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g r a p h i c a l a b s t r a c t
� Homogeneous assay for simulta-
neous detection of SARS-CoV-2 and
H3N2 were developed by SP-ICPMS
with nanoparticle probes.

� The method doesn't require separa-
tion and washing procedure, which
will be beneficial for highly infectious
virus detection.

� The developed method is simple,
sensitive and fast.

� The developed method is easy to
extend to detect other biotargets by
changing modification sequences on
the NPs probe.
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In recent years, single particle inductively coupled plasma mass spectrometry (SP-ICP-MS) has become a
powerful tool for biological quantitative analysis. Homogeneous analysis method requires no separation
and washing steps, which is suited for the analysis of highly infectious pathogens, so as to reduce the risk
of infection during the operation. SARS-CoV-2 spreads all over the world, and its early infection symp-
toms are similar to influenza, which brings inconvenience to triage. Therefore, developing novel
analytical method for simultaneous detection of multiple viral nucleic acids is essential. Taking the
advantages of SP-ICP-MS and homogeneous analysis strategy, a SP-ICP-MS homogeneous nucleic acid
assay by using gold nanoparticles (Au NPs) and silver nanoparticles (Ag NPs) probes was established for
simultaneous sensitive analysis of SARS-CoV-2 and influenza A (H3N2). In the present of target SARS-
CoV-2 or H3N2 nucleic acids, corresponding Au NPs or Ag NPs probes form larger aggregates, result-
ing in increased pulse signal intensity and reduced pulse signal frequency of the corresponding NPs in
SP-ICP-MS measurement. In this assay, the reaction system of Au NPs and Ag NPs probes does not
interfere with each other, and there was no separation and washing procedure, which facilitates oper-
ation, saves the analysis time, and improves the analysis efficiency. The linear range of this method is 5
e1000 pmol L�1, with low-level limits of quantification of target nucleic acid. The developed SP-ICP-MS
simultaneous homogeneous detection method has a good potential for detecting nucleic acid, protein,
cell and other biological samples by changing different modification sequences on the NPs probes.

© 2021 Elsevier B.V. All rights reserved.
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Fig. 1. Schematic illustration of a simultaneously homogeneous detection system
based on Au NPs, Ag NPs and SP-ICP-MS.
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1. Introduction

Since 2019, the Corona Virus Disease 2019 (COVID-19) which
was caused by SARS-CoV-2 virus infection has spread worldwide.
As of August 9, 2021, there are over 202million confirmed cases and
more than 4.2 million deaths worldwide [1], and they are still on
the rise. Common symptoms of COVID-19 patients include high
fever, cough, sore throat, headache, and difficulty in breathing,
which are similar to flu-like illnesses. However, the infection of
COVID-19 may cause acute respiratory distress syndrome in some
severe cases within a short time. The pattern of changes in the viral
load between COVID-19 patients and influenza patients are similar.
The viral load in the early respiratory tract is very high, and there is
a high risk of transmission before the onset of symptoms. There-
fore, it is very important to diagnose infected individuals early and
accurately to prevent the widespread spread of this deadly disease.
Up to now, quantitative reverse transcription-polymerase chain
reaction (qRT-PCR) assays with different designs are the main
method for the diagnosis of SARS-CoV-2 [2]. The simultaneous
detection of SARS-CoV-2 and influenza A/B by qRT-PCR has been
studied recently [3,4]. But qRT-PCR was limited by sophisticated
operation steps, highly specialized equipment, personnel, and re-
agents. These limitations will extend the turnaround times. Many
researchers are trying to find alternative ways to solve these
problems. For instance, some researchers use isothermal amplifi-
cation techniques such as reverse transcription loop-mediated
isothermal amplification (RT-LAMP), clustered regularly inter-
spaced short palindromic repeats (CRISPER) [5] and recombinase
polymerase amplification (RPA) [6] to eliminate thermal cycling
and reduce the experimental time. Simultaneous detection of
multiple pathogens is increasingly needed under the current
epidemic situation, but most of them are fluorescence methods,
which is not conducive for simultaneous detection of multiple
targets due to spectral overlap. Simultaneous, rapid, sensitive and
accurate detection of SARS-CoV-2 and influenza A/B virus is
beneficial to provide more effective assistance in the early stage of
triage.

