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Abstract: Neutralizing antibody (NAb) is a family of antibodies with special functions, which afford
a degree of protection against infection and/or reduce the risk of clinically severe infection. Receptor
binding domain (RBD) in the spike protein of SARS-CoV-2, a portion of the S1 subunit, can stimulate
the immune system to produce NAb after infection and vaccination. The detection of NAb against
SARS-CoV-2 is a simple and direct approach for evaluating a vaccine’s effectiveness. In this study,
a direct, rapid, and point-of-care bicolor lateral flow immunoassay (LFIA) was developed for NAb
against SARS-CoV-2 detection without sample pretreatment, and which was based on the principle
of NAb-mediated blockage of the interaction between RBD and angiotensin-converting enzyme 2.
In the bicolor LFIA, red and blue latex microspheres (LMs) were used to locate the test and control
lines, leading to avoidance of erroneous interpretations of one-colored line results. Under the optimal
conditions, NAb against SARS-CoV-2 detection carried out using the bicolor LFIA could be completed
within 9 min, and the visible limit of detection was about 48 ng/mL. Thirteen serum samples were
analyzed, and the results showed that the NAb levels in three positive serum samples were equal
to, or higher than, 736 ng/mL. The LM-based bicolor LFIA allows one-step, rapid, convenient,
inexpensive, and user-friendly determination of NAb against SARS-CoV-2 in serum.

Keywords: neutralizing antibody; latex microspheres; lateral flow immunoassay; SARS-CoV-2;
receptor binding domain

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread globally
over the past two years, causing pneumonia disease since 2019 (COVID-19) and resulting
in significant morbidity and mortality [1]. SARS-CoV-2 particles contain four structural
proteins, namely, nucleocapsid protein, envelope protein, membrane protein, and spike
(S) protein. During infection, SARS-CoV-2 entry to cells depends on the S protein, which
contains the receptor binding domain (RBD), mediating binding to the viral receptor of
human angiotensin-converting enzyme 2 (ACE2) [2–7]. Fortunately, a variety of vaccines
have been developed and used to protect humans against SARS-CoV-2. Studies on vacci-
nated subjects have demonstrated that the human body has the ability to rapidly induce a
protective immune response and produce neutralizing antibodies (NAb) after vaccination,
which affords a degree of protection against infection and/or reduces the risk of clinically
severe infection [8–17]. S protein RBD of SARS-CoV-2 is the main protein that stimulates
the human immune system to produce Nab [17–19].
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The NAb against SARS-CoV-2 detection is a direct approach to evaluating the effec-
tiveness of vaccines. Currently, virus neutralization testing is the gold standard for NAb
detection [20,21]. However, it is highly technical, often time consuming, and high risk,
because live virus- or pseudovirus-based neutralization testing is restricted to biosafety
level 3 and 2 facilities. Although an enzyme-linked immunosorbent assay (ELISA) has also
been developed for accurate and sensitive detection of SARS-CoV-2 antibodies, its labor-
and time-consuming operation limits its widespread application on site [22–24]. In practice,
a direct and rapid detection method without pretreatment is deserved for point-of-care
testing of NAb among vaccine recipients.

A lateral flow immunoassay (LFIA), which combines chromatography technology
with conventional immunoassay and nanomaterials, is considered the most attractive point-
of-care testing device, because it exhibits several advantages, including simple technical
requirements, rapid detection capability, portability, affordability, high detection accuracy,
and high efficiency [25]. LFIAs have been widely applied in detecting pesticide [26,27] and
veterinary drugs residues [28,29], toxicants [30–32], pathogens [32,33], various diseases
biomarkers, as well as SARS-CoV-2 antigen/antibody [34,35]. Usually, the results of a LFIA
are presented with the test and control lines showing the same color, resulting in it not
being easy for users to discern the locations of test and control zones. If only one colored
line appears, the result is interpreted as a defective test with only test line signaling, or as
positive/negative result with only control line staining. Therefore, test and control lines
of LFIA with different colors could avoid the misinterpretation of a result with only one
colored line. Gold nanoparticles in different shapes exhibiting multicolor optical properties
have been used for this purpose, a universal bicolor LFIA with blue gold nanoflowers in
the test zone and red gold nanospheres in the control zone was designed by Dzantiev’s
group [36]. In addition, latex microspheres (LMs) with rich and diverse colors can also
be applied, especially, the abundant carboxyl groups on the surface of LMs that allow
stable preparation of probes. In this study, a bicolor LFIA, based on red and blue LMs, was
designed, in which the interaction between RBD and ACE2 can be blocked by the NAb
without appearance of the red band. The LM-based bicolor LFIA allows one-step, rapid,
convenient, inexpensive, and user-friendly determination of NAb against SARS-CoV-2
in serum.

