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A B S T R A C T   

Nearly 200 million people have been diagnosed with COVID-19 since the outbreak in 2019, and this disease has 
claimed more than 5 million lives worldwide. Currently, researchers are focusing on vaccine development and 
the search for an effective strategy to control the infection source. This work designed a detection platform based 
on Surface-Enhanced Raman Spectroscopy (SERS) by introducing acetonitrile and calcium ions into the silver 
nanoparticle reinforced substrate system to realize the rapid detection of novel coronavirus. Acetonitrile may 
amplify the calcium-induced hot spots of silver nanoparticles and significantly enhanced the stability of silver 
nanoparticles. It also elicited highly sensitive SERS signals of the virus. This approach allowed us to capture the 
characteristic SERS signals of SARS-CoV-2, Human Adenovirus 3, and H1N1 influenza virus molecules at a 
concentration of 100 copies/test (PFU/test) with upstanding reproduction and signal-to-noise ratio. Machine 
learning recognition technology was employed to qualitatively distinguish the three virus molecules with 1000 
groups of spectra of each virus. Acetonitrile is a potent internal marker in regulating the signal intensity of virus 
molecules in saliva and serum. Thus, we used the SERS peak intensity to quantify the virus content in saliva and 
serum. The results demonstrated a satisfactory linear relationship between peak intensity and protein concen
tration. Collectively, this rapid detection method has a broad application prospect in clinical diagnosis of viruses, 
management of emergent viral infectious diseases, and exploration of the interaction between viruses and host 
cells.   

1. Introduction 

Viruses are minute noncellular microorganisms with the simplest 
structure, existing widely in nature, and a leading cause of biological 
death [1]. Besides, it is inadvertently known that viruses mutate 
frequently [2]. The first 20 years of this century have seen an unprec
edented rise in the outbreak or epidemic of numerous viral diseases, 
including SARS [3], H1N1 [4], MERS [5], Ebola hemorrhagic fever [6], 
and COVID-19 [7] across the globe. The current COVID-19 epidemic has 
infected more than 200 million people worldwide and claimed more 
than 5 million lives [8]. The novel coronavirus (SARS-CoV-2) is a single- 

stranded RNA virus containing 29 coding proteins [9]. Although re
searchers have uncovered four crucial structural proteins of the virus, 
there is a paucity of information regarding the effective treatment 
approach of the virus [10,11]. 

Early detection and identification of viruses are of great value for 
preventing and treating viral infectious diseases. The presently available 
detection technologies for viruses are mainly based on molecular and 
serological techniques. The former primarily involves the polymerase 
chain reaction (PCR) and its derivative technology [12], while the latter 
integrates fluorescence antibody detection [13], Enzyme-linked immu
nosorbent assay (ELISA) [14], etc. However, the application of most of 
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these techniques is limited due to complex operation, high cost, and low 
sensitivity. For SARS-CoV-2, fluorescence quantitative PCR is the most 
commonly employed detection method. While this approach has a 
detection sensitivity of 500–1000 copies/test [15], incorrect sampling 
timing may yield false-negative cases, such as when the virus has been 
cleared from the upper respiratory tract [16]. In addition, the applica
tion of fluorescence quantitative PCR technology is time-consuming 
because it requires prior processing of specimens and data analysis 
after detection. The sample is also susceptible to contamination, and this 
may result in false positives [17]. In China, the most commonly used 
serological method is ELISA and chemiluminescence, but they also have 
false positives due to cross-reactions. For instance, in some cases, sea
sonal coronaviruses can cross-react with SARS-CoV-2 [18] and cause 
misdiagnosis of the pathogen [19]. Moreover, the use of PCR and 
serological detection of emerging infectious diseases of unknown path
ogens are solely based on the specific molecular probe of the virus, such 
as antibodies or DNA Oligomers. So, the development of a rapid, simple, 
and cost-effective virus detection technology for early identification of 
viral infection would allow for early clinical intervention and improve 
the survival of patients. 

