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ABSTRACT

The outbreak of coronavirus infectious disease-2019 (COVID-19) pneumonia challenges the rapid interro-
gation of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in human and environmen-
tal samples. In this study, we developed an assay using surface enhanced Raman scattering (SERS) cou-
pled with multivariate analysis to detect SARS-CoV-2 in an ultra-fast manner without any pretreatment
(e.g., RNA extraction). Using silver-nanorod SERS array functionalized with cellular receptor angiotensin-
converting enzyme 2 (ACE2), we obtained strong SERS signals of ACE2 at 1032, 1051, 1089, 1189, 1447 and
1527 cm~!. The recognition and binding of receptor binding domain (RBD) of SARS-CoV-2 spike protein
on SERS assay significantly quenched the spectral intensities of most peaks and exhibited a shift from
1189 to 1182 cm~'. On-site tests on 23 water samples with a portable Raman spectrometer proved its ac-
curacy and easy-operation for spot detection of SARS-CoV-2 to evaluate disinfection performance, explore
viral survival in environmental media, assess viral decay in wastewater treatment plant and track SARS-
CoV-2 in pipe network. Our findings raise a state-of-the-art spectroscopic tool to screen and interrogate
viruses with RBD for human cell entry, proving its feasibility and potential as an ultra-fast detection tool
for wastewater-based epidemiology.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

increasing rapidly. As there is clear evidence of human-to-human
transmission of SARS-CoV-2 (Chan et al., 2020; Chang et al., 2020;

The outbreak of coronavirus infectious disease-2019 (COVID-
19) pneumonia since 2019 is caused by the severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) (Li et al., 2020b) and
it has rapidly spread throughout 202 countries around the world.
Till 19th March 2021, there have been over 125 million confirmed
cases and nearly 3 million deaths globally, and the number is still
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Li et al., 2020b; Poon and Peiris, 2020), e.g., direct contact, respira-
tory droplets (Carlos et al., 2020; Lai et al., 2020; Wu et al., 2020)
and stools (Zhang et al., 2020b), how to interrogate SARS-CoV-2 in
human and environmental samples draws more attentions for ef-
fectively confirming COVID-19 cases and identifying transmission
routes (Zhang et al., 2021). It brings urgent requirement of devel-
oping detection tools that can rapidly and specifically recognize
SARS-CoV-2 to track patients.

Many approaches can detect SARS-CoV-2 with high specificity,
e.g., real-time reverse transcription quantitative polymerase chain
reaction (RT-qPCR) and colloidal gold immunochromatography. RT-
gPCR targeted viral specific RNA fragment with specific primers
for the open reading frame 1ab (CDDC-ORF), nucleocapsid protein
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(CDDC-N), envelope protein, membrane protein, or RNA-dependent
RNA polymerase (RdRp) (Jung et al., 2020; Nalla et al., 2020;
Ong et al,, 2020; Wang et al., 2020). RNA extraction from swab
samples is necessary for RT-qPCR and requires time-consuming
pretreatment, normally taking more than 4 h (Nolan et al., 2006;
Schmittgen and Livak, 2008) and bringing a barrier for rapid di-
agnosis of SARS-CoV-2. Alternatively, colloidal gold immunochro-
matography is a commonly used immunoassay to detect antibod-
ies (IgG or IgM) stimulated by antigen entry (Auta et al., 2017), tar-
geting the immunological markers, IgM and IgG antibodies, which
are reported to increase in the blood of most patients more than
a week after infection (Woo et al., 2005). However, this method is
still time-consuming and not feasible for detecting SARS-CoV-2 in
environmental media which do not have immunological markers
(Amanat et al., 2020; Stadlbauer et al., 2020; Weiss et al., 2020).
It is of great urgency to develop a rapid, reproducible, cheap and
sensitive assay detecting SARS-CoV-2, especially applicable for dif-
ferent environmental samples.

Raman spectroscopy is a vibrational spectroscopy of ability to
detect chemical bonds via photon scattering (Morais et al., 2019),
but the generated signals are extremely weak comparing to the
incident beam. Thus, surface enhanced Raman scattering (SERS)
is introduced to overcome such inherent limitation and interro-
gate trace materials by exploiting the enormous electromagnetic
field enhancement resulted from the excitation of localized surface
plasmon resonances at nanostructured metallic surfaces, mostly
gold or silver (Moskovits, 1985; Stiles et al., 2008). It has been
widely applied for biological analysis, e.g., living cell classification
(Nam et al., 2019), cancer detection (Vendrell et al., 2013), biologi-
cal imaging (Zavaleta et al., 2009) and virus detection (Zhang et al.,
2011). For SARS-CoV-2, the spike glycoprotein consists of S1 and
S2 subunits, and S1 subunit contains a receptor binding domain
(RBD) directly recognizing the human receptor angiotensin con-
verting enzyme 2 (ACE2) for cell entry (Lan et al., 2020; Zhao et al.,
2020). Such recognition and binding might alter the structure of
ACE2 and lead to changes in Raman spectra. Additionally, the bind-
ing specificity allows ACE2 as an anchor to capture SARS-CoV-2
from human or environmental samples for interrogation.