2. Materials and Methods
2.1. Reagents and Instruments

ACE-2 recombinant protein and RBD recombinant protein were purchased from Okay-
Bio (Nanjing, China). Polyvidone (PVP), sucrose, ProClin™ 300, and bovine serum albumin
were obtained from Sigma-Aldrich (Germany). N-Hydroxysulfosuccinimide sodium salt
(NHS), N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), polyethy-
lene glycol (PEG-20,000), and TWEEN-20 were purchased from Aladdin (Shanghai, China).
Reference material of Nab with purity higher than 95% was provided by Suzhou novo-
protein (Suzhou, China). 2-Morpholinoethanesulfonic Acid (MES) was obtained from TCI
(Shanghai, China). 400 nM Carboxylated LMs (Blue/Red) were provided by Magsphere
(Pasadena, CA, USA). Ultrapure water (18 MΩ cm at 25 ◦C) purified with a Milli-Q system
from Millipore Corp. (Bedford, MA, USA) was used for solution preparation.

UniSart CN 140 nitrocellulose membranes were obtained from Sartorius (Shanghai,
China). Glass fiber Pads SB-08, XYZ 3D film spraying instrument, CNC cutting machine
(CTS300), and microcomputer automatic cutting machine (ZQ2402) were supplied by
Kinbio Tech Co., Ltd. (Shanghai, China).

The blank serum used to optimize the parameters was purchased from Sigma. The
10 negative samples were obtained from Wuhan Jinyintan Hospital and stored at −80 ◦C
until use. The 3 positive samples were donated by the vaccinated with informed consent.
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2.2. Preparation of RBD-Labeled Red LMs and IgG-Conjugated Blue LMs

The RBD-labeled red LMs (RLM@RBD) and IgG-conjugated blue LMs (BLM@IgG)
were prepared by the active ester method. With gentle stirring, 5 µL of blue or red LMs was
added to 1 mL of MES buffer (50 mM, pH 6.0), then 10 µL of freshly prepared EDC solution
(1 mg/mL) and 10 µL of NHS solution (1 mg/mL) were sequentially added into the above
LMs solution. After activation for 15 min at room temperature, LMs were centrifuged at
10,000 rpm for 15 min at 4 ◦C, and the precipitate was dissolved in 1 mL of PBS buffer
(0.01 M, pH 7.4). Recombinant RBD protein and mouse IgG were diluted to 0.04 mg/mL
and 0.1 mg/mL with PB buffer (0.01 M, pH 7.7), respectively. Then, 100 µL of protein
dilution was added into the LMs solution and mixed thoroughly. After incubation for
another 30 min, 100 µL of 20%BSA (w/v) was added dropwise to block unbound sites for
15 min. Finally, the mixture was centrifuged at 10000 rpm for 15 min at 4 ◦C, the precipitate
was resuspended with 200 µL of 0.01 M PBS buffer containing 0.5% polyvinylpyrrolidone
K30, 10% sucrose, 1% BSA, and 0.05% ProClin300 and stored at 4 ◦C until use.

2.3. Preparation of LFIA Test Strips

The ACE2 recombinant protein and goat anti-mouse IgG with the appropriate concen-
tration were sprayed on the NC membrane as a test line (T line) and control line (C line),
respectively. The distance between the T and C lines was 5.0 mm, and then the prepared NC
membranes were placed and dried at 37 ◦C for 12 h. The sample pad was immersed in the
treatment solution (0.01 M of PBS buffer containing 0.25% PVP, 0.1% S9, 0.4% Tween-20 and
0.05% ProClin300) for 30 s, and dried at 37 °C for 10 h. Finally, the prepared sample pad,
NC membrane, and absorbent pad were pasted onto the PVC bottom plate. The fabricated
LFIA plate was cut into 3.0 mm-wide test strips, stored at room temperature, and kept dry.