Surface-Enhanced Raman Scattering (SERS), a non-destructive and 
rapid detection technology, has strong detection capability for DNA, 
protein, and other biological molecules at the single-molecule level. This 
approach demonstrates high sensitivity and does not require complex 
pretreatment of samples [20,21]. As the most basic substance of life, 
water lacks fluorescent signals and would not interfere with SERS sig
nals. Therefore, SERS technology can far much be applied in the field of 
life science, including detection of several respiratory viruses, such as 
human adenovirus type 5 [22], influenza virus [23]. Generally, the hot 
spot of SERS technology is less than 10 nm space between the gold or 
silver nanostructures [21], and the size of the virus is nearly 100 nm. In 
this view, the virus cannot adapt to the hot spot of SERS. The simplicity 
with the use of traditional SERS technology is unreliable in the detection 
and identification of the virus. Xingang Zhang et al. [22] developed a 
novel NNHCMB substrate, which can accurately detect adenovirus with 
good reproducibility. However, the preparation process of NNHCMB 
substrate is complicated and not cost-effective. Elsewhere, urchin gold 
nanoparticle developed by Eom et al. [23] could specifically bind to the 
sulfhydryl structure of the oseltamivir-resistant influenza virus variant 
strain and detect the mutant strain at the single molecular level. 
Although their method demonstrated high sensitivity, it was inferior in 
generality and could only detect the virus strain with the sulfhydryl 
group in the structure. Jae-young Lim et al. [24] used SERS technology 
to detect proteins expressed on the surface of the influenza virus- 
infected cells. They also explored the infection status of potent influ
enza mutant strains. However, the method could not pick up the 
fingerprint of the virus. Instead, it was detected indirectly through the 
protein expressed after the virus-infected cells, but the fingerprint signal 
of the protein was easily affected by the inherent protein on the cell 
surface, resulting in poor accuracy. Therefore, it would be imperative to 
develop SERS virus detection approaches with high-level accuracy, 
sensitivity, universality, repeatability, low cost, easy to operate, and free 
from interference from background fluorescence such as serum or saliva. 

Here, we designed a new SERS detection platform, using traditional 
citrate to reduce silver nanoparticles, and added acetonitrile solvent to 
form an excellent hot spot suitable for viruses by aggregating calcium 
ions, and exploring the human adenovirus, SARS-CoV-2 without dif
ference and marker. In addition, combined with machine learning, rapid 
diagnosis of viruses under low detection limits (100 PFU/test) was 
attempted within 1 to 2 min. At the same time, use the two mutual 
solvent acetonitrile characteristics, not only can be used as an excellent 
internal standard to assess virus content, and to improve the stability of 
the base has a good preparation by effective (four months) in rapid, 
precise detection of virus infection, this method possesses broad appli
cation prospects, will help new crown worldwide epidemic control. 

2. Materials and methods 

2.1. Preparation of SARS-CoV-2 

The inactivated SARS-CoV-2 was purchased from the Henan Key 
Laboratory of Immunology and Targeted Drugs, School of Laboratory 
Medicine, Xinxiang Medical University. It was incubated at 37℃ for 13 
days after adding 4% paraformaldehyde. When the inactivated SARS- 
CoV-2 was received, it was immediately sub-packed (20 μL / tube) 
and stored at 4 ℃. 

2.2. Preparation of HAdV 

A549 cells were provided by Department of Hygienic Microbiology, 
Public Health College, Harbin Medical University. A549 cells were 
cultured with RPMI-1640 (Hyclone, SH30809.01) supplemented with 
10% fetal bovine serum (Gibco, 10099133C) and 1% Penicillin- 
Streptomycin Solution (Gibco, 15140148). A549 cells in T75 culture 
bottle were infected with viral suspension, and then incubated at 37 ◦C 
with 5% CO2. When the cytopathic effect reached 85%, freeze and thaw 
the cell lysate between 37℃ and dry ice for three times. Centrifuge the 
cell lysate at 4℃, 3000 rpm for 10 min. Transfer and filter the super
natant through a 0.45 μm filter unit. The filtered supernatant is ready for 
virus purification. ViraTrapTM Adenovirus Purification Miniprep Kit 
(Biomega, V1160) was used to purify the virus. After get the purified 
HAdV, we calculate TCID50 by Reed-Muench method to obtain virus titer 
(PFU/mL). Finally, we use 2% β-propiolactone to inactivate the virus, 
and adjust the pH to 7.3–7.4 with 7% NaHCO3. 

2.3. Preparation of H1N1 influenza virus 

Vero cells were provided by Department of Hygienic Microbiology, 
Public Health College, Harbin Medical University. Vero cells were 
cultured with Dulbecco’s modification of Eagle’s medium Dulbecco, 
DMEM (Gibco, C11995500BT) supplemented with 10% fetal bovine 
serum (Gibco, 10099133C) and 1% Penicillin-Streptomycin Solution 
(Gibco, 15140148). Vero cells in T75 culture bottle were infected with 
viral suspension, and then incubated at 37 ◦C with 5% CO2. When the 
cytopathic effect reached 85%, freeze and thaw the cell lysate between 
37℃ and dry ice for three times. Centrifuge the cell lysate at 4℃, 3000 
rpm for 10 min. Transfer and filter the supernatant through a 0.45 μm 
filter unit. The filtered supernatant is ready for determinate the titer. We 
calculate TCID50 by Reed-Muench method to obtain virus titer (PFU/ 
mL). Finally, we use 2% β-propiolactone to inactivate the virus, and 
adjust the pH to 7.3–7.4 with 7% NaHCO3. 

