines. Highly efficient
vaccines for the original virus were produced within a year, with about 95% efficacy
following two doses.® However, the availability of screening tests is imperative to control
and contain the spread of the disease. The induction of sterilizing immunity, i.e. elimination
of the virus before it starts to replicate, is not an attainable goal for this disease.” SARS-
CoV-2 has a high mutation rate due to a lack of a mismatch repair mechanism in the virus.’
Mutations can make the virus more contagious and able to escape the natural and vaccine-

induced irnrnunity.8 These mutations caused the transmission of new variants (a, 3, v, 0 )
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waves.” Currently, the most common variant amongst the population is the omicron. The
vaccine against the wild-type virus offers a strong protection from severe disease compared
to non-vaccinated individuals, but the new mutant prevents the vaccine to induce a level of
immunity that stops the spread.” Additionally, tests performed in asymptomatic vaccinated
patients (at least one dose received) with an mRNA vaccine showed that 1.4% of this
population was positive for the virus.!” Mass testing was appointed as the most significant
measure to decrease SARS-CoV-2 infection rates.!? The wide application of rapid tests
enables the monitoring of viral spread in a population and provide tools for policy makers
to make informed decisions regarding spread containment. However, the access to
screening tests is still a challenge, specifically in low-middle-income countries with
turbulent socio-economic backgrounds. Most of the tests performed during the pandemic
were in high income countries. For comparison, the USA tested the equivalent of 192% of
the population in test numbers, whilst Brazil tested 27% and Nigeria only 1%.'3 One of the
causes for this disparity of numbers is the lack of reagents and equipment due either to the
lack of affordability or to supply chain disruptions.'* There is an urgency for development
of more options of screening tests that are of simple construction using widely available

reagents and that can be easily deployed.

Reverse transcription polymerase chain reaction (RT-PCR) assays are the gold-
standard for SARS-CoV-2 testing but require trained staff and sophisticated laboratory
facilities. Lateral flow assays (LFAs) have been developed as a rapid mass screening
alternative.!'> Antigen LFAs are notable for their ease of use, high specificity, and quick
results (less than 30 min). However, concerns have arisen about the lower sensitivity,

especially in asymptomatic individuals.!>'® An evaluation of five LFA tests for the
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detection of SARS-CoV-2 nucleocapsid antigen reported 100% of specificity for 4/5 tests

and sensitivity ranging from 64 (95% CI 53-73) to 76% (95% CI 65-85).!7

There is high demand for testing asymptomatic individuals that have had close contact
with COVID positive persons. In the general populations, among COVID positive
individuals, 40.5% are asymptomatic.'® Additionally, saliva is deemed as the ideal fluid for
SARS-CoV-2 monitoring, since it decreases the exposition of health care workers during

collection and can be deployed as self-collection. !

The sensor described in this paper was built on well plates and the readout was
performed in an absorbance plate reader; both are ubiquitous in testing centers, companies,
and universities. The well plate format was chosen here to allow for high throughput, but
the principles of this sensor can be easily translated to individual strips for simpler
collection.!” The reagents required to make the silver nanoparticle (AgNPs) are common
and low cost. Additionally, the synthesis is simple and yields a large volume (~100 mL),
that is enough to cover more than 3,360 wells. The sensor is based on saliva instead of
nasopharyngeal swabs, which are harder to collect, particularly in the case of infants.
Therefore, we believe this alternative method of screening has the potential to be deployed
in underserved communities as an additional tool in the fight against SARS-CoV-2 or for
future pandemic preparedness. This sensor can be altered to detect other infectious

diseases, by swapping the element of recognition adhered to the sensing film.
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5.2 Materials and Methods

5.2.1 Materials

Flat-bottomed assay plates with 384 wells and a lid were purchased from Corning
Incorporated. They were culture-treated, white with a clear bottom, and made of low flange
polystyrene. Polyethyleneimine 50 wt. % solution in water (PEI), Mn 1200/Mw 1300 was
purchased from Sigma-Aldrich. SARS-CoV-2 (2019-nCoV) Spike S2 Antibody, SARS-
CoV-2 (2019-nCoV) Spike S1 + S2 ECD-His Recombinant Protein and Influenza A H7N9
(A/Shanghai/1/2013) Hemagglutinin / HA Protein (His Tag) were purchased from Sino
Biological. Optical adhesive film covers were bought from Fisher Scientific. Silver nitrate
and hydroxylamine hydrochloride were purchased from Sigma-Aldrich. Phosphate
buffered saline (PBS) pH 7.2 (1X) was purchased from Gibco. Anhydrous ethyl alcohol
was purchased from Commercial Alcohols. Sodium azide, bovine serum albumin (BSA),
3-mercaptopropionic acid (3 MPA), 1l-mercaptoundecanoic acid (11 MUA) and
ethanolamine-hydrochloride were purchased from Sigma-Aldrich. Polyoxyethylene-20
(tween 20) were purchased from Biotech. N-ethyl-N’-(3-diethylaminopropyl)
carbodiimide (EDC) and sulfo-(N-hydroxysulfosuccinimide sodium salt (sulfo NHS) were
purchased from ProteoChem™; HS-PEG-COOH, MW 3000 and methoxy -PEG-thiol,
MW 5000 were purchased from Rapp Polymere. Dimethyl sulfoxide (DMSO), HPLC
grade was purchased from Sigma-Aldrich. Triton X-100 was purchased from Fisher
Bioreagents. Ultrapure water was collected in a Nanopure Diamond™, 18.2 MQ.cm at

room temperature, and used in all solution preparations and washing steps. An accuSpin
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Micro 17 (Fisher Scientific,Waltham, Massachusetts, United States) was used for

centrifugation.

5.2.2 Synthesis of Silver Nanoparticles (AgNPs)

Silver nanoparticles (AgNPs) were prepared according to Leopold and Lendl with a few
modifications.?® 90 mL of a 3.33 mM sodium hydroxide solution was added to a beaker
and 1 mL of a 150 mM hydroxylamine hydrochloride solution was added whilst stirring
(700 rpm/min). Then, 10 mL of a 10 mM silver nitrate solution was added dropwise at a
fast pace using a 10 mL-serological pipette. The mixture was left to stir for 15 min,
resulting in a dark yellow colored solution. The synthesized AgNPs were then stored in a
fridge in a glass vial for further use (4 °C). This process yielded mostly spherical AgNP
with estimated average size of 42.9 £ 17.3 nm. The size was determined by averaging the
diameter of 587 AgNPs in transmission electron microscopy (TEM) images using Image J
software. The estimated concentration of the colloid is 1.7 x 10'® AgNPs/mL, considering
the average size of the AgNPs measured in TEM and the amount of silver added to the

reaction.