2.4. Optimization of the LFIA Parameters

In order to obtain better performance of the bicolor LFIA, various analytical parameters
were optimized: pH (4.0, 5.0, 6.0, 7.0) for RLM@RBD and BLM@IgG preparation, RBD
concentration for labeling (0.01, 0.02, 0.04, and 0.08 mg/mL), and volume of RLM@RBD
and BLM@IgG in each LFIA test strip (1.5, 2.0, 2.5, and 3.0 µL).

2.5. Test Procedure for Sample Testing

First, 10 µL of serum sample and 70 µL of dilution buffer (0.01 M of PBS containing
0.5% BSA and 0.01% Tween-20) were mixed with 2.5 µL of RLM@RBD and BLM@IgG,
and incubated at room temperature, and then the mixture was added to the sample pad
of the LFIA test strip. The results could be inspected to qualitatively detect NAb against
SARS-CoV-2 after 9 min.

3. Results and Discussion
3.1. Principle and Validation of LM-Based Bicolor LFIA for NAb Detection

It is reported that SARS-COV-2 infection is accomplished through RBD targeting to
the human ACE2 receptor, but the NAb is able to bind with the RBD and disturbs the virus–
receptor engagement, contributing to protecting humans from SARS-CoV-2 infection [8–17].
The developed LM-based bicolor LFIA for NAb detection is principally based on NAb-
mediated blockage of the interaction between RBD and ACE2. As shown in Figure 1,
RLM@RBD and BLM@IgG are used as detection and control probes, in the absence of
NAb, RLM@RBD detection probes are captured by the ACE2 coated on the T line with red
band appearance, and the C line is presented as a blue band because of the conjugation
between BLM@IgG control probes and goat anti-mouse IgG. On the contrary, RLM@RBD
detection probes binding with ACE2 is prevented in the presence of NAb, resulting in no
color appearing on the T line, but it has no effect on the blue color display of the C line. The
red signal intensity on the T line is inversely correlated with the NAb levels, namely, the
red signal intensity decreases with the increase of NAb levels. Moreover, the LFIA test strip
is invalid in the case of no blue band appearing.
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Figure 1. Schematic of the LFIA for anti-RBD neutralizing antibody rapid detection.

The RLM@RBD and BLM@IgG were applied separately on the LFIA test strip to
evaluate feasibility. As displayed in Figure 2, RLM@RBD and BLM@IgG were individually
captured on the T and C lines with no interference with each other, and the T and C lines
were presented with clear red and blue bands on the LFIA test strip when RLM@RBD and
BLM@IgG were mixed. This result demonstrated that the LM-based bicolor LFIA is capable
of rapid detection.
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3.2. Optimization of the Parameters

In order to obtain better performance for the bicolor LFIA, various analytical pa-
rameters were optimized. The active ester method was used to prepare RLM@RBD and
BLM@IgG probes because of the abundant carboxy groups on the surface of LMs. pH is
a key parameter for carboxyl group activation, which is relative to the couple efficiency
between the LMs and protein. As shown in Figure 3, when the probes were prepared with
pH 6.0, the test line of LFIA appeared as a clear red band with clean background on the
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NC membrane for negative samples. Thus, pH 6.0 was selected, which is consistent with
the conclusion of a previous study [37], the carboxyl groups were better activated by EDC
under a weak acid condition.
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The amount of RBD protein labeled on the LMs plays a decisive role in the color
development and inhibition effect of the LFIA test strip. The prepared RLM@RBD probes
with different RBD protein amounts were evaluated using the blank serum and the spiked
serum. The results indicated that the red signal intensity on the T line was promoted with
the increase of RBD protein amount labeled on the red LMs when the blank serum was
detected. However, when the RBD protein concentration was 0.04 mg/mL, the inhibition
of spiked serum detection was the highest; thus, 100 µL of 0.04 mg/mL recombinant RBD
protein was selected. In addition, giving consideration to the detection sensitivity and
the signal intensity on the T and C lines, RLM@RBD and BLM@IgG were mixed with a
ratio of 1:1 to prepare detection probes, and the volumes of the mixed detection probes
were optimized. The blue signal intensity of the C line was independent of the BLM@IgG
amount, but the T line showed the strongest red signal intensity when the volume of mixed
detection probes was 2.5 µL, and it exhibited a good performance in detection of the spiked
serum (Figure 4). Thus, 2.5 µL of mixed detection probes containing 1.25 µL of RLM@RBD
and 1.25 µL of BLM@IgG were used in the subsequent experiments.
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3.3. Performance of the Developed LM-Based Bicolor LFIA

