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A B S T R A C T   

The COVID-19 pandemic caused by SARS-CoV-2 virus brings nasty crisis for public health in the 
world. Until now, the virus has caused multiple infections in many people. Detecting antigen to 
SARS-CoV-2 is a powerful method for the diagnosis of COVID-19 and is helpful for controlling and 
stopping the pandemic. Herein, a rapid and quantitative detection method of SARS-CoV-2 spike 
(S) protein was built based on the fluorescence resonance energy transfer (FRET) phenomenon 
without complicated steps. In the process of detecting, the carbon quantum dots (CQDs) and gold 
nanoparticles (AuNPs) act as donor and acceptor. By modifying the SARS-CoV-2 antibodies on the 
surface of CQDs and AuNPs, we achieved S protein specific detection using the distance-based 
FRET phenomenon. Through the electric charge regulation, the limit of detection (LOD) is 
0.05 ng/mL, the linear range is 0.1–100 ng/mL, and the detection process only takes 12 min. The 
proposed method exhibits several advantages such as be available for variants (B.1.1.529 and 
B.1.617.2) and be suitable for human serum, which is of significance for detecting viral in time 
and prevention the viral transmission.   

1. Introduction 

SARS-CoV-2 has affected people’s health and normal life since it outbroke in 2019. It is highly contagious and spreads rapidly 
through human-to-human transmission or through aerosols spread. Rapid detection technologies for SARS-CoV-2 are prerequisite for 
timely blocking the spread of the virus and then for taking necessary antiviral measures. Up to now, reverse transcription-polymerase 
chain reaction (RT-PCR) is the gold standard for SARS-CoV-2 detection [1]. However, RT-PCR is a hard work that requires much more 
time and professional operation such as RNA extraction and reverse transcription steps, which will make it hard to achieve rapid 
on-site detection. Based on the above issues, rapid and simple detection technologies for SARS-CoV-2 antigen have drawn the attention 
of researchers [2,3]. 

As we all known, SARS-CoV-2 is a coronavirus named for its peripheral corona-like S proteins. These outwardly protruding S 
proteins bind to angiotensin-converting enzyme 2 (ACE2) on the inner track of the respiratory system and enter the human body. There 
are about 100 S protein trimer structures in a single virus [4]. Therefore, the S protein is a major antigen and target for human antibody 
binding to prevent its entry into host cells [5]. 
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Carbon quantum dots (CQDs) are typical zero-dimensional carbon materials with the advantages of strong fluorescence intensity, 
low toxicity, good performance of chemical stability and biocompatibility, high electron transfer efficiency, and high quantum yield 
[6–9]. In addition, CQDs can be easily synthesized [10,11], and have many functional groups such as carboxyl, carbonyl, hydroxyl, etc. 
CQDs can be further modified conveniently [12,13] and used as energy donors in the process of immune reaction. At present, the 
detection of SARS-CoV-2 antibodies using graphene quantum dots based on FRET has been reported [14]. To the best of our 
knowledge, the S protein detection utilize the carbon quantum dots (CQDs) has not been reported. 

Noble metal nanoparticles such as gold nanoparticles have remarkable plasmonic, catalytic and electronic properties. Gold 
nanoparticles are very biologically inert, so they are suitable for protein immobilization without protein denaturation. Therefore, gold 
nanomaterials are commonly used in virus detection, including the SARS-CoV-2 detection, such as lateral flow immunoassay (FLIA) 
[15,16], surface plasmon resonance (SPR) [17,18], surface-enhanced Raman spectroscopy (SERS) [19], etc. Light-induced excitation 
of conduction electrons can drive the localized surface plasmon resonance (LSPR) phenomenon of AuNPs, which is a characteristic 
optical property of AuNPs. Strong optical absorption may occur at characteristic frequencies in the region of visible light to near 
infrared light, therefore AuNPs are often used as FRET acceptors for biosensors [20,21]. 

