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The early diagnosis of Coronavirus disease (COVID-19) requires either an accurate detection of genetic material
or a sensitive detection of viral proteins. In this work, we designed an immunoassay platform for detecting trace
levels of SARS-CoV-2 spike (S) protein. It is based on surface-enhanced resonance Raman scattering (SERRS) of
methylene blue (MB) adsorbed onto spherical gold nanoparticles (AuNPs) and coated with a 6 nm silica shell.
The latter shell in the SERRS nanoprobe prevented aggregation and permitted functionalization with SARS-CoV-2
antibodies. Specificity of the immunoassay was achieved by combining this functionalization with antibody
immobilization on the cover slides that served as the platform support. Different concentrations of SARS-CoV-2
antigen could be distinguished and the lack of influence of interferents was confirmed by treating SERRS data
with the multidimensional projection technique Sammon’s mapping. With SERRS using a laser line at 633 nm,
the lowest concentration of spike protein detected was 10 pg/mL, achieving a limit of detection (LOD) of 0.046
ng/mL (0.60 pM). This value is comparable to the lowest concentrations in the plasma of COVID-19 patients at
the onset of symptoms, thus indicating that the SERRS immunoassay platform may be employed for early

diagnosis.

1. Introduction

Early diagnosis of the Severe Acute Respiratory Syndrome Corona-
virus 2 (SARS-CoV-2) [1-3] is efficient to prevent the fast spreading of
the virus by inhibiting human-human transmission through direct routes
[4-6]. The most used detection method has been reverse
transcription-polymerase chain reaction (RT-PCR). The test consists in
converting the viral mRNA into DNA and applying PCR reactions to DNA
amplification and detection [7,8]. RT-PCR is highly specific for
SARS-CoV-2, but its accuracy may be compromised by variations in
sample collection and persistence of viral RNA in the nasal cavity/-
throat, thus leading to false-negative/false-positive results [9-12].
Additionally, PCR involves multiple sample processing steps (e.g.,
nucleic acid extraction, purification, and amplification), making it
time-consuming and expensive [13]. The other types of widely used tests
are serological tests [14-16], which are more stable than viral RNA tests
owing to the uniform distribution of proteins in the blood, tending to

reduce false-negatives [17]. However, these tests to detect SARS-CoV-2
antibodies via enzyme-linked immunosorbent assays (ELISA) [12,
18-20] or lateral flow immunoassays (LFAs) [21] cannot be used for
early diagnosis. Indeed, it can take 2-3 weeks for viral-specific anti-
bodies to be produced after infection.

Biosensors with distinct architectures have been developed for early
detection of Coronavirus disease (COVID-19), with the spike protein
being the most used biomolecule for diagnosis. For instance, Soares et al.
[22] developed an immunosensor made of carboxymethyl chitosan
coated with an active layer of specific antibodies, capable to detect the
spike protein via electrical impedance spectroscopy. The spike protein
could also be detected in sensing chips containing metamaterials and
using terahertz time-domain spectroscopy [23], and with magnetic
microrobots immuno-sandwich assays [24]. For diagnosis of COVID-19
through detection of nucleocapsid protein, Chen et al. [25] constructed
an electrical double layer biosensor, while Qi et al. [26] designed a
fast-responding aptasensor based on a low-cost microelectrode array
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Scheme 1. Illustration of the design of Ab-SARS-CoV-2-SERRS nanoprobes: (i) AuNP (ca. 14 nm diameter) prepared via citrate reduction; (ii) AuNP bonded with MB
molecules, whose 3D molecular structure is indicated by the arrow; (iii) AuNP + MB molecules + an ultrathin silica shell (SERRS nanoprobe — ca. 6 nm shell
thickness) where the amino group of APTMS is firstly bonded to the negative charge surrounding the AuNP followed by sodium silicate binding with APTMS, forming
the 3D complex molecular structure indicated by the arrow; (iv) activation of carboxyl terminal groups; (v) functionalization with Ab-SARS-CoV-2 (Ab-SARS-CoV-2-
SERRS nanoprobe (ca. 31 nm); (vi) functionalization of the cover slide with SARS-CoV-2 antibodies; (vii) incubation of SARS-CoV-2 antigen onto the cover slide
already functionalized with SARS-CoV-2 antibodies in the previous step; and (viii) incubation with Ab-SARS-CoV-2-SERRS nanoprobes completing the SERRS

immunoassay platform, followed by Raman measurement.

