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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• We have developed an ultrasensitive 
SERS assay to detect the SARS-CoV-2 
spike protein. 

• The assay detects virus at 1.94 × 103 

genomes/ml or 4.7 fg mL− 1 spike pro
tein in saliva. 

• SARS-CoV-2 variants of concern, 
including delta and omicron, are 
detected. 

• Cross-reactivity is not detected with 
SARS-CoV and MERS-CoV spike protein. 

• The single particle assay is stable for at 
least two weeks in a standard 
refrigerator.  
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A B S T R A C T   

The COVID-19 pandemic has emphasized the need for accurate, rapid, point-of-care diagnostics to control dis
ease transmission. We have developed a simple, ultrasensitive single-particle surface-enhanced Raman spec
troscopy (SERS) immunoassay to detect the SARS-CoV-2 spike protein in saliva. This assay relies on the use of 
single chain Fv (scFv) recombinant antibody expressed in E. coli to bind the SARS-CoV-2 spike protein. Re
combinant scFv labeled with a SERS-active dye in solution is mixed with unlabeled scFv conjugated to gold- 
coated magnetic nanoparticles and a sample to be tested. In the presence of the SARS-CoV-2 spike protein, 
immunocomplexes form and concentrate the labeled scFv close to the gold surface of the nanoparticles, causing 
an increased SERS signal. The assay detects inactivated SARS-CoV-2 virus and spike protein in saliva at con
centrations of 1.94 × 103 genomes mL− 1 and 4.7 fg mL− 1, respectively, making this direct detection antigen test 
only 2–3 times less sensitive than some qRT-PCR tests. All tested SARS-CoV-2 spike proteins, including those 
from alpha, beta, gamma, delta, and omicron variants, were detected without recognition of the closely related 
SARS and MERS spike proteins. This 30 min, no-wash assay requires only mixing, a magnetic separation step, and 
signal measurements using a hand-held, battery-powered Raman spectrometer, making this assay ideal for ul
trasensitive detection of the SARS-CoV-2 virus at the point-of-care.   
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1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
virus, which causes the COVID-19 disease, has infected more than 515 
million people worldwide and has led to more than 6.25 million fatal
ities since the outbreak began [1,2]. Caused by mutation of the virus, 
several SARS-CoV-2 variants have emerged, with the omicron variant 
arising in late 2021. This highly mutated strain contains more than 60 
mutations, with 32 mutations in the spike protein [3]. The omicron 
variant has been reported to be significantly more transmissible than 
previous variants of concern (VOCs), while mRNA COVID-19 vaccines 
protected less against hospitalization with omicron infections than with 
previous VOCs [4–7]. 

Early diagnosis of SARS-CoV-2 infection can restrain viral trans
mission in a population, with pre-symptomatic and asymptomatic in
dividuals responsible for more than 50% of SARS-CoV-2 transmission 
[8–10]. This can be amplified in the case of omicron infection since a 
greater proportion of patients are reported to have asymptomatic in
fections, which may lead to increased transmission [11,12]. One 
approach to control viral spread is extensive surveillance screening of 
these pre-symptomatic and asymptomatic populations. qRT-PCR is the 
most sensitive of the commercially available COVID-19 tests, but the 
assay is performed in a laboratory and can take several hours to days for 
an individual to receive the result. Rapid antigen tests using nasal swabs 
are not meant to replace qRT-PCR but are widely used for symptomatic 
diagnostic testing and screening for COVID-19. However, compared to 
laboratory-based molecular tests, they can be less sensitive and have 
more false-negative results, particularly among asymptomatic people 
[13,14]. To date, qRT-PCR and rapid tests rely on the use of nasal swabs 
of the upper respiratory tract or lower nasal swabs [13,15]. 

Emergence of the omicron variant, with a change in tissue tropism, 
precipitated the need for altered testing regimes. As compared to earlier 
VOCs, the omicron variant replicated rapidly in human nasal cells, albeit 
at lower titres than were eventually found in lung cells [16–19]. 
Omicron-infected patients have shorter incubation periods prior to 
symptom onset, and pre-symptomatic viral shedding in saliva has been 
observed in the absence of nasal shedding [20,21], suggesting an 
advantage to early viral detection in saliva. Additionally, saliva collec
tion is more comfortable, simple, and can be done by non-professional 
healthcare workers, thus, more manageable for large-scale screening 
programs [22,23]. However, saliva samples collected in the early stages 
of infection can bear low viral loads in the range of 103–105 copies mL− 1 