Inductively coupled plasma mass spectrometry (ICP-MS) as an
element-specific detector has high sensitivity, wide linear range,
strong anti-matrix interference ability, high sample throughput
and multi-element analysis ability. ICP-MS based on element la-
beling for bioanalysis has become a powerful biological quantita-
tive analysis tool in recent years, and has been widely used in the
analysis of proteins [7e9], nucleic acids [10,11], viruses [12], cells
[13,14], and so on. For instance, Tanner's group had simultaneously
detected multiple proteins in complex samples by using the
element-tagged antibodies [15]. Peng et al. used polymer-based
elemental tags to simultaneously determine multiple glycopro-
teins (Haptoglobin, hemopexin and ovalbumin) [16]. Wang's group
had proposed a sensitive and multiplex method for viral DNAs
detection [17]. With multicomponent nucleic acid enzymes
(MNAzymes) amplification strategy, lanthanide labeling ICP-MS
has also been used for simultaneous detection of three miRNAs
recently [18]. Simultaneous detection of circulating tumor cell of
HepG2 andMCF-7 cells in human peripheral blood was achieved by
ICP-MS using Au NPs and CdSe quantum dots labels combined with
magnetic separation [14]. All these facts demonstrate that ICP-MS
multi-element detection has great application potential in simul-
taneous detection of multi-target substances.

Single particle (SP)-ICP-MS [19] is a special ICP-MS detection
strategy. By using time - resolved acquisitionmode, the pulse signal
intensity and frequency of single particles in solution can be ob-
tained, which are related to the size and concentration of particles,
respectively. Zhang et al. [20] developed a SP-ICP-MS method with
NPs labeling for quantitatively detection of multiplex DNA. Three
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DNA targets associated with three diseases (HIV, HAV and HBV)
were captured on a 96-well plate and labeled to DNA probes with
three noble metal NPs (Au, Ag, Pt NPs) via DNA sandwich assay.
Then the DNA probes were released for SP-ICP-MS detection. The
simultaneous detection of multiple target analytes was realized
using the correlation between the pulse signal frequency of
different NPs and the corresponding concentration of target ana-
lytes. However, it is a heterogeneous assay which includes multiple
separation and washing steps.

Homogeneous analysis has attracted more attention in recent
years. Homogeneous assay principles rely on signal generation in
solution without immobilization, separation or washing steps
[21,22], and has the advantages of simple operation, fast analysis
speed, and easy to automation. Han et al. [23] used single-NP la-
beling to realize a one-step homogeneous DNA assay by SP-ICP-MS.
They hybridized DNA target with DNA probes immobilized on Au
NPs, resulting in decreased concentrations of Au NPs as well as
increased sizes of Au NPs aggregation. Quantification of DNA can be
obtained by SP-ICP-MS measurement of the degree of the aggre-
gation of Au NPs. Huang et al. [24] applied the SP-ICP-MS homo-
geneous detection method to detect antigens by using Au NPs
labeled antibody as elemental tag. Later on, they [25] extended the
SP-ICP-MS homogeneous immunoassay to simultaneous analysis of
multiple cancer related biomarkers. Yin et al. [26] established a
universal detection method for different kinds of nucleic acids
(such as DNA, RNA, and microRNA) by combining SP-ICP-MS ho-
mogeneous detection with MNAzyme amplification. Li et al. [27]
used target-induced hybridization chain reaction (HCR) to generate
a corresponding number of Au NP aggregates for SP-ICP-MS
detection, realizing analysis of DNA at fM level.

When dealing with infectious agents, the risk of contamination
or infection during testing cannot be ignored, and a homogeneous
method that does not require separate operations will be beneficial
for facilitating operation and safety. Therefore, in this work, SP-ICP-
MS homogeneous assay with noble metal NPs probes was devel-
oped to simultaneously analyze two viral sequences of SARS-CoV-2
and influenza A (H3N2) with similar symptoms in the early stage of
infection. The specific scheme is shown in Fig. 1. Firstly, two 15-nt
segments of SH-DNA (SHeCoV-1 and SH-CoV-2 complementary
to the characteristic sequence of SARS-CoV-2) were modified on Au
NPs to prepare two kinds of Au NP probes, and two kinds of Ag NP
probes were prepared by modifying 15-nt sequence of SH-DNA
(SH-A-1 and SH-A-2 complementary to H3N2 characteristic
sequence) on Ag NPs. When the target nucleic acids were present,
larger aggregates were formed by corresponding probes hybridiz-
ing with target nucleic acids, which increased the pulse signal in-
tensity and reduced the pulse signal frequency of the



Fig. 2. SP-ICP-MS spectra of Au NPs with various diameters (concentration: 3 � 106

particles/mL) (A). SP-ICP-MS spectra of Au NPs with various concentrations (particle
size: 29.9 nm) (B). Correlational relationship between the diameter of Au NPs and
average intensity (C). Correlational relationship between the concentration of Au NPs
and pulse signal frequency (D).
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corresponding NPs in SP-ICP-MS measurement. According to the
relationship between the pulse signal intensity and frequency of
NPs and the concentration of target analytes, the dual mode
quantification of two different target analytes can be achieved.