chip. RNA fragments have also been applied in detecting Covid-19 with
a one-pot loop probe-mediated isothermal amplification method [27].
There are serological tests which can be used for early diagnosis, for they
can detect viral proteins at the onset of symptoms. For instance,
SARS-CoV-2 spike (S1) protein was detected in the plasma of COVID-19
patients at concentrations ranging from ~8 to 20,000 pg/mL [28], thus
permitting an accurate and early detection of COVID-19. One important
requirement to achieve high accuracy is the capability to detect trace
levels of such proteins. This motivates the search for highly sensitive
methods, such as surface-enhanced resonance Raman scattering
(SERRS) to detect the target molecule adsorbed on plasmonic metallic
nanostructures [29,30]. SERRS has been used to detect trace level con-
centrations of neurotransmitters [31], proteins [32-34], pesticides
[35-371, heavy metal ions [38], and cancer biomarkers [33,34,39].
Combining SERRS with an immunoassay platform may allow one to
detect different proteins and increase sensitivity [40,41].

In this paper, we report on an immunoassay platform for early
diagnosis of Covid-19 with SARS-CoV-2 spike glycoprotein (S1) (anti-
gen) used as target molecule. Gold nanoparticles (AuNPs) were conju-
gated with methylene blue (MB) enclosed by a silica layer to avoid
uncontrolled aggregation and chemical degradation. MB is a Raman
reporter molecule, whose absorption is in resonance with the excitation

laser line (at 633 nm), with which one may generate surface-enhanced
resonance Raman scattering (SERRS). The specificity to the immuno-
assay platform was warranted by functionalizing the nanoparticle
(SERRS nanoprobe) with SARS-CoV-2 antibodies. These Ab-SARS-CoV-
2-SERRS nanoprobes can detect concentrations of SARS-CoV-2 spike
protein down to 10 pg/mL.

2. Materials and methods
2.1. Surface-enhanced Resonance Raman scattering (SERRS) nanoprobes

Spherical gold nanoparticles (AuNPs) with ca. 14 + 3 nm diameter
were synthesized via citrate reduction [42]. The procedure consisted in
preparing 150 x 107> L tetrachloroauric acid (HAuCly 0.5 x 1073
mol/L; ref: 520918, Sigma-Aldrich, Saint-Louis, MO, USA) under
vigorous stirring and boiling 7.5 x 103 L sodium citrate (38.8 x 107>
mol/L; ref: S4641, Sigma-Aldrich). After the color change from yellow to
reddish-purple, the colloidal suspension was maintained under heating
for 10 min, and for an additional 15 min only under magnetic stirring.
0.5 x 1073 L methylene blue (MB) (1.77 x 107° mol/L; ref: M9140,
Sigma-Aldrich) were then mixed with 50 x 1073 L. AuNPs (1.1 x 102
AuNPs/mL, concentration estimated as shown in the Supplementary
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Fig. 1. (a) UV-Vis absorption spectrum of MB solution at 10> mol/L (blue) and UV-Vis extinction spectra of AuNPs (gold yellow) and SERRS nanoprobes (gray).
The red arrow at 633 nm illustrates the excitation laser line applied in the resonance Raman experiments. (b) Zeta potential values and hydrodynamic diameters
obtained with dynamic light scattering (DLS) for AuNPs, SERRS nanoprobes and Ab-SARS-CoV-2-SERRS nanoprobes. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