In this study, we proposed a ‘capture-quenching’ strategy to
rapidly detect SARS-CoV-2 and developed a SERS assay introduc-
ing ACE2 functionalized on silver-nanorod SERS substrates to cap-
ture and interrogate SARS-CoV-2 spike protein (Fig. 1). We firstly
functionalized ACE2 on an aligned silver-nanorod SERS (SN-SERS)
array in oblique angle deposition to capture and interrogate SARS-
CoV-2 spike protein. The induced SERS signal quenching was doc-
umented by either red-shift or whole spectral alterations in mul-
tivariate analysis as indicators for the presence of SARS-CoV-2 in
real environmental water samples.

2. Materials and methods
2.1. Preparation of silver-nanorod SERS array

The aligned silver-nanorod SERS (SN-SERS) array was fabri-
cated in oblique angle deposition (OAD) using a custom-designed
electron beam/sputtering evaporation system (Suzhou Derivative
Biotechnology Co., LTD.) and formed randomly on a 4-inch sili-
con wafer with increasing deposition time (Shanmukh et al., 2006).
Briefly, Si-wafer was immersed in absolute alcohol and blow-dried
up using N, gas prior to loading on the substrate holder. The
substrate holder was then fixed on the specially designed Glanc-
ing Angle Deposition (GLAD) sample stage in an e-beam evapo-
rator. Deposition was performed at a base pressure lower than
3 x 1074 Pa. The thickness of film growth was monitored using
a quartz crystal microbalance. Firstly, a thin layer of about 20 nm
was deposited to assist the adhesion of silver on Si-wafer, followed
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by the deposition of a base layer of 200 nm silver. The GLAD stage
was then tilt to 84° with respect to the incident vapor. A layer of
80 nm was then deposited with substrate rotation at 0.1 rev/s to
improve the seeding for nanorod growth. The deposition rate was
2 AJs in each stage and lasted about 3 h.

2.2. Fabrication of ACE2@SN-SERS substrate

ACE2 was purchased from Novoprotein (China) and stored in
borate buffer solution (0.1 M, pH=7.2) at —80 °C before use and
the ACE2@SN-SERS substrate was fabricated by Suzhou Yiqing En-
vironmental Science and Technology LTD (China). Briefly, SN-SERS
substrate was firstly cleaned by thorough rinse with deionized wa-
ter and dried using N, gas flow. Subsequently, 1 L of ACE2 stock
solution (30 pg) was loaded to SN-SERS substrate and placed in
an incubator under constant temperature and humidity conditions
(25 °C; 75%, wlw) for 4 h. ACE2 was then bound onto the sur-
face of SN-SERS substrate, designated as ACE2@SN-SERS substrate,
which could be stored in 4 °C for 2 weeks before use.

2.3. Water samples and biological analysis

Twenty-three water samples were collected from rivers, hospi-
tals and pipe networks in Wuhan (China) from 24th March to 10th
April 2020 (Table 1). Around 2.0 L of water was directly collected
in a plexiglass sampler, placed in 4 °C ice-boxes and immediately
transferred into laboratory for RNA extraction following our re-
ported protocol (Zhang et al., 2020a). Briefly, after centrifugation at
3000 rpm to remove suspended solids, the supernatant was subse-
quently supplemented with NaCl (0.3 mol/L) and PEG-6000 (10%),
settled overnight at 4 °C, and centrifuged at 10,000 g for 30 min.
Viral RNA in pellets was extracted using the EZ1 virus Mini kit
(Qiagen, Germany) according to the manufacturer’s instructions.
SARS-CoV-2 RNA was quantified by RT-qPCR using AgPath-ID™
One-Step RT-PCR Kit (Life Technologies, USA) on a LightCycler 480
Real-time PCR platform (Roche, USA) in duplicates. Two target
genes simultaneously amplified were open reading frame lab

(CCDC-ORF1, forwards primer: 5'-CCCTGTGGGTTTTACACTTAA-
3’; reverse primer: 5'-ACGATTGTGCATCAGCTGA-3’; fluores-
cence probe: 5’-FAM-CCGTCTGCGGTATGTGGAAAGGTTATGG-