[24–26]. As this is below the typical detection limit of 105-107 genomes 
mL− 1 for currently available rapid tests, there is a clear need for 

ultrasensitive, rapid COVID-19 diagnostic tests [27,28]. 
Surface-enhanced Raman scattering (SERS) is a robust vibrational 

spectroscopic technique with various applications, including biological 
sample identification [29–32]. This technique has previously been uti
lized to detect low concentrations of viruses, as Raman signals can be 
enhanced several orders of magnitude (107-1010) when using plasmonic 
nanoparticles and Raman active indicator molecules [33–35]. The 
availability of hand-held Raman spectrometers makes this sensitive 
detection method particularly interesting for diagnostic applications, as 
readings can be taken at the point-of-care. 

In the present study, we demonstrate a single-particle SERS immu
noassay to detect the spike protein of SARS-CoV-2, as well as the whole 
SARS-CoV-2 virus, in human saliva. The diagnostic assay utilizes a 
single-chain variable fragment (scFv), a fusion protein of the heavy and 
light variable fragments of an antibody, to detect the SARS-CoV-2 spike 
protein. This scFv was isolated for its ability to bind to the receptor 
binding domain (RBD) of the SARS-CoV-2 spike protein [35]. An scFv 
was selected for this study because it can be expressed in E. coli, which 
has a much lower cost than production of whole antibody molecules that 
are typically raised in animal cells [36,37]. Additionally, the use of an 
scFv allows a rapid adjustment of the assay if a SARS-CoV-2 variant 
arises that is no longer recognized because a new scFv can be selected 
from a library and incorporated into the assay in a matter of weeks. 
Finally, since the small scFv does not contain the antibody constant 
domains, the possibility of non-specific binding or cross-reaction with 
the constant domain is eliminated [38,39]. 

For the single-particle SERS immunoassay, a saliva sample is incu
bated with an scFv labeled with a Raman-active dye, as well as scFv 
conjugated to the surface of gold-coated magnetic nanoparticles 
(Au@MNP) (Fig. 1). If an immunocomplex forms due to SARS-CoV-2 
spike protein in the sample, labeled scFv is brought in close proximity 
to the scFv-bearing gold surface of the Au@MNP. A magnet is used to 
concentrate immunocomplexes, and the presence of the Raman-active 
dye is measured by an increase in SERS signal. SERS signals are 
measured with a hand-held Raman instrument. The robust assay is 
compatible with saliva samples, is more sensitive than currently avail
able COVID-19 antigen tests, and has the potential to be used extensively 
as a point-of-care, rapid diagnostic assay for SARS-CoV-2. 

2. Materials and methods 

2.1. Materials 

All chemicals were purchased from Sigma Aldrich unless otherwise 

Fig. 1. Schematic of the single-particle SERS 
immunoassay. Virus-binding scFv antibody frag
ments labeled with the Raman-active dye malachite 
green and scFv-conjugated magnetic gold nanoshells 
are mixed with saliva samples. In the presence of 
antigen, immunocomplexes form. An external magnet 
is used to pellet any immunocomplexes, and the SERS 
spectrum and signal intensity of that pellet is 
measured. (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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noted. Delta (B.1.617.2) variant spike trimer (cat. #101147) and gamma 
(P.1) variant spike trimer (cat. #100989–1) were obtained from BPS 
Bioscience. The omicron (B.1.1.529) variant spike trimer (cat. #40589- 
V08H26) was purchased from Sino Biological. 

2.2. ScFv3 expression 

ScFv3 was isolated from the YamoI library using SARS-CoV-2 spike 
protein receptor binding domain (RBD) as bait [35]. To optimize scFv3 
expression, the pMOD1-scFv3 plasmid was transformed into E. coli 
HB2151 cells. Overnight cultures of E. coli were used to inoculate 50 mL 
of ZYP-5052 autoinduction broth containing 100 μg mL− 1 ampicillin. 
After 48 h growth at 37 ◦C with shaking, culture supernatants were 
isolated for protein purification. 