Material) for 30 min under vigorous stirring at room temperature. The
addition of MB allows for chemical adsorption [43,44] to establish a
covalent bond through the N-CHj3 group from MB with the AuNP sur-
face. AuNPs were subsequently coated with an ultrathin silica shell
(about ca. 6 nm) by adding 3 x 10~> L (3-aminopropyl) trimethox-
ysilane (APTMS 1 x 1073 mol/L; ref 281778, Sigma-Aldrich) and stirred
for 10 min before adding 6 x 1073 L sodium silicate solution (0.54%,
pH= 10; ref 338443, Sigma- Aldrich). The temperature of the system
was raised to 90-95 °C and maintained for 3 h [45,46]. The silica
coating prevents aggregation while providing an outstanding surface for
further functionalization [47,48]. The final nanomaterial, made of
AuNPs conjugated with MB molecules followed by a silica shell
(AuNPs-MB@SiO), was named SERRS nanoprobe. 12 x 1073 L SERRS
nanoprobes were centrifuged at 14676 g for 15 min and redispersed into
1x10°°L Milli-Q water (resistivity 18.2 MQ.cm™Y) to obtain concen-
trated SERRS nanoprobes (1.1 x 10'® AuNPs-MB@SiOy/mL). The
colloidal suspensions were characterized using UV-Vis absorption
spectroscopy (Agilent spectrometer, Cary 60, from 190 to 1100 nm),
dynamic light scattering (DLS) and zeta potential measurements (Mal-
vern Panalytical, model Zetasizer Nano S90). A schematic illustration of
the preparation of SERRS nanoprobes is shown in Scheme 1.

2.2. Functionalization of SERRS nanoprobes with SARS-CoV-2 antibodies

The SERRS nanoprobes were functionalized with SARS-CoV-2 anti-
bodies by adapting established protocols [47,48]. 1 x 10~2 L SERRS
nanoprobes (1.1 x 10'® SERRS nanoprobes/mL) were diluted in 2.5 x
1073 L Milli-Q water and incubated overnight with 2.5 x 1073 L
(3-triethoxysilyl) propylsuccinic anhydride (TEPSA 0.12 mol/L; ref:
094958, StartBioScience, Valinhos, SP, Brazil). The SERRS nanoprobes
were rinsed with PBS solution and resuspended in 5 x 1073 L
N-hydroxysuccinimide (NHS 7.5 x 10~* mol/L; ref 130672,
Sigma-Aldrich) and N-(3-(dimethylamino)propyl)-N’-ethylcarbodiimide
hydrochloride (EDC 3 x 1073 mol/L; ref 03450, Sigma-Aldrich) PBS
solution (ref: 4417, Sigma-Aldrich), in order to activate the carboxyl
terminal groups from TEPSA. After 2 h, the SERRS nanoprobes were
rinsed with PBS solution, redispersed in 5 x 1073 L SARS-CoV-2 spike
glycoprotein (S1) antibody (1.5 x 10~ g/mL in PBS; ref: ab273073,
ABCam, Cambrige, CA, USA) and incubated overnight in a refrigerator
(4 °C) under magnetic stirring. A discussion on the estimated number of
antibodies covering SERRS nanoprobe is included in the Supplementary
Material. Lastly, the Ab-SARS-CoV-2-SERRS nanoprobes were centri-
fuged at 1500 g for 10 min and redispersed into 500 x 10~ L PBS so-
lution, removing unbounded antibodies. The colloidal suspension was

kept in a refrigerator (4 °C) for further SERRS immunoassay experi-
ments. The functionalization of SERRS nanoprobes with SARS-CoV-2
antibodies is also illustrated in Scheme 1.

2.3. Functionalization of SARS-CoV-2 antibodies on cover slides

SARS-CoV-2 spike glycoprotein (S1) antibodies were functionalized
on the surface of cover slides following published protocols [43,47,48].
This antibody immobilization onto the cover slides is essential to ensure
the effectiveness of the immunoassay platform. For the specific
antibody-antigen interaction prevents the antigens to be added in the
next step from being removed in the rinsing step with PBS solution. The
cover slides were cleaned with Milli-Q water and ethanol in an ultra-
sonic bath for 10 min each and incubated overnight with an ethanolic
solution of TEPSA (0.1 mol/L). A parafilm® surface containing punched
wells (0.6 mm of diameter) was placed onto each cover slide to predefine
the immunoassay spots. Each punched-well contained a solution with
either no antigen (“blank™) or a given SARS-CoV-2 antigen concentra-
tion. For activating the carboxyl terminal groups from TEPSA, each
immunoassay spot received 20 x 10~° L NHS (1.5 x 10~* mol/L) and
EDC (3 x 102 mol/L) PBS solutions for 2 h. The antigens are therefore
amenable to bind the SARS-CoV-2 antibodies on the cover slides. Then,
the spots were rinsed with PBS and incubated overnight (in a refriger-
ator at 4 °C) with 15 x 107 L. SARS-CoV-2 antibodies (2.4 x 10~* g/mL
in PBS). The functionalization of SARS-CoV-2 antibodies on cover slides
is also displayed in Scheme 1.

