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A B S T R A C T   

The global effort against the COVID-19 pandemic dictates that routine quantitative detection of SARS-CoV-2 
neutralizing antibodies is vital for assessing immunity following periodic revaccination against new viral vari-
ants. Here, we report a dual-detection fluorescent immunochromatographic assay (DFIA), with a built-in self- 
calibration process, that enables rapid quantitative detection of neutralizing antibodies that block binding be-
tween the receptor-binding domain (RBD) of the SARS-CoV-2 spike protein and the angiotensin-converting 
enzyme 2 (ACE2). Thus, this assay is based on the inhibition of binding between ACE2 and the RBD of the 
SARS-CoV-2 spike protein by neutralizing antibodies, and the affinity of anti-human immunoglobulins for these 
neutralizing antibodies. Our self-calibrating DFIA shows improved precision and sensitivity with a wider dy-
namic linear range, due to the incorporation of a ratiometric algorithm of two-reverse linkage signals responding 
to an analyte. This was evident by the fact that no positive results (0/14) were observed in verified negative 
samples, while 22 positives were detected in 23 samples from verified convalescent plasma. A comparative 
analysis of the ability to detect neutralizing antibodies in 266 clinical serum samples including those from 
vaccine recipients, indicated that the overall percent agreement between DFIA and the commercial ELISA kit was 
90.98%. Thus, the proposed DFIA provides a more reliable and accurate rapid test for detecting SARS-CoV-2 
infections and vaccinations in the community. Therefore, the DFIA based strategy for detecting biomarkers, 
which uses a ratiometric algorithm based on affinity and inhibition reactions, may be applied to improve the 
performance of immunochromatographic assays.   

1. Introduction 

SARS-CoV-2 neutralizing antibodies protect against SARS-CoV-2 
viral infections by blocking cellular infiltration and replication via 
binding to the pathogen (Khoury et al., 2021; Shi et al., 2020). 
Evidently, the use of neutralizing antibodies from the blood of conva-
lescent patients is critical for implementing a plasma-based therapeutic 
approach against SARS-CoV-2 (Hoffmann et al., 2020). The 
receptor-binding domain (RBD) of the SARS-CoV-2 virus spike protein (S 

protein) is essential for virus infiltration, and utilizing antibodies against 
the RBD of SARS-CoV-2 appears to exert a protective effect on conva-
lescent patients (Ou et al., 2020; Premkumar et al., 2020). Many vac-
cines induce the generation of neutralizing antibodies, which effectively 
block the interaction between the RBD and its receptor, angiotensin 
converting enzyme 2 (ACE2), on the host cell (Wang, 2021). The levels 
of these neutralizing antibodies act as effective predictors of immune 
protection (Bergwerk et al., 2021) and also enable the development of 
vaccine strategies against COVID-19 (Tan et al., 2020), with particular 
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reference to future periodic revaccinations against new viral variants 
(Le, 2021), such as Delta (Chmielewska et al., 2021) and Omicron var-
iants. The neutralizing antibody against SARS-CoV-2 is tested by eval-
uating its ability to inhibit binding between SARS-CoV-2 RBD and ACE2. 
A SARS-CoV-2 surrogate virus neutralization competition ELISA and a 
surface plasmon resonance assay (SPR), which are based on this prin-
ciple, have been developed recently (Walker et al., 2020). A serological 
ELISA kit was authorized by the US FDA. Compact and portable bio-
sensors and electrochemical point-of-care systems for specific antibody 
against infectious diseases, including the emerging digital microfluidic 
systems, have also been developed recently (Ng et al., 2018; Mahshid 
et al., 2021; Torres et al., 2021). However, the need for rapid, as well as 
routinely and broadly accessible point-of-care immunosensors that can 
be used to quantitatively detect and screen neutralizing antibodies 
against SARS-CoV-2 and its new variants is urgently felt. 

