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A B S T R A C T   

Background: After receiving a COVID-19 vaccine, most recipients want to know if they are protected from 
infection and for how long. Since neutralizing antibodies are a correlate of protection, we developed a lateral 
flow assay (LFA) that measures levels of neutralizing antibodies from a drop of blood. The LFA is based on the 
principle that neutralizing antibodies block binding of the receptor-binding domain (RBD) to angiotensin- 
converting enzyme 2 (ACE2). 
Methods: The ability of the LFA was assessed to correctly measure neutralization of sera, plasma or whole blood 
from patients with COVID-19 using SARS-CoV-2 microneutralization assays. We also determined if the LFA 
distinguished patients with seasonal respiratory viruses from patients with COVID-19. To demonstrate the use
fulness of the LFA, we tested previously infected and non-infected COVID-19 vaccine recipients at baseline and 
after first and second vaccine doses. 
Results: The LFA compared favorably with SARS-CoV-2 microneutralization assays with an area under the ROC 
curve of 98%. Sera obtained from patients with seasonal coronaviruses did not show neutralizing activity in the 
LFA. After a single mRNA vaccine dose, 87% of previously infected individuals demonstrated high levels of 
neutralizing antibodies. However, if individuals were not previously infected, only 24% demonstrated high levels 
of neutralizing antibodies after one vaccine dose. A second dose boosted neutralizing antibody levels just 8% 
higher in previously infected individuals, but over 63% higher in non-infected individuals. 
Conclusions: A rapid, semi-quantitative, highly portable and inexpensive neutralizing antibody test might be 
useful for monitoring rise and fall in vaccine-induced neutralizing antibodies to COVID-19.   

1. Introduction 

Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) 
causes COVID-19 and originated in Wuhan, China in December 2019 [1, 
2, 3]. Vaccines continue to be tested [4,5] with the goal of preventing 

COVID-19 via induction of neutralizing antibodies (NAbs) and anti-viral 
T cells. Vaccine trials show that RNA vaccines elicit protective immu
nity, but durability of natural and vaccine-induced immunity is not fully 
known [5]. Several groups reported that up to one-third of serum sam
ples from individuals who recovered from COVID-19 do not neutralize 
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SARS-CoV-2 [6, 7, 8]. Whether previously infected or vaccinated, it is 
informative for individuals to learn if they generated high levels of NAbs 
so that they can resume normal activities without fear of re-infection and 
transmitting the virus [9, 10, 11]. 

Viral neutralization assays measure antibodies that block infection of 
host cells. The gold standard of neutralization for SARS-CoV-2 measures 
reduction of viral plaques or foci in microneutralization assays. These 
assays are slow, laborious, require highly trained personnel and a BSL3 
facility. Another challenge is that neutralization assays require careful 
titration of virus and depend on host cells for infection, both of which 
add variability to the assay. These limitations prevent use of SARS-CoV- 
2 neutralization assays for clinical applications. 

SARS-CoV-2 uses receptor binding domain (RBD) on spike protein to 
bind angiotensin converting enzyme 2 (ACE2) on host cells; RBD ap
pears to be the principal neutralizing domain [12,13]. Using this 
knowledge, we developed a lateral flow assay (LFA) that measures levels 
of NAbs which block RBD from binding to ACE2. Other groups have 
developed RBD-ACE2-based competition ELISAs[18,19] but none have 
developed a rapid, highly portable, semi-quantitative test that can easily 
be incorporated into clinical settings or research studies where tradi
tional laboratory or neutralization tests are not practical. 

2. Materials and methods 

2.1. Human subjects and samples 

Serum and finger-stick blood samples were collected for this study 
under an Arizona State University institutional review board (IRB)- 
approved protocol #0,601,000,548 and Mayo Clinic IRB protocol 
#20–004,544. Serum samples obtained from excess clinical samples at 
Mayo Clinic were left over from normal workflow. COVID-19 samples 
ranged from 3 to 84 days post PCR positive result. 

Twenty-seven control serum samples from patients with non-COVID- 
19 respiratory illnesses as determined by the FilmArray Respiratory 
Panel 2 (Biofire Diagnostics) were collected from patients from 2/14/17 
– 4/6/20 as part of routine clinical workflow. All residual clinical 
samples were stored at 2–8 ◦C for up to 7 days, and frozen at − 80 ◦C 
thereafter. 