2.4. SERRS immunoassay platform

The concentrations of recombinant human coronavirus SARS-CoV-2
spike glycoprotein (S1) (SARS-CoV-2 antigen; ref: ab273068, ABCam)
were chosen based on the clinical appeal for COVID-19 diagnosis [49,
501, from 100 pg/mL to 0.01 ng/mL. An aliquot with 15 x 10~ L of each
antigen concentration was placed on the immunoassay spot of the cover
slide, incubated for 1 h and rinsed with PBS solution. 15 x 107° L
Ab-SARS-CoV-2-SERRS nanoprobes were added, incubated for an
additional 1 h, and rinsed with PBS. After drying, the SERRS immuno-
assay platform was placed in Petri dishes and stored in refrigerator
(4 °C) before use for the Raman measurements. The addition steps of
SARS-CoV-2 antigen and Ab-SARS-CoV-2-SERRS nanoprobes as well as
the Raman measurement and SERRS spectra collection are represented
in Scheme 1. The possible effect of interferents was also verified using
pharmaceutical drugs commonly taken by patients at the onset of
COVID-19 symptoms or even without suspicion of COVID-19. Some of
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these drugs are now known as ineffective for COVID-19, though widely
taken. The interferents used were paracetamol (750 mg; EMS, Brazil),
azithromycin (500 mg; Eurofarma, Brazil), dexamethasone (4 mg; EMS,
Brazil) and ivermectin (6 mg; Germed, Brazil). The aliquots of antigen
were replaced by aliquots of the interferents and by aliquots of inter-
ferent + antigen. The interferents were tested separately and in a
mixture, with and without antigen.

2.5. Resonance Raman, SERRS measurements and data analysis

The resonance Raman and SERRS spectra were acquired using an in-
Via Raman microscope (Renishaw Inc., Hoffman Estates, IL) equipped
with a 633 nm laser line, 1800 lines/mm diffraction grating, 10 s
acquisition time, laser power attenuated to 10%, and a 50 x (NA = 0.75)
dry objective (Leica Microsystems). SERRS mapping was carried out by
selecting a 40 x 40 pm? area with 3 pm step, thus obtaining a total of
196 spectra for each mapped concentration. The baseline correction and
analysis of Raman spectra was performed using Origin Pro V8.5 software
(OriginLab Corporation, Northants). The data were also evaluated using
the multidimensional projection technique referred to as Sammon’s
mapping [51,52]. With this methodology data from a multidimensional
space are projected onto a 2D space trying to preserve similarity re-
lationships within the original data set.

3. Results and discussion

As depicted in the schematic illustration of the Ab-SARS-CoV-2-
SERRS nanoprobe in Scheme 1, methylene blue (MB) molecules are
embedded between spherical gold nanoparticles (AuNPs) and ultrathin
silica shells via covalent bond of N-CHs groups from MB with AuNPs,
followed by functionalization with SARS-CoV-2 antibodies. The silica
coating precludes aggregation and the leaching of MB during processing
and assay operations. Furthermore, it provides an outstanding surface
functionalization to render molecular specificity to the nanoprobes [43].

1750

The UV-Vis absorption spectrum of the MB solution at 10~> mol/L and
the extinction spectra of AuNPs and SERRS nanoprobes are shown in
Fig. 1(a). Two absorption peaks at 613 and 664 nm in the MB spectrum
are assigned to n-n* transitions (n is the free doublet on the nitrogen
atom of C=N bond and free doublet of S atom on S=C bond) [53]. The
extinction of the localized surface plasmon resonance (LSPR) shifted
from 518 nm (AuNPs) to 523 nm (SERRS nanoprobes) owing to the
conjugated MB and silica shell covering the AuNP [43,47,48]. The zeta
potential and hydrodynamic diameters for AuNPs, SERRS nanoprobes
and Ab-SARS-CoV-2-SERRS nanoprobes are displayed in Fig. 1(b).
AuNPs have approximately 14 + 3 nm diameter, which increased to 20
=+ 6 nm with the MB conjugation + silica coating and to 31 + 13 nm with
the functionalization of SARS-CoV-2 antibodies. The zeta potential was
also affected, especially from the AuNPs (—32.4 £+ 0.6 mV) to the SERRS
nanoprobes (—18 + 2 mV), whose increase is related to the reduction of
negative charges around the nanoparticles. The AuNPs synthesized via
citrate are negatively charged [42] and the cationic MB [54] and inert
silica shell [55,56] decrease the surface charge. After functionalization
with the antibodies a slight decrease is noted in zeta potential (—22 + 1
mV). The prevalence of disulfide bonds and carboxyl-terminal groups in
relation to amino-terminal groups in the antibody structure might lead
to an increase of negative charges [57].

