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Introduction: Neutralizing antibodies (NAbs) are essential for preventing reinfection with SARS-CoV-2 and the recurrence of 
COVID-19; nonetheless, the formation of NAbs following vaccination and infection remains enigmatic due to the lack of a practical 
and effective NAb assay in routine laboratory settings. In this study, we developed a convenient lateral flow assay for the rapid and 
precise measurement of serum NAb levels within 20 minutes.
Methods: Receptor-binding domain-fragment crystallizable (RBD-Fc) and angiotensin-converting enzyme 2-histidine tag (ACE2- 
His) were expressed by the eukaryotic expression systems of Spodoptera frugiperda clone 9 and human embryonic kidney 293T, 
respectively. Then, colloidal gold was synthesized and conjugated with ACE2. After optimizing various operating parameters, an NAb 
lateral flow assay was constructed. Subsequently, its detection limit, specificity, and stability were systematically evaluated, and 
clinical samples were analyzed to validate its clinical feasibility.
Results: RBD-Fc and ACE2-His were obtained with 94.01% and 90.05% purity, respectively. The synthesized colloidal gold had 
a uniform distribution with an average diameter of 24.15 ± 2.56 nm. With a detection limit of 2 μg/mL, the proposed assay 
demonstrated a sensitivity of 97.80% and a specificity of 100% in 684 uninfected clinical samples. By evaluating 356 specimens 
from infected individuals, we observed that the overall concordance rate between the proposed assay and conventional enzyme-linked 
immunosorbent assay was 95.22%, and we noticed that 16.57% (59/356) of individuals still did not produce NAbs after infection (both 
by ELISA and the proposed assay). All the above tests by this assay can obtain results within 20 minutes by the naked eye without any 
additional instruments or equipment.
Conclusion: The proposed assay can expediently and reliably detect anti-SARS-CoV-2 NAbs after infection, and the results provide 
valuable data to facilitate effective prevention and control of SARS-CoV-2.
Clinical trial registration: Serum and blood samples were used under approval from the Biomedical Research Ethics Subcommittee 
of Henan University, and the clinical trial registration number was HUSOM-2022-052. We confirm that this study complies with the 
Declaration of Helsinki.
Keywords: clinical detection, colloidal gold, neutralizing antibody, point-of-care test, SARS-CoV-2

Introduction
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread worldwide because of its high infec-
tiousness and worrying mutagenicity.1,2 Therefore, NAbs are key to preventing reinfection and the recurrence of 
infection by diverse microorganisms, and more than 13 billion SARS-CoV-2 vaccine doses have been injected 
worldwide to effectively combat the virus as of February 17, 2023.3 In most cases, plasma cells produce NAbs as 
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a result of vaccine-induced humoral immunity, and individuals can be protected from reinfection when NAb levels 
reach the needed concentration.4,5 According to a recent study, the level of anti-SARS-CoV-2 NAbs varies widely 
and declines precipitously within a few months;4 as a result, booster vaccine doses have been administered in most 
nations to increase the level of anti-SARS-CoV-2 NAbs.6 Many teams exploit virus,7 fluorescence,8,9 enzymology,10 

colloidal gold spectroscopy11 and other methods12,13 to carry out NAb detection, but these reports are not 
completely consistent; these studies mainly focus on whether the vaccine induces the body to produce NAbs14 

and generally do not address the NAb concentration, mainly due to the limitation of measurement methods. In an 
effort to quickly prevent and control SARS-CoV-2, emergent implementation of herd immunity-building measures 
has occurred.15 In this context, a rapid and exhaustive measurement of NAb levels for large population screening is 
particularly crucial.

Although several NAb detection methods, including pseudovirus,16 plaque reduction neutralization test (PRNT),17 

enzyme-linked immunosorbent assay (ELISA),18 chemiluminescence,19 and lateral flow immunoassay (LFIA) 
approaches,20–23 have been proposed for NAb testing, there are currently no systematic reports on the regularity of 
NAb production. Among the applied techniques, the gold standard assay is conventional PRNT, which requires 
extensive labor, live viruses, and BSL-3 facilities.24,25 Moreover, ELISA is labor intensive, and chemiluminescence 
requires the use of unique instruments and equipment.26–29 In addition, large-scale screening of NAb levels on 
a population scale is particularly time-consuming and costly. LFIAs with colloidal gold labeling have been proposed 
as candidates for large-scale detection due to their simplicity and portability,30–34 but their accuracy has been widely 
criticized.35,36 A series of NAb detection methods based on colloidal gold have been developed,12–14,21,37 but the 
focus has thus far been on pursuing high sensitivity and ignoring the concentration dependence of the effect of NAbs 
against SARS-CoV-2 invasion; therefore, these methods do not meet the practical need to prevent reinfection and 
recurrence. In addition, a dominant factor limiting accuracy is the unstable conjugation between immobilized protein 
molecules and the colloidal gold stain; the accuracy of the lateral flow kit is affected by the binding efficiency of the 
conjugates.

In this work, we focus on the problem of determining whether the concentration of NAb in the body can effectively 
block the invasion of SARS-CoV-2 and develop a competitive method for NAb detection based on a lateral flow assay, 
which can rapidly and conveniently evaluate the NAb level in human serum within 15 minutes. This research not only 
explored the regularity of NAb production in the population before and after vaccination but also examined the need for 
NAbs in the population after infection. Therefore, these results provide valuable data supporting the accurate prevention 
and control of SARS-CoV-2.