The proposed LM-based bicolor LFIA is intended to directly and rapidly detect NAb
against SARS-CoV-2 in human serum. Commonly, the reaction occurring on the LFIA is
instantaneous when the sample and probes migrate through the NC membrane by capillary
action. The reaction time was evaluated using the negative sample, and the result obtained
by naked eye showed that the detection could be completed within 9 min. In principle,
the developed bicolor LFIA involved a competitive binding immunoassay, the NAb in
human serum competed with the ACE2 protein on the T line for the limited binding sites
on RLM@RBD. The reference material of NAb against SARS-CoV-2 was spiked into the
blank human serum with the concentrations of 1472, 736, 184, 48, 12, and 0 ng/mL, and
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then the spiked serum samples were tested using the developed LM-based bicolor LFIA.
As the result shows in Figure 5, the red signal intensity of the T line gradually weakened
with increasing NAb concentration; and when the concentration was 48 ng/mL, the red
signal intensity of the T line exhibited a remarkable difference compared with that of the
blank serum sample. Thus, the limit of detection (LOD) for qualitative detection by the
naked eye was defined as 48 ng/mL.
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To validate the LM-based bicolor LFIA performance in detection of real samples,
13 serum samples from non-SARS-CoV-2 infected or vaccinated healthy donors (10 negative
and 3 positive) were detected. As displayed in Figure 6, the T lines of bicolor LFIA were
presented with clear red bands in the case of detecting 10 negative samples, and the red
bands almost disappeared when the three positive samples were tested; however, the C
lines presented distinct blue bands in both cases. Comparing with Figure 5, the red signal
intensity of the positive was lower than 736 ng/mL, which indicated the NAb levels in
the positive serum samples may have been equal to, or even higher than, 736 ng/mL. A
limitation of this work is that the number of real samples is not sufficient to validate the
method, more samples will be tested to dynamically monitor the NAb level after vaccination
in further work. The results demonstrated that the developed LM-based bicolor LFIA could
potentially be used to directly, rapidly, and conveniently test NAb against SARS-CoV-2,
which helps to predict the acquired protective immunity in COVID-19 patients or vaccines.
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4. Discussion

NAb against SARS-CoV-2 plays a pivotal role in preventing infection and clinically
severe infection, thus, NAb measurement is a good choice for the prediction of protec-
tive immunity after vaccination. Live virus- or pseudovirus-based neutralization testing
assays are not implemented in routine practice. Recently, ELISA based Nab that inter-
acts with ACE2 protein in vitro has been established [24], but the operation of ELISA is
tedious, time-consuming, and depends on special equipment. Finding alternative methods
without cell and virus culture operation is of interest to obtain reliable NAb information
for in vitro assays, which are simple, fast, high-throughput, and commercially available.
Wang et al. [38] designed a track-etched membrane microplate and portable immunosens-
ing smartphone reader platform (TEMFIS) for simply and quantitatively detecting NAb
against SARS-CoV-2, and it exhibited good performance in detecting serum/plasma sam-
ples from COVID-19 patients and vaccines. In comparison with the virus neutralization
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testing and ELISA, the detection by TEMFIS is simple and can be completed within 45 min.
In addition, immunochromatography technique is considered an attractive point-of-care
testing device, with which detection results can be obtained within 30 min.

In this proof-of-principle study, a LM-based bicolor LFIA with NAb-mediated blockage
of the interaction between RBD and ACE2 was developed for detecting NAb against SARS-
CoV-2 after vaccination. The bicolor LFIA benefited from the red and blue LMs used to
declare the locations of the T and C lines on the LFIA test strip, leading to avoidance of
the misinterpretation of only one colored line result in the traditional LFIA. Moreover,
point-of-care detection of NAb against SARS-CoV-2 can be completed in 9 min without
using live virus and professional equipment, which remarkably reduces the cost and
improves efficiency.

5. Conclusions

A fully assembled LM-based bicolor LFIA was successfully developed for rapid and
direct determination of NAb against SARS-CoV-2 in human serum. The red and blue LMs
were used to locate the T and C lines on the LFIA; thus, the erroneous interpretation of
only one colored line result, as in traditional LFIA, can be avoided. The LOD for qualitative
detection by naked eye was about 48 ng/mL, and the NAb levels in three positive serum
samples were detected as higher than 736 ng/mL. This point-of-care bicolor LFIA is
universal and could be applied to measure other targets in multiple areas.