Fig. 2 shows the resonance Raman spectrum of MB solution at 107>
mol/L, the fluorescence spectrum of MB solution (10~ mol/L) con-
taining AuNPs, the SERRS spectra of SERRS nanoprobes, and SERRS
nanoprobes functionalized with Ab-SARS-CoV-2 and exposed to 1 pg/
mL SARS-CoV-2 antigen. The latter corresponds to the complete
immunoassay platform (cover slide functionalized with SARS-CoV-2
antibodies + antigen + Ab-SARS-CoV-2-SERRS nanoprobes, referred
to as antigen-Ab-SARS-CoV-2-SERRS nanoprobes). Those experiments
were carried out by dropping a given volume of the solutions or colloidal
suspensions on glass cover slides, which were dried in a vacuum system.
The assignments of the MB main vibrational modes from the Raman and
SERRS spectra of Fig. 2 are displayed in Table 1. The MB solution (107>
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Table 1

Assignments of the main vibrational modes from MB in solution (107° mol/L)
and forming both SERRS nanoprobe and antigen-Ab-SARS-CoV-2-SERRS
nanoprobe.

Ref Wavenumber MB (10~° SERRS Antigen-Ab-SERRS
(em™) mol/L) nanoprobe nanoprobe
[54, v(C-C) ring 1623 1623 1616
671 1583
1502 1502
[67] Vasym (C-N) 1438 1440
[54, Vsym N-CH3 1396 1382 1383
68]
[69] —CH2 twist 1316 1312
[68] a(C-H) 1301
1273
1241
1237
[67] v(C-N) 1180
[70] C-C (vibration) 1155 1158
[67] y(C-H) 1127 1127
[54, B(C-H) 1038
67] 1106 1106
[70] C-C (rocking) 1006 1006
950
944
891
860 860 860
806
[68] B(C-H) 769
714 714
[671 y(C-H) 671
602 602
596
[67] 5(C-N-C) 501 505 505
478 478
472
[67, S§(C-N-C) 447 445 445
71] 395 395
382
300

v, stretching; a, in-plane ring deformation; $, in-plane bending; y, out-of-plane
bending; and 6, skeletal deformation.

mol/L) containing AuNPs (dark blue) yielded a fluorescence spectrum
instead of SERRS signal. In fact, the MB molecules adsorbed on AuNPs
might undergo fluorescence quenching [58] while forming a protective
barrier that avoids the direct contact between the outermost MB mole-
cules and the AuNPs surface. This protective barrier made of MB mol-
ecules provides a metal-dye distance that allows a continuous transition
from fluorescence quenching to fluorescence enhancement [59,60]. On
the other hand, in the SERRS nanoprobes spectrum (gray) the Raman
fingerprint from MB is clear [54,61], with a slightly modified spectral
profile compared with the resonant Raman spectrum of MB solution
(blue). These spectral changes might be induced by MB-AuNP binding
and subsequent silica shell enclosure, which did not affect the chemical
structure of MB. In fact, the SERRS activity of
antigen-Ab-SARS-CoV-2-SERRS nanoprobes (green) also demonstrated
that MB molecules did not undergo any chemical modification during
building of the immunoassay platform and/or with the tests in SERRS
detection. The contact between the metallic surface and MB molecules
leads to fluorescence quenching, favoring the enhanced Raman signal
[62]. Additionally, the spectrum (green) for Ab-SARS-CoV-2-SERRS
nanoprobes was not affected in the immunoassay to detect 1 pg/mL of
SARS-CoV-2 antigen (antigen-Ab-SARS-CoV-2-SERRS nanoprobes). The
SERRS spectra from the SERRS nanoprobes and
antigen-Ab-SARS-CoV-2-SERRS nanoprobes display slight changes in
intensity and band position, with spectral profiles comparable to the
resonant Raman spectrum of MB solution (blue; Fig. 2).