BHQ1-3’) and nucleocapsid protein (CCDC-N, forwards
primer: 5-GGGGAACTTCTCCTGCTAGAAT-3’; reverse primer: 5’-
CAGACATTTTGCTCTCAAGCTG-3’; fluorescence probe: 5'-FAM-
TTGCTGCTGCTTGACAGATT-TAMRA-3’). RT-qPCR amplification for
CCDC-ORF1 and CCDC-N was performed in 25 puL reaction mix-
tures containing 12.5 uL of 2xRT-PCR Buffer, 1 uL of 25xRT-PCR
Enzyme Mix, 4 uL mixtures of forward primer (400 nM), reverse
primer (400 nM) and probe (120 nM), and 5 L of template RNA.
Reverse transcription was conducted at 45 °C for 10 min (1 cycle),
followed by initial denaturation at 90 °C for 10 min (1 cycle) and
40 thermal cycles of 60 °C for 45 second and 90 °C for 15 s.
Quantitative fluorescent signal for each sample was normalized
by ROX™ passive reference dye provided in 2xRT-PCR buffer.
For each RT-qPCR run, both positive and negative controls were
included. The copy numbers of SARS-CoV-2 was obtained from
a standard calibration curve by a 10-fold serial dilution of genes
encoding nucleocapsid protein with an amplification efficiency
of 102.6%, calculated as copies=10[-(Ca-39.086)3.262] (R2-0,991).
For quality control, a reagent blank and extraction blank were
included for RNA extraction procedure and no contamination was
observed.

2.4. Validation treatment and tests

To validate the performance and specificity of ACE2@SN-SERS
substrate, negative controls were prepared and included cells of
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Fig. 1. State-of-the-art diagram of surface enhanced Raman scattering (SERS) for interrogating Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). Human
cellular receptor Angiotensin-Converting Enzyme 2 (ACE2) is functionalized on silver-nanorod SERS (SN-SERS) substrate, designated as ACE2@SN-SERS array, which generates
strong SERS signals (1032, 1051, 1089, 1189, 1447 and 1527 cm~'). The recognition and binding of receptor binding domain (RBD) of SARS-CoV-2 spike protein on ACE2@SN-
SERS assay significantly quenches the spectral intensities of most peaks and exhibits a red-shift from 1189 to 1182 cm~!.

Table 1

Sampling sites and copy numbers of SARS-CoV-2 RNA in water samples.

Location Samples Description

SARS-CoV-2

Huoshenshan HSSCC Crude water from wards

633 copies/L

Hospital HSSBC Water in wastewater treatment plant Negative
HSSCD HSSCC after disinfection Negative
HSSBD HSSBC after disinfection Negative
Jinyintan JYTCC Crude water from wards 255 copies/L
Hospital JYTCC2 JYTCC after 1-day storage at 20 °C 750 copies/L
JYTCC3 JYTCC after 3-day storage at 20 °C 3.01x103 copies/L
JYTCD JYTCC after disinfection Negative
JYTBC Water in wastewater treatment plant Negative
JYTBC2 JYTBC after 1-day storage at 20 °C Negative
JYTBC3 JYTBC after 3-day storage at 20 °C Negative
Huanan HNO1 Upstream waters in pipeline Negative
Seafood HNO02 Upstream waters in pipeline Negative
Market HNO3 Downstream waters in pipeline Negative
HNO04 Downstream waters in pipeline Negative
HNO5 Waters in pipeline joint point Negative
HNO6 Waters in pipeline joint point 2.88x10* copies/L
Rivers YZRU 20 km upstream waters in Yangtze River Negative
YZRM Waters of Yangtze River in Wuhan city region Negative
YZRD 20 km downstream waters in Yangtze River Negative
HJRU 10 km upstream waters in Hanjiang River Negative
HJRM Waters of Hanjiang River in Wuhan city region Negative
HJRD Downstream waters at the joint of Hanjiang and Yangtze River Negative

Escherichia coli DH5«, proteins of E. coli DH5« and bacteriophage
Phi6. Cells of E. coli DH5«¢ were grown in LB medium at 37 °C for
16 hr, harvested by centrifugation, washed three times with deion-
ized water, and finally stored at 4 °C prior to test. Proteins of E.
coli DH5« cells were extracted after 16-hr cultivation using All-
Prep Bacterial Protein Kit (QIAGEN, USA) following manufacturer’s
instruction, and stored at —20 °C prior to test. Bacteriophage Phi
6 is an enveloped RNA virus widely used for study on viral sur-
vival and persistence in environmental media (Whitworth et al.,
2020; Wood et al., 2020). It was purchased from DSMZ-German
Collection of Microorganisms and Cell Cultures GmbH as vacuum-

dried suspensions on filter paper in double-vial glass ampoules.
Bacteriophage Phil6 was carefully revitalized by a previous proto-
col (Whitworth et al.,, 2020), harvested and purified in the sus-
pension of sterile water, and stored at 4 °C prior to test. SARS-
CoV-2 spike proteins were extracted and provided by School of
Life Sciences (Tsinghua University) following a reported protocol
(Lan et al.,, 2020).