Author Contributions: Conceptualization, X.D. and X.F.; Methodology, T.P., X.Y. and X.D.; Validation,
T.P., Z.L. and B.M.; Formal Analysis, T.P. and Z.L.; Investigation, Z.L., X.J. and J.X.; Resources, Y.J.
and Y.Z.; Data Curation, T.P. and Z.L.; Writing—Original Draft Preparation, T.P. and Z.L.; Writing—
Review and Editing, T.P.; Supervision, X.D. and X.Y.; Funding Acquisition, Y.Z. and T.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by [the Central Public-Interest Scientific Institution Basal Research
Fund, National Institute of Metrology] grant number [AKYZD2111].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article.

Acknowledgments: The work was financially supported by the Central Public-Interest Scientific
Institution Basal Research Fund, National Institute of Metrology (No. AKYZD2111). And the authors
appreciate the cooperation of other faculty members in the Center for Advanced Measurement
Science, National Institute of Metrology, China.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected

with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [CrossRef]
2. Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Krüger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.-H.;

Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease
Inhibitor. Cell 2020, 181, 271–280.e8. [CrossRef] [PubMed]

3. Shang, J.; Ye, G.; Shi, K.; Wan, Y.; Luo, C.; Aihara, H.; Geng, Q.; Auerbach, A.; Li, F. Structural basis of receptor recognition by
SARS-CoV-2. Nature 2020, 581, 221–224. [CrossRef] [PubMed]

4. Wang, Q.; Zhang, Y.; Wu, L.; Niu, S.; Song, C.; Zhang, Z.; Lu, G.; Qiao, C.; Hu, Y.; Yuen, K.Y.; et al. Structural and Functional Basis
of SARS-CoV-2 Entry by Using Human ACE2. Cell 2020, 181, 894–904.e9. [CrossRef] [PubMed]

5. Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.-L.; Abiona, O.; Graham, B.S.; McLellan, J.S. Cryo-EM structure of
the 2019-nCoV spike in the prefusion conformation. Science 2020, 367, 1260–1263. [CrossRef] [PubMed]

6. Ke, Z.; Oton, J.; Qu, K.; Cortese, M.; Zila, V.; McKeane, L.; Nakane, T.; Zivanov, J.; Neufeldt, C.J.; Cerikan, B.; et al. Structures and
distributions of SARS-CoV-2 spike proteins on intact virions. Nature 2020, 588, 498–502. [CrossRef]

7. Neuman, B.; Buchmeier, M. Supramolecular Architecture of the Coronavirus Particle. Adv. Virus Res. 2016, 96, 1–27. [CrossRef]

http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.1016/j.cell.2020.02.052
http://www.ncbi.nlm.nih.gov/pubmed/32142651
http://doi.org/10.1038/s41586-020-2179-y
http://www.ncbi.nlm.nih.gov/pubmed/32225175
http://doi.org/10.1016/j.cell.2020.03.045
http://www.ncbi.nlm.nih.gov/pubmed/32275855
http://doi.org/10.1126/science.abb2507
http://www.ncbi.nlm.nih.gov/pubmed/32075877
http://doi.org/10.1038/s41586-020-2665-2
http://doi.org/10.1016/bs.aivir.2016.08.005


Biosensors 2022, 12, 103 8 of 9

8. Walls, A.C.; Park, Y.-J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-CoV-2
Spike Glycoprotein. Cell 2020, 181, 281–292.e6. [CrossRef]

9. Wang, C.; Li, W.; Drabek, D.; Okba, N.M.A.; van Haperen, R.; Osterhaus, A.D.M.E.; van Kuppeveld, F.J.M.; Haagmans, B.L.;
Grosveld, F.; Bosch, B.-J. A human monoclonal antibody blocking SARS-CoV-2 infection. Nat. Commun. 2020, 11, 1–6. [CrossRef]

10. Kreer, C.; Zehner, M.; Weber, T.; Ercanoglu, M.S.; Gieselmann, L.; Rohde, C.; Halwe, S.; Korenkov, M.; Schommers, P.;
Vanshylla, K.; et al. Longitudinal Isolation of Potent Near-Germline SARS-CoV-2-Neutralizing Antibodies from COVID-19
Patients. Cell 2020, 182, 843–854.e12. [CrossRef]