2.3. ScFv3 purification 

His-tagged scFv3 was purified on a 1 mL Hitrap column (GE 
Healthcare, UK) loaded with Ni2+ and equilibrated with wash buffer (20 
mM Na3PO4, 0.5 M NaCl, pH 7.4) containing 20 mM imidazole. Prior to 
loading the column, protein samples were filtered through a 0.4 μm 
filter, imidazole added to 20 mM, and pH adjusted to 7.4. After sample 
loading, the column was washed with 20 mL wash buffer containing 20 
mM imidazole, 30 mL wash buffer containing 50 mM imidazole, and 10 
mL wash buffer containing 80 mM imidazole. ScFv3 was eluted with 
400 mM imidazole in wash buffer. Eluted fractions containing scFv3 
were dialyzed against phosphate-buffered saline (PBS). Purified protein 
was visualized on a 12% SDS-PAGE gel stained with Coomassie stain 
(InstantBlue™, Expedeon, UK), the identity of the protein was 
confirmed by immunoblot to detect the hexahistidine tag [35], and 
purified protein was quantified using a BCA assay (Sigma). 

2.4. Malachite green labeling 

To label purified scFv3 with malachite green, 2 mg of scFv3 was first 
mixed with 1 mL of 0.1 M sodium bicarbonate buffer (pH 9.0), followed 
by the addition of 33 μL of a freshly made 10 mg mL− 1 malachite green 
isothiocyanate solution in DMSO. The reaction was incubated for 1 h at 
room temperature (RT) on an orbital shaker, then quenched by the 
addition of 45 μl freshly prepared 1.5 M hydroxylamine (pH 8.5), 
shaking for 1 h at RT at 200 RPM. Excess dye was removed using a 0.5 
mL 3500 Da MWCO dialysis column (Slide-A-Lyzer MINI dialysis device, 
cat. #69550, ThermoFisher) using PBS as the dialysis buffer, following 
the manufacturer’s protocol. The successful preparation of MG-scFv3 
was confirmed by SDS-PAGE electrophoresis (Supplementary Fig. S1), 
and the protein was stored at 4 ◦C in PBS containing 0.05% sodium 
azide. The amount of malachite green-labeled scFv3 (MG-scFv3) in so
lution was quantified with the Qubit™ Protein Assay kit (Invitrogen 
#Q22311) and a Qubit™ 4 Fluorometer. The average concentration of 
MG-scFv3 was 20 μg mL− 1. 

2.5. ScFv3 conjugation to Au@MNP 

ScFv3 was conjugated to 190 nm magnetic gold nanoshells (Nano
Composix #LBE0272), with a magnetic core diameter of 137 ± 14 nm 
and calculated surface area of 2.3 m2/g, as reported by the manufac
turer. This size was chosen from the tested 150, 190, and 265 nm par
ticles, as assays using 190 nm particles had a signal/background ratio 
approximately double that achieved with 150 nm particles and a 
significantly faster separation time than 265 nm particles. To conjugate 
protein to the magnetic gold nanoshells (Au@MNP), 10 mg mL− 1 fresh 
solutions of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) 
and sulfo-NHS were made in ultrapure water. Four μL of EDC and 8 μL of 
sulfo-NHS solutions were mixed with 1 mL of the 190 nm Au@MNP with 
carboxyl groups on the surface and incubated for 30 min at RT to acti
vate particles. This step makes sulfo-NHS esters on the particle surface 

that can bind to primary amines present in scFv antibody fragments. 
Particles were separated from solution using an external magnet and 
washed once with 5 mM K3PO4, 0.5% PEG 20 kDa buffer (pH 7.4). 50 μg 
of scFv3 was then mixed with 1 mL of activated particles and incubated 
for 1 h at RT on an orbital shaker at 200 RPM, after which 10 μL of 50% 
w/v hydroxylamine was added to quench the reaction. After a 10 min 
incubation, particles were separated via an external magnet, twice 
washed with 5 mM K3PO4, 0.5% PEG 20 kDa buffer (pH 7.4), and 
resuspended in 1 mL of 0.5X PBS, 0.5% casein, 0.5% bovine serum al
bumin (BSA), 1% Tween-20, 0.05% sodium azide, pH 8.0. Successful 
preparation of the scFv3-Au@MNP was confirmed by micro BCA assay 
(Thermo Scientific), with particle removal prior to spectroscopic mea
surement, to quantify the amount of protein on the Au@MNP particles. 
The average amount of scFv3 conjugated to 1.4 × 1010 Au@MNP par
ticles mL− 1 was 21 μg mL− 1. 