Five microliters of stock solutions (E. coli DH5« cells and bac-
teriophage Phi6, around 103 copies; E. coli DH5« proteins and
SARS-CoV-2 spike proteins, around 10 pg) and water samples were
directly loaded onto the fabricated ACE2@SN-SERS substrate and
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incubated at room temperature for 5 min. After dryness, the sub-
strate was ready for Raman spectral acquisition and can be stored
at 4 °C for at least 1 week. A series dilution of SARS-CoV-2 spike
proteins were used to obtain the qualitative curves between Ra-
man shifts and SARS-CoV-2 spike proteins, ranging from 0.1 pg to
10 pg.

2.5. Raman spectral acquisition

For laboratory test, Raman spectra were acquired using a near-
infrared confocal Raman microscope (HR evolution, Horiba, USA)
equipped with a 785 nm near-IR laser source, a 300 1/mm grat-
ing and a semiconductor-cooling detector (CCD). All Raman spectra
were collected with a 50x objective lens (NA=0.7) at an exposure
time of 10 s, 3 accumulations, and laser power of 10 mW prior
to lens. Raman spectroscopic system was calibrated with a silicon
wafer at Raman shift of 520 cm~!. At least five random regions
were measured for each sample, and a minimum of 9 individual
spectra were acquired per sample. A 785-nm portable Raman spec-
trometer (Finder Edge, Zolix, China) was used for on-site detec-
tion, and the ACE2@SN-SERS substrate was placed on the probe of
the portable Raman spectrometer with the following parameters:
0.5 s acquisition time and 300 mW laser power. This portable Ra-
man spectrometer has a satisfactory spectral resolution of 4 cm~!
to distinguish possible spectral shift of biological samples. At least
five-time measurement was conducted for each sample. For both
laboratory and on-site test, all Raman spectra were recorded in the
range of 100-3500 cm~! in biological triplicates. On-site spectra
acquisition took only 2 min, followed by multivariate analysis for
about 3 min to allow overall test within 5 min.

2.6. Multivariate analysis of Raman spectra

Raw spectral data were pre-processed by using the open source
[RootLab toolbox performed on MATLAB r2012 (Trevisan et al.,
2013). Briefly, each acquired Raman spectrum was cut to a
biochemical-cell fingerprint region (900-1800 cm~1!), baseline cor-
rected, wavelet de-noised, and vector normalized. Unlike RT-qPCR
and immunochromatography assay, our ACE2@SN-SERS assay gen-
erates Raman spectral data, which are multivariate and difficult to
generate an individual variable for SARS-CoV-2. Thus, we used two
approaches to distinguish the difference between positive and neg-
ative samples. Firstly, the ratio of Raman intensity at 1182 cm~! to
that at 1189 cm~! was calculated, designated as 1182/1189 ratio,
as an indicator for positivity prediction. Alternatively, multivariate
analysis was applied to the pre-processed spectral data to reduce
data dimensions and extract key information. Principal component
analysis (PCA) is an unsupervised data analytical method reduc-
ing the dimensionality of data, determining principal components
(PCs) and extracting key features (Jin et al., 2017; Li et al., 2020a).
The first 10 PCs, which account for more than 90% of the variance
of the selected spectral regions, were then inputted into linear dis-
criminate analysis (LDA), which determines the discriminant func-
tion line that maximizes the inter-class distance and minimizes the
intra-class distance to derive an optimal linear boundary separat-
ing the different classes. Generally, PCA-LDA score plots and cluster
vectors are generated, and the scores of the linear discriminant 1
(LD1) provides the best classification (Li et al., 2020a).

2.7. Statistical analysis

One-way ANOVA was used to compare the difference between
samples and p-value less than 0.05 refers to statistically significant
difference.
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3. Results and discussions
3.1. Features of SN-SERS and ACE2@SN-SERS substrates

SEM images (Fig. 2A) illustrated a successful fabrication of sil-
ver nanorods on SERS substrate. The overall diameter and length
of silver nanorods was 211+45 and 737452 nm, respectively, and
the uniform structure demonstrated a density of 8 nanorods/um?2.
After functionalization with ACE2 protein, clear protein structures
were observed on ACE2@SN-SERS substrate, exhibiting as small is-
lands with a diameter of 2 um (Fig. 2B).

The background Raman signals of SN-SERS substrate without
ACE2 exhibited no significant peaks from 900 to 1800 cm~! (Fig-
ure S1), showing a satisfactory performance for interrogating bio-
related SERS. ACE2@SN-SERS substrate generated remarkable SERS
signals, around 400 times stronger than SN-SERS substrate (Figure
S1). The featured Raman peaks are probably assigned with pheny-
lalanine (1032 cm~!) (Rygula et al., 2013), C-N stretching in pro-
tein (1089 cm~1!) (Chan et al., 2006), Amide III for C-N stretching
and N-H bending (1189 cm~!) (Malini et al., 2006), CH, bending
mode of proteins (1447 cm~1) (O Faolain et al., 2005) and conju-
gated -C = C- in protein (1587 cm~1) (Rau et al., 2016).