Self-testing for COVID-19 using immunochromatographic assays, 
also known as lateral flow assays, is widespread. Common rapid sero-
logical tests that detect SARS-CoV-2 antibody levels in circulation usu-
ally employ gold nanoparticle- or fluorescent reporter-labeled 
recombinant SARS-CoV-2 antigen and anti-human immunoglobulin 
coated test lines (Liu et al., 2021; Peng et al., 2021). Other rapid 
methods that involve the labeling of anti-human immunoglobulins and 
recombinant SARS-CoV-2 antigen coating in test lines have been 
developed (Chen et al., 2020; Roda et al., 2021). A double-antigen 
sandwich lateral flow assay that detects SARS CoV-2 specific total 
antibody has been developed (Cavalera et al., 2021). However, a rapid 
immunochromatographic assay for neutralizing antibodies against 
SARS-CoV-2, that enables routine and broadly accessible quantitative 
detection is still lacking (Lake et al., 2020; Wang et al., 2021a,b; Zhang 
et al., 2020). 

Traditional quantitative immunochromatographic assays measure 
analyte concentrations by collecting single-signal response data on one 
test line. Because this single signal method is easily affected by inter-
ference from various factors unrelated to the target (Guo et al., 2021; 
Hou et al., 2020), the accuracy and sensitivity of quantitative immu-
nochromatographic assays remain unsatisfactory. However, dual-signal 
ratio bioassays provide higher precision and sensitivity than 
single-signal measurements (Park et al., 2020; Shen et al., 2020; Spring 
et al., 2021). The classical ratiometric fluorescence assay uses one 
fluorescence intensity change as a reference to standardize the other 
changes that occur in response to the same analyte at different wave-
lengths, thereby providing a built-in self-calibration signal readout. 
However, only a few reports on the application of these types of ratio 
principle of fluorescence assays to immunochromatographic assays are 
currently available (Wang et al., 2021a,b). 

In the current study, we designed a new dual-detection fluorescent 
immunochromatographic assay (DFIA), which measures the concen-
tration of neutralizing antibodies via a ratiometric algorithm of two- 
reverse linkage detection signals responding to the same analyte on 
two separate test lines. To the best of our knowledge, our study is the 
first to apply ratiometric fluorescent analysis to immunochromato-
graphic assays. 

2. Materials and methods 

2.1. Immunoreagents, chemicals materials and samples 

Recombinant SARS CoV-2 spike protein receptor-binding domain 
(RBD) (Cat: 40592-V05H) and recombinant human receptor angiotensin 
converting enzyme 2 (ACE2) (Cat:10108-H08H) were purchased from 
Sino Biological Inc (Beijing, China). Goat anti-human IgG and IgM and 
IgA antibodies (ab102416) were purchased from Abcam (Cambridge, 
England). Carboxyl-functionalized Europium chelate nanoparticles 
(EuNPs) (Catalog Number FCEU001) were obtained from Bangs Labo-
ratories (IN, USA). Lateral Flow Nitrocellulose membranes (Vivid 120) 
were obtained from Pall Corporation (Washington, NY,USA). Glass fiber 