5.2.3 Sensing Film Preparation on Well Plates

In a 384 well assay plate, 25 pL of a 1% (m/v) PEI solution in water was added to each
of the wells. After 45 minutes, the wells were washed with water at least ten times. The
water was added with a squeeze bottle and tapping the inverted plate into a paper towel, in

a similar manner as in an enzyme linked immunosorbent assay (ELISA) wash.?!*> Then,
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30 uL of the AgNPs were added to each of the wells and the plate was left overnight in the
fridge. The wells were then washed with water, following the same procedure as before.
The wells modified with Ag NPs were ready for immediate antibody adherence, but they
could also be stored in the fridge for later modification. PEI was used as an attachment
promoter of the AgNPs to the well plate plastic. PEI has a high density of amino groups
that when protonated interact with the negatively charged plastic surface and with the
negatively charged AgNPs.?* The wells covered with the silver nanoparticles were a
visually homogenous dark yellow color. These wells must be kept saturated with liquid,
otherwise the sensing film degrades. The plate was measured using the Cytation 5 Cell
Imaging Multimode Reader, (Biotek, Winooski, Vermont, United States). Measurements
were done in absorption mode, 300 to 600 nm at 1 nm step, with 30 uL of PBS-10 (PBS
diluted 10X with water) in each well. All measurements in Cytation 5 used the same
parameters throughout the assay. The measurements were consistent well-to-well. Films
were formed in 80 wells and measured with 30 pL of PBS-10 in a Cytation 5. The average
maximum of the extinction spectra from the 80 plates was 1.00 + 0.02 arbitrary units (a.u).
The individual readings were then normalized, and the peak portion (above 0.75
normalized a.u.) was fit to a polynomial of order 6 (see 1.8 Data Processing). The peak
maximum of each well was found by solving the roots for the derivative of the polynomial
fit using Matlab (MathWorks, Natick, Massachusetts, United States). The average of
excitation maximum of the 80 wells were determined to be 397.6 £ 0.1 nm, which is
consistent with AgNPs of ~ 40 nm.?*. A photo of a plate with its wells covered with the

AgNPs sensing film is presented as Appendix C, Figure C-S1.
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5.2.4 Conjugation of the Detection Element to the Sensing Films

Two detection elements were conjugated to the sensing films: SARS-CoV-2 (2019-
nCoV) Spike S2 Antibody, dubbed Spike S2 Ab and SARS-CoV-2 (2019-nCoV) Spike S1
+ S2 ECD-His Recombinant Protein, dubbed S1+S2 protein. The former is an antibody
that recognizes the virus’ spike protein, and the latter is a recombinant protein that
recognizes SARS-CoV-2 antibodies. The conjugation of these elements was mediated by
self-assembled monolayers (SAMs). A thiol moiety present in both 3-mercaptopropionic
acid (3MPA) and 1 1-mercaptoundecanoic acid (11 MUA) spontaneously binds to the silver
sensing film via strong covalent metal-thiol bonds.?> The SAMs formation was based on a
protocol by Holzer et al.?® 30 puL of a mixture of 3 MPA and 11 MUA in ethanol at 10 x
1073 M in 10:1 volume ratio was added to each well and left in the fridge overnight. The
contents of the wells were then aspirated using a micropipette and the wells are washed
three times by adding 30 pL of PBS-10 and tapping the inverted plate into a paper towel.
30 puL of PBS-10 was added to each well and the plate was measured using a Cytation 5
reader. Next, 30 uL of a 0.2 M EDC / 0.05 M sulfo-NHS mixture was added to each well
plate and left to react for 2 hours at room temperature. The wells were washed three times
by rinsing with 30 puL of water and tapping the inverted plate onto paper towels. 15 puL of
the recognition element at 50 pg/mL in PBS-10 was then added to the wells. The
conjugation reaction was allowed to occur for 2.5 hours in an incubator at 25-30 °C. Both
SARS-CoV-2 (2019-nCoV) Spike S2 Antibody (Spike S2 Ab) and the SARS-CoV-2
(2019-nCoV) Spike S1 + S2 ECD-His Recombinant Protein (S1+S2 protein) contain

primary amines that form an amide bond with the activated carboxylic terminal ends of the
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SAMs.?"?° The wells were washed three times with 30 pL of PBS-10 and tapping the
inverted plate into paper towels. Next, 30 uL of a 1M ethanolamine solution was added to
the wells to deactivate unreacted esters, and left incubating for 1 hour.?° The wells were
subsequently washed three times with 30 uL PBS-10 as previously described and the plate
was measured in an absorbance plate reader. Finally, the sensing films were blocked with
BSA and DMSO. 30 uL of a 0.5% BSA (m/v) and 0.1% DMSO (v/v) in PBS-10 solution
was added to each well for 1 hour at room temperature. BSA is used to block non-specific
binding of proteins and a small amount of DMSO covers any exposed silver in the sensing
film. 3133 The wells were washed again three times with 30 pL PBS-10. The wells were
filled with 30 uL PBS-10 and stored in the fridge for later use. The sensors are formed
with 4 layers. Figure C-S2 shows a depiction of the layers. The first layer (1) is the AgQNP
film formed on the plastic well plates, the second layer (2) is the SAMs (3MPA and 11
MUA), the third layer (3) is the detection element, being either the Spike S2 Ab or S1+S2
protein. Lastly the fourth layer (4) is the blocking agent (BSA and DMSO). The fourth
layer is not constructed on top of the third layer, but it is intertwined with the detection
elements and the AgNP film. The fifth layer (5) depicts the analyte interacting with the
detection element, being either the SARS-CoV-2 virus interacting with the Spike S2 Ab or
the SARS-CoV-2 Ab interacting with the S1-S2 protein. The optical characteristics of the
wells were measured after each layering step (1-4), showing a red shift of the extinction
maxima after each step, as expected. However, only the peak shift of the full assembled
sensor measured before and after exposure to the saliva is needed for detection/screening.
The sensors were constructed at University of Victoria and shipped to Montreal for testing

at the Centre hospitalier de I'Université de Montréal (CHUM). The wells of the plate were
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fully covered (around 105 uL) with PBS-10 and then isolated with an optical adhesive film
cover for mailing. This guaranteed that the sensing film was in contact with the buffer

solution during transport even when the package was not in an upright position.

5.2.5 Sample Collection and Processing

For the sensor development and optimization, standard samples were generated from
self-collected saliva that were then spiked with analyte. The saliva was collected via the
passive drool protocol, where unstimulated saliva is collected by dripping or gently spiting
in a container until filling a specific volume.**” The saliva sample donors washed their
mouth three times with water and placed a 15 mL Falcon tube to mouth, letting the saliva
flow out of the back salivary glands into the tube. 2.5 mL of saliva was collected and to
that, 2.5 mL of PBS-10 was added. The Falcon tube was then gently vortexed. Aliquots
were centrifuged at 6g for 20 min in an accuSpin Micro 17, at room temperature to remove
any debris and the supernatants were frozen for later use. Aliquots were thawed and spiked
with the analytes (either Spike S2 Ab or S1+S2 protein) to be used in the sensor. Blank and
control experiments were run using saliva and with Influenza A H7N9
(A/Shanghai/1/2013) Hemagglutinin / HA Protein (His Tag), respectively. An example of
an assay run for the controls and the standard samples are shown in the Appendix C, Figure

C-S3.
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5.2.6 Testing with Patient Samples

Patient samples, both positive and negative for SARS-CoV-2, were collected at the
Pointe-Saint-Charles testing clinic in Montreal and from patients hospitalized due to
SARS-CoV-2 at the Centre hospitalier de I'Universit¢ de Montréal (CHUM). Participants
provided informed consent, and the project was approved by the CHUM Research Ethics
Board (project number: 20.133). *® The saliva collection was conducted as above described,
at a minimum of 1.5 mL. *® Tubes where then stored in a fridge at 4 °C and handled in a
biosafety containment level 2 (BSL2) when manipulated. Samples collected at Pointe-
Saint-Charles testing clinic were classified as “COVID positive outpatient” and “COVID
negative” with SARS-CoV-2 based on PCR tests from nasopharyngeal swabs performed
at the same time as the saliva collection. The hospitalized patients were classified as
“COVID positive hospitalized”, the infection was confirmed by a PCR test at admission.
16 patient samples were available to test the LSPR sensors, being 6 from “COVID positive
hospitalized”, 8 “COVID negative” and 2 “COVID positive outpatient”. The samples were
centrifuged at 4000 rpm for 30 minutes at 4°C in 1 mL aliquots. The supernatant was
pipetted into a cryotube, mixed, and aliquoted into five separate 1.8 ml cryotubes. These
aliquots were thawed at room temperature for 45 minutes before application to the wells.
The pellet was retained and stored at -80 °C.