The relative intensity of the bands from vibrational modes of N-CH3
symmetrical stretching and C-C ring stretching is inverted when the
resonant Raman spectrum of MB solution is compared with the SERRS
spectra of the SERRS nanoprobes and of the antigen-Ab-SARS-CoV-2-
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SERRS nanoprobes. In MB solution the band at 1623 cm™! assigned to
C-C ring stretching is the most intense with the band at 1396 cm™?
assigned to the vibrational mode N-CH3 symmetrical stretching being
the second most intense. In the SERRS spectra of SERRS nanoprobes and
antigen-Ab-SARS-CoV-2-SERRS nanoprobes, the band from N-CHj
symmetrical stretching (at 1383 cm™!) is the most intense, followed by
the band from C-C ring stretching [54]. This might suggest a preferential
orientation of MB molecules on the nanoprobes. The enhanced Raman
signal is highly dependent on the distance between the adsorbed
molecule and metallic surface, and on molecular orientation [63-66].
Therefore, it can be assumed that MB molecules are adsorbed on the
AuNP surface through the N-CH3 bond, in a more inclined orientation to

the vertical line. The dipole of C-C stretching ring is parallel to Flocal
surrounding the metallic nanoparticle, being perpendicular to its sur-
face. This molecular orientation of MB leads to a maximum enhance-
ment of the 1383 cm ™! band (N-CH3 symmetrical stretching) followed
by the band at 1623 cm™! (C-C ring stretching), respectively. A proposal
for the orientation of MB molecules on the AuNP is given in Figure S1
(Supplementary Material).

Different concentrations of SARS-CoV-2 antigen (from 100 pg/mL to
0.01 ng/mL) were studied by incubating the Ab-SARS-CoV-2 function-
alized cover slides with the antigens for 1 h and with Ab-SARS-CoV-2-
SERRS nanoprobes for another 1 h. The SERRS mappings taken are
plotted in Fig. 3(a)-(h). Control experiments were performed without
the antigen (“No antigen”: SERRS nanoprobes dropped directly onto the
cover slide functionalized with SARS-CoV-2 antibodies, incubation for 1
h, followed by rinsing with PBS solution) and in the absence of antigens
and SERRS nanoprobes (“Blank™: only the cover slide functionalized
with SARS-CoV-2 antibodies). The SERRS mapping is made by delimit-
ing an area on the immunoassay platform and collecting SERRS spectra
point-by-point along the defined area. For Fig. 3 we delimited a square
of 40 x 40 pm? with a 3 pm step, generating a total of 196 SERRS spectra
per mapping. Each SERRS mapping was plotted by taking the band in-
tensity at 1383 cm ™! (peak intensity without any baseline correction)
(Fig. 3), where the brighter spots refer to higher intensities. This band
was chosen owing to its high intensity; it is assigned to the vibrational
mode of N-CH3 symmetrical stretching, which is covalently bonded to
Au surface (Fig. 3(k)). The distribution of SERRS intensities indicates
that the nanoprobes are fairly dispersed on the platform surface. SARS-
CoV-2 antigen was detected at every probed concentration (Fig. 3(a)—
(h)). The lowest concentration of SARS-CoV-2 antigen was 0.01 ng/mL
(0.13 pM), smaller than the concentrations reported with recent meth-
odologies to detect COVID-19. Indeed, the detection limits were 5 ng/
mL for lateral flow via ACE2 receptor [72], 12.6 nM for single-walled
carbon nanotube (SWCNT)-based fluorescence sensing [73], 50 pg/mL
for microfluidic magneto immunosensor using electrochemical mea-
surements [13], and 0.22 pM for plasmonic photothermal biosensors
[74].