3.2. SERS detection of SARS-CoV-2 spike protein

SARS-CoV-2 spike protein was firstly tested on SN-SERS and
ACE2@SN-SERS substrates as a proof-of-concept demonstration.
Different from ACE2 protein, Raman peak intensities derived from
SARS-CoV-2 spike protein were relatively weak on SN-SERS sub-
strate and the distinct peaks were mostly located at 1032, 1051,
1182, 1447 and 1597 cm~! (Fig. 2C). They are probably assigned
to phenylalanine (1032 cm~!) (Rygula et al., 2013), C-N stretching
in protein (1051 cm~1!) (Chan et al., 2006),-~CH, bending mode of
proteins (1447 cm~!) (O Faoldin et al., 2005). After loading spike
proteins onto ACE2@SN-SERS substrate, the whole spectra exhib-
ited a quenching of SERS signal intensity, especially at Raman shifts
of 1089, 1189 and 1447 cm~! (Fig. 2C).

SARS-CoV-2 spike protein RBD targets the short 85 and 86
strands, o4 and o5 helices and loops on ACE2 (Lan et al., 2020),
which are rich in phenylalanine and Amide IIl for C-N stretching
and N-H bending, and the networks of hydrophilic interactions at
RBD/ACE2 interfaces quench their SERS signals at 1032 cm~! and
1189 cm~!. Particularly, a red-shift from 1189 to 1182 cm~! rep-
resenting N-H bending was observed, possibly attributing to the
direct enhancement of 1182 cm~! from SARS-CoV-2 spike protein.
Raman intensities of peak 1189 cm~! of ACE2@SN-SERS substrate
(25524163 arbitrary unit) were about 2 times as those of peak
1182 cm~! (1354476 arbitrary unit), whereas the peak intensities
of 1182 cm~! (430410 arbitrary unit) were higher than those of
1189 cm~! (290+11 arbitrary unit) postexposure to SARS-CoV-2
spike proteins. It is possibly induced by the change in N-H vi-
bration mode or the bond length of N-H (Rozenberg et al., 2000;
Tomobe et al., 2017), in response to the interfered H-bond of ACE2
after recognizing SARS-CoV-2 spike protein. In addition, the inten-
sities of both peaks 1189 cm~! and 1182 cm~! were positively cor-
related with the dosage of SARS-CoV-2 proteins (Figure S2A), and
the 1182/1189 ratios of SERS signals exhibited a positive correla-
tion with the dosage of SARS-CoV-2 spike proteins (Figure S2B).
In contrast, there was no Raman shift from 1189 to 1182 cm~! in
all the treatments with bacteriophage Phi6, whole cells of E. coli,
and extracted proteins of E. coli cells (Fig. 2D). Besides 1189 cm™!,
all these treatments produced identical peaks of 1094, 1161, 1249,
1311 and 1412 cm™!, representing typical biospectral alterations of
amino acids, phosphorylated proteins, cellular nucleic acids, fatty
acids and lipids (Jin et al., 2020; Li et al., 2017). These results indi-



D. Zhang, X. Zhang, R. Ma et al.

c 4000 F Y1189 ACE2
1447
%00 - 1089 v
] 1032 1587
1000 - ' ! | MJ/\ !
o — <.,—/\/\\_J R e
T T T T T T T T
900 1000 1100 1200 1300 1400 1500 1600 1700 1800
2400 |- y 1189 SARS-COV-2 spike protein @ ACE2
1447 1587
b @ 103299 ' Y
. ;___,\/'\,'\M
oF
T T T T r T T T
900 1000 1100 1200 1300 1400 1500 1600 1700 1800
909 1032y SARS-CoV-2 spike protein
1051 ¥ 1597
1000 F AT 1182

00 (WAN ! A 2N
\ J) v V\‘._/x/\fwhql\/w\ 'A/ \\ —

o
T

T T T T T T T T
1000 1100 1200 1300 1400 1500 1600 1700 1800

Water Research 200 (2021) 117243

Raman Intensity

1182y SARS-CoV-2 S-protein

N SR . S— S e AR
ﬁ"” SN@ACE2 substrate

900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Raman shift (cm-1)

Fig. 2. (A) SEM image of SN-SERS substrate. Scale bar: 5 um (upper right: 2 um). (B) SEM image of ACE2@SN-SERS substrate. Scale bar: 20 pum (upper right: 10 pm).
Functionalized ACE2 protein is present as ‘islands’ (red circle). (C) Comparison of SERS signals between ACE2@SN-SERS substrate, SARS-Co-2 spike protein with ACE2, and
SARS-CoV-2 spike protein on SN-SERS substrate. Featured SERS signals of ACE2 protein include 1032, 1089, 1189, 1447 and 1587 cm~'. (D) Comparison of SERS signals
between SARS-CoV-2 spike protein, bacteriophage Phi6, whole cells of E. coli, and extracted proteins of E. coli cells on ACE2@SN-SERS substrate. Only SARS-CoV-2 spike

protein represents Raman shift from 1189 to 1182 cm~!.

cated that the fabricated ACE2@SN-SERS substrate can specifically
recognize SARS-CoV-2 spike protein and there is neglectable inter-
ference from other enveloped viruses or bacterial cells. Our results
indicated that SARS-CoV-2 spike protein can be recognized and
bound by ACE2@SN-SERS substrate, consequently changing ACE2
structure to induce the SERS signal quenching. Such significant Ra-
man signal change demonstrated that our designed ACE2@SN-SERS
assay has a satisfactory performance in SARS-CoV-2 interrogation.
Either 1189 cm~! intensity, 1182 cm~! intensity or 1182/1189 ratio
could quantitatively interrogate the presence of SARS-CoV-2 spike
proteins.