The plates were constructed as described above at University of Victoria and shipped
to CHUM for the samples testing. The sensors were stored for a year in a fridge at 8 °C
before use on the samples. At CHUM, the samples were thawed and diluted with PBS-10
two times and vortexed. To each well, 30 puL of the diluted saliva was added and left

incubating at room temperature for 2 hours. The saliva was aspirated out of the wells and
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then 50 puL of a Triton X-100 0.5% (v/v) in PBS-10 was added to each well for virus
inactivation, for 1 hour. *° Next, the wells were washed with 50 puL of PBS-10, 5X as
previously described. The wells were fully covered with PBS-10 and covered with an
optical adhesive film covers for transportation. Finally, the wells were emptied, followed
by the addition of 30 uL of PBS-10 to each one. The optical measurements were conducted
with an absorbance plate reader at the CAMTEC BioCore Facility at the University of
Victoria. The measurements were done after three weeks of the patient’s samples exposure.

The sensors were kept on a fridge at 8 °C.

5.2.7 Sensor Principle

The working principle of the sensor method is depicted in Figure 5-1. The sensing
surface was built on top of a AgNP film modified with the specific antibody. The sensor
was constructed in plastic well plates to allow for high throughput. The sensor response is
based on the localized surface plasmon resonance (LSPR) principle. The maximum of the
extinction spectra from each well was assessed before and after the exposure to the saliva
samples of the patients. The magnitudes of the shifts of the main LSPR peak were used to
classify the patients as “COVID positive” or “COVID negative”. Figure 5-1A depicts an
example of result obtained from a saliva sample of a healthy patient. Notice that no LSPR
shift was observed in this case. Figure 5-1B depicts an example of extinction curves before
and after exposure to the saliva of a COVID positive patient. Changes in the local refractive
index, caused by the interaction of the recognition element immobilized at the surface with

the target analyte in the saliva sample, generated a change in the plasmon frequency of the
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AgNPs.* Large red shifts denote a strong change in refractive index which can be

correlated to a larger amount of the analyte of interest binding to the target at the surface.
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Figure 5-1. Sensor principle. A saliva sample is added to a well for SARS-Cov-2
screening. A) Saliva does not contain the virus, and there is no significant change in the
extinction spectrum maxima. B) Saliva contains the virus, and there is a significant

change in the extinction spectrum maxima.

5.2.8 Data Processing

The extinction spectra from each well were measured before and after exposure to the
saliva samples. The individual readings were normalized, and the peak portion (above 0.75

normalized a.u.) was fit to a polynomial of order 6. The peak maxima were found by
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solving the roots for the derivative of the polynomial fit using Matlab. The LSPR peak
values were recorded before and after exposure to the saliva samples. Triplicate
measurements were done for each sample and the standard deviation of the three
measurements were determined to be the error of the peak shift (LSPR peak position after
exposure to the saliva sample — LSPR peak position before exposure to the saliva sample)

for each measurement.

5.2.9 Instrumentation

A plate reader operating in absorbance mode, Biotek Cytation 5 (Agilent), was used to
measure the extinction (UV-Vis) after each stage of modification and testing. The AgNPs
were characterized by dynamic light scattering (DLS) and {-potential in an Anton Paar
LiteSizer 500 (Anton Paar, Ashland, Virginia,United States), to determine the
hydrodynamic radius (DLS) and surface charge ({-potential). The size and concentration
of the AgNPs were estimated based on TEM images taken using a JEOL 1011 transmission
electron microscope (JEOL USA Inc, Peabody, MA, United States). A PAL-1 digital hand-
held refractometer (Atago, Itabashi-ku, Tokyo, Japan) was used to determine the refractive

index of ethanol/water solutions used for film sensitivity determination.

5.3 Results and Discussion

5.3.1 AgNPs Characterization

Silver nanoparticles were generated in a reproducible manner, and characterized

using UV-vis spectroscopy, TEM and dynamic light scattering (DLS). Figure 5-2A, 5-2B
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and 5-2C presents a UV-Vis spectrum with an insert of a TEM image section, a DLS and
(- potential measurement for the AgNPs used to construct the sensing films. TEM images
were analyzed using Image J software of 587 particles for size determination. The particles
had a mean size of 42.9 = 17.3 nm. The UV-Vis spectral maximum, taken in triplicate was
at 409.3 £ 0.1 nm. The typical extinction peak for 40 nm silver nanospheres is located
around 400 nm and has a characteristic yellow color.?* There are two populations on the
silver colloid, the main population have an average hydrodynamic radius of 62.2 + 0.4 nm
and a small seed population with an average hydrodynamic radius of 5.7 £ 0.5 nm. The
average hydrodynamic radius of the particles, measured in duplicates by DLS, was 54.3 +
1.6 nm. The (- potential, taken in triplicate, was determined to be 34.3 £ 0.4 mV. This
suggests that the nanoparticles have high stability, as nanoparticles with zeta potential
above +30 mV have been demonstrated to be highly stable.*! A representative example of
the LSPR peak shift measured after each layering is shown as Appendix C, Figure C-S4.
Each stage of layering (Figure C-S3) is monitored for quality control, but for the

classification of the samples, the difference is taken from before and after saliva exposure.
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Figure 5-2. A) UV-Vis and TEM image, B) Dynamic light scattering (DLS), C) (-

potential for the AgNPs used to construct the Ag film for the assay.
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5.3.2 Sensing Film Sensitivity

The refractive index sensitivity of the films was determined by measuring the
extinction of the silver nanoparticle film in 11 distinct ethanol/water solutions with variable
compositions, from 0:10 (v/v) to 10:0 (v/v). Each solution had its refractive index measured
(n) independently using a refractometer and the maxima of the extinction spectra was
determined as explained in data processing in Materials and Methods. Figure C-S5 shows
the LSPR maxima plotted in relation to the measured refractive index for the solutions. The
refractive index sensitivity was determined to be 105.6 nm per refractive index unit

(nm/RIU) in the AgNP film.

