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� A novel triple-mode biosensor for
SARS-CoV-2 detection is proposed.

� The triple-mode sensor can recognize
single-base mismatch to minimize
false reading.

� The triple-mode biosensor realizes
SARS-CoV-2 selective RNA detection
in 40 min.

� The triple-mode sensor has the LOD
of 160 fM without PCR amplification.
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The recent outbreak of coronavirus disease 2019 (COVID-19) is highly infectious, which threatens human
health and has received increasing attention. So far, there is no specific drug or vaccine for COVID-19.
Therefore, it is urgent to establish a rapid and sensitive early diagnosis platform, which is of great sig-
nificance for physical separation of infected persons after rapid diagnosis. Here, we propose a colori-
metric/SERS/fluorescence triple-mode biosensor based on AuNPs for the fast selective detection of viral
RNA in 40 min. AuNPs with average size of 17 nm were synthesized, and colorimetric, surface enhanced
Raman scattering (SERS), and fluorescence signals of sensors are simultaneously detected based on their
basic aggregation property and affinity energy to different bio-molecules. The sensor achieves a limit
detection of femtomole level in all triple modes, which is 160 fM in absorbance mode, 259 fM in fluo-
rescence mode, and 395 fM in SERS mode. The triple-mode signals of the sensor are verified with each
other to make the experimental results more accurate, and the capacity to recognize single-base
mismatch in each working mode minimizes the false negative/positive reading of SARS-CoV-2. The
proposed sensing platform provides a new way for the fast, sensitive, and selective detection of COVID-19
and other diseases.

© 2021 Elsevier B.V. All rights reserved.
hang@sdu.edu.cn (Y. Zhang).
1. Introduction

A causative coronavirus, since then named severe acute respi-
ratory syndrome coronavirus 2 (SARS-Cov-2), outbroke in Wuhan,
Hubei Province, China, in December 2019 [1,2]. The World Health

mailto:hanlin@sdu.edu.cn
mailto:yuzhang@sdu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aca.2021.338330&domain=pdf
www.sciencedirect.com/science/journal/00032670
www.elsevier.com/locate/aca
https://doi.org/10.1016/j.aca.2021.338330
https://doi.org/10.1016/j.aca.2021.338330


Y. Gao, Y. Han, C. Wang et al. Analytica Chimica Acta 1154 (2021) 338330
Organization (WHO) officially named 2019 novel coronavirus dis-
ease (COVID-19) [3,4], with estimated incubation period of about
2e10 days [5]. The new pneumonia caused by SARS-CoV-2 virus is
highly infectious disease, and the number of infections worldwide
is currently increasing. Early diagnosis of COVID-19 is very impor-
tant, not only to improve the survival rate of patients, but also to
hold back the infection in time. As a result, it is urgent to develop a
rapid, sensitive and accurate diagnosis methods in order to effec-
tively identify these early infects.

Current testing approaches for SARS-CoV-2 detecting can be
divided into two categories, serological and nucleic acid. Serological
assay is mainly to detect antibodies produced by individuals as
result of exposure to the virus or antigenic proteins in infected
individuals [6]. The determination of SARS-CoV-2 exposure relies
largely on the detection of either IgM or IgG antibodies, for
instance, using enzyme-linked immunosorbent assay (ELISA) [7] or
field-effect transistors (FET) based biosensing platform [8]. How-
ever, the production of IgG and IgM antibodies in patients, termed
seroconversion, usually occurs 5e10 days after the initial symptoms
appear [9], therefore, nucleic acid-based testing is currently the
common-used tool for early detection of SARS-CoV-2 infection. For
RNA virus infections, RT-PCR [10,11] is routinely used approach for
COVID-19 diagnosis, LAMP [12] and metagenomics sequencing
[13,14] are also newly developed methods to diagnose COVID-19.

Recently, in order to detect biomolecules with high sensitivity, a
number of novel sensing approaches have been developed by using
colorimetry [15,16], fluorescence, SERS [17,18], electrochemical
[19,20], and surface plasmon resonance (SPR) [21,22]. Each plat-
form has its specific advantages, but it is still challenging to solve
the problem of false negative detection, which is extremely
important in epidemic prevention and control. Therefore, the
method based onmultiple signal output provides a powerful choice
that can greatly reduce false negative signals and improve the ac-
curacy of detection. For example, the combination of colorimetry
and fluorescence have achieved highly sensitive detection of alka-
line phosphatase [23], SO2 derivatives [24]; the fluorescence-SERS
dual-signal platform has accomplished selective detection of
microRNA [25], hydroxyl radicals [26] and Kþ [27]. The colori-
metrical and SERS dual-signal sensor hasve achieved precise
detection of mercury ion [28] and the electrochemical-
photoelectrochemical dual-mode sensing platform has accom-
plished the selective detection of hydrogen sulfide [29]. However,
most multiple platforms are confined in dual-mode sensing, and
there are still much room to fabricate the multi-mode sensing
platform to meet high-demand clinical sensing.

