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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which has dramatically changed the world, is a
highly contagious virus. The timely and accurate diagnosis of SARS-CoV-2 infections is vital for disease control
and prevention. Here in this work, a fluorescence immunoassay was developed to detect 2019 Novel Coronavirus
antibodies (2019-nCoV mAb). Fluorescent graphene quantum dots (GQDs) and Ag@Au nanoparticles
(Ag@AuNPs) were successfully synthesized and characterized. Fluorescence resonance energy transfer (FRET)
enables effective quenching of GQDs fluorescence by Ag@AuNPs. With the presence of 2019-nCoV mAb, a steric
hindrance was observed between the Ag@AuNPs-NCP (2019-nCoV antigen) complex and GQDs, which reduced
the FRET efficiency and restored the fluorescence of GQDs. The fluorescence enhancement efficiency has a
satisfactory linear relationship with the logarithm of the 2019-nCoV mAb in a concentration range of
0.1 pg mL™'-10 ng mL~}, and the limit of detection was 50 fg mL 1. The method has good selectivity. When the
serum sample was spiked with 2019-nCoV mAb, the recovery rate was between 90.8% and 103.3%. The fluo-
rescence immunosensor demonstrates the potential to complement the existing serological assays for COVID-19
diagnosis.

1. Introduction It’s well-known that serum-specific antibodies are another key type

of choice for the diagnosis of infection. The operation of antibody

Coronavirus disease 2019 (COVID-19) is an acute infectious disease
caused by SARS-CoV-2, which is dominated by lung symptoms and can
cause damage to the digestive system and nervous system. The disease
can lead to the death of the patient [1]. Therefore, the effective detection
of 2019-nCoV is very important. Nucleic acid testing techniques for
Reverse Transcription-Polymerase Chain Reaction (RT-PCR) are clinical
testing methods with the advantages of earlier detection of infection,
high sensitivity and specificity [2,3]. However, the results of RT-PCR
nucleic acid detection are affected by multiple factors, such as the ac-
curacy and reproducibility of the equipment, the easy degradation of
stored and transported RNA, the duration of the patient’s infection, the
relatively long experimental time required for sequencing, etc. [4,5].
This situation increases the risk of false negatives. It turns out that the
probability of false negatives is relatively high, which is very dangerous
[6,7].Fig. 1.

detection is simple and convenient, and it does not require expensive
instruments and technical personnel. In addition, it only needs to collect
blood samples, which can greatly reduce the risk of infection of medical
staff during specimen collection and detection. At the same time, anti-
body testing is convenient and quick. And it can also reduce the inci-
dence of “false negative” test results [7,8]. It is an important means to
assist nucleic acid diagnosis. Currently, serum antibody testing is used as
an auxiliary method to detect 2019-nCoV [7,9-11].

Fluorescence immunoassay has received widespread attention. It has
many advantages as a substitute for conventional immunoassays, such
as simple operation, fast response time, high specificity and sensitivity,
and good practicability [12]. In recent years, nanocomposites have
attracted much attention in the field of fluorescence immunoassay
[13-16]. Reports have shown that the combination of two or more
nanomaterials can further tune the property for better performance in
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Fig. 1. Schematic representation of the detection of 2019-nCoV mAb using fluorescence immunosensor.

fluorescent immunosensor applications. Graphene quantum dot is a new
type of quantum dot, which exhibits stronger edge effects than gra-
phene. In addition, graphene quantum dots also exhibit low cytotoxicity,
good water solubility, chemical inertness, stable photoluminescence,
size-tunable fluorescence signatures and other properties [17-20].
These properties make them attractive fluorescent labels for the sensing
of biological assays. For instance, A novel dual-mode immunoassay was
designed by Zou et al. [21]. Tuberculosis (TB) antigen CFP-10 is
immunoassay by using graphene quantum dots through fluorescence
and surface-enhanced Raman scattering (SERS). Ag@AuNPs, a bime-
tallic nanomaterial, not only combines the properties of a single metal
element but also has better performance than a single metal element. It
enhances the stability and dispersion of the material and improves
biocompatibility [22,23]. Kong et al. [24] designed a method to detect
von Willebrand factor (vWF). This method also uses a complex of GQDs
and Ag@AuNPs as an immunosensor.