2.6. Single-particle SERS immunoassay 

Immunoassays were performed by mixing 50 μL of scFv3-conjugated 
magnetic gold nanoshells (scFv3-Au@MNP), 2.5 μL MG-scFv3 (20 μg 
mL− 1), 50 μL of mock sample, and 1X PBS containing 1% BSA to a total 
volume of 500 μL in a 2 mL glass vial (cat #67502010, Metrohm, Lar
amie, WY). Mock samples were prepared by spiking human saliva 
(Innovative Research, MI, cat #IRHUSL50ML) with inactivated SARS- 
CoV-2 virus or purified spike protein, with subsequent filtration 
through a 1 μm syringe filter. Assays were incubated on an orbital shaker 
(200 RPM) at RT for 20 min, with subsequent isolation of immuno
complexes using an external magnet. A portable, handheld Raman 
spectrometer (Mira DS, Metrohm) was used to quantify the SERS signals 
of pellets. O-Ring 41 (part #4011953, Danco) was used in the vial holder 
to focus the 785 nm laser beam on the pellet, allowing the supernatant to 
be left in the vial for analysis. SERS spectra were measured with raster 
off, integration time 1 s, laser power 5 (50 mW), and peak height was 
recorded at 1175 cm− 1. All assays were performed in triplicate, and the 
average of 6 readings was used for each replicate. 

2.7. Limit of detection 

Signal intensities for limits of detection (LOD) were calculated by 
LOD = Yblank + 3 × SDblank, where Yblank is the mean of the negative 
control and SDblank is the standard deviation. The concentration of an
tigen versus measured SERS intensity was plotted, and the antigen 
concentration at the LOD was calculated from the Raman intensity using 
the logarithmic best-fit line. To estimate the limit of detection of a 
commercially available COVID-19 antigen test (Flowflex), several con
centrations of gamma-irradiated Wuhan-Hu-1 SARS-CoV-2 virus were 
diluted in 80 μL of the manufacturer’s supplied buffer and applied to the 
test according to the manufacturer’s protocol. 

2.8. Assay stability 

SERS assay components were stored at 4 ◦C, and immunoassays were 
performed at 1, 7, 10, 14, 21, and 28 days after reagent preparation. 
SERS signal was measured with no antigen or 50 ng of Wuhan-Hu-1 
homotrimeric spike protein. Each assay was performed in triplicate. 
Reported signal intensities were normalized to the signal intensity of the 
“No antigen” sample on day 1 to account for minor fluctuations in signal. 

3. Results and discussion 

3.1. ScFv3 expression 

ScFv3 was selected for use in this study because it binds the RBD of 
the SARS-CoV-2 spike protein and expresses well in E. coli. Previously, 
scFv3 was expressed and purified at moderate yields (2 mg of protein per 
L of bacterial culture) using a traditional IPTG-induction method [35]. 
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To optimize expression, autoinduction of scFv3 expression was carried 
out at 37 ◦C, providing several advantages over IPTG induction, 
including a 2-3-fold higher cell density being attained [40] as well as 
reduced handling due to the absence of monitoring of cell growth for 
induction. Using these modifications, consistently high yields of 30–40 
mg scFv3 per L of culture were obtained (Supplementary Fig. S2), for a 
15 to 20-fold enhancement over previous expression conditions. This 
higher yield lowers scFv3 production costs, particularly when compared 
to production costs of full-length antibodies. 

3.2. SERS assay validation 

A single-particle SERS assay was developed in which scFv3 was 
directly labeled with the SERS-active dye malachite green (MG-scFv3). 
The Raman spectrum of malachite green (Fig. 2A) reveals a distinct, 
single peak at 1175 cm− 1 that can be used for quantitation of Raman 
signals. While malachite green does have major peaks at 1175, 1369, 
and 1618 cm− 1, the peak at 1369 cm− 1 overlaps with the Raman peak 
from the glass vial used for analysis and the peak at 1618 cm− 1 is part of 
at least a doublet of peaks when used in the SERS assay (Fig. 2B). The 
distinct 1175 cm− 1 peak of malachite green is due to ring C–H in-plane 

bending [41]. 
To test the single-particle SERS assay, scFv3-Au@MNP was incu

bated with MG-scFv3, Wuhan-Hu-1 SARS-CoV-2 spike homotrimer in 
saliva, and reaction buffer. Assays containing 50 pg of Wuhan-Hu-1 
SARS-CoV-2 spike homotrimer had an average SERS signal of 1961, as 
compared to 628 of the negative control containing no spike protein, at 
the 1175 cm− 1 peak. This clear, significant increase in SERS intensity in 
the presence of the spike homotrimer indicates that the assay does detect 
the spike homotrimer (Fig. 3A). The negative control assay, with no 
antigen present, has a lower malachite green SERS signal associated 
with it, as there is likely some MG-scFv3 near the Au@MNP pellet giving 
a non-specific MG SERS signal in this no-wash assay. Additionally, the 
spike homotrimer is used in this assay, as the spike protein is a homo
trimer on the virus surface, and the spike homotrimer has three epitopes 
to which scFv3 may bind. 