Here, we develop a triple-mode biosensor based on AuNPs to
detect specific RNA in SARS-CoV-2 virus including colorimetric,
SERS, and fluorescence. As shown in Fig. 1, Citrate-stabilized AuNPs
are well dispersed against aggregation due to the negative capping
agent’s electrostatic repulsion. Once saline sodium citrate (SSC) is
added, salt-induced self-aggregation of AuNPs results in a signifi-
cant decrease in absorbance and presents visible color change.
When AuNPs are mixed with appropriate concentration of DNA
probes, probes get adsorbed on the surface of AuNPs and protect
them against the SSC induced aggregation. In the presence of target
RNAs, DNA specifically bind with target RNA forming DNA-RNA
complex, which is then released from the surface of AuNPs, and
the unprotected AuNPs aggregate with introduction of SSC. The
target RNA concentration is transduced into the shift and intensity
change of absorbance peak, the fluorescence intensity variation of
the supernatant and Raman signal change of AuNPs conjugated
with residue DNA probes. Each working mode in the proposed
sensor is capable of recognizing single-base mismatch in target
gene, which minimizes false negative/positive readings. The
extraction and purification of viral RNA is not necessary for the
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proposed biosensor. Comparing with PCR based detection, the
proposed biosensor has very simple detection process. DNA probe
conjugated reaction solution can be stored in the reaction chamber
and get ready for detection because of its long-term stability, the
operator only needs to load detection sample and then separate the
supernatant from aggregated AuNPs through centrifugation after
addition of SSC buffer. The fluorescence intensity is tested by
photoluminescence system and the absorption spectrum is tested
by the automatic and portable microplate reader, while the Raman
spectrum is recorded by a Micro Raman spectrometer. The pro-
posed detection approach could detect 96 or 384 samples simul-
taneously using a 96 or 384 microplate.

2. Materials and methods

2.1. Materials and apparatus

Among the SARS-CoV-2 genomic regions, it is discovered that
three regions had conserved sequences: the RNA-dependent RNA
polymerase gene (RdRp) in the open reading frame ORF1ab region,
the envelope (E) genes and the nucleocapsid (N) protein genes [30].
Both the RdRP and E genes had high analytical sensitivity for
detection [6], therefore, we selected specific fragments of ORF1ab
and E genes [31] in the sequence of Wuhan-Hu-1 strain (GenBank
accession number MN908947) for virus recognition based on the
specific gene segment. The sequence of the DNA probe is comple-
mentary to the RNA sequence. DNA probes and RNA were ordered
from Shanghai Bio-engineering Co. (Shanghai, China). The se-
quences of DNA and RNA were presented in Table 1. TE buffer
(10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and 20 � SSC (saline sodium
citrate, 300 mM trisodium citrate, 3 M NaCl, pH ¼ 7.4) were pur-
chased from Solarbio Science and Technology Corporation, Beijing,
China. Tetrachloroauric acid (HAuCl4$4H2O) and sodium citrate
were ordered from Sinopharm Chemical Reagent Co.

Ultraviolet visible (UVevis) absorption spectra were recorded
on amicroplate reader (BioTek Instruments, SynergyTMH1) using a
transparent 96-well microplate (Corning, cat. no. 3595) in the
wavelength range of 400 nme800 nm. Transmission electron mi-
croscopy (TEM) measurements were conducted on a FEI Tecnai G2
F20 electron microscope. SERS and fluorescence analysis of the Cy3
fluorophore were conducted by a Renishaw inVia Raman micro-
scope. The Eppendorf centrifuge is used for centrifugal separation
of solution.