conjugate pads, adsorbent pads, and blood separator sample pads were 
purchased from Shanghai Kinbio Tech. Co., Ltd (Shanghai, China). 
Bovine serum albumin (BSA) was supplied by Roche (Basel, 
Switzerland). Mouse anti-human-RBC antibodies were obtained from 
Eastmo Biotech Co., Ltd (Beijing, China). 2-(N-morpholino) ethane-
sulfonic acid (MES), polyvinylpyrrolidone 10 (PVP10), 1-ethyl-3-(3- 
(dimethylamino) propyl) carbodiimide hydrochloride (EDC), and 
Proclin-300 were obtained from Sigma-Aldrich (St. Louis, MO, USA). N- 
Hydroxy-sulfosuccinimide (sulfo-NHS) was obtained from Thermo 
Fisher Scientific (Waltham, MA USA). Blockmaster™ PA1080 was ob-
tained from the JSR Life Sciences (Sunnyvale, CA, USA). Tween 20 and 
other chemicals were purchased from Sinopharm. Amicon Ultra Cen-
trifugal Filter Units (10 kDa) were obtained from Merck Millipore 
(Billerica, MA, USA). The ELISA kit was a blocking ELISA detection assay 
for the detection of neutralizing antibodies (cPass SARS-CoV-2 
Neutralization Antibody Detection Kit, GenScript USA Inc.) (Piscat-
away, NJ, USA). The first WHO International Standard for anti-SARS- 
CoV-2 immunoglobulin, human (NIBSC code:20/136), First WHO In-
ternational Reference Panel for anti-SARS-CoV-2 immunoglobulin, 
human (NIBSC code: 20/268), and Anti-SARS-CoV-2 Verification Panel 
for Serology Assay were obtained from the National Institute for Bio-
logical Standards and Control (NIBSC), UK. 

The solutions were prepared as following: coating buffer (0.5% 
trehalose [w/v] and 10% SeaBlock [v/v] in 50 mM borate-boric acid 
buffer, pH 8.5); sample pad pre-treatment buffer (1.5 μg/mL mouse anti 
human-RBC antibody, 0.02% Tween-20 [v/v], 0.9% NaCl [w/v] in 50 
mM Tris-HCl, pH8.0); conjugate buffer (8% trehalose [w/v], 1% PVP10 
[w/v], 3% D-mannitol [w/v], and 0.1% BSA [w/v] in 50 mM borate- 
boric acid buffer, pH 8.5), activation buffer (50 mM MES, pH 5.4), 
coupling buffer (50 mM borate-boric acid buffer, pH 8.5), and sample 
diluent (0.02% Tween-20 [v/v], 0.45% NaCl [w/v], 0.3% Block-
master™ PA1080 [w/v] in 50 mM Tris-HCl, pH 7.8). 

FIC-H1W dry fluorescence immunoassay analyzer was obtained from 
Suzhou Helmen Precision Instruments Co., Ltd. (Suzhou, Jiangsu, 
China). 

Serum samples were obtained from Beijing Tiantan Hospital Capital 
Medical University. This study was approved by the Beijing Tiantan 
Hospital Capital Medical University (Beijing, China) (ethics approval 
number: KY2021-132-02). 

2.2. Conjugation of SARS CoV-2 RBD antigens to Europium chelate 
nanoparticles 

The SARS CoV-2 RBD and chicken IgY antigen (for the control test) 
were conjugated to EuNPs via a two-step procedure. Briefly, 5 μL of 
EuNPs (1% w/v) was washed in 1 mL of activation buffer, centrifuged at 
12000 g for 30 min, and resuspended in activation buffer (0.5 mL). Two 
microliters of EDC (0.5 mg/mL EDC [w/v] in activation buffer) and 2 μL 
of sulfo-NHS (0.5 mg/mL sulfo-NHS [w/v] in activation buffer) were 
added to activate the EuNPs and mixed for 15 min with gentle rotation at 
room temperature. After washing again, followed by centrifugation at 
12000g for 30 min with coupling buffer, the activating EuNPs were ul-
trasonically resuspended in coupling buffer (0.5 mL). 

The SARS CoV-2 RBD and chicken IgY antigen were desalted and 
transferred to coupling buffer at a concentration of 2 mg/mL by ultra- 
filtration; 20 μg of as-prepared SARS CoV-2 RBD and 20 μg of chicken 
IgY antigens were added to the activated nanoparticles resuspended in 
coupling buffer. Following 2 h of incubation at 22 ◦C with gentle rota-
tion, 50 μL of 5% (w/v) BSA was added and further incubated at 22 ◦C 
with gentle rotation for 2 h. The RBD or chicken IgY antigen-conjugated 
EuNPs were centrifugated at 12000 g for 30 min, resuspended in 1 mL 
conjugate buffer, and then mixed, producing 2 mL of conjugated EuNPs 
in conjugate buffer. 
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2.3. Fabrication of the dual-detection fluorescence 
immunochromatographic assay strips 

The prepared 2 mL of conjugated EuNPs in conjugate buffer were 
dispensed on glass fiber conjugate pads (1.8 mm*300 mm) and dried at 
37 ◦C for 2 h. The sample pad was saturated with sample pad pre- 
treatment buffer and dried at 37 ◦C for 2 h. 