The aim of this study is to develop a sensitivity, fast and convenient method for SARS-CoV-2 antigen detection based on “turn-off- 
on” fluorescence mode. Enable to apply the “turn-off-on” mode, the donor and acceptor must be close enough, so the electric charge 
regulation strategy was proposed. The negatively charged AuNPs (presented as﹣AuNPs) and positively charged AuNPs (presented as﹢ 
AuNPs) were synthesized, and when necessary, the antibodies were modified on the surface of AuNPs (presented as AuNPs-Ab) for 
further investigations. The antibodies were modified on the surface of CQDs (presented as CQD-Ab) and then were served as energy 
donor. When S proteins are present in the system, the distance between the donor and the acceptor increases due to the immune 
reaction between the monoclonal antibody and the antigen, thus affecting the FRET between CQDs and AuNPs. The principle is based 
on the classical theory that distance affects energy transmission efficiency [22–24]. It was proved that the best detection results could 
be obtained when + AuNPs were used as energy acceptors and the CQDs-Ab were used as energy donors. Finally, we developed a novel 
FRET biosensing detection methods, the proposed method exhibits many advantages including high sensitivity (LOD is 0.05 ng/mL), 
quick detection (detection time is 12 min), easy operation and high specificity. This research has great potential for SARS-CoV-2 virus 
early diagnosis and preventing disease transmission. 

2. Materials and methods 

2.1. Materials and reagents 

The PBS buffer (50 mmol/L, pH = 7.4), EDC (N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride, 98.5 %), Sulfo-NHS 
(N-hydroxysulfosuccinimide, ≥99.9 %), BSA (bovine serum albumin, ≥98 %) were purchased from Shanghai Macklin Biochemical Co., 
Ltd. (Shanghai, China). The MES buffer (0.1 mol/L, pH = 5.5) was purchased from OKA Biotechnology Co., Ltd. (Beijing, China). The 
cysteamine (95 %), chloroauric acid (98 %), sodium citrate (99 %) were purchased from Shanghai Acmec Biochemical Co., Ltd. 
(Shanghai, China). Sodium borohydride was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Carbon 
Quantum Dots were purchased from Suzhou Xingshuo Nanotech Co., Ltd. (Suhou, China). Anti-SARS-CoV-2 spike RBD neutralizing 
antibody, SARS-CoV-2 trimer S protein, Delta variant trimer S protein (B.1.617.2), Omicron variant trimer S protein (B.1.1.529) were 
purchased from ACROBiosystems Co., Ltd. (Beijing, China). The human serum was purchased from Guangzhou Hongquan Biotech
nology Co., Ltd. (Guangzhou, China). The ultrafiltration centrifuge tubes (Millipore, Ultra-15 mL, 30 kDa Centrifugal Filter Unit, USA) 
were used. 

2.2. Equipment 

Fluorescent spectrometer (Edinburgh Instruments FLS 1000, UK), UV/VIS spectrophotometer (Agilent Cary 60, US), high-speed 
freezing centrifuge (Sigma 3K15, US), nanoparticle size and Zeta potential analyzer (Malvern Zetasizer Nano-ZS ZEN3600, UK), 
transmission electron microscope (TEM Hitachi HT7800, Japan), fourier transform infrared spectrometer (FTIR Thermo Scientific 
Nicolet iS50, US), X-ray photoelectron spectroscopy (XPS Thermo Scientific K-Alpha Nexsa, US), heating magnetic stirrer (IKA RCT 
basic, Germany). 

2.3. Synthesis of negatively charged AuNPs 

Negatively charged gold nanoparticles (here presented as ﹣AuNPs) were prepared with the reduction method using chloroauric acid 
and sodium citrate [25]. The procedure is as follows: All the glassware to be used were washed with acid and deionized water. Add 198 
mL ultrapure water and 2 mL 1 % chloroauric acid solution into a flat-bottomed conical flask to make the concentration of chloroauric 
acid to 0.01 % (w/V). Put the flask onto a magnetic stirrer and then set the stirring speed to 600 rpm and the temperature to 100 ◦C. 4 
mL of 1 % sodium citrate solution was quickly added into the flask after the liquid was boiled, and then let the mixture react for 10 min. 
After that, wine-red negatively charged gold nanoparticles (﹣AuNPs) were obtained and then store at 4 ◦C. 