11. Zhou, G.; Zhao, Q. Perspectives on therapeutic neutralizing antibodies against the Novel Coronavirus SARS-CoV-2. Int. J. Biol.
Sci. 2020, 16, 1718–1723. [CrossRef]

12. Robbiani, D.F.; Gaebler, C.; Muecksch, F.; Lorenzi, J.C.C.; Wang, Z.; Cho, A.; Agudelo, M.; Barnes, C.O.; Gazumyan, A.;
Finkin, S.; et al. Convergent antibody responses to SARS-CoV-2 in convalescent individuals. Nature 2020, 584, 437–442.
[CrossRef] [PubMed]

13. Liu, L.D.; Lian, C.; Yeap, L.-S.; Meng, F.-L. The development of neutralizing antibodies against SARS-CoV-2 and their common
features. J. Mol. Cell Biol. 2020, 12, 980–986. [CrossRef]

14. Sharma, O.; Sultan, A.A.; Ding, H.; Triggle, C.R. A Review of the Progress and Challenges of Developing a Vaccine for COVID-19.
Front. Immunol. 2020, 11, 585354. [CrossRef]

15. Kim, Y.-I.; Kim, S.-M.; Park, S.-J.; Kim, E.-H.; Yu, K.-M.; Chang, J.-H.; Kim, E.J.; Casel, M.A.B.; Rollon, R.; Jang, S.-G.; et al.
Critical role of neutralizing antibody for SARS-CoV-2 reinfection and transmission. Emerg. Microbes Infect. 2021, 10, 152–160.
[CrossRef] [PubMed]

16. Khoury, D.S.; Cromer, D.; Reynaldi, A.; Schlub, T.E.; Wheatley, A.K.; Juno, J.A.; Subbarao, K.; Kent, S.J.; Triccas, J.A.;
Davenport, M.P. Neutralizing antibody levels are highly predictive of immune protection from symptomatic SARS-CoV-2
infection. Nat. Med. 2021, 27, 1205–1211. [CrossRef] [PubMed]

17. Yuan, M.; Wu, N.C.; Zhu, X.; Lee, C.-C.D.; So, R.T.Y.; Lv, H.; Mok, C.K.P.; Wilson, I.A. A highly conserved cryptic epitope in the
receptor binding domains of SARS-CoV-2 and SARS-CoV. Science 2020, 368, 630–633. [CrossRef] [PubMed]

18. Kondo, T.; Iwatani, Y.; Matsuoka, K.; Fujino, T.; Umemoto, S.; Yokomaku, Y.; Ishizaki, K.; Kito, S.; Sezaki, T.; Hayashi, G.; et al.
Antibody-like proteins that capture and neutralize SARS-CoV-2. Sci. Adv. 2020, 6, eabd3916. [CrossRef]

19. Barnes, C.O.; Jette, C.A.; Abernathy, M.E.; Dam, K.-M.A.; Esswein, S.R.; Gristick, H.B.; Malyutin, A.G.; Sharaf, N.G.;
Huey-Tubman, K.E.; Lee, Y.E.; et al. SARS-CoV-2 neutralizing antibody structures inform therapeutic strategies. Nature 2020,
588, 682–687. [CrossRef]

20. Nie, J.; Li, Q.; Wu, J.; Zhao, C.; Hao, H.; Liu, H.; Zhang, L.; Nie, L.; Qin, H.; Wang, M.; et al. Establishment and validation of a
pseudovirus neutralization assay for SARS-CoV-2. Emerg. Microbes Infect. 2020, 9, 680–686. [CrossRef]

21. Schmidt, F.; Weisblum, Y.; Muecksch, F.; Hoffmann, H.-H.; Michailidis, E.; Lorenzi, J.C.; Mendoza, P.; Rutkowska, M.; Bednarski, E.;
Gaebler, C.; et al. Measuring SARS-CoV-2 neutralizing antibody activity using pseudotyped and chimeric viruses. J. Exp. Med.
2020, 217, e20201181. [CrossRef] [PubMed]

22. Bundschuh, C.; Egger, M.; Wiesinger, K.; Gabriel, C.; Clodi, M.; Mueller, T.; Dieplinger, B. Evaluation of the EDI enzyme linked
immunosorbent assays for the detection of SARS-CoV-2 IgM and IgG antibodies in human plasma. Clin. Chim. Acta 2020, 509,
79–82. [CrossRef] [PubMed]