Nitrocellulose membranes were laminated onto a backing card. Re-
combinant human ACE2 and goat anti-human IgG and IgM and IgA 
antibodies were diluted with coating buffer at assigned concentrations 
and dispensed onto a nitrocellulose membrane on the backing card at 1 
μL/cm per test 1 line (T1) and test 2 line (T2). Goat anti-chicken IgY was 
also diluted with coating buffer at a concentration of 1 mg/mL and 
dispensed onto a nitrocellulose membrane at 1 μL/cm as control lines 
(C). The membrane was then dried at 37 ◦C for 2 h. The absorbent pad, 
the conjugate pad, and the sample pad were sequentially overlapped 
onto a backing card (Fig. 1a). Four millimeters wide strips，which 

contained 0.3 μg of labeled RBD per strip，were cut and fabricated in 
plastic cassettes. The cassettes were stored in a sealed aluminum foil bag 
with a desiccant silica gel at room temperature until use. The total cost is 
less than five US dollars per cassette. 

2.4. Detection of SARS CoV-2 RBD-ACE2 blocking neutralization 
antibody by DFIA and commercial ELISA kit 

Serum samples were detected using a serological ELISA kit (cPass 
SARS-CoV-2 Neutralization Antibody Detection Kit, GenScript USA Inc.) 
according to the manufacturer’s instructions, and classified as positive 
when the inhibition rates were higher than the cut-off level of 20%. 

DFIA for the SARS CoV-2 RBD-ACE2 blocking antibody was carried 
out at room temperature. Briefly, 10 μL of serum, or 20 μL whole blood, 
was added to the sample well of the cassette, following which 80 μL of 
sample diluent was applied to the sample well. Following a migration 
period of 15 min, the cassette was loaded into a portable fluorescence 

Fig. 1. (a) Scheme of dual-detection fluorescent immunochromatographic assay for the SARS CoV-2 RBD-ACE2 blocking antibody. (b) Two-reverse linkage fluo-
rescence response signal towards different concentrations of the SARS CoV-2 RBD-ACE2 blocking neutralization antibody. (c) Positive and negative samples tested 
using the DIFA cassette. 
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reader (excitation wavelength, 365 nm; emission wavelength, 615 nm). 
The fluorescence peak area of T1, T2, and the control line (C) was 
measured respectively (Fig. 1). The ratio (R) was calculated as follows: 
R = T2/(T1+T2). 

The calibration curve of DFIA for RBD-ACE2 blocking antibodies 
(Fig. 3) was constructed using known antibody concentrations (in IU/ 
mL) as the abscissa (x value) and (R) as the ordinate (y value). Positive 
and negative serum samples were collected and used to prepare a 
working calibrator. Working calibrators were then standardized 

according to the First WHO International Standard for anti-SARS-CoV-2 
immunoglobulin (NIBSC code: 20/136). 