In this work, Ag@AuNPs and GQDs were successfully synthesized.
Ag@AuNPs were used as acceptors to quench the fluorescence of GQDs
through FRET. Ag@AuNPs-NCP antigen was prepared with NCP antigen
(2019-nCoV antigen), bovine serum albumin (BSA), and Ag@AuNPs.
According to the immune response of the 2019 novel coronavirus
monoclonal antibody (2019-nCoV mAb) and the influence of the steric
hindrance of Ag@AuNPs-NCP and GQDs on the efficiency of FRET, the
detection of 2019-nCoV mAb can be achieved with good selectivity. In
this study, the preparation of GQDs and Ag@AuNPs is simple and fast. At
the same time, the nanomaterial combines with the antigen through
electrostatic adsorption to form a detection probe without any modifi-
cation steps and simple operation. In addition, the fluorescence immu-
nosensor has excellent optical properties and a low detection limit,
falling under the clinically relevant concentration range [25].

2. Experimental
2.1. Materials and reagents

The NCP antigen (2019-nCoV antigen) was purchased from Hang-
zhou Yibaixin Biotechnology Co., Ltd, and the 2019 novel coronavirus
monoclonal antibody (2019-nCoV mAb) was purchased from Nanjing
Okay Biotechnology Co., Ltd. Citric acid (CA), sodium citrate,
HAuCl4-3H20, AgNO3, NaOH and Bovine serum albumin (BSA) were
purchased from Sinochem Reagent Co., Ltd. The buffer used for the
analysis was 0.01 M phosphate-buffered saline (PBS), and all aqueous
solutions were prepared in ultrapure water.

2.2. Equipment

Steady-state/transient fluorescence spectrometer (Edinburgh In-
struments, FLS-1000, UK), JEM-2100F transmission electron microscope
(TEM) (JEOL, Japan), Thermo Scientific K-Alpha+ (XPS) (Thermo-
Fisher), USB-2000 UV-vis spectrometer (Ocean Optics, USA), electronic
balance (Shanghai Sunny Hengping Scientific Instrument Co., Ltd.,
FA2004N), PHS-3W pH meter (Inesa, China), ultrapure water machine
(Thermo Fisher, GenPure UV), three-frequency constant-temperature
CNC ultrasonic cleaner (KQ-300GVDV, Kunshan Ultrasonic Instrument
Factory, Jiangsu Province), magnetic heating plate (IKA Company, RCT
basic),

2.3. Synthesis of GQDs

GQDs stock solution was prepared from pyrolytic citric acid (CA)
with minor modifications as reported in the literature [26]. 2 g CA was
put into a beaker and heated at 200 °C for 30 min using a heating
mantle. CA gradually changed from a colorless solid to an orange liquid.
Then, the orange liquid was slowly transferred to NaOH solution
(100 mL, 10 mg mIL™1). Finally, the GQDs solution was obtained by
adjusting the pH value of GQDs to 8.0. The final product was stored at
4°C.

2.4. Synthesis of Ag@AuNPs and Ag@AuNPs-NCP antigen

Ag@AuNPs were carried out using a previous method [27] with
minor modifications. The total concentration of metal ions (including
HAuCl4 and AgNO3) was maintained at 0.25 mM. First, HAuCls aqueous
solution (0.309 mL, 30 mM) and 50 mL of ultrapure water were added to
the Erlenmeyer flask and heated to boiling. Then the AgNO3; aqueous
solution (0.198 mL, 20 mM) was added to the above-mixed solution.
Under reflux conditions, sodium citrate solution (2.5 mL, 1%) was added
and the mixed solution was heated continuously for 30 min. Finally, the
solution was cooled to 25 °C under stirring conditions.