5.3.2 Virus Detection

Figure 5-3 shows the results for the patient samples for sensors with Spike S2 Ab
as the recognition element. These sensors test for the presence of the virus in saliva. The
plate wells were tested before and after contact with the patient’s saliva, in a plate reader
(Biotek Cytation 5). The shifts were obtained after data processing. Each extinction
maximum shift was calculated from triplicate measurements conducted in three separate
wells for each sample, excluding patient 8 that was conducted in duplicate. Patients 1 to 6
are classified as “COVID positive hospitalized” and are represented as columns with a
diagonal downward stripe pattern, patients 7 and 8 are classified as “COVID positive
outpatient” and are represented as columns with a diagonal upward stripe pattern, patients
9 to 16 are classified as “COVID negative” and are represented as columns with a

checkerboard pattern. Column 17 is a blank, represented as a green column. The blank
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(negative control) was generated by following all the procedures but not adding saliva to
the well. Notice that the blank has a large negative shift, and some samples of COVID
negative patients have a small negative shift. We believe the negative shift is due to the use
of Triton X-100 for deactivation of the virus on the plates. Triton X-100 disrupts the lipid
membrane of enveloped viruses and is employed in inactivation protocols for SARS-CoV-
2.3%42 Triton X-100 is a nonionic surfactant that has demonstrated low impact on antigen-
antibody binding.** However, Triton X-100 complexes with BSA which was used as a
blocker in this assay.***° It is probable that some of the BSA is stripped with the relatively
high concentration of Triton X-100 added to the assay, causing a negative shift to the blank
and to samples that have no virus. The small but positive shifts for most COVID negative
samples are probably due to proteins on the saliva that interact nonspecifically to the
sensor, but this shift is smaller than when the positive samples containing the virus interact
with the antibodies.

A large positive shift (> 0.7 nm) was observed for patients 1 to 6, “COVID positive
hospitalized”. For patients 7 and 8, “COVID positive outpatient”, a medium size shift (>
0.3 nm) was observed. The patients’ saliva contains a high enough viral load to cause
detectable large shifts in the peak maxima of the extinction spectra of the sensors.

Small positive (< 0.1 nm) and negative shifts were observed for patients classified as
“COVID negative” by the hospital except for patient 9. A threshold for a binary
classification of “COVID positive” or “COVID negative” for this sensor was defined. The
samples with shifts above 0.21 were classified as “COVID positive” for the “COVID

negative” classification was used for samples that produced shifts below the 0.21threshold.
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This defined threshold correctly classified 8/8 COVID positive patients, (6 hospitalized
and 2 outpatients). 7/8 COVID negative patients were correctly classified.
In total, it classified 93.8% of the samples correctly. The sensitivity for this sensor

was determined as 100% (95% CI1 79.5-100) and specificity as 87.5% (95% CI 80.5-100).4¢
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Figure 5-3. Results for samples from patients tested at CHUM. Columns with a diagonal
downward stripe pattern are COVID positive patients that were hospitalized due to
SARS-CoV-2, columns with a diagonal upward stripe pattern are for COVID positive
outpatients, columns with a checkerboard pattern are COVID negative patients, and the
column with a divot pattern is a blank. Error bars are the standard deviation of the
triplicates conducted for each sample. The plate is covered with SARS-CoV-2 (2019-
nCoV) Spike S2 Antibody and is testing for the presence of SARS-CoV-2 virus in saliva.

The dashed line shows a possible threshold for this sensor.
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5.3.3 Antibody Detection

Figure 5-4 shows the results for the patient samples for sensors with S1+S2 protein
as recognition element. Those sensors were testing for the presence of SARS-CoV-2
antibody in saliva i.e. the immune response. The tested patient numbers are correspondent
between the plates, i.e. same samples, for Figures 5-3 and 5-4.

Previous studies show that the viral load of SARS-CoV-2 peaks at the first week
post-symptom onset (PSO)*’ and salivary SARS-CoV-2 IgG levels are consistent with
serum levels.*® Viral RNA can also be detected in patient saliva for up to 27 days PSO. #°
Anti-SARS-CoV-2 antibodies have been detected in serum and saliva samples for infected
patients in samples collected on day 3 PSO and reached maximum levels 16-30 days
PSO.% Therefore, the virus and anti-SARS-CoV-2 antibodies coexist in the saliva shortly
after the infection is detectable.

A large positive shift was observed for patients 1 to 6 in Figure 5-4, for patients
classified as “COVID positive hospitalized”. The sensors were then able to detect
antibodies against SARS-CoV-2 present in saliva. Similarly to observed in Figure 5-3, a
negative shift is seen for the blank, perhaps due the use of Triton X-100 to deactivate the
virus for transport as discussed above. COVID positive outpatients presented small
negative shifts. All patients classified as “COVID negative”, excluding patient number 9
presented large negative shifts.

A threshold for a binary classification of “COVID positive” or “COVID negative”
was defined for this sensor. The patient samples with response above -0.31 were classified
as “COVID positive” and the ones below -0.31 were classified as “COVID negative”. The

sensor correctly classifies all 8 of the COVID positive patients, being either hospitalized
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or outpatients as COVID positive. The sensor correctly classifies 7/8 negative patients as
COVID negative. The misclassification of the negative patient was for the same patient in
both plates (number 9). Since the sensors contain different elements of recognition (either
Spike S2 Ab or S1+S2 protein) it is possible that this was a false negative in the hospital
classification (PCR test). The antibody detection sensor (Figure 5-4) has the same correct/
incorrect sample classifications as the viral detection sensor (Figure 5-3). Therefore, the
sensitivity and specificity are the same, determined as 100% (95% CI 79.5-100) and 87.5%

(95% CI 80.5-100), respectively.*®
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Figure 5-4. Results for samples from patients tested at CHUM. Columns with a diagonal
downward stripe pattern are COVID positive patients that were hospitalized due to
SARS-CoV-2, columns with a diagonal upward stripe pattern are for COVID positive
outpatients, columns with a checkerboard pattern are COVID negative patients, and the
column with a divot pattern is a blank. Error bars are the standard deviation of the
triplicates conducted for each sample. The plate is covered with SARS-CoV-2 (2019-
nCoV) Spike S1 + S2 ECD-His Recombinant Protein and is testing for the presence of
SARS-CoV-2 antibody in saliva. The dashed line shows a possible threshold for this

sensor.
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5.3.4 Receiver Operating Characteristic (ROC) Curves

Receiver operating characteristic (ROC) curves were constructed for the tested plates
using the results presented in Figures 5-3 and 5-4. Figure 5-5A is an ROC curve constructed
from the data in Figure 5-3 while Figure 5-5B is a ROC curve constructed from the data in
Figure 5-4. The ROC curve is a plot of the sensitivity (true positive rate, TRP) versus 1-
specificity (false positive rate, FRP) considering for all possible cutoff points (thresholds)
for the classifier (LSPR peak shift in our case). An ROC curve is a useful evaluation of
new diagnostic tests and it is used to provide a visual comparison of the efficacy of two or
more tests.’! Specifically, the area under the curve (AUC) can be employed to compare
diagnostic tools. An AUC of 1.0 would indicate a perfect diagnostic test, whereas an AUC
of 0.5 indicates a test with no discriminatory ability.>

Tables C-S1 and C-S2 in Appendix C tabulates the thresholds, TPR and FPR used to
construct the ROC curves in Figure 5-5. The area under the curve (AUC) for Figure 5-5A

was determined to be 0.97 and for Figure 5-5B was 0.96.
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Figure 5-5. Receiver operating characteristic (ROC) curves corresponding to the tested
plates shown in Figures 5-3 and 5-4, respectively. A) The plate is covered with SARS-
CoV-2 (2019-nCoV) Spike S2 Antibody and is testing for the presence of SARS-CoV-2
virus in saliva. B) The plate is covered with SARS-CoV-2 (2019-nCoV) Spike S1 + S2
ECD-His Recombinant Protein and is testing for the presence of SARS-CoV-2 antibody

in saliva.