2.2. SARS-CoV-2 microneutralization assay 

A microneutralization assay was performed using a recombinant 
SARS-CoV-2 expressing mNeonGreen (SARS-CoV-2 ng) as previously 
described [16]. Inhibitory concentrations for which 50% of virus is 
neutralized by serum antibodies (IC50 values) were obtained on a set of 
38 COVID-19 sera. Sixty µl aliquots of SARS-CoV-2 ng were 
pre-incubated for 1 h in 5% CO2 at 37 ◦C with 60 µl 2-fold serum di
lutions in cell culture media, and 100 µl were inoculated onto Vero-E6 
monolayers in black polystyrene 96-well plates with clear bottoms 
(Corning) in duplicate. The final amount of the virus was 200 PFU/well, 
the starting serum dilution was 1:20 and the end dilution was 1:1280 
unless an IC50 was not reached in which case serum was diluted to 1:10, 
240. Cells were maintained in Minimal Essential Medium (ThermoFisher 
Scientific) supplemented by 2% FBS (HyClone) and 0.1% gentamycin in 
5% CO2 at 37 ◦C. After 2 days of incubation, fluorescence intensity of 
infected cells was measured at 488 nm using a Synergy 2 Cell Imaging 
Reader (Biotek). Signal was normalized to virus alone with no serum 
added and reported as percent neutralization. IC50 was calculated with 
GraphPad Prism 6.0 software. Work was performed in a BSL-3 biocon
tainment laboratory of the University of Texas Medical Branch, Gal
veston, TX. 

2.3. Serologic antibody assay 

The Ortho Vitros Anti-SARS-CoV-2 IgG test (Ortho Vitros test) was 
performed on an Ortho Clinical Diagnostics Vitros 3600 

Immunodiagnostics System at the Mayo Clinic. This assay is approved 
for clinical testing under FDA Emergency Use Authorization to quali
tatively detect antibody to the S1 subunit of SARS-CoV-2 spike protein. 
Results are reported as reactive (S/CO ≥ 1.0) or nonreactive (S/CO 
<1.0). Specimens were tested within 7 days of collection and stored at 
2–8 ◦C. The same 38 serum samples were run in the Ortho Vitros test, 
microneutralization assay, and the LFA. 

2.4. Lateral flow neutralizing antibody assay 

The Lateral Flow NAb assay was developed to measure levels of 
antibodies that compete with ACE2 for binding to RBD. The LFA single 
port cassette (Empowered Diagnostics) contains a test strip composed of 
a sample pad, blood filter, conjugate pad, nitrocellulose membrane 
striped with test and control lines, and an absorbent pad (Axim Bio
technologies Inc). The LFA also contains a control mouse antibody 
conjugated to red gold nanospheres and corresponding anti-mouse IgG 
striped at the control line. 

LFAs were run at room temperature on a flat surface for 10 min prior 
to reading results. To perform the test, 6.7 µl of serum or 10 µl whole 
blood were added to the sample port followed by 60 µl of chase buffer. 
After 10 min, densities of both test and control lines were recorded in an 
iDetekt RDS-2500 density reader. 

The test leverages the interaction between RBD-conjugated green- 
gold nanoshells (Nanocomposix) that bind ACE2 at the test line when 
RBD-neutralizing antibodies (RBD-NAbs) are absent or low. Test line 
density is inversely proportional to RBD-NAbs present within the sam
ple. As a semi-quantitative test, the results of the LFA can be interpreted 
using a scorecard or a densitometer. A red line across from the “C” in
dicates that the test ran properly. An absent or faint test line indicates 
high levels of RBD-NAbs, whereas a dark test line suggests low or lack of 
RBD-NAbs. 

Precision testing was performed using sera from one highly, and one 
non-neutralizing donor in replicates of 10. Density values were recorded 
as above and%CVs calculated using the formula: (Standard Deviation/ 
Mean) * 100%. 