The Ag@AuNPs-NCP antigen (Ag@AuNPs-NCP) was prepared using
the previous method [24] with slight modifications: First, under stirring
conditions, NCP antigen (300 pL, 5 pg mL™!) was added to 3 mL
Ag@AuNPs suspension. Then BSA solution (60 pL, 1%) was added to
block non-specific sites on the Ag@AuNPs-NCP surface. The above so-
lution was continuously stirred at 4 °C for 4 h and centrifuged for 30 min
(13,000 rpm). Finally, the sediment was ultrasonically re-dispersed in
1.5 mL PBS (pH 7.5).
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Fig. 2. Characterization and optical properties of GQDs and Ag@AuNPs (A) TEM and HRTEM (inset) images of GQDs. (B) Diameter distribution of the GQDs. (C)
TEM image of Ag@AuNPs. (D) XPS Ag 3d spectra of the AG@AuNPs. (E) XPS Au 4f spectra of the Ag@AuNPs. (F) UV-vis spectra of Ag@AuNPs and FL emission

spectra of GQDs.

2.5. Detection of 2019-nCoV mAb

All experiments were performed using PBS (pH 7.5). 100 pL
Ag@AuNPs-NCP and 20 pL 2019-nCoV mAb of different concentrations
were added to a centrifuge tube to mix well, and incubated at room
temperature for 150 min. Then, 20 pL. GQDs solution was added to the
centrifuge tube. Finally, 160 pL of PBS (pH 7.5) buffer solution was
added to the above solution. The fluorescence spectrum of the solution
was measured.

2.6. Detection of 2019-nCoV mAb in serum

The artificial serum was obtained from Huzhou Inno Reagents Co.,
Ltd and diluted 100 times with PBS (pH 7.5) before sensing. The diluted
serums were spiked with known concentrations of 2019-nCoV mAb and
measured under the optimum conditions.

3. Results and discussion
3.1. Characterization of GQDs and Ag@AuNPs

As shown by the TEM (Fig. 2A), the diameter of GQDs is 4-5 nm. It is
nearly spherical and has good dispersibility. This is similar to the re-
ported literature [26]. It can be seen from the HRTEM image (Inset of
Fig. 2A) that the GQDs show high crystallinity with a clear lattice
spacing of 0.24 nm, corresponding to (1120) lattice fringes of graphene.
The TEM image (Fig. 2C) shows that Ag@AuNPs were spherical with an
average grain diameter of 25 nm. This is consistent with reports in the
literature [24]. The surface chemical composition of Ag@AuNPs was
determined by XPS. The Ag3d spectrum can be seen in Fig. 2D. Because
of the spin—orbit coupling, the binding energies are 367.7 and 373.7 eV.
Its intensity ratio is 2:3, corresponding to Ag3ds, and Ag3ds,» respec-
tively. These are attributed to the metallic silver in Ag@AuNPs [28-31].
As plotted in Fig. 2E, there are two main peaks at 83.6 eV and 87.3 eV,
corresponding to Au4f;,; and Au4fs,s, respectively. This proves the
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Fig. 3. Optimize detection conditions and detect
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existence of metallic gold. The observed position is consistent with those
reported in the literature [28-30,32]. The Raman spectrum of GQDs in
Fig. S1 shows two characteristic peaks located at 1340 cm™! and
1609 cm ™!, which correspond to the characteristic D and G bands of
carbon materials, respectively.[33,34]

In addition, in order to study the optical properties of GQDs, the
obtained GQDs were characterized by UV-Vis spectroscopy. The blue
line in Fig. S2 is the UV-Vis spectrum of graphene quantum dots. The
prepared GQDs show an obvious n-1* absorption peak at 365 nm, which
is related to the C = C transition in the UV-Vis spectrum [35]. At the
same time, Ag@AuNPs have an obvious absorption peak near 490 nm,
which is blue-shifted compared to that of AuNPs at 523 nm (Fig. S3)
[27]. As shown in Fig. S4, the UV-Vis spectrum was used to characterize
Ag@AuNPs-NCP. Compared with the original Ag@AuNPs, Ag@AuNPs-
NCP shows a significant absorbance near 280 nm, which is derived from
the NCP antigen. The results showed that Ag@AuNPs-NCP probe was
successfully fabricated. The fluorescence emission spectrum of graphene
quantum dots was given in Fig. 2F. In addition, the excitation wave-
length of GQDs ranges from 340 nm to 420 nm, and the emission