5.4 Conclusion

In conclusion, this work presents LSPR-based sensors constructed for the detection of

either SARS-CoV-2 virus or SARS-CoV-2 antibody in saliva. Other LSPR sensors were

developed for SARS-CoV-2 detection. However, some were developed for serum>*>4,

55,56

lasma>>®, nasopharyngeal swabs>’ or not tested in a body fluid or comparative media
p pharyng y p

5839 Other relies on more complex construction (e.g. electrochemical anodization, thermal
oxidation and metal coating ®*°! ; silver nanotriangle array fabrication®® ) in comparison to
our simple fabrication. In our method, a 1% PEI solution in water is added to the plastic
for 45 minutes, washed with water and then added the silver colloid to form the film.

The sensors were tested in patients’ saliva, for 16 patients, in triplicates, for both sensor

modalities with a sensitivity determined as 100% (95% CI 79.5-100) and specificity as
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87.5% (95% CI 80.5-100) in both test modalities (i.e. viral or immune response detection).
The sensors were able to correctly identify all COVID positive patients (hospitalized or
outpatients) and 7/8 negative COVID patients correctly. The AUC for the ROC curve was
0.97 for viral detection and 0.96 for the antibody detection, based on the chosen thresholds
of 0.21 and -0.31 extinction maxima shift, respectively.

It is important to consider that a next step with a larger pool of samples would be
required to define a definitive threshold with more robust statistics. In any case, these
sensors are inexpensive, and they can be constructed with widely available materials and
reagents. The price for the sensors, without the recognition elements is less than $0.1 per
well. The antibody used for the viral detection cost is estimated as $2.30 per sensor and the
protein used for the antibody detection cost was about $2.09 per sensor. The cost can be
vastly decreased if the materials are bought in bulk or if the elements of recognition are
made in-house. The sensors can be constructed in strips for individual point of care
deployment or used in plates for high throughput assays, since there is no requirement for
specialized equipment for their deployment. Therefore proof-of-concept assay is a potential

contribution for the deployment of screening tests in underserved communities.
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Chapter 7: Summary and Outlook

7.1 Summary and Conclusions

In this dissertation, metallic nanostructures were explored for the development of
immunosensors and immunoassays.

In Chapter 3, a surface-enhanced spectroscopy (SERS)-based immunosensor was
developed for detection of IgG from human serum. A 3D-printed platform and a method
of sandwiching the platform with poly(dimethylsiloxane) (PDMS) masks was devised.
Extensive data collection and analysis of the population distributions for various antigen
concentrations were considered. This study is a step forward towards the determination of
best practices for a more reliable and robust employment of quantitative SERS-based
immunoassays. It is concluded that, in order to improve the application of SERS as an
analytical tool, the inherent variations of SERS signals have to be embraced and methods
of analysis have to be put in place. Specifically, the necessity of a larger number of
measurements compared to other methods, the distance between measurements and the
consideration of the population distribution for data analysis. A population description is
necessary to determine methods of analysis across SERS reporter concentrations, spanning
from Poisson, Log-normal or Gaussian distribution. Commonly, the Gaussian distribution
is considered for data analysis, without further consideration. These factors are amongst
the considerations that are affecting reproducibility and robustness, specially for low and
ultralow concentrations of antigens and Raman reporters.

In Chapter 4, a SERS-based immunoassay for detection of SARS-CoV-2 in saliva

was developed as a proof of concept for the use of a digital protocol for immunoassays.
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This data analysis is a proposed method to tackle another challenge in the use of SERS in
immunoassays. As the extrinsic Raman labels (ERLS) decrease in number on the probed
sensor surface, the linearity between concentration and SERS signal is lost. The developed
method consists in attributing 1 and 0 to the SERS intensities of the probed Raman reporter
that are above and below a defined threshold. The method compares the traditional method
and the digital approach and shows that the linearity is recuperated for the digital method,
relating counts instead of average signal to concentration of antigen.

In Chapter 5, low-cost sensor was developed for detection of viral particles of
SARS-CoV-2 in saliva and for the immune response to SARS-CoV-2 (antibodies against
the disease). The sensor was tested in patient’s saliva at Center hospitalier de I'Université
de Montréal (CHUM). Both modalities of the sensor had a sensitivity of 100% (95% ClI
79.5-100) and specificity of 87.5% (95% CI 80.5-100). This sensor addresses the need for
cheap sensors, constructed with widely available materials to reach underserved
communities. The pandemic accentuated the importance of access to sensitive tests that
can be mass produced and deployed. Additionally, it highlighted the inequality of the

access to tools necessary for informed decisions for spread containment.

7.2 Outlook and Future Directions

The vast use of metallic nanostructures for the development of immunosensors and
immunoassays will continue to evolve.
Results in Chapter 3 are a step towards the considerations to improve reproducibility and
robustness of SERS as analytical tool for immunoassays. More studies are necessary to

define universal parameters that consider variations in substrates, Raman reporters and
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Raman systems. Our group is pursuing a method of standardization of substrates against a
gold standard in partnership with the metrology research center at the National Research
Council Canada (NRC-CNRC). This involves the definition of a gold standard and
definition of procedures and statistical parameters that compare those substrates with the
defined gold standard. This is another step towards improving SERS as an analytical tool.
The development of those statistical analysis of variance in the substrate can be used in the
assay conducted in chapter 3 and applied to other immunoassays, to evaluate how the
number of measurements relate to the % error for different immunoassay substrates. The
definition of statistics to evaluate substrates/sensors opens the door to systematically define
procedures, including how many measurements, the method/parameters of taking them to
an accepted variation within the community. Additionally, the same studies should be
conducted in different laboratories to have a cross comparison between Raman systems.
The method developed in Chapter 4 is useful to improve the LOD/LOQ of immunoassays.
This opens up the opportunity to measure lower concentrations of SERS-based
immunoassays, increasing the range of probed concentrations. The next step for this
approach is to perform this data analysis in diverse SERS based immunoassays and
systematically define the improvement and conditions in which this protocol can be
applied.

In Chapter 5, a SARS-CoV-2 sensor for saliva in two modalities, viral and
immunological response, was developed and tested in patient’s sample. The access to
samples were a challenge since many studies were being conducted amidst the pandemic
that needed samples. Additionally, most hospitals and workers were overwhelmed, further

complicating the process of collection since the priorities were in patient treatment. The
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next step is to test this sensor in more samples, to have a more robust statistics to compare
to commercially available sensor and to validate its sensitivity, specificity and the cut-off
points (threshold) for the classifier. Investments in biomedical research for the
improvement and/or development of sensors, especially after the global SARS-CoV-2
pandemic, will keep finding solutions for testing. The use of metallic structures in those

sensors will continue to be explored and improved upon.