Materials and Methods
Preparation of the Target Proteins (RBD and ACE2) Using Recombinant Plasmids
Invitrogen’s Bac-to-Bac baculovirus insect cell expression system was used to express the SARS-CoV-2 receptor-binding 
domain (RBD) protein. First, the target gene was inserted into the modified pFastBac1-His vector through molecular 
cloning, and the correctly sequenced recombinant plasmid was inserted into DH10Bac via transformation. After a blue‒ 
white screening experiment, endotoxin-depleted recombinant baculovirus plasmid DNA was extracted and inserted into 
a eukaryotic expression system in Spodoptera frugiperda clone 9 (sf9) cells in the logarithmic growth phase via 
transfection, and after three passages, suitable virus titers were detected.38,39 Hi5 cells (High Five insect cells) were 
infected for suspension expansion culture. The target protein was purified in two steps: affinity purification (HisTrap HP 
5 mL column, GE Healthcare) and molecular sieve chromatography (Superdex 200 increase 10/300 GL column, GE 
Healthcare). According to a similar method, angiotensin-converting enzyme 2 (ACE2) recombinant protein was 
expressed by a eukaryotic expression system in human embryonic kidney 293T (293T) cells using 6xHis as a label 
and purified by a Ni2+ column (HisTrap HP 5 mL column, GE Healthcare) and molecular sieve by affinity chromato-
graphy, and its purity was checked by SDS‒PAGE and analysis.40
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Preparation of an NAb Detection Kit for SARS-CoV-2 Based on Colloidal Gold
The kit consisted of an outer casing and an inner test strip. The bottom of the test strip was supported by a PVC base 
plate, and the reaction pad (nitrocellulose membrane, Millipore, HF13502S25), absorbent pad, conjugating pad, and 
sample pad were layered in sequence (Figure 1).

The conjugating pad was fabricated with colloidal gold bound to recombinant ACE2 protein and solidified on the 
glass fiber. Colloidal gold nanoparticles (Au-NPs) were synthesized by reducing chloroauric acid (Sigma, G4022) with 
sodium citrate (Sigma, C3674).41 Ultrapure water (750 mL) was placed in a 2 L conical flask, and the flask was sealed 
and heated on an electric stove until oil beads rose. Then, 10 mL of 4% chloroauric acid was added, and the flask was 
heated until the solution boiled completely. Next, 10 mL of 6% sodium citrate was added, and the solution was boiled for 
5 min. After the solution turned wine red and allowed to naturally cool, a volumetric flask was used to dilute the solution 
to 1000 mL to obtain colloidal gold. When irradiated by a red laser, a good Tyndall effect was observed, confirming good 
colloid properties. Finally, the stability, uniformity, particle size and other parameters of individual colloidal gold 
nanoparticles (Au-NPs) were observed by full-wavelength scanning (Thermo, Varioskan Flash), dynamic light scattering 
(DLS) (Malvern, ZETASIZER Nano ZS) and transmission electron microscopy (TEM) (Japan Electronics Corporation, 
JEM-F200),42 and the particles were stored at 4°C.

The pH and concentration of Au-NPs binding with ACE2 are determined by a color reaction. Each Au-NP has an 
electric double-layer structure, which maintains a stable colloidal state through mutual repulsion between the same 
electrons.43 When strong electrolytes (such as NaCl) are added to colloidal gold, the negative ion layer on the surface of 
Au-NPs is collapsed, and the precipitating gold sol that emerges turns the solution blue; however, if all active sites are 
blocked completely with protein, a protective layer is formed on the surface of Au-NPs. Thus, no aggregation occurs 
when strong ions are added. If the active site is not completely blocked, Au NPs will aggregate to produce a color change 
visible to the naked eye, from the original wine-red to purple and then to blue‒gray. The absorbance of colloidal gold at 
different pH and conjugating concentrations can be determined by full-wavelength scanning. The pH + 0.5 at which the 
Au-NPs first changed color was identified as the optimum pH of the label. The optimal binding concentration of ACE2 
was increased by 20% from the value at which the Au-NPs first changed color.34

Figure 1 Diagram and components of the SARS-CoV-2 neutralizing antibody immunoassay test strip and visual assessment guidelines for interpreting the test strip results. 
Abbreviations: Au-NPs, colloidal gold nanoparticles; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; NAb, neutralizing antibody; ACE2, angiotensin- 
converting enzyme 2; RBD, receptor binding domain; M, mouse; IgG, immunoglobulin G; C, control line; T, test line.
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The pH of Au-NPs was adjusted by 0.2 M potassium carbonate (Sinopharm Chemical Reagent Co., Ltd, 584-08-7) 
solution, the solution was mixed quickly, ACE2 recombinant protein and mouse IgG (Luoyang Baiaotong Experimental 
Materials Center, C040306) were added according to the conditions determined above, and the solution was mixed at 
room temperature for 30 minutes.