3.3. Interrogation of SARS-CoV-2 in real water samples from Wuhan
via ACE2@SN-SERS

In on-site test, Raman spectra of ACE2 acquired via the portable
Raman spectrometer exhibited coherent spectral peaks presented
at 1032, 1089, 1189, 1447 and 1587 cm~! comparing to those from
the research-level Raman spectrometer in laboratory, although rel-
atively high signal noises were observed. It indicated the robust-
ness of our developed ACE2@SN-SERS array and feasibility for on-
site detection. Raman spectra of water samples on ACE2@SN-SERS
array exhibited different SERS signals (Fig. 3A). Detailed spectral
region from 1170 to 1200 cm~! illustrated that some samples had
significant signal quenching at 1189 cm~! (Figure S3), e.g., JYTCC,
JYTCC2, JYTCC3, HSSCC, HSSBC and HNOG6, whereas others pos-

sessing similar spectral patterns as ACE2@SN-SERS array included
HSSCD, HSSBD, etc.

RT-qPCR results had separated all water samples into posi-
tive and negative groups for SARS-CoV-2. To distinguish these two
groups from SERS spectra, we first used 1182/1189 ratio as an in-
dicator, as the red-shift from 1189 to 1182 cm~! was the most
remarkable spectral alteration. Fig. 3C shows a significant dif-
ference in 1182/1189 ratio between positive and negative groups
(p<0.001), averagely 1.311+0.446 and 0.766+0.218, respectively.
When 1182/1189 ratio ranges from 0.800 to 1.100, the false-positive
percentage slightly decreases from 20.0% to 0.0%, whereas the
false-negative percentage increases from 0.0% to 40.0%. Accord-
ingly, the highest accuracy of 1182/1189 ratio is 93.33% when
the threshold is 1.000, and the false-positive and false-negative
percentage is 10.0% and 0.0%, respectively (Figure S4A). Thus,
1182/1189 ratio is a satisfactory indictor to detect the presence of
SARS-CoV-2 in water samples.

Nevertheless, the intrinsic SERS analysis provided convoluted
Raman signals derived from ACE2 proteins or complexes of ACE2
and spike protein of SARS-CoV-2 located in plasmonic hot spot re-
gions, and it is crucial to employ multivariate method to extract
information in these complex multivariable spectroscopic data for
a better interrogation. Herein, the whole spectra from 900 to 1800
cm~! were analyzed by PCA-LDA, and the score plot clearly segre-
gates the positive and negative groups (Fig. 3B). LD1 derived from
PCA-LDA model provided the best classification, mainly represent-
ing the shift of 1189 to 1182 cm~! and the declining peaks at 1089
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Fig. 3. (A) SERS spectra of ACE2@SN-SERS and 23 tested water samples by ACE2@SN-SERS assay (mean value) using a portable Raman spectrometer. (B) Segregation of
positive and negative water sample groups in PCA-LDA score plot. Red dots represent positive water samples for SARS-CoV-2. [J, o, A and ¢ refer to negative water samples
collected from wastewater disinfected units, hospitals, rivers and Huanan Seafood Market, respectively. (C) Difference of 1182/1189 ratio between positive and negative groups.

(D) Difference of LD1 scores between positive and negative groups.

and 1447 cm~!. In addition, LD2 also explained a small propor-
tion of variance between positive and negative samples, consisting
of peaks at 1032 and 1587 cm~!. Accordingly, LD1 scores are as-
signed as criteria and exhibit significant difference between the
positive and negative groups (Fig. 3D, p<0.001). When LD1 scores
range from 0.070 to 0.120, the false-positive percentage slightly
increases from 0.0% to 20.0%, whereas the false-negative per-
centage decreases from 40.0% to 0.0%. Accordingly, the highest
accuracy of LD1 scores is 93.33% when the threshold is 0.080
(Figure S4B).