156

Appendix A

Appendix A is published as Support Information to: Ariadne Tuckmantel Bido,
Arash Azarakhshi, and Alexandre G. Brolo, “Exploring Intensity Distributions and
Sampling in SERS-Based Immunoassays.” Analytical Chemistry 2022 94 (49), 17031-

17038. Copyright: Reproduced with permission.

Al. Lateral Flow Assay (LFA)

Al.1 Protocol

A nitrocellulose piece was cut into a strip and hydrated in a humidity chamber for
15 minutes, at 37 °C. Next, 5 uL. of the corresponding antibodies were deposited in the
negative control and test line at 1 mg.mL™ and dried at 37 °C for 1 hour. The membrane
was covered with 100-150 uL of blocking buffer, consisted of 1% BSA in PBS-10, and
was incubated for 20 minutes in the humidity chamber. The strip was washed three times
with washing buffer, consisting of PBS-10 with 0.05% tween 20. Lastly, the strip was dried
at 37 °C for 15 minutes and subsequently used. The sample volume added to the sample

pad was 5 pL at 1 mg.mL? followed by 200 uL of the runner buffer.

Al.2 Description

A test strip was constructed with a sample pad, a conjugate pad, a nitrocellulose
membrane containing a test line, a negative control line, and an absorbent pad. Figure A-
S1A shows a schematic of the test strip. The test is done by adding the sample 1gG from

human serum in PBS-10 directly to the sample pad and subsequently running buffer,
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consisting of 1% sucrose in PBS-10.1? The sample flows to the conjugate pad that has the
ERLs containing 1gG Fab specific. When the liquid reaches the conjugate pad, the dried
nanoparticles are released and mixed with the sample. If there are any target analytes that
interact with the antibodies present in the ERLS, these will bind to the antibodies. The ERLs
bounded with the target(s) then flow through a nitrocellulose membrane across the negative
control and test line. The negative control line has antibodies (IgM) that have no interaction
with the analyte(s) and should be colourless unless non-specific interaction happens. The
fluid continues to flow and reaches the test line. The test line is a primary read out that has
antibodies (anti-human IgG Fc specific) that binds to the analyte(s). If the ERLs have the
analyte(s) bound to them, the analyte(s) will carry the ERLs with them, and the test line
will be coloured. This test was repeated in duplicates for three ERL batches and showed
same results, and a photo is shown in Figure A-S1B. The analyte, 1gG from human serum,
the same analyte being tested in the SERS-based sensor, is added as a sample and there is
no visible interaction with the negative control line, IgM, that comes before the test line in
the sample flow. The test line, containing anti-human IgG Fc specific, the same antibody
used to cover the surface of the SERS-based sensor substrate, is very colourful, showing
the strong interaction of the SERS-probe with the antigen and to the antibody present in
the substrate. The colour of the test lines indicates the antibody adsorption to the ERLS was
satisfactory, with an overall availability of the antigen-binding sites to interact with IgG

and with little non-specific interaction with IgM.
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Figure A-S1. A) ERLs (with 1gG Fab specific) tested in Lateral Flow Assay (FLA). Test
line comprised of anti-human 1gG Fc specific, a negative control line with IgM. Antigen

tested 1gG from human serum. B) Photo of a tested FLA strip with the ERLSs.

A2. Assay Assembly in a 3D-printed Sensing Platform

A 100 nm gold-coated glass slide used as a substrate in the construction of the
sensor is shown in Figure A-S2A. Areas in which the sensors will be constructed are
marked in the slide. As seen in Figure A-S2C, the system consists of the substrate followed
by a PDMS layer on top that has holes superposed with the marked areas. That ensures use
of less resources, with the reactions constricted to the marked areas and that the sensors
will be easily located for SERS measurement. A simple sensing platform made of
polylactic acid (PLA) consisting of a base and a top were 3D-printed to give the sensor

stability and to withstand the clamp pressure preventing deformation of the PDMS. It also
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allows the addition of samples to the wells without unclamping the system. The complete
assembly is seen in Figure A-S2B, with the substrate, PDMS layer and top and bottom

PLA clamped together with a binder clamp.

PDMS

Antibody-modified

B substrate (inside = ))
Co A
marked regions) 2

" bOtto.

Figure A-S2. A) 100 nm gold-coated glass slide used as a substrate with marked regions.

R

N

B) The assembled assay platform. C) Depiction of the layers used in the platform.

A3. Assay for Higher 1gG Concentrations

The assay was repeated for higher concentrations of the analyte, IgG from human
serum. Concentrations above 100 ng.mL™ have a constant response, and the sensor is
saturated. Above 50 ng.mL™ the assay is not quantitative but is still qualitative and can be

used as a Yes/ No response to the presence of the analyte.
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Figure A-S3. Box Plot superposed with calibration curve generated by the median of the
areas under the NB peak for the 7200 measurements for each related 1gG concentration
for another assay with higher concentration of IgG, showing a linear region and a

saturated region.

A4. Data Analysis

Figure A-S4A shows a Color Map of Intensities for one mapping taken at 19G
concentration 19 ng.mL™. Each spectrum of the Raman mappings was individually
baseline corrected using the Savitsky-Golay signal removal method. Figure A-S4B and A-
S4C shows the raw data and after baseline correction, respectively. Each pixel of the Color
Map of Intensities (Figure A-S4A, arrow), 1.1 pm?, is color coded to the Raman intensity
of the integrated area under the NB phenoxazine ring mode, centered at 592 cm™ (Figure

A-S4C, arrow).
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Figure A-S4. A) Color Map of Intensities of Raman measurements for a 19 ng.mL™ 1gG
concentration; arrow is pointing to pixel correspondent to laser size. B) Raw signal
correspondent to a pixel of the Color Map of Intensities. C) Signal after Savitsky-Golay
signal removal method; arrow indicates the NB phenoxazine ring mode that have the area

quantified for the construction of the calibration curves of this assay.

A5. SERS Intensity Distribution Histograms

The SERS intensity distribution histograms of the NB phenoxazine ring mode areas

for the measured 1gG concentrations are shown in Figure A-S5. The population distribution

of a small number of ERLs that have highly efficient hotspots generates an intensity

population distribution with a long tail.
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Figure A-S5. Histograms of the areas under the NB phenoxazine ring mode for 7200
measurements for duplicates of each IgG concentration, ranging from 3.1 to 50.0 ng.mL™*

and two controls, no antigen (PBS) and 25 ng.mL™* of IgM, bin size 2000.
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A6. Chi-square Test for Lognormal Distributions

To confirm that we have lognormal distributions, a chi-square test with alpha 0.01
(Figure A-2B) was conducted comparing a log normal fitting using MATLAB®, to the

experimental data for all the populations according to Equation A-S1.3

2 Z (Observed frequency—Expected frequency)?

xX° = Equation A-S1

Expected frequency

The considered null hypothesis is that the distribution is log normal and the alternate
hypothesis was that the distribution is not a log normal. High p-values were obtained, and
it confirmed the acceptance of the null hypothesis and that the distributions are Log normal.
Percent Root mean square error (%RMSE) was calculated using MATLAB® to access how
close is the Log normal fit to the data. %RMSE values are low compared to the data range

(Figure A-3B) and the Log normal fitting proves adequate to the distributions.