3. Results and discussion 

3.1. Design and performance of the SARS CoV-2 RBD-ACE2 blocking 
neutralization antibody DFIA 

In this study, we developed a dual-detection fluorescent 

Fig. 2. Characterization of EuNPs and conjugated EuNPs. (a) Positive assay: (i) fluorescence photographs and (ii) its SEM image of T2. (b) Negative assay: (iii) 
fluorescence photographs and (iv) its SEM image of T2. (c) TEM image of conjugated EuNPs. (d) Hydrodynamic size distribution of EuNPs and conjugated EuNPs. (e) 
Surface zata potential of EuNPs and conjugated EuNPs. 
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immunochromatographic assay (DFIA) that measures not only the in-
hibition of the SARS CoV-2 RBD-ACE2 blocking antibody, which blocks 
the RBD-conjugated reporter from binding to ACE2, but also the con-
centration of the neutralizing antibodies bound to the RBD conjugated 
reporter (Fig. 1a). Furthermore, we observed that the signal of the T1 

line always increased as the intensity of the T2 line decreased, and vice 
versa (Fig. 1b and c). The instrument was permitted to report effective 
measurement results only when the requirements of the above- 
mentioned signal characteristics were met. In this manner, the chan-
ces of false positives or false negatives occurring due to interference 

Fig. 3. (a) Calibration curve, and (b) Dilution linearity of the SARS CoV-2 RBD-ACE2 blocking neutralization antibody DFIA.  
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could be reduced. 
When the test sample migrated from the sample pad toward the 

absorbent pad, SARS CoV-2 RBD-ACE2 blocking antibody, if present in 
the samples, binds to the rehydrating RBD-conjugated nanoparticles to 
form an immune complex, thereby blocking any interaction between 
ACE2 coated in the T1 line and RBD-conjugated nanoparticles. The in-
tensity of the T1 line is inversely proportional to the concentration of the 
neutralizing antibodies (Fig. 1b and c). Because the neutralizing anti-
bodies bound to the RBD-conjugated reporter continue to migrate along 
the strip until they are captured by goat anti-human IgG and IgM and IgA 
immobilized on the T2 line, the intensity of the T2 line is positively 
proportional to the concentration of neutralizing antibodies. The con-
trol, consisting of unbound chicken IgY antigen-conjugated nano-
particles, continues to migrate alone until these are captured in the 
control line (C), indicating the validity of the test. 

3.2. Characterization of EuNPs and conjugated EuNPs 

Scanning electron microscopy (SEM) images showed the conjugated 
EuNPs captured in the T2 line of positive (Fig. 2a ii) and not captured in 
T2 line of negative (Fig. 2b iv) assay respectively. The conjugated EuNPs 
were also characterized by transmission electron microscopy (TEM) 
(Fig. 2c). The dynamic light scattering analysis (DLS) showed that the 
hydrodynamic sizes were changed when the EuNPs were conjugated 
(Fig. 2d). The surface zeta potential of EuNPs and conjugated EuNPs 
(Fig. 2e) were − 30.5 ± 0.2 mv and − 6.5 ± 0.2 mv respectively. These 
data indicated that conjugated EuNPs had been functionalized. 

3.3. Calibration curve of the SARS CoV-2 RBD-ACE2 blocking 
neutralization antibody DFIA 

Plotting of the calibration curve of our proposed DFIA method was 
based on the concentrations of SARS CoV-2 RBD-ACE2 blocking anti-
body calibrators (S0–S6) and the corresponding dose–response mean 
values of the obtained ratio (R) of T2/(T1+T2). In this study, some re-
sults of the neutralization antibody assay did not fall within the linear 
portion of the dose–response curve, but can be fitted well with data 
under 4 PL logistic regression analysis (see Fig. 3a). Thus, we processed 
the immunoassay data as recommended general form of equation 
(Dudley et al., 1985; Dunn and Wild, 2013), which was y = A2 + (A1 – 
A2)/[1 + (x/x0) ∧p] (correlation coefficient (R2) = 0.9948), where A1=
0.0387, A2 =0.425, p =1.400, x0= 433.258. 

3.4. Optimization of DFIA for the SARS CoV-2 RBD-ACE2 blocking 
neutralization antibody 

In order to optimize assay time, the R (T2/(T1+T2)) of two positive 
samples and one negative sample was measured every 1 min over a 
period of 0–20 min starting from the beginning of the assay. R increased 
rapidly over the first 4 min and reached a plateau at 15 min (Fig. S1(a)). 
Based on this result, total assay time was set to 15 min. 