Next, 10% (w/v) bovine serum albumin (BSA, Sigma, A3912) was added and adjusted to 1% of the final concentra-
tion in the colloidal gold solution, and the solution was gently mixed for 30 min at room temperature to block the 
unbound sites.44 The blocked colloidal gold was centrifuged at 10,000 rpm/min for 10 min, the supernatant was 
discarded, and the precipitate was resuspended and dissolved in 240 μL of working solution (0.01 M PBS (pH 7.6), 
1.0% BSA, 5% sucrose and 0.3% Tween-20),39 spread evenly on the conjugating pad, dried in a blast drying oven at 
40°C for 6 h and stored for use with 30% humidity. The control line (C line) and test line (T line) were fixed on the NC 
membrane; the C line was coated with goat anti-mouse IgG diluted to 200 μg/mL by 0.01 M phosphate buffer, and the 
T line was coated with the RBD region of the S protein of SARS-CoV-2 with 0.01 M phosphate buffer. After scribing the 
NC membrane with a gold-spraying machine (JN BIO, CM3010), the NC membrane was placed in a blast drying oven at 
a temperature of 40°C and a humidity of 30% to dry.

The preparation of sample pad: First, the treatment solution (1 L) of sample pad was prepared by mixing 996 mL of 
0.05 M Tris HCl (Solarbio, 77-86-1) solution, 4 mL Tween-20 (Promega, 0000303178) and 0.5 mL Nonidet P40 (Sigma, 
74,385). Then, 20 g of trehalose (Sigma, SLCC3489) and 5 g of BSA were added to the above solution, and mixing 
completely. After sterilization and filtration, the solution was used immediately. The glass fiber was cut to 200 mm 
according to the position of the PVC base plate sample pad × 22 mm, then soak in sample pad treatment solution for 30 
minutes. After excess liquid was discarded, the sample pad was dried overnight in a 40 °C drying oven, and stored at 
room temperature for use.

Detection and Interpretation of Results
This kit was prepared based on the immunocompetition method. ACE2 and mouse IgG were immobilized at the 
conjugate pad, and the RBD and anti-mouse IgG were coated in the T line and C line of the reaction pad, 
respectively.35 When the sample without NAbs was added, the AuNP-ACE2-mouse IgG complex was redissolved and 
flowed to the reaction pad. ACE2 was specifically intercepted by the RBD protein, and the AuNP-ACE2-RBD complex 
was aggregated and colored on the T line (Figure 1). The abundant AuNP-mouse IgG continued to flow and was 
specifically captured by goat anti-mouse IgG on the C line, and the AuNP-mouse IgG-goat anti-mouse IgG complex 
aggregated and developed color on the line. Therefore, the C line and the T line developed at the same time, and the 
result was negative. When a sample with sufficient NAbs was added, it could be captured by the RBD coating on the 
T line; therefore, the ACE2 complex could not be captured by the RBD, so the color of the T line did not develop since it 
did not contain AuNPs, and the remaining AuNPs-ACE2-mouse IgG complex continued to flow and was specifically 
intercepted by goat anti-mouse IgG. The C line showed the wine red color. Therefore, only the C line developed color, 
which is a positive result and means that the tested sample contained anti-SARS-CoV-2 NAbs. When the C-line did not 
color, the detection result was determined to be invalid.

Verification of the Limit of Detection, Specificity, and Stability of the Lateral Flow Kit
To verify the limit of detection (LOD) of this assay, which is the minimum concentration of NAbs that can be detected 
from the samples, NAbs were isolated from the serum of convalescent patients and then obtained through recombinant 
expression using molecular biology methods. The NAb standard was diluted to different concentrations (0.001 μg/mL, 
0.01 μg/mL, 0.1 μg/mL, 0.4 μg/mL, 0.8 μg/mL, 1 μg/mL, 2 μg/mL, 4 μg/mL, 8 μg/mL and 10 μg/mL) by control diluent 
(10 mM pH 7.4 PB, 0.1% Tween-20, 0.2% BSA). An 80 μL diluted NAb sample was added at once, and the detection 
result was read within 20 min. The standard curve of NAb detection conditions was drawn by GraphPad Prism. There are 
currently no NAb standards for SARS-CoV-2, so we selected two convalescent patients for the examination of serum 
NAbs in this research. To ensure the accuracy of the interpretation of test results, each result was interpreted by at least 
3 persons, and ImageJ software was used to assist in interpretation.45
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After SARS-CoV-2 infection, the body will produce antibodies against the spike protein and nucleoprotein. To 
determine whether this assay had cross reactivity with other relevant antibodies, anti-SARS-CoV-2 nucleoprotein IgG (10 
μg/mL), anti-SARS-CoV-2 nucleoprotein IgM and human IgG standards (10 μg/mL), anti-influenza-positive samples, 
anti-RF-positive samples, and anti-H1N1-positive samples were selected for specificity validation, and diluent and NAb- 
containing samples were detected at the same time as the negative and positive controls, respectively. Each sample was 
tested three times.

The NAb detection kit was stored in a desiccator at 40°C for 30 days, and then the NAb standard and diluent were 
detected in triplicate for stability validation.

To verify the test results, we used a commercially available total antibody detection kit (Vazyme Biotech Co. Ltd., 
V5020120152B), which yielded a weakly positive result. In addition, we used a commercially available ELISA NAb 
detection kit (Vazyme Biotech Co. Ltd., DD3101) to detect the different concentrations of the NAb standard and obtained 
the standard curve by analyzing the data.