The assay was optimized by varying the amount of MG-scFv3 to 
optimize the signal:background ratio. Briefly, 50 ng of SARS-CoV-2 
Wuhan-Hu-1 spike homotrimer in 50 μL saliva was the antigenic sam
ple in a reaction containing 50 μL scFv3-Au@MNP particles (7 × 108 

particles), varying amounts of MG-scFv3, and reaction buffer to 500 μL. 
While the SERS signal increased with increasing amounts of MG-scFv3 in 

Fig. 2. Malachite green spectra. A) Raman spectrum of a malachite green solution in a glass vial, with (inset) malachite green structure. B) SERS signal from SERS 
assays containing 50 pg of SARS-CoV-2 omicron trimeric spike protein (green spectrum), a negative control assay with no antigen (red spectrum), and a glass vial 
containing only reaction buffer (blue spectrum). The arrow indicates the 1175 cm− 1 peak of malachite green. 

Fig. 3. Assay specificity for SARS-CoV-2 and var
iants. A) SERS signal at 1175 cm− 1 of SERS assays 
containing 50 μl of saliva containing either no antigen 
or 50 pg SARS-CoV-2 spike homotrimer, B) SERS 
signal at 1175 cm− 1 of SERS assays containing 50 μl 
of saliva with no antigen or 50 pg spike homotrimer 
of SARS-CoV, MERS-CoV, or SARS-CoV-2 Wuhan-Hu- 
1 strain. Presented SERS signals are an average of 
three replicates, with error bars representing the 
standard deviation. A one-way ANOVA by Dunnett’s 
multiple comparisons test was performed on all 
samples, and p < 0.0001 is indicated by dark gray 
bars. White bars have no significant difference from 
the negative control.   
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the reaction, the background signal also increased (Supplementary 
Fig. S3), likely due to non-specific binding of MG-scFv3 to the scFv3- 
Au@MNP. The optimal assay contained 7 × 108 scFv3-Au@MNP par
ticles with 1050 ng of scFv3 conjugated to the surface and 50 ng of MG- 
scFv3 in solution. 

Over time, several variants of concern (VOCs) with mutations in the 
spike protein have emerged [42–44]. The emergence of the delta and 
omicron variants highlighted how mutated spike proteins may not be 
recognized well by SARS-CoV-2 antibodies developed to previous 
strains, as evidenced by the reduction in efficacy of certain monoclonal 
antibody therapies to the delta, delta AY.2, and omicron strains [45–47]. 

Since scFv3 was selected by binding of the Wuhan-Hu-1 spike protein 
receptor binding domain, 50 pg of the alpha (B.1.1.7), beta (B.1.351), 
gamma (P.1), delta (B.1.617.2), delta AY.2, and omicron (B.1.1.529) 
variant spike homotrimeric proteins were tested in the SERS immuno
assay to ensure scFv3 recognized each variant. Each protein was 
recognized in the assay with a similar signal intensity to that of the 
Wuhan-Hu-1 strain (Fig. 3A), indicating scFv3 and the assay recognize 
SARS-CoV-2 spike protein variants. 

The specificity of the assay was tested using the closely related SARS- 
CoV and MERS-CoV homotrimeric spike proteins. Both SARS-CoV and 
SARS-CoV-2 are in lineage B of the betacoronavirus genus. The SARS- 