2.4. Detection methods in PBS buffer 

The experimental process is shown in Fig. 1 A and B. The preparation 
of Ag@BCNPs (silver nanoparticles modified by bromide ion, and added 
with acetonitrile and calcium ions) is the same as the previous work of 
our research group [25], and is slightly modified on its basis. The 
Ag@BCNPs were produced by adding 6 mL 1% sodium citrate into a 
slightly boiling silver nitrate solution (0.034 g/200 mL) at 96℃. After 
that, 5 mL of sodium citrate-reduced silver sol was centrifuged (6500 
rpm, 20 min, 20◦ C), after the removal of the supernatant, 20 μL of the 
centrifuged silver sol was mixed with 20 μL of bromide ion (1 mM) at 
room temperature for 60 min. Then, add 3 μL of acetonitrile to the 
mixture and the mixture was further mixed with 20 μL sample and 5 μL 
of Ca2+ (0.01 M CaCl2⋅2H2O). After that, the mixture was shaken well 
for SERS detection. The SERS test instrument is made by WITec alpha 
300R. (Germany). The laser wavelength is 633 nm, the scan time is 35 s, 
the laser power is 28mW, and each test is accumulated once. 
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2.5. Detection methods in saliva and serum 

The virus particles were added to fetal bovine serum (or artificial 
saliva) at the desired titer, and the fetal bovine serum (or artificial 
saliva) was used as the solvent, and the concentration was diluted from 
high to low. Then, 20 μL of the centrifuged silver sol was mixed with 20 
μL of bromide ion (1 mM) at room temperature for 60 min. Then, add 3 
μL of acetonitrile to the mixture and the mixture was further mixed with 
20 μL sample and 5 μL of Ca2+ (0.01 M CaCl2⋅2H2O). The other test 
conditions are the same as those of antibiotics in PBS buffer. 

2.6. Machine‑Learning method based on PCA 

A total of 1200 Raman shifts from 750 to 1750 cm− 1 were chosen as 
the variables for PCA (Principal Component Analysis) by using Python 

and Statistical Product and Ser‑vice Solutions. The built‑in “PCA” 
function was used to get principal component coefficients, principal 
component scores, and principal component variances. The first three 
principal components were acquired with F1 interpreting 96.8% of 
variances, F2 interpreting 3% of variances and F3 interpreting 0.1% of 
variances. The top two principal components contributed to 99.8% of 
cumulative contribution which was enough to distinguish the data. This 
means that 99.8% of the original spectral information is represented in 
two-dimensional space. The eigenvector of covariance matrix is used to 
load and compare the Raman spectrum data of multiple groups of 
samples. Raman spectra are projected onto the score map in proportion 
to the load. Use the “error ellipse” function to draw the error ellipse with 
95% confidence. The main differences of virus Raman spectra were 
obtained by PCA, and then the data obtained by principal component 
analysis were classified. The results showed that the virus could be 

Fig. 1. (A) shows the schematic diagram of the preparation of silver enhanced substrate and virus detection using the SERS method. Ag@cit: Silver nanoparticles 
obtained by reduction of citrate; Ag@B: Silver nanoparticles modified by bromide ion; Ag@BCNPs: Ag@B with acetonitrile and calcium ions added. (B) shows the 
conceptual schematic diagram of the relationship between the virus sample and the “hot spots” generated by the silver enhanced substrate. (C) show the SERS spectra 
obtained by random 20 groups of SARS-CoV-2 (104 PUF/test) and HAdV (105copies/test) samples under the current method (Ag@BCNPs), respectively. 
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identified by PCA. 

3. Results and discussion 

The study of the biological activity of SARS-CoV-2 can easily intro
duce the virus to the environment, and there is no specific therapeutic 
drug to manage SARS-CoV-2 infection. As such, a model virus is needed 
to replace the active SARS-CoV-2 with both universalities. Human 
adenovirus (HAdV) is an unenveloped double-stranded DNA virus with a 
wide range of hosts [26] and a wide range of tissue tropism. This virus 
can cause acute adenovirus pneumonia [27], acute gastroenteritis [28], 
eye keratitis [29], and other diseases. Meanwhile, because HAdV is 
characterized by weak pathogenicity and mild clinical symptoms after 
infection, it can serve as an appropriate model organism for virology 
research. In this work, we designed a novel detection method based on 
HAdV, which can be employed to detect various viruses, including 
HAdV, SARS-CoV-2, and influenza virus. The method described here 
allows for rapid, sensitive, and simple detection. 