Clinical Sample Validation
Clinical samples were provided by volunteers from Henan University. We collected serum samples from volunteers 
before immunization (N=311), 21 days after the first immunization (N=170), 21 days after the second immunization 
(N=182), 30 days after infection with SARS-CoV-2 (N=348) and uninfected samples (N=8). All samples were detected 
by ELISA kits for anti-SARS-CoV-2 NAb or clinical decisions. If the percent suppression of NAb by ELISA is greater 
than or equal to 20%, as the result will be considered positive; if less than 20%, it will be considered negative according 
to the instructions for the ELISA kit (Vazyme Biotech Co. Ltd., DD3101). The sensitivity, specificity, positive predictive 
value, and negative predictive value of the kit were calculated according to the following formulas:46

Sensitivity = [true positive/(true positive + false negative)] × 100%
Specificity = [true negative/(true negative + false positive)] × 100%
Positive predictive value = [true positive/(true positive + false positive)] × 100%
Negative predictive value = [true negative/(false negative + true negative)] × 100%
Samples from volunteers for testing were collected by clinical staff. This study was approved by the Biomedical 

Research Ethics Committee of Henan University. All experiments were performed following relevant laws and institu-
tional guidelines, and clinical sample contributors were informed and consented to the study.

Results and Discussion
Characterization of SARS-CoV-2 RBD and ACE2 Recombinant Proteins
Several studies have shown that SARS-CoV-2 binds to the human cell surface receptor ACE2 mainly through the RBD 
region of the viral S protein47,48; therefore, antibodies that can bind to the RBD of the S protein can prevent the 
S protein from attaching to host cells and can neutralize the virus.49 Most vaccine development has focused on the 
S protein as the antigenic target of the SARS-CoV-2 vaccine.50–53 In this study, the RBD was expressed from the 
insect baculovirus expression system based on sf9 cells using an Fc tag and purified by affinity chromatography with 
Staphylococcus protein A; ACE2 was expressed in the eukaryotic expression system based on HEK 293T cells, 6xHis 
was used as a tag, and a nickel column was used for affinity purification. RBD-Fc is an approximately 40 kDa protein, 
and there was only a trace amount of RBD-Fc in the flow-through. Upon affinity purification, RBD-Fc was mainly in 
the eluate, and the calculated purity was 94.01%. For the purification of ACE2-His, the target protein was expressed at 
approximately 85 kDa. Upon elution and calculation, the purity was found to be 90.05% (Figure 2A). We also 
attempted to use Escherichia coli for the expression of RBD and ACE2 recombinant proteins, but there were problems 
regarding precipitation and insufficient protein activity, so the eukaryotic system was selected for protein expression. 
When the CHO (Chinese hamster ovary cells) system was selected for expression, the problem of insufficient activity 
also occurred, so finally, we chose HEK 293T cells to express ACE2 protein and the sf9 system to express RBD 
protein.
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Au-NPs were prepared by the reduction of chloroauric acid with sodium citrate. The Au-NPs solution was clear and 
translucent, and a beam of light passed through the solution, which had a favorable Tyndall effect. The λmax of the Au- 
NPs solution was 525 nm by full wavelength scanning; moreover, the suspension of colloidal gold presented both good 
separation and resuspension performance according to visual observation (Figure 2B). The full image is shown in 
Supplemental Figure 1. In addition, the average diameter of AuNPs was 24.15 ± 2.56 nm, with an even distribution, as 
determined by TEM (Figure 2C), and a zeta potential of −33.5 mV (Figure 2D), as determined by DLS. The successful 
labeling of AuNPs and ACE2 protein can be seen by the increase in the particle size before and after hydration with 
colloidal gold from 25.45 nm to 34.53 nm (Figure 2D). These parameters indicate a stable characteristic of AuNPs and 
a conjugating effect. Initially, 0.25 mM colloidal gold was used for kit preparation, and although it successfully labeled 
ACE2 protein, the color development even for the C line was relatively weak (Supplemental Figure 2). We compared 
colloidal gold concentrations of 0.50 and 1.00 mM and finally selected 1.00 mM colloidal gold for the preparation of the 
kit according to color rendering of the T line and C line. Although proteins are conjugated to Au-NPs by noncovalent 
bonds, this process leads to weakened protein activity. During NAb detection, false-positive results caused by reduced 
protein activity interfere with the discovery of response regularity, so we maintained activity by controlling the 
concentration, time, and rate of protein at the time of labeling through repeated verification.