Fig. 4. Limits of detection. Wuhan-Hu-1 SARS-CoV-2 A) gamma-irradiated virus or C) spike homotrimer were tested in the SERS assay by addition of varying 
concentrations of antigen in saliva. Antigen concentration was plotted against SERS signal (B, D) to calculate antigen concentrations at the limit of detection. Error 
bars illustrate standard deviation, and signals are reported as an average of three replicates. A one-way ANOVA, followed by Dunnett’s multiple comparison test was 
performed: white bars = no significant difference from negative control; light gray bars: p = 0.0331; dark gray bars: p < 0.0001. E) a comparable limit of detection 
for the commercially available Flowflex antigen assay was determined by dilution of gamma-irradiated Wuhan-Hu-1 SARS-CoV-2 virus in 80 μL of the manufacturer’s 
assay solution and application to the lateral flow assay, according to the manufacturer’s protocol. Inactivated virus concentrations, reported below each image, are in 
genomes mL− 1. 
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CoV-2 genome is 79% identical to that of SARS-CoV, with 76% sequence 
identity in the spike protein sequence and 74% identity in the RBD re
gion of the spike protein sequence [48]. This high identity is consistent 
with both SARS-CoV and SARS-CoV-2 gaining cellular entry via the 
ACE2 receptor, while MERS-CoV enters via the dipeptidyl peptidase 4 
receptor [49–51]. MERS-CoV is in lineage C of the betacoronavirus 
genus, with 50% sequence identity with the SARS-CoV-2 genome [48, 
52]. Upon addition of 50 pg of SARS-CoV or MERS-CoV homotrimeric 
spike protein to the assay, there was no significant difference in SERS 
signal when compared to control samples with no antigen present 
(Fig. 3B), indicating the assay is highly specific for the SARS-CoV-2 spike 
protein. 

3.3. Limit of detection 

The limit of detection of the assay was determined using gamma- 
irradiated Wuhan-Hu-1 SARS-CoV-2 virus or the Wuhan-Hu-1 SARS- 
CoV-2 spike homotrimer as antigen. Briefly, varying antigen concen
trations were spiked into commercially-available human saliva to create 
a mock sample, and 50 μL of that mock sample was analyzed in the SERS 
assay (Fig. 4A, C, Supplementary Fig. S4). Inactivated virus and protein 
concentrations are reported as those in the mock sample, prior to dilu
tion in the SERS assay. The limit of detection was calculated by the 
IUPAC standard method (LOD = Yblank + 3 × SDblank, where Yblank is the 
mean of three negative control replicates and SDblank is the standard 
deviation) [53–55]. The signal intensity at the LOD was calculated to be 
1168 AU. As the SERS signal intensity responds logarithmically to linear 
changes in concentration, the trendline was used to determine the 
relationship between signal intensity and concentration (Fig. 4B, D). All 
data points with a p < 0.0001 in ANOVA analysis were included in the 
trendline. Using the formula of y = 149.86ln(x) + 33.723, where y is the 
signal intensity and x is the concentration (Fig. 4B), the LOD of the assay 
was calculated to be 1.94 × 103 genomes mL− 1. Using the same 
approach with the spike homotrimer, where y = 155.25ln(x) + 929.02, 
the LOD of the spike protein was calculated to be 4.7 fg mL− 1. The R2 of 
both plots was greater than 0.99, indicating a good trendline fit. While 
the limit of detection when using purified protein is useful for compar
ison to other tests reported in the literature, the limit of detection 
calculated when using inactivated virus is expected to be more clinically 
relevant. 

The sensitivity of this assay was also compared to a commercially 
available lateral flow rapid antigen assay. Dilutions of gamma-irradiated 
SARS-CoV-2 were used in the commercially available Flowflex assay to 
observe the concentration at which the test line, indicating a positive 
result, is no longer visible (Fig. 4E). The LOD was illustrated to be be
tween 1.5 × 105 and 2.5 × 105 genomes mL− 1, indicating the assay is 75 
and 130 times less sensitive than the developed SERS immunoassay. 
While this is less sensitive than the SERS single-particle assay, the SERS 
single-particle assay also uses a saliva sample, which is not an approved 
matrix for the Flowflex. 

This sensitivity of the SERS assay compares well to other rapid an
tigen tests, which typically have LODs in the 105-107 genomes mL− 1 

range for the SARS-CoV-2 virus [27,28] and ng mL− 1 or pg mL− 1 

detection levels for purified proteins [56–58]. It is also favorable 
compared to acceptable and desirable LOD thresholds reported in the 
WHO target product profiles, at 106 and 104 genomes mL− 1, respectively 
[59]. The rapid antigen test described here would meet the desirable 
WHO product profile to accurately diagnose individuals with lower 
levels of viral load, allowing faster identification and potential isolation 
of emerging cases. In the case of omicron infection, similar or lower viral 
loads have been reported when compared to that of other VOC in
fections, suggesting that the high infectiousness of SARS-CoV-2 omicron 
may be due to factors other than higher viral loads [60,61], thus 
necessitating the use of sensitive assays for accurate diagnosis. 