The SERRS intensity at 1383 cm ™! was averaged from a total of 196
SERRS spectra recorded in triplicate for each concentration of SARS-
CoV-2 antigen, from which the adsorption curve in Fig. 4(a) was ob-
tained. The isotherm could be fitted with the Langmuir adsorption
model [75-77] for the range of detection analyzed here, from 100
pg/mL to 0.01 ng/mL of SARS-CoV-2 spike glycoprotein (S1) (coefficient
of determination, R2 = 0.9604). At low concentrations (from 100 ng/mL
to 0.01 ng/mL) the increase in SERRS intensity with the SARS-CoV-2
antigen concentration could be approximated with a linear function,
as shown in Fig. 4(b) (coefficient of determination, R% = 0.9741). At this
linear regime, no intermolecular interactions are predicted to occur and
a calibration curve was used to determine the limit of detection (LOD) of
the SERRS immunoassay platform [76,78]. LOD was calculated ac-
cording to the following equation [48,77,79,80]:

LOD =3 x SDB[‘mk/b

where SDgjank is the standard deviation of the “Blank” sample and b is



M.J. Bistaffa et al. Talanta 244 (2022) 123381

(a) 100 pg/mL (13 mM) (b) 10 pg/mL (130 nM) (c) 1 pg/mL (13 nM) (d) 100 ng/mL (1.3 nM)

40 pm
40 pm
40 pm

40 pm

40 pm 40 pm 40 pm 40 pm
(e) 10 ng/mL (130 pM) (® 1 ng/mL (13 pM) (g) 0.1 ng/mL (1.3 pM) (h) 0.01 ng/mL (0.13 pM)

40 pm
40 pm
40 pm
40 pm

40 pm 40 pm 40 pm 40 pm
(1) No antigen (j) Blank &)
1 354 —Blank 1383
304 No antigen
——Antigen-Ab-SARS-CoV-2-SERRS
254

nanoprobes

[ %)

40 pm

40 um
Intensity x107% (counts)

40 um 40 um 250 500 750 1000 1250 1500 1750 2000
Wavenumber (cm?)

Fig. 3. SERRS area mappings (40 um x 40 pm and step of 3 um) show the intensity distribution (peak intensity without any treatment) of the band at 1383 cm ™! for
(a)-(h) different concentrations of SARS-CoV-2 antigen, (i) in the absence of antigen (“No antigen™) and (j) without antigen and with no SERRS nanoprobes (“Blank™).
The same color scale was set for all SERRS mappings. (k) Raman spectra for the control experiments, “Blank” and “No antigen”, and SERRS spectrum (with baseline
correction) for the antigen-Ab-SARS-CoV-2-SERRS nanoprobes detecting 100 pg/mL of antigen. Excitation laser at 633 nm. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. (a) Langmuir adsorption isotherm between the SERRS intensity (at 1383 cm™') and concentration of SARS-CoV-2 antigen, from 100 pg/mL to 0.01 ng/mL.
The SERRS intensity is an average of the 196 SERRS spectra recorded in triplicate for each concentration of SARS-CoV-2 antigen, and the error bars represent the
standard deviation. (b) Details at lower concentrations (from 100 ng/mL to 0.01 ng/mL), where the SERRS intensity increases linearly with the SARS-CoV-2 antigen

concentration.
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Table 2
Summary of the LOD for SARS-CoV-2 spike (S1) protein found in published
research in comparison with our SERRS immunoassay platform.

Type of sensor Limit of detection ~ Reference
(LOD)

Electrochemical immunosensor 20 ng/mL [49]

Paper-based sensor [0.030 nM] [81]

Gold-nanoarchitecture-assisted laser- 2.9 ng/mL [82]

scribed graphene biosensor

SERRS immunoassay platform 0.046 ng/mL [Current

[0.60 pM] approach]

the slope of the calibration curve. The LOD (0.046 ng/mL or 0.60 pM)
obtained here is compared in Table 2 with published research results of
detection of SARS-CoV-2 spike glycoprotein (S1). For instance, our
SERRS immunoassay platform was capable to detect the antigen at lower
concentrations than with enzyme-linked immunoassay (ELISA) for spike
(S1) protein in recombinant SARS-CoV-2 using electrochemical tech-
niques, which was 20 ng/mL [49]. The detection of SARS-CoV-2 antigen
at picomolar concentration is possible due to the enhancement in MB
resonance Raman signal enabled by SERRS nanoprobes. This sensitivity
permits detection of viral proteins at the onset of symptoms, as expected
from the ca. 8 pg/mL concentration of SARS-CoV-2 spike (S1) protein in
the plasma of COVID-19 patients [28]. Therefore, the sensitivity, pho-
tostability and rapid accuracy of the SERRS immunoassay designed here
confirm the potential for detecting low SARS-CoV-2 antigen concen-
trations, relevant for early diagnosis.