2.4. Synthesis of positively charged AuNPs 

Positively charged gold nanoparticles (here presented as ﹢AuNPs) were prepared based on the methods described in literatures 
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[26–28] but with slight changes. Chloroauric acid and sodium borohydride were used to react in the dark at room temperature, and 
cysteamine was added to coat the surface of AuNPs with amino groups to obtain a positively charged state. The procedure is as follows: 
500 μL 216 mmol/L of cysteamine solution were added into 200 mL 0.01 % (w/V) chloroauric acid solution, and then stirring for 20 
min at 400 rpm under room temperature. Later, quickly add 10 μL 10 mmol/L sodium borohydride solution, set the stirring speed to 
500 rmp and then stirring vigorously for 15 min. Finally, wine-red positively charged gold nanoparticles (﹢AuNPs) were obtained and 
stored at 4 ◦C. 

2.5. Preparation of antibody conjugated CQDs 

The EDC-NHS covalent chemistry was used to prepare the antibody conjugated CQDs (here presented as CQDs-Ab). Firstly, 100 μL 
10 mg/mL CQDs solution was diluted to 5 mL with MES buffer (pH = 5.5). Then add 0.8 mg EDC and 2.2 mg Sulfo-NHS, and react for 
15 min. Add 1.5 mL PBS (pH = 13) to adjust the solution pH to 7.6. Next, 200 μL 0.2 mg/mL anti-SARS-CoV-2 spike RBD neutralizing 
antibodies were added and react for 2 h. Add 200 μL 2 mg/mL BAS solution and wait for 30 min to block the non-specific adsorption 
sites. Centrifugate the mixture in 30 kDa ultrafiltration centrifuge tube for 10 min (set RCF to 3743 g and temperature to 4 ◦C). Finally, 
the unconjugated CQDs were filtered out and 2 mL CQDs-Ab solution was obtained. 

2.6. Preparation of antibody conjugated AuNPs 

According to the strong coordination of gold-sulfur bonds, antibody conjugated gold nanoparticles can be prepared by the method 
of thiol ligand exchange. 10 mL﹢AuNPs (or ﹣AuNPs) solution was mixed with 200 μL 0.2 mg/mL anti-SARS-CoV-2 spike RBD 
neutralizing antibody and react for 24 h. Centrifugate the solution as depicted in section 2.5 to filter out the unconjugated AuNPs. 
Finally, 5 mL ﹢AuNPs-Ab or ﹣AuNPs-Ab were obtained. 

Fig. 1. FRET fluorescence detection steps.  

Y. Li et al.                                                                                                                                                                                                               



Heliyon 9 (2023) e22674

4

2.7. Zeta potential and TEM testing 

The Zeta potential analyzer and transmission electron microscope (TEM) were utilized to characterize the CQDs, ﹣AuNPs, ﹢AuNPs, 
COQs-Ab and AuNPs-Ab. 

2.8. The S protein detection 

The detection process is shown in Fig. 1. First, a certain volume of CQDs-Ab was added into a 1.5 mL centrifuge tube. Next, a certain 
volume of AuNPs was added, including ﹢AuNPs, ﹣AuNPs, ﹢AuNPs-Ab or ﹣AuNPs-Ab. After stable for a short time, when CQDs-Ab and 
AuNPs were tightly adsorption, the fluorescence intensity was measured as baseline value. Then add 50 μL S protein samples of 
different concentration and measure the fluorescence intensity after incubation for 10 min. Three pairs of donor and acceptor were 
prepared and used in our experiments. Fig. 1(a) shows the combination of CQDs-Ab/﹢AuNPs, Fig. 1(b) is the CQDs-Ab/﹣AuNPs, and 
Fig. 1(c) is the CQDs-Ab/±AuNPs-Ab. To avoid misunderstanding, when ﹢AuNPs or ﹣AuNPs were modified with antibodies, the similar 
characteristics were exhibited. So the ﹢AuNPs-Ab or ﹣AuNPs-Ab were defined as ± AuNPs-Ab. 