Nucleic acid amplification tests (NAATs) rely on the amplification of 
viral sequences to achieve sensitive results, but like antigen tests, 

sensitivities can vary widely. The limit of detection of a modified CDC 
assay, the New York SARS-CoV-2 Real-time Reverse Transcriptase (RT)- 
PCR Diagnostic Panel, was calculated to be 779 ± 27 gene copies mL− 1, 
while the GenMark ePlex qRT-PCR reaction had an experimentally 
determined limit of detection of 1000 gene copies mL− 1, approximately 
2.5-fold and 2-fold more sensitive than the SERS assay, respectively. The 
limits of detection of these qRT-PCR assays were calculated using syn
thetic RNA diluted in viral transport medium (VTM) to simulate a 
sample [62], while inactivated virus diluted in saliva was used here to 
calculate the SERS assay limit of detection. Some qRT-PCR reactions are 
approved for use with saliva, with reported LODs between 102 and 104 

viral copies mL− 1 [63,64]. However, these NAATs necessitate specific 
equipment, training, and can be difficult in resource-constrained envi
ronments. False-negative rates of ~30% (range 10–40%) of COVID-19 
infected patients have been reported due to inappropriate sampling, 
stage of infection, improper sample preservation, and technical limits 
[65–67]. 

There are point-of-care molecular tests best suited to low to moder
ate sample volumes, such as the ID NOW COVID-19 test, CovidNudge, 
and Simplexa Direct assay. The Abbott ID NOW test, an isothermal, 
qualitative test designed for point-of-care diagnosis, is reported by the 
manufacturer to have a limit of detection of 125 genome equivalents 
mL− 1, but tested limits of detection reported in the literature vary 
widely. One study reported an LOD of 262 genomes mL− 1 when inac
tivated virus in VTM was used as test material. The study notes that the 
test may be more likely to give a positive result when samples are stored 
in VTM, but VTM was removed as an accepted testing matrix due to a 
concern regarding false negatives [68]. Lephart et al. also note that the 
assay was less sensitive when using nasal swabs versus nasopharyngeal 
swabs. A separate study determined an LOD of 64 copies mL− 1 for this 
assay, but it is important to note that this is the viral gene copy con
centration after dilution in the assay. If that LOD is reported as the viral 
load of a sample in VTM, the LOD would be 858 copies mL− 1. While this 
is approximately 2.3-fold more sensitive than the SERS assay reported 
here, the isothermal amplification is carried out one sample at a time in 
the isothermal amplification and detection equipment, while the SERS 
assay incubation is done outside of the Raman spectrometer. Therefore, 
several SERS assays can be conducted in a short amount of time, as each 
only requires a few seconds in the Raman spectrometer, versus the 
isothermal, point-of-care NAATs for which samples must be processed 
and analyzed one at a time. 

As the SERS signal depends on the distance between the malachite 
green and the Au@MNP surface, the signals measured with purified 
spike homotrimer and inactivated virus were compared. The LOD con
centration of 1.94 × 103 genomes mL− 1 obtained with inactivated 
Wuhan-Hu-1 SARS-CoV-2 virus is equivalent to 14.9–55.8 fg mL− 1 of 
purified spike protein, assuming 26 ± 15 spike homotrimers per SARS- 
CoV-2 virion [69] and one genome copy per virion. Therefore, the 
LOD when using inactivated virus is approximately 3–12 times higher 
than the LOD calculated for the purified spike protein. This difference 
may be due to the design of the assay, in which MG-scFv3 bound to a 
virus may be physically farther from the scFv3-Au@MNP surface than 
when MG-scFv3 binds the spike homotrimer, potentially causing a 
weaker SERS signal. It is also possible that epitopes on the spike protein 
might not be fully accessible in the inactivated virus structure. Despite 
this difference, the assay is sufficiently sensitive to detect concentrations 
of SARS-CoV-2 that would produce a false negative result in other rapid 
diagnostic assays. 

3.4. Assay stability 

To determine the stability of the assay reagents at 4 ◦C, MG-scFv3 
and scFv3-Au@MNP were stored in a standard refrigerator for 28 
days. At 1, 7, 10, 14, 21, and 28 days, aliquots of each reagent were used 
in a SERS assay with 50 ng of SARS-CoV-2 Wuhan-Hu-1 spike homo
trimer as antigen. No drop in signal was observed upon reagent storage 
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for two weeks at 4 ◦C, and the assay was still functional after three weeks 
of reagent storage in the refrigerator (Fig. 5). These reagents were 
significantly more stable than those used in a previous two particle SERS 
assay to detect SARS-CoV-2, in which assay components degraded to the 
point that the assay was non-functional within 7 days when stored at 
4 ◦C (data not shown). 