500
Wavelength(nm)

T T
550 600 650

wavelength is red-shifted by about 10 nm (Fig. S5), indicating that GQDs
hardly depends on the fluorescence characteristics of excitation. When
the excitation wavelength is 390 nm, the graphene quantum dots has a
maximum emission at 465 nm. This is consistent with reports in the
literature [36], indicating that GQDs were successfully synthesized.

3.2. Mechanism of detecting 2019-nCoV mAb

The first condition for FRET to occur is that there is a significant
overlap between the absorption spectrum of the acceptor and the
emission spectra of the donor. This allows the acceptor to absorb the
energy released by the donor. Secondly, the fluorescent chromophores
of the donor and acceptor must be arranged in an appropriate way,
because the dipole has a certain spatial orientation. In addition, the
donor and acceptor must be close enough, but the distance needs to
exceed the collision diameter between them. In this case, FRET may
occur [37]. The fluorescence emission peaks of GQDs can overlap with
the absorption spectra of some receptors because their emission spectra
are usually in the visible light region.
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Fig. 4. Selectivity and its detection of 2019-nCoV mAb in serum (A) Selective experiments for 2019-nCoV detection (B) The fluorescence intensities of the probe to
2019-nCoV mAb in the presence of interfering substance. (C) Fluorescence spectra of the mixture of GQDs and Ag@AuNPs-NCP in artificial serum with different
concentrations of 2019-nCoV mAb. (0-10 ng mL™1). Inset: The relationship between the fluorescence enhancement efficiency and the logarithm of 2019-nCoV mAb
concentration (1g¢2019.ncov man)- (D) Comparison of fluorescence emission spectra of GQDs from a mixture of Ag@AuNPs-NCP and 2019-nCoV mAb (0.1 ng mL™Y) in

diluted artificial serum and ultrapure water.

The fluorescence emission spectra of 2019-nCoV mAb is shown in
Fig. 3A. It can be seen that GQDs (red line) has the highest fluorescence
emission peak at 465 nm. In the presence of Ag@AuNPs, the fluores-
cence intensity was reduced to a certain extent. At the same time, GQDs
have a strong UV absorption peak at 365 nm, while Ag@AuNPs have a
significant peak at 490 nm, as given in the absorption spectrum (Fig. S2).
In the figure, it can be clearly seen that the sum of the absorbance of
GQDs and Ag@AuNPs (red line) is greater than the absorption peak of
the mixture containing GQDs and Ag@AuNPs (green line), which in-
dicates that there is an interaction between them. The fluorescence
emission spectra of GQDs partially overlap with the UV absorption
spectrum of Ag@AuUNPs. The main conclusion that can be drawn is that
there is FRET between them,[38] where GQDs are donors and
Ag@AuNPs are acceptors. In order to further confirm the FRET mech-
anism, the fluorescence lifetime of GQDs without Ag@AuNPs and GQDs
with Ag@AuNPs were measured by a steady-state/transient fluores-
cence spectrometer (Fig.S6). In the presence of Ag@AuNPs, the average
lifetime of GQDs is reduced from 5.75 ns to 2.64 ns. It can be inferred
from the above results that the fluorescence quenching of GDQs is based
on the principle of FRET. It can be seen from the detection diagram that
the immobilization of BSA and NCP antigen on Ag@AuNPs makes the
distance between Ag@AuNPs-NCP and GQDs farther until the optimal
distance for FRET is reached [39]. The FRET efficiency reaches
maximum value, and the fluorescence intensity of GQDs is further
reduced. When Ag@AuNPs-NCP and 2019-nCoV mAb exist at the same
time, the distance between 2019-nCoV mAb-nanocomposites and GQDs

is further increased due to the steric-hindrance effect. At the same time,
the efficiency of FRET decreases, and the fluorescence of GQDs turns on.