3. Results and discussion 

3.1. Absorption and fluorescence spectrum 

In Fig. 2(a), a full scan of the excitation and emission wavelengths of the CQDs was performed. It can be seen that the maximum 
excitation wavelength of CQDs is 490 nm and the fluorescence emission peak is 514 nm. The fluorescence of the CQDs is green as 
illustrated in Fig. 2(c) and the quantum yield is 71.83 % in Fig. S5. In Fig. 2(b), both ﹢AuNPs and ﹣AuNPs have strong ultraviolet 
absorption peaks at 520 nm, and the absorbance values are similar, which is 1.24. It can be attribute to the localized surface plasmon 
resonance (LSPR) of AuNPs caused by electron cloud resonance on particle surface [29]. On the other hand, CQDs have the fluores
cence emission peak of 514 nm, so the fluorescence resonance energy transfer (FRET) of AuNPs and CQDs would be achieved. 

Fig. 2. The fluorescence of CQDs and ultraviolet absorption of AuNPs. (a) Full scan of the excitation and emission wavelengths of the CQDs, (b) 
Ultraviolet absorption of AuNPs and fluorescence emission of CQDs, (c) The green fluorescence of the CQDs, (d) FTIR spectra of CQDs, (e) The XPS 
deconvoluted spectra of C1s. 
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According to the Lambert-Beer theory c = A (e⋅b)− 1 [30], where c is the concentration of AuNPs, A is the absorbance value of the 
maximum absorption peak, e = 2.7 × 108 M− 1cm− 1 represent the extinction coefficient and b = 1 cm represent the length of the 
cuvette. According to this, it can be deduced that the concentration of ﹢AuNPs and ﹣AuNPs were 4.59 nmol/L. 

The functional groups of the CQDs were also investigated by fourier transform infrared spectroscopy (FTIR) and X-ray photo
electron spectroscopy (XPS) analysis. As shown in Fig. 2(d), the band about 3200~3600 cm− 1 was assigned to the stretching vibration 
of O–H bonds. The band about 1700~1800 cm− 1 was confirmed to be –COOH, it is mainly caused by C––O stretching vibration. The 
measured C1s spectra for CQDs were deconvoluted and displayed in Fig. 2(e). The deconvolution shows the presence of C––C/C–C at 
284.6 eV, C–V at 285.1 eV and C––O at 288.2 eV, which are consistent with the reported values [31,32]. These results suggested that 
the CQDs were full of oxygen-containing functional groups, which makes the CQDs available bound to antibodies [33]. In addition, the 
average lifetime values of the CQDs in the presence and absence of AuNPs were calculated. The lifetime spectra in Fig. S4 were fitted by 
Eq. (1), it is a double exponential decay equation. The average lifetime (τave) was calculated according to Eq. (2). 

I(t)= I0 +A1 exp(− t / τ1) + A2 exp(− t / τ2) (1)  

τave =
(
A1τ2

1 +A2τ2
2

) /
(A1τ1 +A2τ2) (2) 

The average FL lifetime τC of the CQDs was 4.87 ns, the average FL lifetime τA when added ﹢AuNPs was reduced to 2.14 ns. This 
demonstrates that the FL quenching mechanism is a dynamic quenching process and the FRET process between the CQDs and AuNPs 
was also confirmed [32]. Futher more, the FRET efficiency were calculated according to Eq. (3). Thus, the FRET efficiency is 56.06 %. 
The FRET distance r is about 50.5 Å, see Supplementary Material for details. 