2.5. Data analysis 

Pearson’s correlation (r) was conducted to assess the strength and 
significance of associations between the LFA, the Ortho Vitros test and 
IC50 values. Regression analysis using IC50 values evaluated consistency 
[14] while Bland-Altman plots assessed agreement and bias [17,18]. 
Correlation analysis was conducted using IBM SPSS. For two-group 
analysis, IC50 values corresponding to >240 were categorized as titer 
of ≥1:320 (neutralizing), whereas IC50 values ≤240 were categorized as 
≤1:160 (low/non-neutralizing). Receiver operating characteristic 
(ROC) analysis was performed to assess accuracy, sensitivity, and 
specificity of the LFA and Ortho Vitros tests in assessing neutralization; 
optimal cutoffs for each method were established to maximize area 
under curve (AUC) [19,20]. ROC analysis was conducted using R lan
guage in the RStudio environment (version 3.6.2; RStudio PBC). All 
analyses were conducted using raw values; data were not normalized, 
transformed, or scaled. 

3. Results 

As shown at the bottom in Fig. 1A, serum containing high levels of 
NAbs results in a weak or ghost test line because NAbs bind RBD on 
green-gold beads, preventing RBD from binding to the ACE2 receptor at 
the test line. Serum with low levels of NAbs results in a strong test line 
because little to no antibodies prevent RBD on beads from binding to 
ACE2. Fig. 1B demonstrates results of the test using COVID-19 sera with 
different levels of NAbs. 

To support the application of the LFA to measure NAb levels to SARS- 
CoV-2, we tested 38 serum samples that were assigned IC50 values in a 
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SARS-CoV-2 microneutralization assay [16]. The experiment was per
formed in a blinded manner such that personnel running either the LFA 
or the microneutralization assay did not know the results of the 
comparator test. When line densities from the LFA were plotted against 
IC50 values determined in the microneutralization assay, serum samples 
with strong neutralization activity demonstrated low line densities; this 
indicates that NAbs inhibited RBD from binding to ACE2 (Fig. 2). 

Next, we determined if the LFA detected neutralization activity in 
serum samples collected from patients with other PCR-confirmed res
piratory viruses including seasonal coronaviruses (Fig. 3A) and for 
serum samples collected prior to December 2019 (Fig. 3B). Neither 
seasonal respiratory virus sera, nor pre-December 2019 samples showed 
neutralizing activity. 

We then compared both the Ortho Vitros test and our LFA to sera 
with IC50 values determined in the SARS-CoV-2 microneutralization 
assay using 38 COVID-19 sera. To assess agreement between our LFA 
and the Ortho Vitros test, density units from the LFA and values from the 

Ortho test were regressed onto IC50 values (Supplemental Figure S1). 
LFA values accounted for roughly 52% of observed variance in IC50 

values, while the Ortho Vitros test accounted for approximately 27% of 
IC50 variance. LFA showed significant negative correlation with IC50 
values (r = − 0.720, p < 0.001), while the Ortho Vitros test values 
showed a significant positive correlation to IC50 values (r = 0.522, p =
0.001). Additionally, the LFA and Ortho Vitros test values correlated 
with each other (r = − 0.572, p < 0.001). 

To evaluate bias, mean differences and 95% confidence intervals 
(CIs) were calculated and plotted alongside limits of agreement (Fig. 4). 
Both LFA and Ortho Vitros test values showed strong agreement with 
titer, although the Ortho Vitros test showed a tendency to underestimate 
neutralizing capacity while the LFA method showed no bias. 

ROC analysis was performed to assess the ability of the LFA and the 
Ortho Vitros test to classify low/non-neutralizing (Neg, <1:160), and 
highly neutralizing groups (≥1:320) (Fig. 5). As shown in Fig. 5B and 
5D, the LFA misclassified one non-neutralizing sample (Neg, <1:160) as 
neutralizing (≥1:320) which the Ortho Vitros test also misclassified as 
neutralizing. The Ortho test also incorrectly classified five additional 
neutralizing samples as non-neutralizing. 

Our LFA showed high accuracy for classification of neutralizing 
samples (AUC = 0.978), while the Ortho Vitros test showed modest 
accuracy (AUC = 0.856). Notably, while both methods showed roughly 
90% sensitivity, the Ortho Vitros test showed only 70% specificity. In 
contrast, the LFA showed perfect specificity (100%) in this analysis of 38 
samples. 