4. Conclusions 

We report the development of an ultrasensitive, rapid SARS-CoV-2 
diagnostic using a hand-held Raman spectrometer for signal detection. 
The immunoassay relies on the use of a highly expressed scFv, for which 
expression was optimized for yields of 30–40 mg of purified protein per 
L of E. coli culture. The assay detects all tested SARS-CoV-2 variant of 
concern spike proteins, including that from the omicron strain, without 
recognizing the closely related SARS-CoV and MERS-CoV spike proteins, 
indicating the assay is specific for SARS-CoV-2. The assay detects inac
tivated SARS-CoV-2 at concentrations of 1.94 × 103 genomes mL− 1, and 
purified spike homotrimer at 4.7 fg mL− 1, in saliva, making it ideal for 
testing of the omicron strain, which can be present in saliva before nasal 
swabs [20]. This 30 min, no-wash assay is significantly more sensitive 
than currently available rapid lateral flow tests for COVID-19 detection, 
potentially allowing the detection of SARS-CoV-2 infection in 
pre-symptomatic or asymptomatic individuals through this rapid test. 
This assay can be used in healthcare settings, as well as workplaces, 
schools, airports, etc., where large-scale screening is needed to reduce 
transmission and manage the COVID-19 pandemic. 

CRediT authorship contribution statement 

Moein Mohammadi: Investigation, Validation, Visualization, 
Writing – original draft, Writing – review & editing. Delphine Antoine: 
Investigation, Visualization, Writing – original draft, Writing – review & 
editing. Madison Vitt: Investigation, Validation. Julia Marie Dickie: 
Investigation, Visualization, Writing – review & editing. Sharmin Sul
tana Jyoti: Investigation. J. Gerard Wall: Conceptualization, Project 
administration, Supervision, Funding acquisition, Writing – original 
draft, Writing – review & editing. Patrick A. Johnson: Conceptualiza
tion, Project administration, Supervision, Funding acquisition, Writing – 
review & editing. Karen E. Wawrousek: Conceptualization, Project 
administration, Supervision, Funding acquisition, Writing – original 

draft, Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

5. Acknowledgements 

The authors thank Noah Hull and Cari Sloma for helpful discussions, 
and Ahmad Ansari for technical assistance. This work was supported by 
the Health Research Board, Ireland COVID-19 Pandemic Rapid Response 
Funding Opportunity 2020 (grant no. COV19-2020-081) and funds 
granted from CARES Act Covid Innovation Fund. The following reagents 
were obtained through BEI Resources, NIAID, NIH: Spike Glycoprotein 
(Stabilized) from SARS-CoV-2, Wuhan-Hu-1 with C-Terminal Histidine 
and Twin-strep Tags, Recombinant from HEK293 Cells, NR-53589; Spike 
Glycoprotein (Stabilized) from SARS-CoV-2, B.1.1.7 Lineage with C- 
Terminal Histidine and Avi Tags, Recombinant from HEK293 Cells, NR- 
55311; Spike Glycoprotein (Stabilized) from SARS-CoV-2, B.1.351 
Lineage with C-Terminal Histidine and Avi Tags, Recombinant from 
HEK293 Cells, NR-55310; Spike Glycoprotein (Stabilized) from SARS- 
CoV-2, AY.2 Lineage (Delta variant) with C-Terminal Histidine and 
Avi Tags, Recombinant from HEK293 Cells, NR-55711; Spike Glyco
protein (Stabilized) from MERS Coronavirus, England-1 with C-Termi
nal Histidine and Twin-strep Tags, Recombinant from HEK293 Cells, 
NR-53591; Spike Glycoprotein (Stabilized) from SARS Coronavirus, 
Tor2 with C-Terminal Histidine and Strep II Tags, Recombinant from 
HEK293 Cells, NR-53590; SARS-CoV-2, Isolate USA-WA1/2020, 
Gamma-irradiated, NR-52287, contributed by the Centers for Disease 
Control and Prevention. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.aca.2022.340290. 

Fig. 5. Stability of assay reagents. No antigen or 50 μl of saliva containing 50 ng SARS-CoV-2 Wuhan-Hu-1 spike homotrimer was added to SERS assay. SERS signal 
was assessed after 1, 7, 10, 14, 21, and 28 days of reagent storage at 4 ◦C. All SERS signals were normalized with respect to the signal intensity of the “No antigen” 
sample on day 1. 
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