E= 1 − (τA / τC) (3)  

3.2. Characterized by TEM 

Fig. 3(a), (b), (c) and (d) are the TEM image of the prepared ﹢AuNPs, ﹣AuNPs, CQDs and S protein respectively. From the particle size 
statistics, it can be seen from Fig. S1(a) that the average particle size is 21.8 nm. Fig. S1(b) is the ﹣AuNPs with an average particle size of 
21.6 nm. Fig. S1(c) shows the TEM image of CQDs with an average particle size of 7.7 nm. Fig. S1(d) illustrated the S protein trimer 

Fig. 3. TEM image of (a) ﹢AuNPs, (b) ﹣AuNPs, (c) CQDs, (d) S protein trimer structure of SARS-CoV-2, (e) AuNPs modified with monoclonal 
antibody, (f) CQDs modified with monoclonal antibody, (g) ﹢AuNPs, CQDs-Ab and S protein. 
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Fig. 4. Optimize detection conditions.(a) FRET between CQDs-Ab and AuNPs, (b) Fluorescence dynamic process, (c) and (d) Fluorescence increase 
rate at different dosage of CQDs-Ab, S Protein and ﹢AuNPs, (e)The fluorescence increase of different acceptor-donor pairs, (f) The LOD calculate. 
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Fig. 5. The fluorescence intensity and standard curve of S Protein detection.  
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structure photographed by the negative staining technique and the size of each S protein trimer is approximately 15.7 nm. Fig. 3(e) and 
(f) shows the AuNPs and CQDs conjugated antibodies, in which the presence of antibodies can be observed, demonstrating that the 
antibody has been successfully conjugated. In Fig. 3(g), it can be seen that ﹢AuNPs, CQDs-Ab and S protein are tightly adsorbed. 

3.3. Zeta potential 

The Zeta potential of CQDs, CQDs-Ab, ﹣AuNPs, ﹢AuNPs, ﹣AuNPs-Ab and ﹢AuNPs-Ab were tested. It can be seen from Fig. S2 that the 
Zeta potentials of ﹢AuNPs and ﹣AuNPs were 24.33 mV and − 16.57 mV respectively, which proved the successful synthesis of positively 
and negatively charged AuNPs. The CQDs is negatively charged due to the carboxyl groups or other groups, with a Zeta potential of 
− 6.5 mV. The Zeta potentials of CQDs-Ab, ﹣AuNPs-Ab and ﹢AuNPs-Ab are − 12.30 mV, − 10.67 mV and − 10.72 mV respectively, which 
may be caused by the negative charges on the antibody surface. 

3.4. FRET of AuNPs and CQDs-Ab 

Take 50 μL CQD-Ab solution and add 450 μL PBS (pH = 7.4) solution. As can be seen from Fig. 4(a), the CQD-Ab fluorescence 
intensity is 1.4 × 106 be defined as F0. Take 50 μL CQD-Ab, add 100 μL ﹢AuNPs or ﹣AuNPs, then add 350 μL PBS solution, the fluo
rescence intensities of ﹢AuNPs and ﹣AuNPs after FRET are 8.5 × 105 and 9.1 × 105, respectively. The fluorescence intensities after 
added AuNPs be defined as F1. Then quenching efficiency can be can be calculated according to (F0–F1)/F0. The quenching efficiency of 
﹣AuNPs and ﹢AuNPs are 35 % and 39 %. Since the prepared CQD-Ab is negatively charged, ﹢AuNPs can better adsorb and bind to CQD- 
Ab, the FRET effect is better. For a better illustrating of the FRET process, the fluorescence intensity was dynamically scanned after 
adding AuNPs. As shown in Fig. 4(b), the fluorescence signal was gradually rising when ﹣AuNPs was added. This proved the repulsion 
process between CQD-Ab and ﹣AuNPs. On the other hand, the fluorescence decreased was observed when ﹢AuNPs was added. This is 
because the CQD-Ab and ﹢AuNPs would attract each other and a better FRET phenomenon would be acquired, which attribute to the 
opposite electric charges. 2 min later, the fluorescence intensity was stabilized at 9.1 × 105 (CQDs-Ab/﹣AuNPs) and 8.5 × 105 (CQDs- 
Ab/﹢AuNPs), respectively. So the regulation effect of electric charges on FRET was proved and a stable time of 2 min was necessary as 
indicated in Fig. 1 step (2). 