23. Krähling, V.; Halwe, S.; Rohde, C.; Becker, D.; Berghöfer, S.; Dahlke, C.; Eickmann, M.; Ercanoglu, M.S.; Gieselmann, L.;
Herwig, A.; et al. Development and characterization of an indirect ELISA to detect SARS-CoV-2 spike protein-specific antibodies.
J. Immunol. Methods 2021, 490, 112958. [CrossRef] [PubMed]

24. Wouters, E.; Verbrugghe, C.; Devloo, R.; Debruyne, I.; De Clippel, D.; Van Heddegem, L.; Van Asch, K.; Van Gaver, V.; Vanbrabant,
M.; Muylaert, A.; et al. A novel competition ELISA for the rapid quantification of SARS-CoV-2 neutralizing antibodies in
convalescent plasma. Transfusion 2021, 61, 2981–2990. [CrossRef]

25. Mahmoudi, T.; de la Guardia, M.; Baradaran, B. Lateral flow assays towards point-of-care cancer detection: A review of current
progress and future trends. TrAC Trends Anal. Chem. 2020, 125, 115842. [CrossRef]

26. Sheng, E.; Lu, Y.; Xiao, Y.; Li, Z.; Wang, H.; Dai, Z. Simultaneous and ultrasensitive detection of three pesticides using a
surface-enhanced Raman scattering-based lateral flow assay test strip. Biosens. Bioelectron. 2021, 181, 113149. [CrossRef]

27. Tian, Y.; Bu, T.; Zhang, M.; Sun, X.; Jia, P.; Wang, Q.; Liu, Y.; Bai, F.; Zhao, S.; Wang, L. Metal-polydopamine framework based
lateral flow assay for high sensitive detection of tetracycline in food samples. Food Chem. 2020, 339, 127854. [CrossRef]

28. Xu, Y.; Ma, B.; Chen, E.; Yu, X.; Sun, C.; Zhang, M. Functional Up-Conversion Nanoparticle-Based Immunochromatography
Assay for Simultaneous and Sensitive Detection of Residues of Four Tetracycline Antibiotics in Milk. Front. Chem. 2020,
8, 759. [CrossRef]

29. Wang, Z.; Wu, X.; Liu, L.; Xu, L.; Kuang, H.; Xu, C. Rapid and sensitive detection of diclazuril in chicken samples using a gold
nanoparticle-based lateral-flow strip. Food Chem. 2019, 312, 126116. [CrossRef]

30. Li, Y.; Xu, X.; Liu, L.; Kuang, H.; Xu, L.; Xu, C. A gold nanoparticle-based lateral flow immunosensor for ultrasensitive detection
of tetrodotoxin. Analyst 2020, 145, 2143–2151. [CrossRef]

31. Mousseau, F.; Tarisse, C.F.; Simon, S.; Gacoin, T.; Alexandrou, A.; Bouzigues, C.I. Luminescent lanthanide nanoparticle-based
imaging enables ultra-sensitive, quantitative and multiplexed in vitro lateral flow immunoassays. Nanoscale 2021, 13, 14814–14824.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2020.02.058
http://doi.org/10.1038/s41467-020-16256-y
http://doi.org/10.1016/j.cell.2020.06.044
http://doi.org/10.7150/ijbs.45123
http://doi.org/10.1038/s41586-020-2456-9
http://www.ncbi.nlm.nih.gov/pubmed/32555388
http://doi.org/10.1093/jmcb/mjaa070
http://doi.org/10.3389/fimmu.2020.585354
http://doi.org/10.1080/22221751.2021.1872352
http://www.ncbi.nlm.nih.gov/pubmed/33407005
http://doi.org/10.1038/s41591-021-01377-8
http://www.ncbi.nlm.nih.gov/pubmed/34002089
http://doi.org/10.1126/science.abb7269
http://www.ncbi.nlm.nih.gov/pubmed/32245784
http://doi.org/10.1126/sciadv.abd3916
http://doi.org/10.1038/s41586-020-2852-1
http://doi.org/10.1080/22221751.2020.1743767
http://doi.org/10.1084/jem.20201181
http://www.ncbi.nlm.nih.gov/pubmed/32692348
http://doi.org/10.1016/j.cca.2020.05.047
http://www.ncbi.nlm.nih.gov/pubmed/32526218
http://doi.org/10.1016/j.jim.2021.112958
http://www.ncbi.nlm.nih.gov/pubmed/33412174
http://doi.org/10.1111/trf.16652
http://doi.org/10.1016/j.trac.2020.115842
http://doi.org/10.1016/j.bios.2021.113149
http://doi.org/10.1016/j.foodchem.2020.127854
http://doi.org/10.3389/fchem.2020.00759
http://doi.org/10.1016/j.foodchem.2019.126116
http://doi.org/10.1039/D0AN00170H
http://doi.org/10.1039/D1NR03358A
http://www.ncbi.nlm.nih.gov/pubmed/34533151