Further analysis on the spectral region from 1170 to 1200 cm~!
(Figure S3) explained the potential reason for false-positive and
false-negative measurement, that some sample exhibited both shift
from 1189 to 1182 cm~! and considerable intensities at 1189 cm~!.
It might be explained by the limited number of SARS-CoV-2 pro-
tein in environmental samples that could not completely quench
SERS signals of ACE2 (false-negative) or binding of similar proteins
with ACE2 to raise the intensities at 1182 cm~! (false positive).
From the results of duplicated measurements for each sample, the
consistency and repeatability of this SERS assay is 0.853 (Kendall
coordination coefficient, p<0.01) and 4.5% (relative standard devi-
ation, RSD) based on 1182/1189 ratio and 0.892 (Kendall coordina-
tion coefficient, p<0.01) and 4.2% (RSD) based on LD1 scores, re-
spectively. Although the concept of using Raman spectroscopy to
detect SARS-CoV-2 viruses has been raised by many researchers
(Lukose et al., 2021), these studies mainly focus on the detection
sensitivity or substrate fabrication with artificial samples and there
is no report on the detection of real environmental samples or ac-
curacy (Jadhav et al., 2021; Peng et al., 2021). Our findings proved

the feasibility of ACE2@SN-SERS assay to on-site interrogate SARS-
CoV-2 in real water samples, and both indicators have satisfactory
performance.

3.4. Tracking and explaining the presence of SARS-CoV-2 in
environmental water samples via on-site interrogation

SARS-CoV-2 in crude water from wards of Huoshenshan Hospi-
tal (HSSCC) and Jinyintan Hospital (JYTCC) was 633 copies/L and
255 copies/L, respectively, showing the presence of SARS-CoV-2
viral RNA. The results became negative in the biological treat-
ment sector (HSSBC) and aerobic biodegradation sector (JYTBC)
in the wastewater treatment plants of Huoshenshan and Jiny-
intan Hospitals (Table 1). However, both 1182/1189 ratios and
LD1 scores by ACE2@SN-SERS assay had contradictory results that
SARS-CoV-2 was present in all wastewater samples throughout in
the treatment process despite of slight decay (Fig. 4A and 4E). It
might be explained by higher stability of SARS-CoV-2 spike pro-
tein than RNA after disinfection, and the residual spike proteins
were still detectable but the infectivity was of low risk. Our find-
ings indicated a decay of SARS-CoV-2 viral RNA along wastewa-
ter treatment process, consistent with previous reported facts that
both RNA (Norovirus GGI, GGII, sapovirus, and Aichi virus) and
DNA viruses (enteric adenoviruses, JC polyomaviruses, BK poly-
omaviruses) were effectively removed in conventional and biologi-
cal wastewater treatment plants (Hata et al., 2013; Kitajima et al.,
2014; Nordgren et al., 2009). The presence of SARS-CoV-2 in the
adjusting tanks might pose threats to workers for medical wastew-
ater treatment, and their personal care protections are suggested
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Fig. 4. Applications of on-site SERS interrogation for SARS-CoV-2. Change of 1182/1189 ratio (A) and LD1 score (E) along wastewater treatment process for wastewater
treatment plant management. Significant difference of 1182/1189 ratio (B) and LD1 score (F) between crude and disinfected waters for determination of disinfection efficiency.
Change of 1182/1189 ratio (C) and LD1 score (G) for viral survival in environmental media. Occurrence of SARS-CoV-2 in the pipeline of Huanan Seafood Market by 1182/1189
ratio (D) and LD1 score (H). Red and blue dots indicated water samples with positive and negative qPCR results for SARS-CoV-2.

to prevent potential infection. The rapidness and easy operation of
this developed ACE2@SN-SERS assay offers a solution to monitor
SARS-CoV-2 in medical wastewater treatment plants, allowing on-
site assessment of potential spreading risks on workers and sur-
rounding environment.

Disinfection completely removed SARS-CoV-2 viral RNA, ex-
hibiting negative RT-qPCR and ACE2@SN-SERS results for disin-
fected water (HSSCD, HSSBD and JYTCD, Fig. 4B and 4F). LD1 scores
by ACE2@SN-SERS assays also suggested the existence of SARS-
CoV-2 after 1 to 3 days storage (Fig. 4C and 4G), consistent with
the results of RT-qPCR (750 and 3.01x103 copies/L). These results
proved the robustness of ACE2@SN-SERS assay in detecting SARS-
CoV-2 in real water samples, offering strong evidence to docu-
ment the effective disinfection performance (Kampf et al., 2020)
and long-term survival for at least 3 days (van Doremalen et al.,
2020).

Diagnosing confirmed patients and tracking asymptomatic can-
didates is one of major challenges for COVID-19 prevention and
control. In this work, we collected water samples from pipeline re-
ceiving discharge from Huanan Seafood Market, a suspected first
place of COVID-19 outbreak in China. The upstream waters had
negative RT-qPCR results and exhibited no SARS-CoV-2 spike pro-
tein from clear Raman shifts at 1189 cm~! in ACE2@SN-SERS as-
say (Fig. 3A). After receiving wastewater from Huanan Seafood
Market, the positive RT-qPCR results (2.88x10* copies/L, Table 1),
1182/1189 ratios (Fig. 4D) and LD1 scores (Fig. 4H) illustrated the
entry of SARS-CoV-2 into pipelines. Different from RT-qPCR assay
requiring RNA extraction and laboratory amplification, the devel-
oped ACE2@SN-SERS assay allows onsite detection of SARS-CoV-2
with portable Raman spectrometers, showing huge potentials for
field practices to track the presence and source of SARS-CoV-2 in
sewage pipe network.