2.2. Systhesis of AuNPs

The AuNPs were synthesized by the reduction of HAuCl4 using
trisodium citrate [32]. Briefly, an aqueous solution of HAuCl4 (0.01%,
200 ml) was heated to boiling, after which 6 ml of trisodium citrate
solution (1%) was added quickly into the boiling solution with
vigorously stirring. The color of solution changed from yellow to
wine red. The solutionwas heated for 20min additionally, and then
continue stirring to cool to room temperature. The prepared AuNPs
solution can be stored for a relatively long time in the dispersed
state. Ultrasonic dispersion for 5 min is preferred before each use.

2.3. Tri-mode detection of target RNA

The detailed procedure for RNA detection is as the following.
First, DNA probes (0.05 mM, 10 ml) were added to AuNPs solutions
(2.33 nM, 85 ml) and incubated for 30 min at room temperature.
After incubation, the DNA probes were adsorbed onto AuNPs
completely based on the nonspecific binding. Then, different con-
centrations of RNA (10 ml) were added to the mixed solution and
incubated for 20 min at room temperature. Finally, 5 ml 0.3 � SSC



Fig. 1. Schematic of the triple-mode biosensors for COVID-19 virus RNA detection.

Table 1
Sequence information of the oligonucleotides.

Description Name Sequence (50 to 30)

DNA probe P-ORF1 GTGAAATGGTCATGTGTGGCGGTTCACTATATGTTAAACCAGGTGGAAC-Cy3
P-ORF2 CTCATCAGGAGATGCCACAACTGCTTATGCTAATAGTGTTTTTAACATTT-Cy3
P-E1 ACAGGTACGTTAATAGTTAATAGCGTACTTCTTTTTCTTGCTTTCGTGGTATTCTT-Cy3
P-E2 GCTAGTTACACTAGCCATCCTTACTGCGCTTCGATTGTGTGCGTACTGCTGCAATA-Cy3

RNA ORF1 GUUCCACCUGGUUUAACAUAUAGUGAACCGCCACACAUGACCAUUUCAC
ORF2 AAAUGUUAAAAACACUAUUAGCAUAAGCAGUUGUGGCAUCUCCUGAUGAG
E1 AAGAAUACCACGAAAGCAAGAAAAAGAAGUACGCUAUUAACUAUUAACGUACCUGU
E2 UAUUGCAGCAGUACGCACACAAUCGAAGCGCAGUAAGGAUGGCUAGUGUAACUAGC
M1-1 AUUCCACCUGGUUUAACAUAUAGUGAACCGCCACACAUGACCAUUUCAC
M1-2 GUUCCACCUGGUUUAACAUAUAGUGAACCGCCACACAUGACCAUUUCAA
M1-3 GUUCCACCUGGUUUAACAUAUAGUAAACCGCCACACAUGACCAUUUCAC
M2-1 AUUCCACCUGGUUUAACAUAUAGUGAACCGCCACACAUGACCAUUUCAA
M2-2 GUUCCACCUGGUUUAACAUAUAGUAUACCGCCACACAUGACCAUUUCAC
M2-3 GUUCCACCUGGUUUAACAUAUUGUGAACCACCACACAUGACCAUUUCAC

Note: P-ORF1, P-ORF2, P-E1, P-E2 are probes complementary to target RNA ORF1, ORF2, E1, and E2. M1-1, M1-2, M1-3 are RNA sequences with one mismatch with
probe P-ORF1, and M2-1, M2-2, M2-3 are RNA sequences with two mismatches with probe P-ORF1.

Y. Gao, Y. Han, C. Wang et al. Analytica Chimica Acta 1154 (2021) 338330
was added to induce the aggregation of AuNPs. The absorbance of
the solution is measured by a microplate reader. Then, the solution
was centrifuged at 10,000 rpm at 4 �C for 15 min. The supernatants
were transferred and the concentration of the double strands was
detected by fluorescence. The solid was collected and the concen-
tration of DNA probes was detected by a Micro Raman spectrom-
eter. Those results corroborated each other.

3. Result and discussion

3.1. Detection principle of the triple-mode biosensor

The size of AuNPs plays important role in the proposed bio-
sensors, which determines their aggregation and the capacity to
bind DNA probes [33]. AuNPs were synthesized by the reduction of
HAuCl4 using trisodium citrate, and viewed under TEM, as shown in
Fig. 2a. AuNPs are spheres with similar size, and the statistical
3