3.5. AuNPs and CQDs-Ab dosage optimization 

Since it has been demonstrated that ﹢AuNPs has better FRET effect, ﹢AuNPs/CQDs-Ab was used as acceptor-donor combination to 
verify the used dosage. The volume of CQDs-Ab were 20 μL, 50 μL, 80 μL, and 110 μL, respectively. Then 100 μL ﹢AuNPs and 50 μL S 
protein were added. Finally, PBS solution (pH = 7.4) was added to make up the volume to 500 μL. The fluorescence intensity was 
measured after 10 min incubation. It can be seen from Fig. 4(c) that when the CQDs-Ab:﹢AuNPs:Antigen (v:v:v) = 50:100:50, the 
maximum fluorescence increase rate △F/F0 = 18.6 % can be obtained. Therefore, 50 μL CQDs-Ab and 50 μL antigen were used to 
investigate the optimal dosage of ﹢AuNPs. As shown in Fig. 4(d), when the dosage of ﹢AuNPs is 100 μL, a better effect can be obtained. 
Therefore, the optimal dosage of CQDs-Ab, ﹢AuNPs and Antigen are 50 μL, 100 μL and 50 μL. 

3.6. Detection of S protein by FRET 

As illustrated in Fig. 1, three pairs of donor and acceptor were applied. From the conclusion of Fig. 4(b), it would be stabled for 2 
min after the donor and acceptor were added. Then added antigen and incubated for 10 min to investigate the relationship between 
different antigen concentrations and fluorescence intensities. Fig. 5(a), (b), (c) and (d) are the fluorescence spectra and standard curves 
of different AuNPs and CQDs-Ab pairs, the R2 of each standard curve can reach more than 0.99, and the linear relationship is perfect. As 
shown in Fig. 4(e), the fluorescence increase rate ΔF/F0 of ﹣AuNPs/CQDs-Ab, ﹢AuNPs/CQDs-Ab, ﹣AuNPs-Ab/CQDs-Ab, and ﹢AuNPs- 
Ab/CQDs-Ab are 6.8 %, 18.6 %, 9.5 % and 9.9 %, respectively (S protein concentration is 10 ng/mL, incubation time is 10 min). From 
Fig. 4(f), the LOD of each pair was calculated according to the mean value of blank sample plus 3 times SD (n = 10) [34]. The LOD 
result of ﹣AuNPs/CQDs-Ab, ﹢AuNPs/CQDs-Ab, ﹣AuNPs-Ab/CQDs-Ab, and ﹢AuNPs-Ab/CQDs-Ab are 1.82 ng/mL, 0.05 ng/mL, 0.19 
ng/mL, and 0.12 ng/mL, respectively. Obviously, the pair ﹢AuNPs/CQDs-Ab has the maximal ΔF/F0 and the best LOD, this attribute to 
the opposite electric charges between ﹢AuNPs and CQDs-Ab so as to make them adsorbed with each other tightly. So the better FRET 
effect would lead to a better detection result. The pair ﹣AuNPs/CQDs-Ab has the minimum ΔF/F0 and the worst LOD, this is because the 
same electric charges of ﹣AuNPs and CQDs-Ab, which would keep them away from each other and then resulting the poor FRET effect. 
When ﹣AuNPs or ﹢AuNPs were conjugated to antibodies, their electrical charges would be converted to negatively and the Zeta po
tential almost the same. The Zeta potential of ﹣AuNPs-Ab or ﹢AuNPs-Ab depend on the antibodies. As Fig. 1(c) illustrated, ﹣AuNPs-Ab or 
﹢AuNPs-Ab increased the probability of antigen adsorption, and the spatial distance is greater than that of ﹣AuNPs/CQD-Ab due to the 
adsorption of double antigens, so its ΔF/F0 and LOD was better than ﹣AuNPs/CQD-Ab. 