We compared different amounts of labeled RBD (0.15, 0.3, 0.45, 0.6 
and 0.75 μg of labeled RBD per strip) fabricated in the conjugated pad. 
Subsequently, we selected 0.3 μg of labeled RBD per strip, which R of 
positive sample reached its highest value (Fig. S1(b)). 

To optimize the concentration of ACE2 coated on test line 1, we 
compared the performances of 0.25, 0.5 and 1.0 mg/mL of ACE2 by 
using these concentrations to test a positive sample. Both the inhibition 
of neutralizing antibodies and the R value were highest when the con-
centration of ACE2 coated on Test 1 line was 0.5 mg/mL (Fig. S1c). 
Therefore, a coated concentration of 0.5 mg/mL ACE2 was chosen. 
Furthermore, 1 mg/mL of anti-human IgG and IgM and IgA coated on 
test line 2 was sufficient to capture almost all neutralizing antibodies in 
10 μL serum. 

3.5. The DFIA displayed improved performances in limit of blank (LOB), 
limit of detection (LOD), linearity, precision, and accuracy compared with 
the classical (T/C) method 

We calculated the mean and standard deviation (SD) of R using 20 
replicates of the negative sample. The LOB calculated as mean + 1.64 
(SD) was 3.01 IU/ml according to the calibration curve. The SD of the 
low concentration sample of S2 was calculated using the measured 
values from 20 replicates. The LOD of our proposed DFIA was defined as 
the concentration converted from LOD = LOB +1.645 (SDS2), and 
yielded 7.6 IU/mL according to the DFIA calibration curve. In contrast, 
the LOD for the T1/C method was 13.4 IU/mL according to the cali-
bration curve of T1/C, while the LOD for the T2/C method was 38.3 IU/ 
mL. These findings indicated that DFIA showed improved sensitivity to 
CoV-2 RBD-ACE2 blocking neutralization antibodies. 

The dual detection ratiometric algorithm, R = T2/(T1+T2), signifi-
cantly improved precision, compared with the single signal T/C method 
used in classical lateral flow assays. Both intra-assay and inter-assay 
coefficients of variation were below 15% (Table S1). We measured 
two serum samples using ten replicates per day for five consecutive days. 
The inter-assay coefficient of variation (5.5%–10.1%) of the ratiometric 
algorithm, T2/(T1+T2), was much superior to that of the T/C method 
(13.4%–18.4%); (Table S1), because it was lower. 

According to the CLSI guideline EP06-A, regression analysis was used 
to compare expected and observed SARS CoV-2 RBD-ACE2 blocking 
antibody concentrations in serial dilution samples. It showed linearity 
(R2=0.996) in the range of 12.5–1000 IU/mL for the proposed assay 
(Fig. 3b). Two serum samples assigned as 75 IU/mL and 500 IU/mL, 
were prepared using negative samples according to the First WHO In-
ternational Standard for anti-SARS-CoV-2 immunoglobulin, human 
(NIBSC code: 20/136) and then measured in triplicate using our pro-
posed DFIA. The percent recovery was 102.9% (75 IU/mL) and 88.1% 
(500 IU/mL), respectively. 

3.6. Comparison of the performances of DFIA and the commercial ELISA 
in detecting neutralization antibodies in clinical samples 

A total of 266 serum samples collected from persons with no history 
of 2019-nCoV pneumonia was used to detect SARS CoV-2 RBD-ACE2 
blocking antibodies. Of these 266 serum samples, 128 were obtained 
from a population that was physically examined before June 2019, while 
138 were obtained from people who had two doses of Sinovac COVID-19 
vaccine. 