result from TEM images indicates that AuNPs have an average
diameter of 17.7 nm, as in Fig. 2b. AuNPs are commonly used
nanomaterials in biosensors for nucleic acid analysis, but covalent
bonds [34] are usually used to immobilize DNA on the surface of
AuNPs through laborious and time-consuming functionalization. In
this work, single-strand DNA probes are tightly adhered to AuNPs
through non-specific binding [35,36]. In order to confirm this
principle, DNA probes are mixed with the prepared AuNPs and
incubated for 30 min. Then, the excess DNA in supernatant is
removed by centrifugation at 10,000 rpm for 15 min at 4 �C. The
washing step for DNA-AuNPs conjugates is repeated two times to
thoroughly remove the unadsorbed DNA, and then Raman spec-
trometer is used to identify the DNA probes adsorbed on AuNPs. As
shown in Fig. 2c, AuNPs with DNA probes present strong repre-
sentative peaks of Cy3 at 1195, 1273, 1394, 1471 and 1587 cm�1

under a laser excitation of 633 nm, indicating the immobilization of
probe on AuNPs. UVeVis spectra of AuNPs are recorded at different



Fig. 2. (a) TEM image and (b) size distribution of the AuNPs. (c) Raman spectra of the AuNPs (black) and DNA probe (0.1 mM) conjugated AuNPs (red). (d) UVeVis spectra of AuNPs-
based biosensor. TEM images of (e) pure AuNPs (2.33 nM), (f) AuNPs aggregation induced by SCC, (g) re-dispersed AuNPs with conjugation of DNA probes (0.1 mM), and (h) re-
aggregated AuNPs in the presence of target RNA (0.05 mM). (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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stages, confirming the feasibility of this method in Fig. 2d. Citrate-
stabilized AuNPs have an absorption peak at ~520 nm, once SSC is
added, salt-induced self-aggregation of AuNPs results in a signifi-
cant decrease in absorbance. When AuNPs are mixed with appro-
priate concentration of DNA, the addition of salt only slightly
reduces the absorbance of AuNPs, indicating that the DNA protects
AuNPs against the SSC induced aggregation. In the presence of RNA,
DNA specifically binds with target RNA, and the adsorption of the
DNA-RNA complex on the surface of AuNPs becomes weak, and
unprotected AuNPs aggregate with introduction of SSC. As a result,
the characteristic absorption peak of AuNPs at ~520 nm decreases,
and the absorption peak at 690 nm increases. At the same time, the
TEM images of AuNPs clearly present their aggregation status at
different stage, consistent with the UVeVis spectra. As Fig. 2eeh
shown, pure gold nanoparticles are well dispersed in deionized
water, aggregate under the introduction of salt, get well dispersed
again with the addition of DNA, and finally aggregate with the
loading of target RNA because of the release of formed DNA-RNA
complex from AuNPs. Because the RNA concentration is lower
than the DNA concentration, the excess DNA still has a certain
protective effect on AuNPs, so the degree of aggregation in Fig. 2h is
lower than that in Fig. 2f.

3.2. Optimization of experimental conditions

In order to achieve high-performance detection, experimental
parameters are optimized including the concentration of salt, in-
cubation time and concentration of DNA probes, and the reaction
time between DNA probes and RNA. The concentration of salt has
an important influence on the experiment. The stability of AuNPs is
destroyed by the addition of salt due to the screening of charges on
the nanoparticle surface. High concentration of salts may induce
the irreversible aggregation of the nanoparticles that may sediment
out of solution as a precipitate [37,38]. To investigate the effect of
SSC on the aggregation behavior of AuNPs, we firstly incubate the
same amount of AuNPs (85 ml) with DNA probes and then different
concentration of SSC (5 ml) are added into the mixers. As shown in
Fig. 3a, when SSC with a concentration of 0.1 � is added, the con-
centration of DNA probes has negligible effect on the absorbance
spectrum, and the color of the solution is kept in red, indicating that
more SSC is needed tomake AuNPs aggregate. As SSC concentration
increases to 0.2 � (Fig. 3b), the absorbance of AuNPs changes
significantly, but the color of the solution is mostly red when there
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is no DNA, indicating the concentration of SSC cannot fully aggre-
gate AuNPs. When 0.3 � SSC is present (Fig. 3c), pure AuNPs can be
aggregated completely. With the increase of DNA probes concen-
tration, the absorbance of AuNPs changes more sensitively, and the
color changes from light blue to bright red become obvious. Higher
concentration of DNA is required to inhibit the aggregation of
AuNPs when SSC concentration is increased to 0.4 � (Fig. 3d).
Therefore, 0.3 � SSC is selected to be the optimized concentration
to detect RNA in this study.