2. Experimental section

2.1. Reagents and instruments

The nucleic acid sequences used are shown in Table S1 and
Table S2, and the information of other reagents and buffers used in
this work is listed in Text S1.

Thermo Fisher Scientific X Series II ICPMS (USA) was used for SP-
ICP-MS detection. Table S3 showed the specific instrument oper-
ating parameters. Other instruments used in this work are shown in
Text S2.

2.2. Synthesis of Au NPs and Ag NPs probes

The preparation of Au NPs and Ag NPs probes was based on our
previous work [26] with slight modifications. Briefly, 10 mL of
ammonium acetate buffer solution (500 mmol L�1 with
10 mg mL�1 Tris(2-carboxyethyl)phosphine (TCEP), pH 6.8) was
added into 10 mL of SH-CoV-1 and SH-CoV-2 solutions
(100 mmol L�1), respectively. The mixtures were mixed and incu-
bated at 37 �C for 1 h. After that, 1 mL of Au NPs solution (prepa-
ration of Au NPs with different particle sizes was detailed in Text
S3) was added and incubated at room temperature overnight for
12 h. Then 20 mL of 0.01% Tween-20 solution was added to the
mixture, and 3 mol L�1 NaCl solution was added every 40 min for 6
times, and the final concentration of NaCl in the solution was
0.3 mol L�1. The mixture was incubated at room temperature
overnight, centrifuged at 8500 rpm for 15min, and washed by PBST
buffer for 4 times. Finally, the Au NPs probes were stored at 4 �C for
following experiments. The preparation of Ag NPs probes (SH-A-1
and SH-A-2 labeled) were similar to the preparation steps of Au NPs
probes.

2.3. Simultaneous homogeneous detection by SP-ICP-MS based on
Au NPs and Ag NPs probes

The four synthesized probes (2.5 mL Au NPs-CoV-1, Au NPs-CoV-
2, Ag NPs-A-1, and Ag NPs-A-2 probes) were mixed with 10 mL
30 mmol L�1 MgCl2, 20 mL Target-CoV and 20 mL Target-H3N2 at
different concentrations (the final concentration in 60 mL reaction
solution was 0, 5, 10, 20, 50, 100, 200, 500, 800, 1000 pmol L�1,
respectively), and incubated for 10 min at 60 �C, and then cooled
slowly to room temperature. After that, the sample was diluted
3000 times with PBST for SP-ICP-MS determination.

3. Results and discussion

3.1. SP-ICP-MS detection

Four kinds of Au NPs with different sizes were synthesized for
SP-ICP-MS detection. The prepared Au NPs were characterized by
transmission electron microscope (TEM). As shown in the TEM
images (Fig. S1), four kinds of Au NPs were dispersed well with
regular shape and uniform particle sizes. According to the size
distributions (Fig. S2), the particle sizes of four kinds of Au NPswere
20.8 ± 2.4, 29.9 ± 4.2, 34.9 ± 3.9 and 42.8 ± 5.4 nm, respectively.

The intensity and frequency of pulse signals of the above pre-
pared Au NPs were detected by SP-ICP-MS, and the two quantita-
tive models of SP-ICP-MS pulse intensity and frequency variation
were validated. As shown in Fig. 2A, SP-ICP-MS was used to
3

measure four kinds of Au NPs whose particle concentration was
about 3 � 106 particles/mL. It can be seen that the pulse signal
intensity increased with the increase of the diameter of Au NPs. A
fine linear fitting was made between the average pulse signal in-
tensity and the diameter of Au NPs (Fig. 2C). It also demonstrates
that SP-ICP-MS is capable to distinguish aggregates containing
different number of gold atoms. Then, the 29.9 nm Au NPs with
different particle concentrations were determined by SP-ICP-MS,
and the mass spectra are shown in Fig. 2B. As the concentration
of Au NPs increased, the pulse signal frequency gradually increased,
and there was a good linear correlation between the pulse signal
frequency and particle concentration (Fig. 2D). These results indi-
cate that SP-ICP-MS has a good ability to distinguish the particle
concentration of NPs in solution as well. Therefore, the degree of
hybridization of NPs in solution can be identified by SP-ICP-MS in
both pulse intensity and frequency variation modes.