For the ﹢AuNPs/CQD-Ab, the total detection time was 12 min (including stabilization and incubation time), the LOD was 0.05 ng/ 
mL, and the linear range was 0.1–100 ng/mL. Other S protein detection methods were summarized in Table 1, it can be seen that the 
LOD and detection time of this study are acceptable. The most important of all, our method has successfully combined the detection 
time and the detection sensitivity. This research has the advantages of convenient operation and has the potential for large-scale 
applications. 
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3.7. Specificity of detection 

In order to test the detection ability of this method for other variants, ﹢AuNPs/CQD-Ab was used to detect wild-type, Omicron 
variant (B.1.1.529), Delta variant (B.1.617.2), S protein trimer structure of SARS and MERS. From Fig. S3, the ΔF/F0 of wild-type, 
Omicron variant and Delta variant were 18.6 %, 16.6 % and 15.4 %, respectively. The ΔF/F0 of SARS was 5.3 % due to its similar 
structure with SARS-CoV-2 [41]. As for MERS, a low ΔF/F0 of 1.3 % was obtained. 

The detection of S protein in human serum was performed, and the concentration was calculated using the standard equation y =
948651.0 + 65563.7lgx (y is the fluorescence intensity, x is the concentration, ng/mL) in Fig. 5(b). The S protein was added in the 
serum and concentration were 0.1 ng/mL, 1 ng/mL and 10 ng/mL, respectively. The calculation results are shown in Table 2. Due to 
the matrix effect [42–44] caused by the complex components in the serum, the recovery was 110.05 %–115.45 % and the RSD was 
10.84 %–13.30 %. The experimental results indicated this method can also detect S protein in actual serum. 

4. Conclusions 

In this paper, a novel FRET biosensor based on CQDs and AuNPs pairs was developed for detection of S protein of SARS-CoV-2. The 
fluorescence resonance energy transfer (FRET) would be generated when the CQDs and AuNPs serve as donor and acceptor. The 
positively charged ﹢AuNPs and negatively charged ﹣AuNPs were synthesized. Anti-SARS-CoV-2 spike RBD neutralizing antibody were 
modified on the surface of CQDs and AuNPs. The distance-based FRET theory was utilized to detect the spike (S) protein. Through the 
measurement of electric charge, it was found that using the negatively charged CQDs-Ab (antibody modified CQDs) and the positively 
charged ﹢AuNPs could produce the best FRET effect due to the tightly adsorption. The limit of detection (LOD) of S protein is 0.05 ng/ 
mL, the linear range is 0.1–100 ng/mL, and the detection process takes 12 min. For the Omicron variant (B.1.1.529) and the Delta 
variant (B.1.617.2), this method has a quite good detection effect. The recovery of S protein in human serum was in the range 
110.05–115.45 %, and RSD was less than 13.30 %, this method was also feasible for serum S protein detection. Attribute to the easy 
operation and high specificity, this method has great potential for SARS-CoV-2 virus early diagnosis and preventing disease 
transmission. 
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Table 1 
The antigen detection methods.  

LOD Antigen Method Time References 

5 μg/mL S1 Lateral Flow Assay LFA 30 min [35] 
0.11 ng/mL S Lateral Flow Assay LFA 30 min [36] 
0.033 ng/mL S1 LFA, Fluorescence 30 min [37] 
0.1 ng/mL S LFA, Chemiluminescence 16 min [38] 
0.1 ng/mL S Fiber-optic 20 min [39] 
87.5 ng/mL or 2.5 ng/mL S or N FRET 1 min [40] 
0.05 ng/mL S FRET 12 min This work  

Table 2 
Recovery of S protein in serum samples.  

Added (ng/mL) Found (n = 3, ng/mL) SD RSD (%) Recovery (%) 

0.1 0.115 0.013 10.84 115.45 
1 1.151 0.148 12.83 115.10 
10 11.005 1.463 13.30 110.05  
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2023.e22674. 
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