3.3. Optimization of detection conditions

In order to obtain excellent detection performance, the relevant
experimental conditions were optimized, including the ratio of the
concentration of Au to Ag in Ag@AuNPs, the ratio of GQDs to
Ag@AuNPs, the concentration and reaction time of NCP antigen when
preparing Ag@AuNPs-NCP, the pH conditions of detection, and the in-
cubation time of 2019-nCoV mAb and Ag@AuNPs-NCP. In addition,
AgNPs have been reported to be able to denature proteins [40]. There-
fore, Ag@AuNPs were selected to combine with NCP antigen to prepare
probes. According to the absorption spectrum of Ag@AuNPs with
various concentration ratios of Au and Ag (Fig. S3), it can be seen that
when Au: Ag = 7:3, the overlap area of the absorption spectrum and the
fluorescence emission spectrum of GQDs is the largest. And it has the
best fluorescence quenching effect on GQDs (Fig. S2). As shown in
Fig. S8, Ag@AuNPs with a volume of 100 pL were selected for the
experiment. The concentration of NCP antigen and the incubation time
when preparing the Ag@Au NPs-NCP probe was examined. The fluo-
rescence intensity of GQDs containing Ag@AuNPs-NCP was denoted by
Fo. The fluorescence intensity of GQDs containing both 2019-nCoV mAb
and Ag@AuNPs-NCP was represented by F; And their difference be-
tween AF (AF = Fy-F7) and the ratio of AF to Fo was calculated. It can be
seen that the optimal concentration of NCP antigen is 5 pg mL™!
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(Fig. 4B), and the optimal incubation time is 4 h (Fig. 4C). In addition,
the influence of pH was studied in the range of pH 5.5-8.5 (Fig. 3D).
When the pH values of the solution reach 7.5, the fluorescence
enhancement of the as-developed probe displays the maximum. And the
value of AF/Fg decreased under both acidic or alkaline conditions. Ac-
cording to a previous report [41], the stability of the biological activity
of the immobilized protein is dependent on the pH of the solution. Acidic
and alkaline conditions will reduce protein activity and cause a signif-
icant decrease in the performance of the immunosensor. The effect of
incubation time on the reaction system was shown in Fig. 3E. With the
increase of incubation time, AF/F( gradually increased and stabilized
after 2.5 h. It can be seen that further incubation time will not improve
the sensitivity. Therefore, this study chose the optimal incubation time
of Ag@AuNPs-NCP and 2019-nCoV as 2.5 h.

3.4. Detection of 2019-nCoV mAb

Under the optimum conditions, the fluorescence intensity of
Ag@AuNPs-NCP and GQDs containing different concentrations of 2019-
nCoVmAb (0,1 x 10741 x1073,1x10720.1,1,2,5and 10 ngmL™})
was recorded. From Fig. 3F, it can be seen that the fluorescence of GQDs
gradually recovered as the concentration of 2019-nCoV mAb increased.
This probably indicated that more 2019-nCoV mAb was combined with
Ag@AuNPs. In this case, Ag@AuNPs and GQDs gradually separate, and
the fluorescence of GQDs gradually recovered. The fluorescence
enhancement efficiency (AF/Fp) has a linear relationship with the log-
arithm of the 2019-nCoV mAb concentration within the range of
0.1 pg mL71-10 ng mL~l. The regression equation is AF/
Fo = 0.02251gc2019.ncov mab + 0.1563. The correlation coefficient is
0.9924, indicating a strong linear correlation. The detection limit is
calculated to be 50 fg mL™}, falling under the clinically relevant con-
centration range.[42,43]