Appropriate DNA concentration is important to improve RNA
detection sensitivity. To get appropriate DNA concentration, 85 ml
AuNPs solution is incubated with different concentrations of DNA
for 30 min and then 0.3 � SSC is introduced into the mixtures. The
change in absorbance spectrum is presented in Fig. 3c. Then, the
solution is centrifuged at 10,000 rpm at 4 �C for 15 min. After
centrifugation, solid-liquid separation is performed, the solid phase
is subjected to Raman detection, and the supernatant is subjected
to fluorescence detection. As shown in Fig. 3e, when the DNA
concentration decreases from 1 mM to 0.05 mM, Raman spectra
show stronger representative peaks of Cy3 labeled on DNA probes.
Fig. 3f illustrates that the fluorescence intensity of supernatant
increases with the increase of DNA concentration higher than
0.05 mM, which indicates that there are excess DNA probes in the
solution. When DNA concentration is lower than 0.05 mM, no
fluorescence intensity is detected in the supernatant. Therefore, the
appropriate concentration of DNA is 0.05 mM, which is enough to
conjugate with AuNPs without obviously extra amount in the so-
lution. The valid conjugation is supported by the red shift of the
main peak at ~520 nm and appearance of the secondary peak at
~690 nm in the absorbance spectra, which is induced by the elec-
tromagnetic resonance on the surface of nanomaterials during the
reaction with biomolecules [39,40].

DNA probes incubation time is another important parameter to
optimize. 10 ml DNA probes of 0.05 mM are loaded into AuNPs so-
lutions with different incubated time, and then 0.3 � SSC is intro-
duced into the mixtures. As shown in Fig. 3g and h, the absorbance
ratio of A690nm/A520nm decreases with the incubation time less than
30 min, and then remains substantially stable over time, indicating
the best incubation time of 30 min to completely conjugate with
AuNPs.

The influence of reaction time between DNA and RNA is also
investigated. The absorbance measurements are carried out ac-
cording to the procedure described above. Fig. 3i shows the



Fig. 3. Absorption spectra of reaction system containing different concentrations of DNA probes upon the addition of 0.1 � SSC (a), 0.2 � SSC (b), 0.3 � SSC (c), 0.4 � SSC (d),
respectively. inset: colorimetric changes of AuNPs/DNA/SSC. Raman spectra (e) and fluorescence spectra (f) of AuNPs containing different concentrations of DNA probes upon the
addition of 0.3 � SSC. (g) Absorbance spectra and (h) A690nm/A520nm of reaction system under different incubation time between probe DNA (0.05 mM) and AuNPs. (i) Absorbance
spectra, (j) A690nm/A520nm, (k) fluorescence intensity, and (l) Raman spectra of detection system under different reaction time between target RNA (0.01 mM) and probe DNA.
Parameter optimization experiments are completed at room temperature.
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absorbance spectrum dependence on the reaction time of P-ORF1
and ORF1, and Fig. 3j illustrates that the absorbance ratio of A690nm/
A520nm gradually increases and reaches a steady state after 20 min.
Then the reaction solution is centrifuged, and the supernatant is
subjected to fluorescence detection. As shown in Fig. 3k, after the
hybridization of DNA probe and target RNA for 20 min, the super-
natantwas separated formAuNPs through centrifugation for 15min,
and the fluorescence intensity in the supernatant was measured.
Raman detection of the solid phase also confirmed the best DNA-
RNA incubation time of 20 min as shown in Figure 3l. Therefore,
incubation time of 20 min is applied to form RNA-DNA duplex.
3.3. Selective detection of target RNA with triple-mode biosensor

Selectivity is one of the most important parameters in RNA
sensing. One and two base-pair-mismatched RNAs are selected to
test the selectivity of the proposed biosensor, among which M1-1,
M1-2, and M1-3 are RNAs with a single base mismatch at the 30

end, 5’ end and the middle, compared with target RNA, respec-
tively. M2-1, M2-2, and M2-3 are RNAs which have two-base mis-
matches from target gene at different positions, and E2 is RNA
completely unrelated to target RNA. Under optimal conditions, the
experimental results are shown in Fig. 4. In the presence of target
RNAs, RNA-DNA duplex forms, which leads to desorption of DNA
probes form AuNPs and causes the aggregation of AuNPs. The
experimental results indicates that RNAs with only one base
mismatch is distinguished clearly by the proposed sensors. This
strategy can discriminate single base differences among RNA tar-
gets. Absorbance, fluorescence, and Raman spectra of RNAs with
only one-base mismatch has great difference from target RNA, as
shown in Figure a-c, similarly to A690nm/A520nm ratio, fluorescence
peak intensity, and representative Raman peak intensity in
Figure d-f. RNAs with two-base mismatches have slight larger
sensing signal difference from target RNAs than RNAs with one-
base mismatches. The fluorescence intensity at 570 nm of target
5