Biosensors 2022, 12, 103 9 of 9

32. Nuntawong, P.; Ochi, A.; Chaingam, J.; Tanaka, H.; Sakamoto, S.; Morimoto, S. The colloidal gold nanoparticle-based lat-
eral flow immunoassay for fast and simple detection of plant-derived doping agent, higenamine. Drug Test. Anal. 2020,
13, 762–769. [CrossRef]

33. Chen, K.; Ma, B.; Li, J.; Chen, E.; Xu, Y.; Yu, X.; Sun, C.; Zhang, M. A Rapid and Sensitive Europium Nanoparticle-Based Lateral
Flow Immunoassay Combined with Recombinase Polymerase Amplification for Simultaneous Detection of Three Food-Borne
Pathogens. Int. J. Environ. Res. Public Health 2021, 18, 4574. [CrossRef]

34. Wang, Z.; Zheng, Z.; Hu, H.; Zhou, Q.; Liu, W.; Li, X.; Liu, Z.; Wang, Y.; Ma, Y. A point-of-care selenium nanoparticle-based test
for the combined detection of anti-SARS-CoV-2 IgM and IgG in human serum and blood. Lab Chip 2020, 20, 4255–4261. [CrossRef]

35. Peng, T.; Jiao, X.; Liang, Z.; Zhao, H.; Zhao, Y.; Xie, J.; Jiang, Y.; Yu, X.; Fang, X.; Dai, X. Lateral Flow Immunoassay Coupled with
Copper Enhancement for Rapid and Sensitive SARS-CoV-2 Nucleocapsid Protein Detection. Biosensors 2021, 12, 13. [CrossRef]

36. Petrakova, A.V.; Urusov, A.E.; Zherdev, A.; Dzantiev, B.B. Gold nanoparticles of different shape for bicolor lateral flow test. Anal.
Biochem. 2018, 568, 7–13. [CrossRef] [PubMed]

37. Mao, X.; Wang, W.; Du, T.E. Dry-reagent nucleic acid biosensor based on blue dye doped latex beads and lateral flow strip. Talanta
2013, 114, 248–253. [CrossRef] [PubMed]

38. Wang, C.; Wu, Z.; Liu, B.; Zhang, P.; Lu, J.; Li, J.; Zou, P.; Li, T.; Fu, Y.; Chen, R.; et al. Track-etched membrane microplate and
smartphone immunosensing for SARS-CoV-2 neutralizing antibody. Biosens. Bioelectron. 2021, 192, 113550. [CrossRef]

http://doi.org/10.1002/dta.2981
http://doi.org/10.3390/ijerph18094574
http://doi.org/10.1039/D0LC00828A
http://doi.org/10.3390/bios12010013
http://doi.org/10.1016/j.ab.2018.12.015
http://www.ncbi.nlm.nih.gov/pubmed/30582897
http://doi.org/10.1016/j.talanta.2013.04.044
http://www.ncbi.nlm.nih.gov/pubmed/23953467
http://doi.org/10.1016/j.bios.2021.113550

	Introduction 
	Materials and Methods 
	Reagents and Instruments 
	Preparation of RBD-Labeled Red LMs and IgG-Conjugated Blue LMs 
	Preparation of LFIA Test Strips 
	Optimization of the LFIA Parameters 
	Test Procedure for Sample Testing 

	Results and Discussion 
	Principle and Validation of LM-Based Bicolor LFIA for NAb Detection 
	Optimization of the Parameters 
	Performance of the Developed LM-Based Bicolor LFIA 

	Discussion 
	Conclusions 
	References