Serum samples were first analyzed using a serological ELISA kit 
(cPass SARS-CoV-2 Neutralization Antibody Detection Kit, GenScript 
USA Inc.), which registered as an Emergency Use Authorization (EUA) 
kit by the US Food and Drug Administration (FDA). This kit, which was 
used according to the manufacturer’s instructions, indicated that the 
inhibition rates corresponding to 118 serum sample exceeded the cut-off 
level of 20% and could be classified as positive. The other 148 were 
classified as negative because their inhibition rates did not exceed the 
cut-off level. 

The same serum samples were tested using our DFIA, wherein the 
concentration cut-off points of the RBD-ACE2 blocking antibody were 
analyzed using a receiver operating characteristic curve (ROC) with IBM 
SPSS Statistics 22. the cut-off value was 16 IU/mL, and the area under 
the ROC curve (AUC) was 0.955 (Fig. 4a). 

Unlike the cPass SARS-CoV-2 Neutralization Antibody Detection Kit 
or other known analytical methods, which only measure the inhibition 
of the antibody, DFIA takes other factors, such as inhibition by RBD- 
ACE2 blocking antibodies and the quantity of RBD-ACE2 blocking an-
tibodies, in to consideration. The degree of agreement between the re-
sults of DFIA and ELISA was κ = 0.8166 (95% CI (0.7467–0.88865); p ≤
.001) analyzed with IBM SPSS Statistics 22. The overall percent agree-
ment between DFIA and the commercial ELISA kit for detecting 
neutralizing antibodies in the 266 clinical serum samples, including 
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those from vaccine recipients, was 90.98% (86.87%～94.13%) 
(Table 1). 

3.7. Assessment of neutralization antibodies using DFIA 

We tested and calculated the percent recovery of neutralization an-
tibodies from Reference Panel (NIBSC code: 20/268). The panel 

consisted of pooled plasma samples obtained from individuals who had 
recovered from Coronavirus Disease 2019) (COVID-19) and a negative 
control involving plasma obtained from healthy blood donors before 
2019. The test results of our proposed method were in good agreement 
with the verified data (Table 2), not including NIBSC code 20/150 which 
was not fall within the linear range of 12.5–1000 IU/mL. 

In order to validate the performance of DFIA in recovering neutral-
ization antibodies, we also tested the Anti-SARS-CoV-2 Verification 
panel for Serology Assay from NIBSC (United Kingdom). Neutralization 
antibody test results obtained by DFIA are analyzed with GraphPad 
Prism 7.0(Fig. 4b). No false-positive results (0/14) were observed, and 
22 out of 23 samples from convalescent plasma samples were positive. 
This indicated that our proposed DFIA for neutralization antibodies had 
met the standards required for studying immune response to SARS-CoV- 
2 vaccination or prior infection. 

4. Conclusions 

A new dual-detection ratiometric analysis method was successfully 
designed and applied to a fluorescence immunochromatographic assay 
aimed at detecting SARS CoV-2 RBD-ACE2 blocking antibodies in 
human serum. Benefits associated with the self-calibration method 
which integrates two reverse response signal detection processes, 
enabled the proposed dual-detection fluorescence immunochromato-
graphic assay (DFIA) to show a performance which was superior to that 
of the classical immunochromatographic assay. Furthermore, the newly 
introduced dual-detection ratiometric fluorescent analysis shows great 
potential for improving the performances of immunochromatographic 
assays involving other biomarkers. 

The dual-detection fluorescence immunochromatographic assay for 
neutralizing antibodies has been validated by the Anti-SARS-CoV-2 
Verification Panel and is traceable via the First WHO International 
Standard for anti-SARS-CoV-2 immunoglobulin, human (NIBSC code: 
20/136). The results showed good agreement between DFIA and com-
mercial ELISA methods in detecting neutralizing antibodies in clinical 
samples. Thus, this rapid assay may expectedly be used in studies 
investigating SARS-CoV-2 infections as well as in campaigns aimed at 
vaccinating the wider community. 
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