RNA has sensing signal 70% higher than non-specific RNA, and the
representative Raman peak at 1195 cm�1 of target RNA is signifi-
cally lower than other non-specific RNAs. Among the representa-
tive peaks of Cy3, the peak position at 1195 cm�1 is selected not
only because of its obvious characteristics, but also because DNA
probe has no characteristic peak at this place, which does not
interfere with the experimental results [41] These results indicate
that the selectivity of the proposed biosensor is excellent for
COVID-19 RNA detection.
3.4. Detection sensitivity and stability of the triple-mode biosensor

To evaluate the sensitivity of the triple-mode sensor, samples
containing different concentrations of target RNA are detected
under the optimized experimental conditions. As shown in Fig. 5a,
the characteristic absorption peak of AuNPs at 520 nm gradually
decreases, the absorption peak at 690 nm gradually increases, and
the color gradually becomes blue from redwith the increase of RNA
concentration. In addition, a red shift (570 / 620 nm) in repre-
sentative fluorescence peak is present with the increase of RNA
concentration, and the fluorescence peak intensity is greatly
increased, as in Fig. 5b. While the Raman intensity decreases with
increasing RNA concentration because of the consumption of DNA
probe, as in Fig. 5c. More in detail, A690nm/A520nm ratio, fluorescence
intensity at 570 nm, and Raman intensity at 1195 cm�1 present
excellent linear relationship with target DNA concentration in
Fig. 5def. The detection limit is calculated according to the formula
LOD ¼ 3Sb1/S [42,43], where Sb1 is the standard deviation of blank
value, and S is the sensitivity at low concentration, that is, the slope
of the standard working curve within the range of low concentra-
tion. After the calculation, the limit detection of absorbance is 0.58
pM, the limit detection of Raman is 2.17 pM, and the limit detection
of fluorescence is 1.11 pM.

In order to test the stability of DNA probe conjugated AuNPs
solutions, we added 10 ml 0.05 mM DNA probes into 85 ml AuNPs



Fig. 4. Selectivity investigation of proposed sensor under the optimized experimental conditions. (a) Absorption, (b) fluorescence, and (c) Raman spectra of sensing system in the
presence of 10�8 M target RNA and other non-specific RNAs. (d) A690nm/A520nm Ratio, (e) fluorescence intensity at 570 nm, and (f) Raman intensity at 1195 cm�1 in the presence of
different RNAs.

Fig. 5. (a) Absorption, (b) fluorescence, and (c) Raman spectra of the triple-mode sensor in response to different concentrations of target RNA. Quantification relationship between
target RNA concentration and (d) A690nm/A520nm ratio, (e) fluorescence intensity at 570 nm, (f) Raman intensity at 1195 cm�1.
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solution, and then added 5 ml 0.3 � SSC solution. The long-term
stability is supported by the samples prepared 18 months ago, as
shown in Fig. 6aec for all three modes, and there are negligible
changes in the detection signals. At the same time, 10 similar
samples were prepared to test the short-term stability of the DNA
probe conjugated AuNPs solutions. The samples were subjected
to three-signal analysis every day. The detection results are
shown in Fig. 6def. The signals in three modes show good
stability.

3.5. Simulated samples test

In order to simulate real sample detection, four target RNA
segments with different concentrations are spiked in TE buffer as
listed in Table 2, and P-ORF1 probe is utilized in the reaction
6

system. The concentration of target RNA varies from 10 nM to
0.1 nM, while the concentration of non-specific RNA- ORF1, E1, and
E2 is kept at 1 nM. Fig. 7a shows the absorbance spectrum of RNA
detected in mixed samples. Fig. 7b and c show the fluorescence
intensity and Raman intensity detected in mixed samples with
different concentration of target RNA. With the increase in RNA
concentration, the fluorescence intensity increased and the Raman
intensity decreased. The detected concentrations are compared to
spiked concentrations in Fig. 7def, and the detected concentrations
are similar to the spiked concentrations, indicating that the triple-
mode sensor is capable of detecting RNA with good recovery. The
three detecting modes present the similar RNA level with deviation
of 8.21%, which indicates the detection accuracy of the triple-mode
sensor. And the calculated recovery efficiency of the sensor is
97e126%.