3.2. The feasibility of the designed homogeneous nucleic acid assay

In the designed homogeneous nucleic acid assay (shown in
Fig. 1), Au NPs and Ag NPs probes are used to hybridize with target
nucleic acids (SARS-CoV-2 and H3N2, respectively) to aggregate
larger NPs, and the Au NPs and Ag NPs under different hybrid
conditions are simultaneously detected by SP-ICP-MS. To validate
the feasibility of the designed strategy, a series of target nucleic
acids with different concentrations were determined by the
developed SP-ICP-MS homogenous assay. The aggregation of Au
NPs and Ag NPswas determined by SP-ICP-MS and characterized by
TEM images. As can be seen from SP-ICP-MS mass spectra (Fig. 3),
with the increase of the concentration of the target nucleic acid, the
intensity of pulse signals gradually increased while the frequency
decreased correspondingly. It indicates the specific aggregation
between NP probes and target nucleic acids occurred, and the more
target nucleic acids, the higher degree of NPs aggregation. In the
TEM images (Fig. 4), no NPs aggregation was found without the
addition of targets, while the degree of hybridization of NPs
increased with the increase of concentration of target nucleic acids.
The TEM results further verified that SP-ICP-MS detection was able



Fig. 3. SP-ICP-MS results (left) and TEM images (right) of Au NPs probes with 0 (A), 50 (B), 500 (C) and 1000 (D) pmol L�1 target-CoV.

Fig. 4. SP-ICP-MS results (left) and TEM images (right) of Ag NPs probes with 0 (A), 50 (B), 500 (C) and 1000 (D) pmol L�1 target-H3N2.
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to distinguish the concentration of targets by characterizing the
degree of aggregation. By fitting the concentration of target nucleic
acid with the pulse signal intensity and frequency of NPs aggre-
gation, a dual mode quantification of SARS-CoV-2 and H3N2 viral
sequences can be achieved.

The average number of labeled DNA molecules modified on the
surface of Au NPs and Ag NPs was determined by fluorescence
method (details were illustrated in Text S4 and Fig. S3). The results
indicate that the average number of the labeled DNA molecules of
each Au NP was 308, and the number of the labeled DNA molecules
per Ag NP was 212.

3.3. Optimization of experimental conditions

To achieve best analytical performance, important parameters
related to the experimental conditions were optimized, including
dwell time for ICP-MS detection; concentration of Au NPs/Ag NPs
probes; the concentration of Mg2þ as a stabilizer for DNA com-
plementary hybridization. Detailed steps and the results for
experimental conditions optimizationwere provided in supporting
information (Text S5 and Fig. S4-S6). Finally, the optimal experi-
mental conditions were chosen as follows: the dwell time of ICP-
MS was 2 ms; the concentration of Au NPs/Ag NPs probes was
100 pmol L�1; and the concentration of Mg2þ was 5 mmol L�1.

3.4. Specificity of probes

In order to investigate the specificity of the probes, three se-
quences with single, double and triple mismatched bases were
4

designed, respectively, and analyzed by the developed SP-ICP-MS
homogenous assay. The results are shown in Fig. S7. The intensity
of all the mismatched sequences was similar with the blank group,
indicating that the method had excellent specificity for target
nucleic acids with high sequence similarity.

3.5. Cross-reactivity between Au NP probes and Ag NP probes

Since in the developed homogeneous assay, the targets of SARS-
CoV-2 and H3N2 were detected simultaneously with the addition
of both Au NPs/Ag NPs probes, it was necessary to confirm that
there was no cross reaction between the two reaction systems. The
selectivity and cross-reactivity of the developed assay was studied.
As can be seen from Fig. 5, when only the target-CoVwas added, the
signal of Au increased, but the signal of Ag did not change signifi-
cantly compared with the corresponding blank signals (Ag
NPs þ Au NPs). Similarly, when only the target-H3N2 was added,
the Ag signal increased, while the Au signal did not change
significantly compared with the corresponding blank signals.
Meanwhile, when the target-CoV and target-H3N2 existed alone or
coexisted with each other, the generated signals were almost the
same. These results indicated that there was no obvious interfer-
ence between the synthesized Au NP probes and Ag NP probes and
their target nucleic acids, and there was no cross-reaction during
simultaneous detection of multiple elements.