3.5. Specificity, stability and reproducibility

In order to verify selectivity in the presence of interferences, po-
tential coexisting components in serum are also tested. These coexisting
ingredients include BSA, GSH (glutathione), L-cysteine, glucose, L-his-
tidine, folic acid, glycine, alanine and some inorganic ions. The fluo-
rescence intensity of GQDs containing Ag@AuNPs-NCP was recorded.
And on this basis, 2019-nCoV mAb (10 ng mL 1Y) and the above com-
ponents (100 ng mL ™) were added separately for detection. It can be
seen from Fig. 4A, the fluorescence intensity of the 2019-nCoV mAb
fluorescent immunosensor is greater than that of the negative control.
And the detection system is less affected by the interfering substances
(Fig. 4B). Therefore, this system has good selectivity. In addition, the
stability of the probe was evaluated by measuring the fluorescence in-
tensity of GQDs-Ag@AuNPs-NCP (Fig. S9). This probe retained 99.0%,
97.8%, and 97.0% of its initial intensity after GQDs-Ag@AuNPs-NCP
was kept in the refrigerator at 4 °C for 5 days, 10 days and 15 days,
respectively. Therefore, the stability of the probe is acceptable. The
reproducibility was studied by detecting 0.1 ng mL~! 2019-nCoV mAb
with 5 different batches of probes. The relative standard deviation was
4.5%. The experimental results indicated that the probe displayed good
reproducibility.

3.6. Determination of 2019-nCoV mAb in artificial serum

This method was further used for the detection of 2019-nCoV mAb in
artificial serum. In this process, a series of samples are prepared by
adding different concentrations of 2019-nCoV mAb (0, 1 x 10*3,
1x10720.1,1,2,5and 10 ng mL™Y) to the diluted serum samples. It
can be seen from Fig. 4C, fluorescence enhancement efficiency (AF/Fg)
has a satisfactory linear relationship with the logarithm of the 2019-
nCoV mAb concentration within the scope of 1 pg mL™'-10 ng mL™!
when serum was diluted by 30 times. The regression equation is AF/
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Table 1
Recovery of 2019-nCoV mAb in serum samples by using the proposed method
(n=3).

Samples Added Found Recovery RSD
(ng mL ™) (ng mL ™) (%) (%)
1 1.0 0.9080 90.79 9.70
2 0.1 0.1028 102.8 6.90
3 0.01 0.0103 103.3 10.3

Fo = 0-0211gc2019-nC0V mab + 0.1345, the R2 is 0.9862 and the LOD is
0.40 pg mL™!. When the serum is diluted approximately 30 times, the
initial fluorescence without antibodies is greater than the fluorescence
intensity in ultrapure water. Through the comparison of different dilu-
tion times of serum (Fig. 4D), it can be seen that when the dilution times
are 100 times, the fluorescence intensity of 2019-nCoV mAb in serum
was closer to the fluorescence intensity in ultrapure water, and the re-
covery rate was better. Therefore, in order to reduce the matrix effect
[44], the serum was diluted 100 times and samples of standard 2019-
nCoV mAb containing 1, 0.1, and 0.01 ng mL™' were prepared for
testing. The recovery ranged from 90.8% to 103.3% with relative stan-
dard deviations (RSD) less than 10.3% (Table 1). The method showed
good accuracy in the detection of 2019-nCoV mAb in artificial serum.

4. Conclusions

A new type of 2019-nCoV antibody fluorescence immunoassay
method combining GQDs and Ag@AuNPs is proposed. This study pre-
pared fluorescent GQDs and used them as fluorescent probes. The pre-
pared Ag@AuNPs were spherical with an average grain diameter of
25 nm. Due to FRET, Ag@AuNPs suppressed the fluorescence of GQDs.
When Ag@AuNPs-NCP coexisted with 2019-nCoV mAb, the efficiency of
FRET was decreased because of the steric-hindrance effect. At this time,
the fluorescence of GQDs was turned on. This fluorescent probe exhibits
high sensitivity and selectivity. In addition, this probe has been suc-
cessfully applied to artificial serum samples, which validated the effi-
ciency of the proposed probe for detecting 2019-nCoV mAb in complex
samples. This method of antibody detection provides another possibility
for 2019-nCoV detection.
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