Fig. 6. Absorbance (a), fluorescence (b) and Raman spectra (c) of AuNPs (freshly and 18 months ago) containing DNA probes upon the addition of 0.3 � SSC. After 0.3 � SSC was
added, the absorbance (d), fluorescence (e) and Raman spectra (f) of AuNPs containing DNA probes were tested for stability within ten days.

Table 2
The concentration of 3 mixed RNA samples.

RNA Sample 1 Sample 2 Sample 3

ORF1 10�8M 10�9M 10�10M
ORF2 10�9M 10�9M 10�9M
E1 10�9M 10�9M 10�9M
E2 10�9M 10�9M 10�9M

Fig. 7. Absorption (a), fluorescence (b), and Raman spectra (c) of the triple-mode sensor in
detected and spiked RNA concentrations.
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3.6. Multi-site probes improved detection performance of target
RNA

Single-point recognition of target RNA has serious risk of missed
capture. As a result, four probes are utilized to recognize different
specific sites in target RNAs to increase the accuracy of detection.
The sample is prepared with ORF1ab and E segments mixture, and
single-site probe P-ORF1, double-site probes P-ORF1and P-ORF2,
response to different concentrations of RNA in mixed samples. (d)e(f) Comparison of



Table 3
The concentration of the mixed RNA samples.

RNA Sample 4 Sample 5 Sample 6 Sample 7 Sample 8

ORF1 1pM 0.5pM 0.1pM 0.05pM 0.01pM
ORF2 1pM 0.5pM 0.1pM 0.05pM 0.01pM
E1 1pM 0.5pM 0.1pM 0.05pM 0.01pM
E2 1pM 0.5pM 0.1pM 0.05pM 0.01pM
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four-site probes P-ORF1, P-ORF2, P-E1, and P-E2 are applied in the
detection system. The concentration of each probe is 0.0125 mM in
single-site, double-site and four-site probes system. Obviously,
triple-mode signals enhance greatly with increased detection sites.
Four-site probes detection system has much stronger detection
signal than that of double-site and single-site probe detection, as
shown in Fig. 8. The absorbance A690nm/A520nm ratio and the fluo-
rescence peak intensity increase, while the Raman peak reduces
with increased detection sites, as shown in Fig. 8def. If the detec-
tion concentration of target RNA is calculated according to the
relationship equation in Fig. 5def, the overall detected concentra-
tion from different detection sites are presented in Fig. 8gei, which
means that multiple sites probes detection enlarges detection
signal by multiple times, because the probability to catch targets
increases with detection sites.

3.7. The detection of simulated samples by triple-mode biosensor
with four-site probes

In the detection system with multiple-site probes, it is more
sensitive because of higher hybridization opportunity at multiple
detection sites. Four-site probes are utilized with a concentration of
0.0125 mM for each probe. In order to simulate real sample detec-
tion, four target RNA segments with different concentrations are
spiked in TE buffer as listed in Table 3, and their concentrations vary
from 1 pM to 0.01 pM. The experimental results show that the
detection sensitivity of the four-site probes system is higher than
that of single-site probe system, and the detection signal is
enhanced to 4 times as that of single-site system. Fig. 9 shows that
the detection limit of the triple-mode biosensor with four-site
probes is 160 fM in absorbance mode, 259 fM in fluorescence
mode, and 395 fM in SERS mode. We believe that the sensitivity of
Fig. 8. (a) Absorption, (b) fluorescence, (c) Raman spectra in response to detection system
intensity at 570 nm, and (f) Raman intensity at 1195 cm�1 in response to detection system w
(h) fluorescence, and (i) Raman spectra in detection system with different site probes.
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the sensor platform could be improved further by designing more
specific probes since the RNA length is more than 20 thousand
bases.

The triple biosensor based on colorimetry, fluorescence, and
SERS is capable of detecting SARS-CoV-2 viral RNA with high
selectivity and low detection limit. The main parameters of
different methods are listed in Table 4.