As presented in Figure 3A, the color of colloidal gold in the sample changes gradually from pH 3.0 to 8.0. As the pH 
gradually increased according to the volume of K2CO3 (0.2 M) was added, the solution in the pH 6.0 tube did not initially 
change color, and the color was similar to that of the solution in the untreated colloidal gold tube. Through full 
wavelength scanning, it was found that the absorbance values of pH 6.0 and 7.0 were higher and had narrower absorption 
peaks than those of other pH conditions, and there was no significant difference between the pH 6.0 and 7.0 conditions 
(Figure 3A and Supplemental Figure 3); the effect of a different pH on detection was verified by the self prepared NAb 
kit, and it was found that the color development utilization rate was high when the pH was 6.5, and that the color 
development of the C and T lines was relatively good. After repeated experiments, it was found that the color 

Figure 2 Proteins purification (A), preparation (B), characterization (C) of colloidal gold nanoparticle, and conjugating effect (D). 
Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; ACE2, angiotensin-converting enzyme 2; RBD, receptor binding domain; Au-NPs, colloidal 
gold nanoparticles.
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development result was more stable when the pH was 6.5 (Figure 3B); moreover, the naked-eye judgment results were 
consistent with auxiliary interpretation. Thus, the optimal pH for AuNP-ACE2 complex visualization was pH 6.5.

As presented in Figure 3C, the color of colloidal gold in samples containing 0 to 8 µg/mL ACE2 changed from gray‒ 
blue to rose-red. As the amount of added ACE2 increased, the solution in the tube containing 5 μg/mL did not initially 
change color. At first, the color was close to rose-red, and at this point, the labeling concentration of the tube was 5 µg/ 
mL. Therefore, the optimal labeling concentration of ACE2 was 5×120% µg/mL, which is 6 µg/mL. The absorbance of 
the solution with 8 µg/mL ACE2 was the closest to that of Au-NPs; the effect of different concentrations on the detection 
result was verified by the NAb kit (Figure 3D and E, Supplemental Figure 4), and it was found that the sensitivity of the 
kit was better when the ACE2 concentration was 6 µg/mL (Figure 3D). Thus, the optimal concentration of AuNPs-ACE2 
was 6 µg/mL.

Traditionally, anti-His antibodies are the best choice as C line-coated antibodies because ACE2 is labeled with 
a 6×His tag, but the His system did not work well in this study. The His system had the desired effect in our previous 
studies, but the hindrance may be due to methodological problems with lateral immunochromatography, which was based 
on a competition approach in this study and an indirect approach in previous studies; this discrepancy may also be 
because ACE2 has a large molecular weight, and the 6×His tag is not fully exposed on the surface of the ACE2 protein 
and cannot be fully captured by the anti-His antibody, so the color rendering effect at the final C line is affected. Thus, the 
mouse IgG and anti-mouse IgG antibody system was selected for the C line of the kit; that is, the colloidal gold surface 

Figure 3 Selection of optimal conjugating and coating conditions for the NAb kit. (A) Color reaction and full-wavelength scanning of different pH values of colloidal gold- 
labeled ACE2 protein; (B) Actual color effect of pH 6.0, 6.5, 7.0, 8.0 and analysis result (n=3) of detection by ImageJ and GraphPad Prism. The optimum labeling 
concentration of ACE2 protein selection; (C) Color reaction and full-wavelength scanning images of different labeling quantities; (D) Actual color effect of 6 µg/mL ACE2 
protein-mouse IgG (n=3); (E) Actual color effect of 8 µg/mL ACE2 protein-mouse IgG (n=3); (F) DLS characterization of colloidal gold labeling and sealing effect; (G–J) The 
optimal coating concentration of receptor binding domain (RBD) protein in test line and analysis result (n=3) of detection by ImageJ and GraphPad Prism. The color and 
statistical results of RBD protein coating concentration of (G) 0.4 mg/mL; (H) 0.2 mg/mL; (I) 0.08 mg/mL and (J) 0.04 mg/mL. 
Abbreviations: AuNPs, colloidal gold; ACE2, angiotensin-converting enzyme 2; C, control line; T, test line; Con., concentration; N, negative; NAb, neutralizing antibody.
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was labeled with mouse IgG after ACE2, and anti-mouse IgG was coated at the C line.21,54 Because our team has 
a mature purification technology for His tags, we will continue to use this tag for ACE2 expression in the future. 
According to the above conditions, the average hydrated diameters of the AuNPs, AuNP-conjugated ACE2-anti-mouse 
IgG, and those blocked by BSA were 26.70 nm, 59.01 nm, and 70.86 nm, respectively, as determined by DLS 
(Figure 3F). These results suggest that the AuNPs and ACE2 were successfully conjugated, with stable performance 
according to increasing particle size before and after labeling. With 0.25 mM AuNPs, BSA at a final concentration of 1% 
was used to block the unbound active site of AuNPs. The effectiveness of BSA with a final concentration of 1% and 2% 
as a blocking reagent was compared, the results show that when the BSA concentration is 2%, the LOD of this kit and the 
effect is better than 1% BSA (Supplemental Figure 5A and B). Therefore, a 2% BSA concentration was selected in the 
following study.

The concentration coated on the T line is very important for the test results of the competition kit. When the coating 
concentration is too low, false-positive results will be observed; if the coating concentration is too high, nonspecific 
adsorption may occur, resulting in false-negative results. Different concentrations (400, 200, 80 and 40 µg/mL) of the RBD 
were chosen to compare the detection effect. When the concentration of NAb was 10 µg/mL, a positive result was 
unpresented under RBD coating concentrations of 400 µg/mL (Figure 3G and Supplemental Figure 6A) and 200 µg/mL 
(Figure 3H and Supplemental Figure 6B), and the sensitivity was poor. Regardless of the concentration of NAbs tested, the 
T line of the kit was less colored with an RBD coating concentration of 40 µg/mL (Figure 3I and Supplemental Figure 6C). 
When testing a negative sample, both the blocking effect and color development of the T line showed good performance 
when the coating concentration was 80 µg/mL (Figure 3J and Supplemental Figure 6D); therefore, the optimal coating 
concentration of the RBD on the T line was 80 µg/mL.