3.6. Analytical performance

The analytical performance of the developed method was
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investigated under optimal experimental conditions. The final
fitting results between the average intensity of NPs and the con-
centrations of target nucleic acids were shown in Fig. 6. Wherein,
for determination of target-CoVwith Au NPs probe, the linear range
was 10e1000 pmol L�1 (Y¼ 0.01322Xþ10.64070, R2 ¼ 0.9985), the
relative standard deviation (RSD) was 4.9% (c ¼ 100 pmol L�1,
n ¼ 7). For determination of target-H3N2 with Ag NPs probe, the
linear range was 10e1000 pmol L�1 (Y ¼ 0.01539xþ18.11898,
R2 ¼ 0.9996), and the RSD was 2.1% (c ¼ 100 pmol L�1, n ¼ 7).

The correlation between the frequency obtained and the target
nucleic acids concentrations was also explored, and it was found
that with the increase of the concentration of the target nucleic
acid, the frequency gradually decreased, showing an exponential
correlation with the concentration of the target nucleic acid
(Fig. S8). The frequency and log nucleic acid concentration have a
good linear relationship as shown in Fig. 7. The linear equation
between the frequency of Au NP probes and concentration of the
target-CoV was Y ¼ �101.77927logxþ364.129, R2 ¼ 0.9941, in a
fitting range of 5e1000 pmol L�1, the RSD was 4.0%
(c ¼ 100 pmol L�1, n ¼ 7). And the linear equation between the
frequency of Ag NP probes and concentration of the target-H3N2
was Y ¼ �99.61924logxþ325.82568, R2 ¼ 0.9887, in a fitting
range of 5e1000 pmol L�1, the RSD was 3.1% (c ¼ 100 pmol L�1,
n ¼ 7).

The analytical performance of the proposed homogenous SP-
ICP-MS method was compared with other reported nucleic acid
detection methods, and the results were listed in Table S4. The
limits of quantification (LOQs) of this method were lower than the
fluorescence methods [28,29] and scattering spectroscopic method
[30]. The LOQs and linear range of this method were comparable
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with those SP-ICP-MS methods. Specifically, since no nucleic acid
amplification method was introduced in this method, the LOQs of
this method were at the same level as DNA detection assay based
on SP-ICP-MS methods [20,23], but higher than that of other SP-
ICP-MS methods [26,27] which introduced nucleic acid amplifica-
tion. Compared with electrochemical methods, the LOQs of the
developed method was lower than the method reported in
Refs. [31,32], but slightly higher than the work with nucleic acid
amplification involved [33]. In addition, this method was a homo-
geneous detection method, which was simple to operate. Mean-
while, this method can detect two different target nucleic acids
simultaneously by using two different modes of pulse signals fre-
quency and average intensity.

3.7. Real-sample analysis

Saliva and urine are useful non-invasive specimen types. In
healthy human saliva and urine samples, both of two target nucleic
acids were not detected. To validate the applicability of the devel-
oped method, spiking experiments were carried out. Target nucleic
acids were spiked into saliva and urine with 50, 100, 500 pmol L�1

respectively, and the determined results are summarized in
Table S5 and Table S6. For each spiking level, the measured con-
centrations matched well with spiking concentrations with satis-
factory recovery, demonstrating that the method had good anti-
interference ability to biological matrix and was expected to be
useful in actual sample analysis. In addition, the concentrations
obtained from intensity mode and frequency mode were tested by
t-test. As can be seen from the calculated P value, there was no
significant difference between these twomodes, indicating that the
two modes can be used for accurate quantitative analysis of target
analytes in actual samples, and what is more, they can verify each
other.

4. Conclusion

In this work, a homogeneous detection method of SP-ICP-MS
was established by using Au NPs and Ag NPs as probes for simul-
taneous sensitive analysis of nucleic acid sequences of two different
viruses. Homogeneous analysis method requires no separation and
washing steps, and is easy to operate, which is very suitable for the
treatment and detection of highly infectious pathogens to reduce
the risk of infection during the operation. SP-ICP-MS can be used for
simultaneous and highly sensitive detection of multiple elements.
The reaction systems of Au NPs and Ag NPs did not interfere with
each other, which made it possible to simultaneously detect SARS-
CoV-2 and H3N2 with high analytical efficiency. Besides, the design
and synthesis of probes in this method was very simple. This
method can be further extended to SP-ICP-MS simultaneous
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homogeneous detection of multiple nucleic acids, proteins, cells
and other biological molecules by changing different modification
sequences and using different NPs probes.
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