Optimal cutoffs were computed to maximize AUC. For the LFA, 
density unit values below 263,000 classify samples as neutralizing and 
correspond to titers ≥1:320. Density values above this LFA cutoff clas
sify samples in the non-neutralizing group. For the Ortho Vitros test, 
values between 0 and 23.3 were representative of non-neutralizing ca
pacity, whereas values above 23.3 were reflective of the neutralizing 
group. 

Precision studies were performed on replicate samples (n = 10) and 
showed a CV of ~9% from a serum sample in the high neutralizing range 
and ~6% CV in a serum sample from the low neutralizing range (Sup
plemental Table 1). 

Precision studies were performed on replicate samples (n = 10) and 
showed a CV of ~9% from a serum sample in the high neutralizing range 
and ~6% CV in a serum sample from the low neutralizing range (Sup
plemental Table 1). 

Since NAb levels may be considered correlates of protection, we 
tested sera from RNA vaccine recipients (mRNA-1273 and BNT162b2) in 
“previously infected” and “not previously infected” individuals using 

Fig. 1. (A) Schematic of Neutralization LFA. Below each graphic is a repre
sentative image of a lateral flow strip demonstrating actual line density. 
Addition of non-COVID19-immune serum or plasma (top) does not block 
binding of RBD-beads (green particles) to ACE2 resulting in the RBD- 
bead–ACE2 complex creating a visible line. Addition of patient serum with 
moderate titer NAbs to the sample pad creates a weak line (middle). Addition of 
patient serum with high titer NAbs (> 1:640) blocks binding of RBD-beads to 
ACE2 such that no line is observed at the test location on the strip (bottom). Red 
control line represents capture of a mouse monoclonal antibody coupled to red 
beads. (B) Scorecard for measuring levels of NAbs . Red control line across from 
the “C” on the cassette indicates that the test ran properly and the green test line 
across from the “T” can be used to measure the ability of plasma or serum to 
block RBD on gold nanoshells from binding to ACE2. (0) represents patient 
serum producing a visually non-existent line with density units of 10,095 and 
an IC50>500 (IC50=1151); (1) represents patient serum with a line density of 
132,503 and an IC50 of 396; (2) represents patient serum with a line density of 
317,156 and an IC50 of 243; (3) represents patient serum with a line density of 
645,040 6 and an IC50 of 96. 

Fig. 2. Comparison of RBD-ACE2 competition LFA density values with IC50 
values determined in a SARS-CoV-2 microneutralization assay on 38 samples 
(collected 3 to 90 days after PCR positive result). Ranges of IC50 values are 
shown on the X-axis plotted against LFA line density units on the Y-axis. 
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finger-stick blood in the rapid LFA (Fig. 6). In previously infected in
dividuals at baseline (within 3 months of PCR-based diagnosis), 38% 
demonstrated high levels of NAbs. After the first vaccine dose, 87% of 
previously infected individuals demonstrated high NAb levels, while only 
24% of not previously infected individuals developed high levels of NAbs. 
After the second vaccine dose, levels of NAbs increased to 95% in the 
previously infected cohort, while NAb levels increased to 87% in the not 
previously infected cohort. This data suggests that a second vaccine dose 
is important for highest levels of NAbs. 

4. Discussion 

We developed a rapid test that measures levels of NAbs in serum and 
whole blood. As shown in Fig. 2, the LFA correlates well with serologic 
titers determined using a SARS-CoV-2 microneutralization assay, espe
cially when serum sample IC50 values are >250. Advantages of the LFA 
test are that it can be inexpensively and rapidly deployed to determine 
levels of NAbs in vaccine recipients. Moreover, the test can be used 

longitudinally to evaluate duration of protective immunity in naturally 
infected and vaccinated individuals–many more than could ever be 
evaluated using BSL2 or BSL3-based neutralization assays. 