The sample pad is an important part of the kit, which generally needs to be processed in the sample pad treatment 
solution before use. Due to the difference in test samples and items, the composition of the sample pad treatment solution 
also affects color development. To avoid false-negative results, we added 0.05% Nonidet P 40 nonionic surfactant to the 
sample treatment solution, and the subsequent determination of the standard antibody detection sensitivity showed that 
the background of the test strip was cleaner, and it was less prone to false-negative results. Possibly because of nonionic 
surfactants, the liquid does not adsorb strongly on the solid surface.55

Quality Control of Colloidal Gold-Labeled Proteins
Limit of Detection, Stability and Specificity of the Lateral Flow Kit for Neutralizing Antibodies in Serum
LOD, stability and specificity are important performance parameters of the kit. These indicators need to be accurately 
detected and verified (Figure 4A). NAbs from convalescent patients were diluted to 0.001 μg/mL, 0.01 μg/mL, 0.1 μg/ 
mL, 1 μg/mL, 2 μg/mL, 4 μg/mL, 8 μg/mL and 10 μg/mL in diluent, and 80 μL was added dropwise to each sample well. 
The results were interpreted within 20 minutes. The lowest concentration of NAbs for which the T line did not appear 
was considered the LOD of the kit. Considering that it is not easy to assign weak color development, the detection results 
were recorded by different persons and analyzed using ImageJ and GraphPad Prism software, and it was concluded that 
the LOD of this kit was 2 μg/mL (Figure 4B and Supplemental Figure 7A). The fitted curve was Y = 1799.7×2 – 3265.8 
X + 1892.4 with R2 = 0.9778 according to the intensity of the T line, as determined by ImageJ. The LOD was still 2 μg/ 
mL according to calculations based on NAbs from another patient (Supplemental Figure 7B and C). The intensity of the 
T line correlated inversely with the concentration of NAbs in samples from 0 µg/mL to 2 µg/mL. False-positive results 
were not obtained in any of the negative tests. No false-negative results appeared in samples with NAb concentrations 
above 2 µg/mL. There are currently no NAb standards for SARS-CoV-2, so we selected two convalescent patients for 
examination of serum NAbs in this research. To ensure the accuracy of the interpretation of test results, each result was 
interpreted by at least three persons, and ImageJ software was used to assist in interpretation. In routine disease detection, 
the higher the LOD is, the better, but the protective concentration of anti-SARS-CoV-2 NAb in the body is not yet clear, 
so we set the LOD threshold at 2 µg/mL, even if it can be at the ng/mL level according to our technical system.

The kit specificity experiment was performed to prevent the cross-reaction of the kit with other proteins, generating false- 
positive results. Anti-SARS-CoV-2 nucleoprotein IgG, anti-SARS-CoV-2 nucleoprotein IgM, human IgG standards, anti-RF 
-positive serum, and anti-H1N1-positive serum yielded results indicating the specificity of the test, and there was no apparent 
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cross-reactivity (Figure 4C and Supplemental Figure 8) of the negative and positive control tests, which was consistent with 
expectations. Therefore, there were no cross-reactions with anti-SARS-CoV-2 nucleoprotein IgG, anti-SARS-CoV-2 nucleo-
protein IgM, human IgG standards, anti-RF-positive serum, or anti-H1N1-positive serum by this lateral flow kit. Kit stability 
is a prerequisite for the transformation of scientific research results. The sensitivity and specificity of the tests can thus be 
influenced by humidity. Humidity affects the test results in the following ways. Humidity causes the hydrolysis of the ACE2- 
His protein, which leads to the destruction of the conjugated complex. In addition, the sucrose in the working solution will 
form crystals, which will lead to the unsatisfactory release of markers due to excessive humidity.56 A batch of kits was 
prepared and stored in a dark environment at 40°C with humidity not exceeding 30% for 30 days for stability analysis. The 
LOD of the kit for NAbs in human serum was 2 μg/mL (Figure 4D, Supplemental Figure 9), and the fitted curve was Y = 
2701.6×2 - 4034.8 X + 1501.3 with R2 = 0.9766, which was the same LOD as determined by the previous test. The samples 
stored for different times (1 week, 2 weeks, 3 weeks, and 4 weeks) were detected, and the LOD under different conditions 
was 2 μg/mL (Supplemental Figure 10). No false-positive results were found during the test.

LFIA has the advantages of rapidity, simplicity, accuracy, stability, and portability.28–30 At present, Au-NPs are the 
most widely used qualitative labeling probe in the field of in vitro diagnostics and are used in disease detection, food 
safety monitoring, environmental monitoring, customs and other fields.31–34 The problem of reduced protein activity 
during labeling with Au-NPs was surmounted, and a kit was developed to conveniently, quickly and accurately detect 
NAbs in samples and analyze the regularity of NAb production after vaccination and infection. To improve the utilization 
efficiency of the complex, the reaction time was controlled by adjusting the concentration of the Au-NPs and the 
concentration of ACE2 and mouse IgG, and finally, the detection result was more accurate.