References

(1) van Amerongen, A.; Veen, J.; Arends, H. A.; Koets, M. Lateral Flow
Immunoassays. In Handbook of Immunoassay Technologies; Elsevier, 2018; pp 157-182.
(2) Tomés, A. L.; de Almeida, M. P.; Cardoso, F.; Pinto, M.; Pereira, E.; Franco, R.;
Matos, O. Development of a Gold Nanoparticle-Based Lateral-Flow Immunoassay for
Pneumocystis Pneumonia Serological Diagnosis at Point-of-Care. Front. Microbiol. 2019,

10.



164

(3) Pearson, K. X. On the Criterion That a given System of Deviations from the
Probable in the Case of a Correlated System of Variables Is Such That It Can Be
Reasonably Supposed to Have Arisen from Random Sampling. The London, Edinburgh,

and Dublin Philosophical Magazine and Journal of Science 1900, 50 (302), 157-175.



165

Appendix B

Appendix B is the Support Information o the unpublished work: “A Digital SERS
Protocol for the Determination of SARS-CoV-2 in Saliva Samples” by Ariadne
Tuckmantel Bido and Alexandre G. Brolo currently under review - manuscript I1D: se-

2023-001727.

B1l. Lateral Flow Assay (LFA)

A LFA strip was constructed as described elsewhere.! It consisted of a sample pad, a
conjugate pad, a nitrocellulose membrane containing a test line, a negative control line,
and an absorbent pad. The control line was a negative control and contained anti-lgM. The
ERLs should not react with this line. The test line contains SARS-CoV-2 Spike S2
antibody. The sample is 5 pL of antigen at 1 mg.mL™ in PBS-10, S1-S2 Spike Protein,
followed by 200 pL of the runner buffer. The sample flowed from the sample pad to the
conjugate pad, releasing the dried ERLs or the bare nanoparticles towards the negative
control and test lines. Figure B-S1 shows that the ERLSs successfully contain the antibodies.
The ERLSs interacted with the antigen in the sample and the antigen interacted with the
antibody present in the test line. There was no interaction with the negative control,
indicating that the unspecific binding was negligible. The bare nanoparticles did not
interact with either the negative control or the test lines, indicating that the interaction was
solely due to the antibodies added to the nanoparticles for the construction of ERLS. The

test was carried out three times.
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Figure B-S1. Lateral Flow Assay (LFA) used to test the ERLs binding and compare with
non-modified nanoparticles (bare AuNPs). The ERLs contained SARS-CoV-2 S1
antibodies. The negative control line contained anti-lgM and did not interact with the

ERLs. The test line contained SARS-CoV-2 Spike S2 antibody.

B2. Platform and PDMS Fabrication

The assembly of the platform used for this assay consisted of a polylactic acid (PLA)
top and base that were 3D printed. They formed a sandwich with the sensor being modified
with a PDMS (poly(dimethylsiloxane)) layer. The layers were clamped with a binder clip.
A photo of this platform is shown elsewhere.! The PDMS layer encircled the areas of the
substrate being modified. For the PDMS fabrication, a 10:1 mixture of a silicone elastomer
base and an elastomer curing agent were mixed and poured into a silicon wafer that had
aluminum foil wrapped to create a container for the mixture. The mixture was degassed by

applying vacuum in a desiccator repeatedly. Then, the PDMS was baked at 150 °C in a hot
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plate for 1 h allowing it to polymerize. To prepare the PDMS masks used in the assay, the
PDMS was peeled and cut into the same size as the gold-covered slides using a scalpel.
The PDMS masks were gently touched with tape to make sure it was clear of any debris
and then washed by gently rinsing in water and soap solution in a large beaker, then rinsed
with water and ethanol abundantly and dried under a N2 stream. These masks were cut
either by having a large circle encompassing the three demarked regions of the assay and
referred as PDMS mask A or with three holes that superpose the marked regions of the
assay, made with a5 mm biopsy punch and referred as PDMS mask B. Figure B-S2 shows
masks A and B. Mask A is added after the SAMs formation and is consisted of a circle cut
that encompasses the three marked regions on the sensor. Mask B have three 5 mm circles

that encircles individual areas in the sensor surface, for the subsequent steps.
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Figure B-S2. Platform assembly, consisting of a PLA top, a PDMS mask, the SERS

7

sensor and a PLA bottom. A) the assembly with PDMS mask A, that expose the 3 areas
in the sensor surface to be modified at once. B) the assembly with PDMS mask B, that

expose the 3 areas of the sensor surface individually.
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B3. SEM Images

SEM images were taken from all samples to estimate the number of ELRs/um?. Figure
B-S3A shows an example of image for the PBS-10 sensor surface, for 1.56 ng.mL™* of S1-
S2 Spike Protein Figure B-S3B shows an example of image for the PBS-10 sensor surface,

for 50 ng.mL™* of S1-S2 Spike Protein.

Figure B-S3. SEM images of sensor surfaces for the assay conducted in PBS-10. A) 1.56

ng.mL* of S1-S2 Spike Protein and B) 50 ng.mL* of S1-S2 Spike Protein.

B4. Digital Protocol

The Digital Protocol consists of given a 1 (counts) or 0 (no counts) classification to
each spectrum and count the positive values. Figure B-S4A shows a typical raw data for a
negative count and Figure B-S4C shows a typical raw data for a positive count. The first
step in the data treatment is to baseline correct each spectrum using the Savitsky-Golay
signal removal method. Figure B-S4B and B-S4D shows the spectra of the curves for B-

S4A and B-S4C after baseline correction, respectively.
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The next step is to fit use Peakfit in the NB peak region (blue arrow), centered at 592
cm, applied to cover a range of 15 wavenumbers in each side of the centered peak, with
Lorentzian peak shape and 20 iterations. The area of each spectrum peak is recorded in a
matrix. As a background, the area for the same number of wavelengths, centred at 625 cm-
! using the trapz function, is recorded for each spectra in another matrix.

Next, these matrices are compared. If the NB peak area is larger than three times the

background, the value is considered 1; if the NB peak is equal or smaller than three times

the background, it is considered a 0.
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Figure B-S4. A) Typical raw data for a negative signal. B) The same spectra as in A)
baseline corrected. C) Typical raw data for a positive signal. D) The same spectra as in C)

baseline corrected.
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B5. Assay Conducted in PBS-10

For the assay conducted in PBS-10, Raman mappings were obtained from all the

different tested concentrations of the S1-S2 antigen, being three random 30 by 30 pm?

maps, with 900 measurements per map. The assay was conducted in duplicate, therefore

the data consisted of a total of six maps, or 5400 measurements per concentration. Figure

B-S5 shows representative digital maps for the assay conducted in PBS-10, with number

of ERLSs per area shown in red, based on SEM images.
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Figure B-S5. Representative digital maps for the assay conducted in PBS. The white

squares represent the positive events (assigned as 1), and the black squares are the

negative events (assigned as 0). The estimated number of nanoparticles per area (um?),

based on SEM images are indicated in red.
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B6. Calibration Curves for Conventional Data Analysis and Digital

Protocol

Figure B-S6A shows the conventional method for data treatment, relating SERS
intensities with the S1-S2 Spike Protein concentration. Figure B-S6B shows the same
dataset with the digital protocol data treatment. There is a linear and a saturated region of
this assay. From 25 ng.mL? of S1-S2 Spike Protein onwards, the assay saturates and can
be used for detection but not quantification. The saturation of the plot may be due to
saturation of available sites for the S1-S2 Spike Protein to interact with, plateauing the
number of ERLS, and SERS signal at a saturation concentration. The breaks in the plot are
from 650 to 5250, 5350 to 6950, 7100 to 11400, 11450 to 18440, 18500 to 19800, 19900
to 26250, 36400 to 32650, 32775 to 35000, 35050 to 42050 and 42400 to 69450, to

accommodate the large variation in the SERS intensities.
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Figure B-S6. A) Calibration curve generated by the median of the intensities considering
the area under the NB phenoxazine ring mode related to the concentration of the S1-S2
Spike Protein in saliva, superposed on a Box Plot with maximum and minimum shown.