In order to make the analysis of SERRS mapping more quantitative,
we employed the multidimensional projection technique referred to as
Sammon’s mapping [51,52]. In this technique, the data from a
high-dimensional space are mapped onto a lower dimension space
where the similarity relationships among data instances in the
high-dimensional space should be preserved [52]. Each circle in Fig. 5
represents an average of the whole 196 spectra of the SERRS area
mapping displayed in Fig. 3, for each antigen concentration. The Sam-
mon’s mapping was performed without any previous treatment on the
SERRS spectra. The proximity of the circles is an indication of similarity
among the SERRS mapping response. The different concentrations of
SARS-CoV-2 antigen are positioned in three principal groups (pg/mL,
ng/mL, and lowest concentrations (ng/mL)), with exception of the
concentration at 1 pg/mL. Even within these groups, the concentrations
are relatively apart from each other, confirming the ability of the
multidimensional projection in distinguishing the SERRS mappings of
different concentrations. Besides, the separation from the controls “no
antigen” and “blank” group is increased with increasing antigen con-
centration from 0.01 ng/mL to 100 pg/mL, confirming the distinguish-
ing ability of the immunoassay platform. In particular, the “no antigen”
and “blank” group are closer to the group of lowest concentrations (0.1
and 0.01 ng/mL), comparable to that in Fig. 3.

We also performed interferents analysis using the pharmaceutical
drugs: paracetamol, azithromycin, dexamethasone and ivermectin,

Min [ W Max
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which have been used against COVID-19, though considered ineffective.
The Sammon’s mapping data plotted in Fig. 5 includes the different
concentrations of SARS-CoV-2 antigen and the 4 interferents (separately
and mixed). The different concentrations of SARS-CoV-2 antigen are
easily distinguishable from each other and positioned apart from the
data of the interferents. They are grouped on the bottom right of the
Sammon’s mapping, highlighting the ability of our SERRS immunoassay
platform to also distinguish interferents. Soares et al. [22] developed a
biosensor capable to differentiate various concentrations of SARS-CoV-2
antigen from control experiments (interferents) applying IDMAP tech-
nique to analyze electrical impedance spectroscopy measurements.
Moreover, SARS-CoV-2 antigens embedded into to the interferents could
also be discriminated, as shown in Figure S2.

4. Conclusions

The surface-enhanced resonance Raman scattering (SERRS) immu-
noassay platform designed here was able to detect trace levels of viral
spike (S1) glycoprotein from SARS-CoV-2, with a limit of detection
(LOD) of 0.046 ng/mL (0.60 pM). This was made possibly by exploiting
SERRS on the Raman reporter methylene blue (MB) wrapped between
AuNPs and a silica layer (SERRS nanoprobe). Specificity to the spike
protein of SARS-CoV-2 was warranted by functionalizing the nanoprobe
with SARS-CoV-2 antibodies, in addition to the functionalization of the
cover slide with the same antibodies. The selectivity of the immuno-
sensor was confirmed by treating the SERRS spectra of control solutions,
various concentrations of the spike protein and interferents with the
Sammon’s mapping multidimensional projection technique. It is sig-
nificant that detection can be made of spike protein concentrations
comparable to the lowest concentration found in the plasma of COVID-
19 patients (8 pg/mL) at the onset of symptoms. With these proof-of-
concept experiments, we demonstrated the viability of early diagnosis
of COVID-19 using SERRS. No attempt was made to optimize the
fabrication of the immunoassay platform, e.g. with regard to the time
taken for the test. As it is now, the test takes at least 2 h and requires a
rather sophisticated instrument (Raman spectrometer). However, this
time may be shortened with optimization procedures which could also
enhance sensitivity. Furthermore, it is possible to employ portable
Raman spectrometers, and this would decrease the cost of the tests
considerably.
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