Figure 4 Characterization results of SARS-CoV-2 NAb kit. The kit of (A) LOD detection, (B) specificity (C), stability (D) detection results (n=3) and analysis by ImageJ and 
GraphPad Prism. 
Abbreviations: C, control line; T, test line; N, negative; LOD, limit of detection; NAb, neutralizing antibody; Anti-N IgG, anti-nucleoprotein of SARS-CoV-2 immunoglobulin 
G; Anti-N IgM, anti-nucleoprotein of SARS-CoV-2 immunoglobulin M; H1N1, hemagglutinin 1 neuraminidase 1; ANA, antinuclear antibody; RF, rheumatoid factor; +, 
positive.
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Analysis of NAb Production Before and After Vaccination
To verify the clinical application of this kit, we collected and tested a total of 684 samples from volunteers, 
including 311 preimmunization samples, 170 samples 21 days after the first vaccination, 182 samples 21 days after 
the second vaccination for verification, and 21 samples 6 months after the second vaccination; the sample informa-
tion is presented in Supplemental Table 1. Fifty-eight preimmunization samples, 20 samples from 21 days after the 
first vaccination, and 84 samples from 21 days after the second vaccination were randomly selected for qualitative 
testing of NAb production by a commercial ELISA kit.57 The average inhibition rates of preimmunization samples 
and samples from 21 days after the first vaccination were 10.92% and 13.51% (Figure 5A, Supplemental Tables 1 
and 2), respectively; this result indicates that these samples are negative for NAbs. The average inhibition rate of 
samples from 21 days after the second vaccination was 75.25% (Figure 5A and Supplemental Table 3), which 
indicates that all samples were positive for NAbs. Therefore, we speculate that samples collected preimmunization 
and after the first vaccination were negative for NAbs, and samples collected after the second vaccination were 
positive for NAbs. When testing 311 prevaccination samples, both the C line and T line of the SARS-CoV-2 NAb 
kit developed a purple color, indicating the absence of NAbs in the samples (Figure 5B, Supplemental Table 1 and 
Supplemental Figures 11–15) In the test of 170 samples from individuals inoculated with the first injection, both the 
T line and the C line developed color, and the Nabs in the subject’s body could still not eliminate the T line 
(Figure 5C, Supplemental Table 2, Supplemental Figures 16 and 17). In total, 182 serum samples from individuals 
after complete immunization were tested, and 174 only had C-line coloration, indicating that the vaccine induced the 
production of NAbs in vivo (Figure 5D, Supplemental Table 3 and Supplemental Figures 18–21); however, the level 
of NAbs generally decreased after 6 months (Figure 5E and Supplemental Figure 22). Among the 182 serum 
samples from individuals after complete immunization, the T-line was not eliminated in 8 cases. These samples were 
tested with ELISA kits and showed 4 cases with inhibition rates below 20% that were negative for anti-SARS-CoV 
-2 NAbs (Figure 5F and Supplemental Table 3). Therefore, among 182 individuals, 178 produced NAbs. According 
to these data (Table 1), the sensitivity of the colloidal gold kit was determined to be 97.80% (178/182), the 
specificity was considered 100% (311/311), the positive predictive value was 100% (174/174), and the negative 

Figure 5 Detection results of clinical samples by ELISA and NAb kit. (A) Results of some clinical samples detected by ELISA; (B) Results (n=3) before vaccination and (C) 
after vaccination with one dose (n=3), and (D) two doses (n=3) of vaccine day 21; (E) two doses of vaccine 6 months (n=3); (F) Verification of negative results by ELISA. 
Abbreviations: C, control line; T, test line; N, negative; P, positive.
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predictive value was 98.73% (311/315). No NAbs were produced at the 3-week time point after the first vaccination, 
and NAbs were produced at the 3-week time point after the second vaccination, according to the above results. 
However, NAbs could not be detected 6 months after the second vaccination; therefore, to better combat the virus, 
booster immunization is needed for individuals. This result is consistent with the fact that many countries have 
already implemented vaccine booster policies.

The samples collected before and after vaccination were from people 20–30 years old, and although this group has 
strong immunity, it cannot be ruled out whether other groups have a stronger ability to produce NAbs and maintain them 
for a longer time. During the analysis of clinical samples, there were four false-negative results. We learned in the follow- 
up consultation that two volunteers were prone to allergies, and two volunteers were obese, with a BMI >30 kg/m2. There 
are current reports that obesity may reduce the effectiveness of vaccination58 because obesity causes chronic, mild 
inflammation, so immune stimulation in obese people results in impaired normal T-cell responses and an altered immune 
response to vaccines.59 In addition, when using the same batch of test strips for detection, the color rendering effect is 
inconsistent. This may be related to the different components in different serum samples. Although the color rendering 
effect is different, it does not affect the qualitative judgment of the test results.