In the recent past, the main bottleneck of direct unlabeled detection 
of viruses using SERS technology was that the viruses could not enter the 
hot spots, which resulted in poor detection accuracy and low sensitivity 
[22]. Meanwhile, background fluorescence such as saliva, serum could 
easily compromise the SERS results. In Fig. 2A, the green line shows the 
Raman spectrum of HAdV at 107 PFU/test, without the presence of a 
viral signal, while the blue line depicts the presence of a weak virus 
signal following the addition of iodide-modified silver nanoparticles, but 
this does not discriminate the virus signal from the impurity signal. To 
address the problem of impurity signal and obtain high quality virus 
signal, we selected calcium ion as the aggregator because it can form a 
stable complex with citrate, so that most of the citrate leave the surface 

of the silver nanoparticles and avoid the influence of SERS signal of 
citrate on virus detection (Fig. S1) [30]. Moreover, the positive charge 
on calcium ions can enhance the electromagnetic field of the silver 
nanoparticle enforcement system and induce the nanoparticles to gather 
and form hot spots, thus achieving the purpose of enhancing the Raman 
signal of the virus [31]. In addition, when acetonitrile is added to the 
enforced substrate, because acetonitrile is mutually soluble with water, 
it can be evenly dispersed in the system and enhance the stability of the 
enhanced substrate. Fig. S2 outlines a fingerprint of HAdV obtained with 
the current method on an enhanced substrate prepared over a period 
equal to four months, with the observed enhanced signal remaining very 
clear. At the same time, there was no significant change in virus signal 
compared with freshly prepared enhanced substrate. The red line rep
resents the SERS map of HAdV obtained with calcium ion as an aggre
gator (Fig. 2A). The signal peaks of the protein structure (1000 cm− 1) 
and nucleic acid structure (722 cm− 1) in the spectrum are noticeable 
(the specific peak attribution is in SI). With the same method, we 
observed the SERS characteristic map of SARS-CoV-2 (Fig. 2B). Fig. S3 
shows the TEM of silver nanoparticles, and the aggregation is stable and 
uniform, and Fig. S4 shows the zeta potential measurement of Ag@B. 
and Ag@BCNPs. The 20 groups of random SERS maps of HAdV and 
SARS-CoV-2 obtained at different time intervals are depicted in Fig. 1C, 
and the generated spectra show high reproducibility and sensitivity. Of 
note, at the minimum detection concentration of 100 PFU/test (copies/ 
test), the characteristic structures of HAdV (Fig. 2C) and SARS-CoV-2 
(Fig. 2D) were well outlined. 

Furthermore, we obtained the Raman spectra of HAdV, SARS-CoV-2, 
and H1N1 influenza viruses in serum (Fig. 3A) and saliva (Fig. 3B) via 
SERS detection. The results under these conditions corroborated with 
those in the PBS buffer and supported the view that our method is viable 

Fig. 2. (A): SERS spectra of HAdV in different sys
tems. SERS spectrum of Ag@B without virus (gray 
line); Raman spectrum of 107 PUF /test HAdV sample 
in PBS (green line); SERS spectrum of 107 PUF /test 
HAdV in silver nanoparticles (blue line); SERS spec
trum 103 PUF /test HAdV (brick red line) obtained 
under the current method (Ag@BCNPs). (B): SERS 
spectra of SARS-CoV-2 in different systems. SERS 
spectrum of Ag@B without virus (gray line); Raman 
spectrum of 105 copies /test SARS-CoV-2 sample in 
PBS (green line); SERS spectrum of 104 copies /test 
SARS-CoV-2 in silver nanoparticles (blue line); SERS 
spectrum 104 copies /test SARS-CoV-2 (brick red line) 
obtained under the current method (Ag@BCNPs). (C) 
and (D) respectively show SERS spectra of HAdV and 
SARS-CoV-2 at different concentrations.   
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for rapid diagnosis and detection of the virus in the biological back
ground. Through comparison of the SERS spectra of the three virus 
types, the differences in the position of their characteristic peaks were as 
follows: the characteristic peaks of SARS-CoV-2 (blue line) were in the 
range of 788–819 cm− 1 and 1125–1163 cm− 1; the characteristic peaks of 
HAdV (red line) were within the range of 761–881 cm− 1 and 
1088–1123 cm− 1; the characteristic peak of the H1N1 influenza virus 
(green line) were in the range of 828–888 cm− 1. We also performed 
principal component analysis (PCA) of the 1000 sets of profiles of each 
virus molecule in serum (Fig. 3C) and saliva (Fig. 3D) under the current 
experimental conditions. Of note, the three viruses could easily be 
distinguished in the biological background based on the changes in the 
position of characteristic peaks and the intensity of common peaks. The 
characteristic peak signal of the Raman spectrum was extracted from the 
noise through PCA analysis. We then applied PCA to the Raman spec
trum of serum and saliva with PBS buffer without virus as the control 
and implemented multiple Raman spectrum analyses on the three vi
ruses. Eventually, the PCA process generated multiple points with 
different coordinate values on PC1 and PC2. The multiple projection 
points of each cell were surrounded by a clear 95% confidence ellipse, 
which did not overlap in each case. The results suggest that, aside from 
detecting a virus in serum and saliva, the PCA approach can also identify 
which virus has caused the infection. The mean figure showed that the 
characteristic peaks of the three viruses in saliva (Fig. S5A) and serum 
(Fig. S5B) were entirely in support of those in PBS buffer (Fig. S5C). The 
results of LDA analysis (Fig. S5D-F) were also consistent with those of 
PCA analysis, which further proved the reliability of the method. 