B) Calibration curve generated by the digital protocol, being counts (positive events)

related to the concentration of the S1-S2 Spike Protein subunit in saliva,

Figure B-S7A shows the conventional method for data treatment, relating SERS
intensities with the S1-S2 Spike Protein concentration. Figure B-S7B shows the same
dataset with the digital protocol data treatment. The breaks in the plot are from 2800 to
5250, 5500 to 13950, 14300 to 38500, 39100 to 41400, 41700 to 43900 and 44300 to

324900, to accommodate the large variation in the SERS intensities.
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Figure B-S7. A) Calibration curve generated by the median of the intensities considering

the area under the NB phenoxazine ring mode related to the concentration of the spiked

S1-S2 Spike Protein in PBS-10, superposed on a Box Plot with maximum and minimum

shown. B) Calibration curve generated by the digital protocol, being counts (positive

events) related to the concentration of the S1-S2 Spike Protein in PBS-10.

B7. SERS Intensity Distribution Histograms

The SERS intensity distribution histograms of the NB phenoxazine ring mode areas

for three S1-S2 Spike Protein concentrations are shown in Figure B-S8. The long tail

distribution is expected for assays that have a small number of ERLS, caused by the

presence of highly efficient hotspots.?
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Figure B-S8. Histograms of the areas under the NB phenoxazine ring mode for three

concentrations of S1-S2 Spike Protein, being 1.6, 25, and 50.0 ng.mL™* in PBS-10. The

populations are comprised of 5400 measurements, bin size 325, 1000 bins.

B8. Number of ERLSs on the Sensor Surface and Counts Correlation

Figure B-S9 shows a linear relationship between the number of ERLS counted on the

SEM images with the number of counts of the assay. The range of linearity is in accordance

with the digital SERS assays. Figure B-S9A (PBS-10 assay) shows linearity in the whole

assay whereas Figure B-S9B (saliva assay) has a linear and a saturated region, in

accordance with the obtained digital protocol.
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Figure B-S9. A) Linear relationship between the number of ERLs on the surface of the
sensor determined by SEMs and the digital counts for the assay in PBS-10. B)
Relationship between the number of ERLSs on the surface of the sensor determined by
SEMs and the digital counts for the assay in saliva, for the linear and saturated regions of

the graph’s assay.
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Appendix C

Appendix C is the Support Information to the unpublished work: “Detection of SARS-
CoV-2 in Saliva by a Low-cost LSPR-based Sensor”, by Ariadne Tuckmantel Bido
Katherine J.1. Ember, Dominique Trudel, Madeleine Duran, Frederic Leblond and

Alexandre G. Brolo that is ready to be submitted.

CL1. Photo of the sensing films on a well plate

Figure C-S1. Photo of the sensing films (AgNPs) covering a well plate. Each plate has

364 individual wells for testing.
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C2. Layers of the sensor
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Figure C-S2. Layers constructed on the well plates. (1) AgNP film, (2) SAMS, (3) Spike
S2 Ab or S1+S2 protein, (4) blocking with BSA and DMSO and (5) detection of the

SARS-CoV-2 virus or SARS-CoV-2 Ab in saliva.
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C3. Assay with saliva spiked with SARS-CoV-2 (2019-nCoV)

Spike S1 + S2 ECD-His Recombinant Protein for protocol development.
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Figure C-S3. Assay conducted in saliva spiked with SARS-CoV-2 (2019-nCoV) Spike
S1 + S2 ECD-His Recombinant Protein, with a control, IFA (Influenza A H7N9
(A/Shanghai/1/2013) Hemagglutinin / HA Protein (His Tag) and only saliva background.

The detection element used in the AgNP film was Spike S2 Ab.
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C4. Example of one well monitoring for the layering of the sensor

elements and the tested saliva.
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Figure C-S4. A shift of one well monitored and tested with a patient’s saliva. Layers are

AgNPs, SAMs, recognition element (RE) in this case SARS-CoV-2 (2019-nCoV) Spike

S2 Antibody, blocking and saliva from the patient.
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C5. LSPR Aimax correlation with refractive index for the Ag film

for RIS determination
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Figure C-S5. LSPR Amax correlation with refractive index for the Ag film in which the
assay is based. The refractive index sensitivity (RIS) is 105.6 nm/RIU as denoted in the

slope of the calibration curve.

C6. Thresholds, TPR and FRP for ROC construction for the

sensor with Spike S2 Ab as detection element

To construct the ROC curves, confusion matrices were done for each possible
threshold of the observed shift difference with actual and predicted “infected” and “not

infected” as classifiers and determining the TRP and FRP.
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Table CS-1. Thresholds, true positive rate (TPR) and false positive rate (FRP) calculated

for the 15 confusion matrices used for the construction of the ROC curve for the sensor

with Spike S2 Ab as detection element.

Virus Detection
Threshold TPR FPR
>-0.30 1.00 1.00
>-0.20 0.89 1.00
>-0.13 0.78 1.00
>-0.03 0.56 1.00
>-0.01 0.44 1.00
>0.10 0.33 1.00
>0.13 0.11 1.00
>0.30 0.11 0.88
>0.50 0.11 0.75
>0.60 0.00 0.75
>0.69 0.00 0.63
>0.75 0.00 0.50
>0.82 0.00 0.38
>0.83 0.00 0.25
>1.05 0.00 0.13
>1.56 0.00 0.00
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C7. Thresholds, TPR and FRP for ROC construction for the

sensor with S1+S2 protein as detection element

Table CS-2. Thresholds, true positive rate (TPR) and false positive rate (FRP) calculated
for the 19 confusion matrices used for the construction of the ROC curve for the sensor

with S1+S2 protein as detection element.

Antibody Detection
Threshold TPR FPR
>-0.88 1.00 1.00
>-0.85 1.00 0.89
>-0.84 1.00 0.78
>-0.67 1.00 0.67
>-0.63 1.00 0.56
>-0.55 1.00 0.44
>-0.44 1.00 0.33
>-0.37 1.00 0.22
>-0.36 1.00 0.22
>-0.34 1.00 0.22
>-0.27 1.00 0.11
>-0.01 0.75 0.11
>0.20 0.63 0.11
>0.60 0.63 0.00
>0.80 0.50 0.00
>0.90 0.25 0.00
>0.93 0.25 0.00
>1.13 0.13 0.00
>1.30 0.00 0.00