Here, 21 samples were collected 6 months after immunization, but the test results were negative, indicating that there 
were not enough NAbs, which is consistent with existing reports that the humoral response is substantially decreased 6 
months after immunization.60 The serum collected in this study was the serum of volunteers after immunization with an 
attenuated vaccine strain, and the serum of individuals who received a DNA vaccine, an RNA vaccine, or an adenovirus 
vaccine is lacking. Therefore, the pattern found thus far may apply only to attenuated vaccines, and there may be 
differences if other types of vaccines are injected. Subsequent research will investigate a variety of vaccination programs, 
determine the effect of vaccination, monitor the duration of NAbs in the human body, and dynamically describe the level 
of NAbs produced in response to SARS-CoV-2 in the body to provide a theoretical basis for evaluating the efficacy and 
duration of NAbs. For serum sample testing and storage, we found that the test results of serum after a long storage time 
were different from those of fresh samples, even under −20°C conditions, so we completed all the tests within 1 week of 
collection.

Detection and Analysis of Postinfection Clinical Samples
A total of 356 samples were collected and analyzed by ELISA and the developed research kit, including samples from 
188 males (32 negatives and 156 positives by ELISA; 3 positives by clinical decision) and 168 females (31 negatives and 
137 positives by ELISA), with an average inhibition rate of 93.41% for positive males and 8.75% for negative males; the 
average inhibition rate of the female positive population was 93.47%, and the inhibition rate of the negative population 
was 9.06% (Figure 6A, Supplemental Table 4); in addition, 279 samples were found to be positive using our kit among 

Table 1 Distribution of Detection Results Before and After Vaccination

SARS-CoV-2 NAb LFIA kit Detection Clinical Samples Total

Pre-Immune 21 Days After  
First Dose

21 Days After  
Second Dose

6 Months After  
Second Dose

Negative 311 168 4 21 504
Positive 0 2 178 0 180

Total 311 170 182 21 684

Sensitivity=178/182×100%=97.80%

Specificity=311/311×100%=100%

Positive predictive value=174/174×100%=100%

Negative predictive value=311/315×100%=98.73%

Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; NAb, neutralizing antibody, LFIA, lateral flow immunoassay.
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the 293 samples that tested positive by ELISA (Figure 6B, Supplemental Table 4 and Supplemental Figures 23–33); 60 
cases were found to be negative by this kit among the 63 samples that were determined to be negative by ELISA; these 
results suggest that the response to the virus is not sex- and age-dependent. According to Table 2, the sensitivity of the kit 
was determined to be 95.22% (279/293), the specificity was 95.24% (60/63), and the overall coincidence rate was 
97.83% (339/356) (Supplemental Figure 34). We followed up with negative samples and revealed that 59 volunteers were 
infected with SARS-CoV-2 but did not produce NAbs, as determined by ELISA or this kit, which suggests that 16.57% 
(59/356) of people cannot produce NAbs after infection; notably, it is also possible that the infection did not occur 
recently. This finding is also consistent with the claim that differences in population immunity lead to some people not 
producing NAbs.61

The protective effect of vaccines against mutated viruses has been confirmed,62 and vaccination can effectively 
reduce the rate of severe disease and mortality. There were three samples from infected individuals for which the ELISA 
test result was negative, and the result determined by this research kit was positive, indicating that this kit can detect 
some false-negative samples that cannot be detected by ELISA. We found that an 18-year-old patient with autoimmune 
disease did not produce NAbs after infection, which may be due to the influence of immunity on the production of NAbs. 
In addition, this study can also support prevention and control measures for unknown outbreaks.

Figure 6 Distribution of sample detection results by ELISA (A) and this research kit (B).

Table 2 Distribution of Detection Results for Actual Samples

SARS-CoV-2 NAb LFIA Kit Detection by ELISA

Positive Negative Total

Positive 279 3 282

Negative 14 60 74
Total 293 63 356

Sensitivity=279/293×100%=95.22% (95% Cl: 92.14%, 97.13%)

Specificity=60/63×100%=95.24% (95%Cl: 86.91%, 98.37%)

Overall coincidence rate =(279+60)/356×100%=95.22% (95%Cl: 92.49%, 97.00%)

Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; NAb, neutralizing 
antibody, LFIA, lateral flow immunoassay; ELISA, enzyme-linked immunosorbent assay.
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Conclusions
In this study, our results suggest that the proposed approach can expediently and reliably detect anti-SARS-CoV-2 NAbs after 
infection and is suitable for home self-checking and large-scale screening. The regular behavior of anti-SARS-CoV-2 NAb 
production was revealed after vaccination and infection according to analysis of 1040 clinical samples. Our results from the 
analysis of clinical samples provide valuable data to support the effective prevention and control of SARS-CoV-2.

Abbreviations
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; NAb, neutralizing antibody; ACE2, angiotensin-converting 
enzyme 2; RBD, receptor binding domain; Au-NPs, colloidal gold nanoparticles; LFIA, lateral-flow immunoassay; ELISA, 
enzyme-linked immunosorbent assay; CIAs, chromatographic immunoassays; Ab, antibody; mAb, monoclonal antibody; 
TEM, transmission electron microscope; DLS, dynamic light scattering; PDI, polymer dispersity index; ZP, zeta potential; 
IgG, immunoglobulin G; H1N1, hemagglutinin 1 neuraminidase 1; ANA, antinuclear antibody; RF, rheumatoid factor; K2 

CO3, potassium carbonate; PBS, phosphate-buffered saline; BSA, bovine serum albumin; RH, relative humidity.
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