Moreover, we investigated the correlation between the variation of 
virus titer and the Raman peak intensity further to validate the stability 
and reproducibility of this method. Fig. 4 shows the concentration- 
dependent SERS spectrum lines of HAdV in PBS buffer (4A) and SARS- 
CoV-2 in saliva (4C), respectively. We observed a gradual increase in 
the intensity of characteristic peak intensity with the rise in virus titer, 
with using the peak position of 1125 cm− 1 in SARS-CoV-2 and the peak 
position of 1000 cm− 1 in HAdV, we evaluated the effect of virus con
centration change on peak intensity, demonstrating an incredible linear 
relationship. The error bar threshold was far less than the threshold 
required to distinguish different concentrations. These data proved that 
our method is reliable and stable in the quantitative identification of 
viruses. Further quantitative analysis of HAdV in saliva (Fig. S7) also 
demonstrated an upstanding linear relationship between peak intensity 
and concentration. Taken together, these findings provide convincing 
evidence that our method can be used to quantify virus samples in saliva 
and is expected to have an essential prospect in clinical application. 

4. Conclusions 

This work presents a novel unlabeled virus detection method that 
utilizes calcium ions as aggregators, citrate ions are removed from the 
surface of silver nanoparticles, and acetonitrile is added to ensure the 
formation of high-quality hot spots. This method in the guarantee under 
the premise of direct detection of virus particles won the high signal-to- 
noise ratio and good reproducibility, used the virus of SERS signal has 
higher sensitivity. With acetonitrile as an internal standard, the present 

Fig. 3. (A): SERS spectra of three viruses (SARS-CoV-2, HAdV, H1N1) in serum. (B): SERS spectra of three viruses (SARS-CoV-2, HAdV, H1N1) in saliva. (C): The 
main characteristics of SERS spectrum were classified by PCA on serum containing COVID-19, HAdV and H1N1 virus respectively. (D): The main characteristics of 
SERS spectra were classified by PCA on saliva containing COVID-19, HAdV and H1N1 virus respectively. 
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study explores the dropping degree of virus (concentration), the linear 
relationship between the changes identified in saliva and serum under 
the background of reliability, but without the interference of back
ground fluorescence. Three highlights of our method include: (1) the 
real signal for detection of the virion can be obtained. Also, the linear 
relationship between the variation of the virus concentration in the 
salivary background can be examined; (2) the lower limit of virus 
detection is nearly 100 copies/test (PFU/ test); (3) the enhanced sub
strate prepared with this method has good stability and can maintain 
upstanding viral molecule-enhanced Raman signal within four months. 
This method can be used to diagnose of the simulate clinical infected 
specimens, and has a potential application prospect in epidemic man
agement. It may promote the application of SER technology in virus 
detection and improve emergency response capacity. The ability to deal 
with newly emerging virulent infectious diseases and to help analyze the 
interactions between the virus and host cells is our new research 
direction. 
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Appendix A. Supplementary data 

A detailed description of the experimental method; TEM spectra of 
the Ag@B and Ag@B with calcium ions and acetonitrile; the zeta po
tential measurement of Ag@B and Ag@BCNPs; the ANOMD and the LDA 
results of SARS-CoV-2, H1N1, HAdV and blank control group in different 
systems; the results of standard test method for virus detection; the 
Raman peak assign to virus; supplement of SERS spectra. Supplementary 
data to this article can be found online at https://doi.org/10.1016/j.cej. 
2022.135589. 
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