The LFA and Ortho Vitros test showed a significant correlation with 
each other (r = − 0.572, p < 0.001), displaying good linear relation (r =
− 0.720, p < 0.001)[21]. The LFA accounts for 52% of observed IC50 
variance (R2 = 0.5187), while the Ortho Vitros test accounts for 27% (R2 

= 0.2725). Although absolute quantitation demands an excellent coef
ficient of determination (R2 ≥ 0.99)[22], variables with R2 ≥ 0.5 are 
highly predictive in univariate regression models while measures with 
R2 < 0.5 are recommended for use in multivariate models with com
plementary measures to increase predictive accuracy [23,24]. 
Bland-Altman analysis (Fig. 4) showed the Ortho Vitros test to be prone 
to underestimation of IC50 values, while the LFA method did not exhibit 
over- or underestimation bias. Furthermore, across mean values for both 
methods, the LFA showed discrete differential values while the Ortho 
Vitros test struggled to differentiate high neutralizing samples. 

Using our rapid test to measure NAbs in previously infected vaccine 

Fig. 3. A) Serum samples collected with PCR-confirmed 
diagnosis of seasonal respiratory viruses (Coronavirus OC43, 
blue; Coronavirus HKU-1, green; Coronavirus NL-63, pink; 
influenza A, orange, influenza B, red; parainfluenza, purple; 
rhinovirus, teal; respiratory syncycial virus, yellow; and 
adenovirus, black were run on the LFA as described in 
Methods. A positive control serum from a convalescent COVID- 
19 patient is shown on the far right of the bar graph in white. 
B) Serum samples collected pre-December 2019. Cutoff value 
of 263,000 density units was calculated based on receiver 
operating characteristic curves (see Fig. 6).   

Fig. 4. Bland-Altman plots showing bias (mean difference and 95% CI) and computed limits of agreement (mean difference ± 2SD) between (A) Ortho Vitros Anti- 
SARS-CoV-2 IgG test and IC50 values and (B) our LFA and IC50 values. Thirty-eight samples were tested. 
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recipients and those who were not infected agrees with other studies in 
BSL3 facilities using serum from venipuncture blood [5,25, 26, 27, 28, 
29]. Natural infection may not elicit high levels of NAbs [6, 7, 8], but a 
first dose of vaccine induces high levels of NAbs in the majority of 

recipients similar to 2 doses of vaccine in non-previously infected in
dividuals, suggesting natural infection primes the immune system[30]. 
In naïve individuals, a single dose of vaccine elicits high NAb levels 
(Titers >1:160) in only 24% of vaccine recipients, leaving 76% of vac
cine recipients with titers lower than 1:160 which would not qualify for 
convalescent plasma donation according to FDA memo of March 9,2021. 
After a second vaccine dose, the LFA indicated high levels of NAbs in 
87% of recipients, identical to levels observed in previously infected 
individuals after the first vaccine dose. These findings might suggest that 
a booster (3rd vaccine dose) in non-infected individuals could induce the 
highest levels of NAbs in the most people. 

Limitations of the LFA are that it uses only the RBD portion of spike 
protein. Although the vast majority of reports indicate that the principle 
neutralizing domain is the RBD portion of spike protein, mAbs have been 
reported that neutralize SARS-CoV-2 by binding to the N-terminal 
domain of spike protein [31,32]. Also, since the spike protein assumes 
multiple conformations during viral binding and entry [33], neutral
izing epitopes exist on the quaternary structure of spike [32]. Although 
RBDs on the nanoparticles may associate, it is not known if they assume 
a native conformation. 

Other limitations are the binary nature of this data analysis (high and 
low neutralizing) of a continuous assay. NAb levels should be evaluated 
longitudinally to assess rise and fall in NAb levels; this rapid test is well- 
suited for that role. Another limitation is that the LFA does not differ
entiate high affinity anti-RBD NAbs from an abundance of lower affinity 
anti-RBD NAbs. 

This test may prove useful in monitoring COVID-19 vaccine re
cipients as a correlate of protection. It would be logistically difficult to 
obtain a tube of blood from every vaccine recipient for BSL3 work. 
However, since this LFA requires only a drop of blood, individual use of 
this test might lead to more comprehensive longitudinal monitoring of 
protective humoral immunity and indicate when boosters might be 
required. 
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discrimination of neutralizing samples (≥1:320) [AUC: 0.978, 95% CI: 
0.908—1.0, sensitivity = 0.9, specificity = 1.0]. (D) Box plot of LFA values 
between neutralizing (≥1:320) and non-neutralizing (Neg—1:160) groups. 
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