All water samples collected from Yangtze and Hanjiang River
did not exhibited significant Raman shift from1189 cm~! to

1182 cm~! (Fig. 3A), consistent with qPCR results (Table 1). These
results indicated that no SARS-CoV-2 was detectable in surface wa-
ters and its spreading risk through natural rivers are neglectable.
Although both Yangtze River and Hanjiang River received treated
discharge from wastewater treatment plants in Wuhan, which
had influents containing SARS-CoV-2 (Fig. 4A), disinfection can ef-
fectively remove viral RNA (Fig. 4B) and leave limited risks of
SARS-CoV-2 spillover into natural environment. The occurrence of
SARS-CoV-2 in wastewater and rivers has been reported in Paris
(Rimoldi et al., 2020), and its potential transmission and spread
in the urban and rural water cycle might pose threats to public
health (Bhowmick et al., 2020). For rivers or lakes receiving un-
treated sewage, this ACE2@SN-SERS assay might be a solution for
rapidlya and online detecting SARS-CoV-2 viral RNA for drinking
water safety.

3.5. Prospective

The developed ACE2@SN-SERS assay provides good accuracy
and satisfactory performance for the rapid and onsite detection of
SARS-CoV-2 in environmental specimens, meeting well with RT-
gPCR results. Compared with RT-qPCR and immunochromatogra-
phy assays, this ACE2@SN-SERS assay has three advantages. Firstly,
ACE2@SN-SERS assay does not rely on RNA extraction or im-
mune biomarker, simplifying the sample preparation procedure
and shortening the measurement time. Secondly, spike protein is
more stable than RNA as the biomarker for SARS-CoV-2, hinting
a more stable and sensitive assay particularly for environmental
specimens. Last but not the least, we have proved that portable Ra-
man spectrometers can provide satisfactory signals with ACE2@SN-
SERS assay and allows rapid interrogation of SARS-CoV-2 on site.

There are some limitations in this work. Firstly, our ACE2@SN-
SERS assay cannot evaluate viral viability or infectivity as free
spike proteins or viral envelop are also recognizable by ACE2@SN-
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SERS substrates to quench SERS signals, possibly overestimating
the presence of SARS-CoV-2 in human or environmental speci-
mens. Secondly, only limited real samples were tested and the
interference of other viruses targeting ACE2 for cell entry is still
questionable, owing to the restriction in sample collection and
clinical tests during the outbreak of COVID-19 in Wuhan. On the
contrary, the mentioned advantages prove ACE2@SN-SERS assay as
a reliable and mobile detection platform or screening system for
onsite clinal and environmental detection under a variety of con-
ditions. Thirdly, we did not get resources to measure the effects
of other viruses (e.g., SARS-CoV-1) or antigens of influenza virus
A/B and SARS-CoV-2 targeting ACE2 proteins. From the interroga-
tion mechanisms, they might activate SERS response and produce
false-positive signals for SARS-CoV-2 detection, which reduces the
specificity of this SERS assay. Instead, our state-of-the-art work
also raises a concept to screen other viruses with RBD recogniz-
ing receptors of human cells for entry and evaluate the recogni-
tion strength of SARS-like viruses across mammalian species, when
different RBD-containing viruses are tested or human cell recep-
tors are functionalized for substrate fabrication. As a possible in-
vitro assay, ACE2@SN-SERS substrate might also contribute to the
assessment of vaccine efficiency. Further studies need to address
those possibilities and establish robust databases and algorithms
for a faster interrogation, even down to 1 min, for clinical and en-
vironmental purposes.

4. Conclusion

A novel ACE2@SN-SERS assay was developed in this study by
functionalizing human cellular receptor ACE2 proteins on silver-
nanorods and generating strong SERS signals. The successful and
significant quenching of SERS signal intensities in the presence of
SARS-CoV-2 spike proteins proved its capability in capturing and
recognizing SARS-CoV-2. Onsite tests on 23 water samples using a
portable Raman spectrometer achieved satisfactory performance in
interrogating the presence of SARS-CoV-2 in environmental speci-
mens, although some inconsistent with RT-qPCR results. At the cur-
rent stage, the developed ACE2@SN-SERS assay had acceptable ac-
curacy, false-positive and false-negative percentages, which can be
further improved by fabrication implementation, database set-up
and algorithm optimization. It has a bright future and huge poten-
tial as a rapid and on-site detection tool for SARS-CoV-2 and other
viruses to confirm patients, determine community cases and track
environmental viral sources in pandemics.
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