3.8. Advantages and limitations of the triple-mode biosensors

The developed triple-mode biosensor provides a few advantages
for screening COVID-19 disease. The most important merit of the
triple-mode biosensor is the detection accuracy through inter-
proof results between three working modes, which reduces the
false negative/positive reading of SARS-CoV-2 and avoids the
spreading of the COVID-19. Another advantage of the triple-mode
biosensor is its rapid process, which only needs 40 min for the
whole detection process. The screening of large population is
needed when the virus infection happens. Early and quick diag-
nosis of COVID-19 patient could save large amount of money
through effective treatment and quarantining. Comparing to con-
ventional PCR detection method, our triple-mode sensing system
can save more time during the screening. Its process is simple
with different site probes. (d) The absorbance A690nm/A520nm ratio, (e) fluorescence
ith different detection site probes. Overall detected concentration from (g) absorbance,



Fig. 9. (a) Absorption, (b) fluorescence, and (c) Raman spectra of triple-mode biosensor in response to different concentrations of simulated samples. Quantification relationship
between simulated samples concentration and (d) A690nm/A520nm ratio, (e) fluorescence intensity at 570 nm, (f) Raman intensity at 1195 cm�1. Note: NC is negative control sample.

Table 4
Overview of SARS-CoV-2 detection methods.

Method Biomarker Detection Limit Detection Time Amplification References

Electrochemical immunosensor Spike and nucleocapsid protein 19 ng/mL and 8 ng/mL 30min no [44]
FET biosensors spike protein 100 fg/ml >1min no [8]
PCR RdRp and N assays 1.5 � 101 copy/ml <3 h yes [45]
LAMP ORF1a and N gene 4.8 copy/ml >30min yes [46]
CRISPR ORF1ab and N regions 2 copy/ml ~50min yes [47]
Dual-Functional Plasmonic Photothermal Biosensors RdRp and E gene 0.22pM 800s no [48]
Triple-mode biosensor RdRp and E gene 160 fM 40min no This work

Y. Gao, Y. Han, C. Wang et al. Analytica Chimica Acta 1154 (2021) 338330
because the long-term stability enables the well-prepared reaction
solution ready for use any time. During practical application, it is
optional to choose dual-mode biosensing -colorimetric and
fluorescence-which are detected using the portable microplate
reader and photoluminescence system. They conduct automatically
scanning of all the samples in themicroplates. The simple detection
process and portable equipment are extremely important for
population screening.

In addition, complicated RNA extraction process is not necessary
during the proposed approach. During the reaction system, the
concentration of salt plays important role. During practical detec-
tion, RNA extraction could be skipped if throat swab eluent with
low salt is utilized. The viruses in the throat swab sample could be
lysed through ultrasonication, whichmay break down the long RNA
sequence randomly into short segments, but the short segments
are suitable for our detection method even though partial targets
may get broken. It is worth to note that the developed triple-mode
biosensor can be used to detect any genes by using corresponding
specific gene probes.

Despite the several distinct merits of the developed triple-mode
biosensor, there are still some limitations associated with current
sensing system. The major limitation is the sensitivity. The
acceptable detection range (160 fM e 1 nM) of the current triple-
mode biosensor is comparable to most developed existing gene
biosensor, which may be suitable for the screening of COVID-19
patient with severe infection. But for patients with mild infection,
the performance of our triple-mode biosensor needs to be
improved by incorporating gene amplification processing. Recently,
Yan [49] and Xing [50] reported the signal amplification strategy by
9

using fluorescence molecular amplification technology, resulting in
the ultrasensitive gene detection at the level of ~aM. We believe
that the proposed triple-mode biosensor could reach much lower
detection limit by incorporating the fluorescence signal amplifica-
tion strategy.

4. Conclusion

In summary, we fabricated a facile genes sensing platform based
on AuNPs for triple-mode RNA biosensing, which is achieved by
integrating colorimetric, SERS and fluorescence detection. Due to
the unique optical properties and good Raman enhancement
properties of AuNPs, visible colorimetric sensing and sensitive SERS
detection could be carried out. Meanwhile, due to the different
adsorption behaviors of AuNPs to single and double chains, fluo-
rescence signal response is obtained from the supernatant after
centrifugation, and the triplemode detection of RNA in SARS-CoV-2
is successfully realized. Through the coupling of multiple-site
probes in the sensor system, detection accuracy and sensitivity of
the tripe-mode biosensor are improved, and the false negative of
the detected signal could be greatly reduced. The proposed work
shows potential applications in the screening of COVID-19 infection
with reduced false negative, as well as accurate early diagnosis and
real-time monitoring of patients infected with viruses.
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